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CHAPTER 1
INTRODUCTION

In 1893, the mathematician Percy Alexander MacMahon was one of the first to publish any
work on the subject of integer compositions. He introduced integer compositions, or simply
compositions, in the context of integer partitions. Simply put, a composition is a list of
positive integers in any order that sum to a given positive integer [5, pg.1-2]. Here, we study

the cyclic and colored generalizations of this concept and related enumerative problems.

1.1 Compositions

Definition 1. (Composition) A composition of a positive integer ¢ is the sequence o =

k
01,02,...,0; such that Y 0; =/, where 0; € Z forall 1 <i<k.
i=1

Each o; is called a part in the composition, and it is important to note that, unlike partitions,
the ordering of the parts in a composition of £ matters. As examples, the compositions for

the positive integers 3 and 4 are given below:
Example 1.1.

All the compositions of ¢ = 3 are
3 1,2 2,1 1,1,1.
Example 1.2.
All the compositions of ¢ = 4 are
4 3,1 1,3 2,2 2,1,1 1,2,1 1,1,2 1,1,1,1.

Let % be the set of all compositions of ¢, and let | 6| be the number of all such compositions

of ¢. Figure[1.1] gives |%7| for each ¢ from 1 to 8.
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Figure 1.1: Number of Compositions for 1 > ¢ > 8

¢\ |6l
1 1
21 2
3| 4
4| 8
51 16
6| 32
7| 64
8| 128

We can see from Figure that for any given positive integer ¢, the number of
compositions of £ seems to be 2(~1. This is indeed the case and is well known, and for

completeness we give a short proof of this fact below.
Fact 1.3. The number of compositions of a given positive integer { is 2¢1.

Proof. Consider the positive integer ¢ on a number line with tick marks at every positive
integer between 0 and /. Note there exists £ — 1 possible tick marks that could be used as a
marker to break the distance between 0 and ¢ into smaller, nonzero parts. This is because
parts of size zero are not considered in compositions. Since each of the £ — 1 tick marks is
either a marker or not a marker, the number of possible ways to create different combinations

of markers on a number line fromQto fis2-2----- 2. Because the different markers on the
S

¢—1 times
number line refer to different possible integer compositions of /, it follows that the number

of integer compositions of £ is 2~ 0
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1.2 Color Compositions

A colored analogue of compositions, called n-color compositions, may have first been
introduced in [1]]. This type of integer composition adds a color component to each part of a

composition.

Definition 2. (n-Color Composition) An n-color composition of a positive integer ¢ is a

composition of ¢ where each part of size n has n possible colors.

For instance, given the composition 1,2, the part of size 1 has one possible color, which we
label 1. Also the part of size 2 has two possible colors, which label as 2; and 2,. Using

this notation, we give all the n-color compositions of 3 and 4 in the following examples:
Example 1.4.

All the n-color compositions of £ = 3 are
3 3 33 11,24 11,2, 21,1 25,1 Iy, 1q,1;.
Example 1.5.
All the n-color compositions of £ = 4 are
41, 4y, 43, 4, 3L, 32,0, 336y, 14,35, 14,32, 14,33, 24,24,
2,21, 21,2y, 22,25, 24,140,100 29,10, 10, 10,201, 10,22, 10,

11,11,21, 11,141,220, 14,14,14,14.

In general, we will use 4% to denote the set of all n-color compositions of ¢. Using
the notation |.4"%| for the total number of n-color compositions of ¢, we recall the fact

below.
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Fact 1.6.
| AN C | = rE+Gf,

__2 —1__2
where T = Y and o = 7 = Y (OEIS A088305).

This fact stems from the asymptotic formula that can be developed for the total number of

n-color compositions. It is interesting to note that (7)? = ¢, where @ is the of the golden

1L

g = o. We will use this fact later

ratio ¢ = %5 This also implies that 1 + ¢ = 7 and
in our exploration of different types n-color compositions. Using methods found in [6], we
can also represent these compositions as tiles with spots used to mark the color of each part.
In any given tile the bold lines represent the separation between parts. The non-bold lines
divide a part of size n into n different colors, and a black dot is used to mark the color of the

part in the given composition. In Figure[I.2] the eight n-color compositions of 3 are given in

spotted tiling representation.

N KN K Hll,ll,ll}

N I 11,2
. 11,2
. o | 21,14

ol e HZz,ll

. (—)31

. +— 3y

. H33

Figure 1.2: n-color compositions of 3.
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Following [[1], another series of studies on n-color compositions develop various bijections
that establish the combinatorial connection between n-color compositions and other objects

[2,16].

1.3 Generating Functions

Within the study of compositions, it is important to identify the positive integers that form
the counting sequence for the number of compositions, or parts of compositions, in question.

In order to obtain such a sequence, we often use generating functions.

Definition 3. (Generating Function) A generating function is a formal power series } ;" ;A,x"

whose coefficients A, form an integer sequence for n > 0.

First, as an example, we will construct the generating function for the number of composi-

tions of /.
Example 1.7.

Consider the series (x+x>+x3 4 +x"+...). Since ¥ x' = (I+x+x2+x3+...) =
i=0

for |x| < 1, by the properties of geometric series we observe that

(APt ) =

1—x’

where we assume that the conditions on x that are necessary for convergence are met.
Because the composition of £ can be of any length, we consider the sum of this generating
function from 1 to infinity in order to account for every possible composition of ¢. Thus the
generating function for the number of compositions of ¢, denoted C(x), is given by

Clx) = i (1ix)k

k=1
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Next, we will construct the generating function for the number of parts in all composi-
tions of £ that are divisible by m € Z". In order to develop this generating function, we first
introduce a little more notation. Let & be a condition that restricts either the composition
type or the parts of the composition in some way. In this case let & <> (=0 (mod m)).
Then ¢p »(¢) denotes the number of parts in the compositions of ¢ that are divisible by m.

Using this notation, we will construct the generating function CP(x).

Example 1.8.

Consider the series (x +x2 +x> + -+ yx™ 4 --- +yx¥" 4+ ...), where the variable y is

inserted to mark all the parts divisible by m. Since

d=(+x+2+x3+...) = and x +x2 +...x" "1 = S22 observe that
=0

]

+__,+y(xm+xm+m+x2m+m+”.),

S— + x +- "

S l—xm 1—xm 1 —xm

_x+x2+--~+x’”*1 yx'"

- 1 —xm 1 —xm
xl_—)i: yx"

Tl 1
_ x(1—x"1) +yx™(1 —x)
=01 —x)

oy m— m k
Thus Y ( x(l_(xl 7;))(’;{ );m()l =) ) is a bivariate generating function of the composition of /
k=1

with parts divisible by m labeled by y,and

x(1=x"" ) 4y (1—x)
(x(lxml)+yxm(1x)>k _ (I—x)(1—x™)
1 1

(1=x)(1—x™) x(1=x"=1)4yx (1—x)
(T—x)(1—x™)

y
k=

B x— X" 4y — yxtl
1= 2x Tl —yym oyt
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where the coefficient x’y* gives the number of compositions of ¢ with s parts divisible by
m. By taking the partial derivative with respect to y and then setting y = 1, we find that the
generating function for the number of parts of the compositions of ¢ divisible by m, which is

denoted using the statement &7, is

__ 4 _ +1
CPy(x) = 8%)(1 —;x jx"i*);xfyx’zxryxm“ )#_1
C(T=2x—xm 2 (e —xm ) (e ) (=
(1 —2x — x4 2xm+1)2 (1 —2x —x™ + 2xm+1)2
(0 — 2L 2 2m o aml _ (2mt2)
((1—xm)(1—2x))?
"1 —x)?

(1—xm)(1—2x)%
Generating functions and their many uses are examined thoroughly from a discrete and
analytic perspective in [[16]]. Following the strategy outlined in [3], we focus our atten-
tion on constructing generating functions in order to identify the counting sequences for

compositions or for the number of parts.

1.4 Primitive Compositions

Primitive compositions first appear in [11] and are used in [3]] for constructing generating
functions of certain compositions. These types of compositions further deconstruct any

given composition into smaller, nonrepeating sections of parts.

Definition 4. (Primitive Compositions) A primitive composition of a positive integer  is a

composition of ¢ that is not composed of repeated copies of shorter compositions.

For instance, consider the n-color compositions of 4 broken up into primitive and nonprimi-

tive n-color compositions.

Example 1.9.
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Primitive n-Color Compositions of 4:

41 4y 43 44 31,11 32,17 33,11 11,31 14,32 14,33 22,2
21722 21711711 22;11711 1172171] 11722;11

I1,11,27 14,14,25.

Nonprimitive n-Color Compositions of 4:

2];2] 227227 11711711711-

Note that every composition type is composed of d copies of a primitive n-color composition
in that same type for some d € Z". Following [3]], the process of representing a composition
as repeated copies of its primitive components will be used frequently in this thesis when

constructing generating functions for cyclic compositions.

1.5 Cyclic Compositions

Cyclic compositions were first considered in [14] and enumerated via generating functions
in [3]. In a sense they are the same as normal compositions except for their orientation,

which is about a circle as opposed to a line in the case of normal compositions.

Definition 5. (Cyclic Compositions) Cyclic compositions form a set of equivalence classes
of compositions in which any cyclic shift of a composition is considered to be the same

cyclic composition.

Consider, for example, a cyclic composition of 10 corresponding to the given equivalence

class and pictured in Figure[I.3]



18

Example 1.10.

The cyclic composition of 10 =2,2,1,2,2,1=2,1,2,2,1,2=1,2,2,1,2,2 is portrayed in
Figure[1.3]

Figure 1.3: A cyclic composition of 10.

As one would imagine, the enumeration of various objects in cyclic compositions dramati-
cally differs from that in compositions. For the remainder of this thesis we let ¢, denote
the set of cyclic compositions of ¢, and we use cc(¢) and CC(x) to denote its corresponding
cardinality and generating function. Some interesting properties of cyclic compositions

were discussed in [[10]].

1.6 n-Color Cyclic Compositions

Another composition type that is used extensively in this thesis is n-color cyclic compositions.
These compositions are a combination of the unique properties that define both cyclic
compositions and n-color compositions. They are the same in their structure as regular

n-color compositions, but their orientation is about a circle.

Definition 6. (n-Color Cyclic Compositions) The set of n-color cyclic compositions contains
the equivalence classes of n-color compositions in which any cyclic shift of a composition

is considered to be the same n-color cyclic composition.

As an example, we will develop a n-color cyclic composition of 15 where the color of each

part is represented as a known color.
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Example 1.11.

Consider the following n-color cyclic composition of 15:
11,22,33,44,55
=55,11,22,33,44
=44,55,11,22,33
=33,44,55,11,22
=25,33,44,55,11.
Let the color type 1 be associated with the color blue, the color type 2 be associated with

green, the color type 3 be associated with red, the color type 4 be associated with orange,

and the color type 5 be associated with purple. It follows that
15=1 3 5:5717 y3,4=4,5,1,2,3=3,4,5,1,2=12,3, 55717

)Yy

and is portrayed in Figure [I.4]

Figure 1.4: An n-color cyclic composition of 15.

It is important to note that the parts of an n-color cyclic composition of size n still have n
possible colors. We let .4 €€y denote the set of n-color cyclic compositions of ¢, and we

use nce(?) and NCC(x) to denote its cardinality and generating function.

1.7 Our Results

For the rest of this thesis, we will focus on and explain various results involving cyclic

compositions and n-color cyclic compositions. Below is a chapter-by-chapter breakdown of
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our work.

e Integer compositions and related enumeration problems have been extensively studied.
The cyclic analogues of such questions, however, have significantly fewer results. In
Chapter 2, we follow the cyclic construction found in [3] to obtain generating functions
of parts under modular conditions in cyclic compositions. Recall from Section [1.2]that
the set containing cyclic compositions is 6 ¢y. Thus CCP, ,,(x) and ccp(i;m;{) are
used to denote the generating function and its corresponding cardinality. Using other
generating functions related to cyclic compositions, we present some statistics and
asymptotic formulas for the parts in cyclic compositions. A combinatorial observation

of this enumerative question is also provided.

e In Chapter 3, we explore the combinatorics of n-color cyclic compositions, a type of
composition that has received significantly less attention than its linear counterpart.
Using methods found in [3]], we construct generating functions for the total number
of n-color cyclic compositions and for the total number of parts in all n-color cyclic
compositions. We then present various bijections, asymptotic formulas related to the
number of such compositions, and/or combinatorial arguments for these generating

functions.

e In Chapter 4, we continue to focus on n-color cyclic compositions and, using similar
methods to those found in Chapter 2 and Chapter 3, we construct the generating
function for the total number of parts under modular, (=i (mod m)), conditions in
all n-color cyclic compositions. Our notation for this section will follow the pattern
used in the preceding chapters. The set containing these types of compositions is
denoted as A €€ & (i;m), where NCCP, ,,(x) and nccp(i;m;£) are used to denote
the generating function and its corresponding cardinality. We then give the proof for

this generating function, construct a table from its corresponding integer sequence,
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and give a combinatorial argument for properties observed within the table.

In Chapter 5, we further restrict the parts of n-color cyclic compositions and con-
sider the number of compositions given two different restrictions on the parts. These
restrictions include “parts no greater than 4~ and “parts divisible by j”. In order to
simplify notation, we choose to define the given restriction to be the condition <.
Then we denote the set containing that type of composition as A €€ & 54, where
NCCP(x) and nccp»({) are used to denote the generating function and its corre-
sponding cardinality. We then give the generating functions for these compositions,
present asymptotic formulas related to the number of compositions, construct a table
corresponding to the integer sequence of each composition, and explore patterns found

within the table.
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CHAPTER 2
RESTRICTED PARTS IN CYCLIC COMPOSITIONS

2.1 Introduction

This chapter is based on [8], which has been submitted for publication. Cyclic compositions
were first considered in [14], and enumerated via generating functions in [3]. Although sim-
ilar in nature, the enumeration of various objects in cyclic compositions differs substantially
from that in compositions.

As a concept in Combinatorial Number Theory, compositions have been extensively
studied by both Combinatorialists and Number Theorists. Much of such work focuses on
the enumeration of parts or sub-word patterns under various restrictions. A nice summary
of known results can be found in [5] and the references therein. In the recent work [7]],
the number of parts under modular conditions in all compositions of ¢ was studied, and
interesting combinatorial relations with the number of sub-word patterns in all compositions
of ¢ were found. Among other observations, the following was presented as a consequence
of previously known results. Recall from Section that % is the set containing all
compositions of ¢, and recall from Section that &7 denotes any given condition that
restricts either the composition type or the parts of the composition in some way. In this
case we let & be the statement “parts equal to k.” Then ¢p 4 (¢) denotes the number of parts

equal to k in all compositions of /.

Theorem 2.1 ([7]]).

(0 —k+3)27K2 ift >k,
cpop(l) =
1 ift=k.

The number of parts j such that j =i mod m in all compositions of ¢ follows from

Theorem above and is denoted by cp(i;m;¢) fori = 1,...,m. It is important to note that

when dealing with congruence classes, we will use m instead of 0 for the corresponding
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congruent class.

Theorem 2.2 ([7]]).

plm—i=2 ((ﬁ 32— 1)— m)
GIRE |

cp(iymyl) =

where | x| is the integer nearest to x .

It is a known result that 2°~2(£ 4 1) is the number of parts in all compositions of ¢ [15]
p. 120, Ex. 23]. Theorem 2.2]provides a direct tool to study the statistics of the parts under
modular conditions.

Unlike regular compositions, there has been surprisingly little work done to answer
similar questions regarding cyclic compositions. We make some modest progress towards
filling this gap in this chapter. The tool that is critical to our study is developed in [3]], where
the construction of cycles of combinatorial structures is examined analytically.

Recall from Section that €%y denotes the set of cyclic compositions of /. Also
let TCCP(x) denote the generating function for the number of parts in all compositions in
€€y, where tcep(£) is its corresponding cardinality for each ¢. Direct application of the
cyclic construction in [3] yields the bivariate generating function for cyclic compositions

CC(x,u) =Y @Mg (ﬁ) : 2.1

s>1 1—x5

where the coefficient of x‘uX gives the number of cyclic compositions of ¢ with k parts

with ¢ representing the Euler totient function. Hence the generating function for zccp(£) is

x5
1—2x%"

TCCP(x) = %cc(x,u) = @(s) Zl

u=

Consequently we have the following.



24

Proposition 2.3.

1
teep(l) = 5 Z ()25,
s|e

Let cep(i;m;0) (1 < i < m) denote the number of parts j such that j =i mod m in all
compositions in ¢’ %¢y. Examining ccp(i;m;¢) and the corresponding generating function is
a bit more involved. In this chapter we show that the generating function for the number of

parts in all cyclic compositions that are congruent to (i mod m) is

CCPop(x) =Y, (<p<s>(1 Aty ) (2.2)

= —2x5) (1 —xsm)

and we provide a detailed study of Equation (2.2) in Section [2.2] Based on our findings,
some statistical behaviors of the parts in all compositions in €€’y are presented and justified
in Section In Section 2.4, we comment on an interesting combinatorial observation

which arises from our study.

2.2 Construction of the generating function of ccp(i;m; ()

Recall from Section that €%’y is the set of cyclic compositions of ¢, and ccp(i;m; ) and
CCj.u(x) are the corresponding cardinality and generating function for the number of parts

in all cyclic compositions congruent to i mod m. The generating function,

xsi 1—x5
CCPim(x) =Y. (‘P<S> (- zis)(l —)xs'")) ’

s>1

which is given in (2.2), is constructed directly through the “cycle construction” shown in [3]].
In this section we summarize the formation of Equation (2.2).
First consider the series x+x? 4 x> +. .. which is the generating function for the number

of regular compositions. Multiplying each part by y that is congruent to i mod m yields

Xl oy T
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This forms the generating function for the total number of compositions, where parts
congruent to i mod m (that is, parts in the same equivalence class as i) are labeled using the

variable y. Further multiplying each term by u to mark all the parts gives us

ux+ux® + -+ yux' Fux Ty

=u(x4+x>4... ) +uly—1) (xi+xi+m+...)
ux — 1Dux
+(y Jux'

Consequently we have the multivariable generating function of compositions

Clr.y) :ki <1fo+ (y— 1)uxi>k

1—xm
ux (yfl)uxi
lf.x + lixﬂ'l

- 1w (y—1)uxi

1—x 1—xm
ux(1—x™) +uxi(y —1)(1 —x)
(1—x)(1—x") — (ux(1 —x™) +uxi(y —1)(1 —x))’

where the coefficient of x‘u”y" is the number of compositions of ¢ with r parts, f of which
are congruent to i mod m.

Recall from Section [I.4] that a primitive composition is a composition that is not
composed of repeated copies of shorter compositions. Since every composition is composed
of d copies of a primitive composition for some d € Z™, we can construct the generating
function for the total number of primitive compositions by using the multivariate generating

function for compositions. Let

PC(x,u,y) = Z pc(é,r,t)xéuryt

n,rt
denote the generating function for primitive compositions, where the coefficient pc(¢,r,t) is
the number of primitive compositions of £ with r parts, ¢ of which are congruent to i mod m.
Using the relationship between compositions and primitive compositions, we have

Clx,u,y) = Y, PC(x*,u,y?).
d>1



We derive PC(x,u,y) implicitly using a Mobius inversion to yield

Clx,uy) =Y, u(d)C(x?,u,y")
k>1
where (1(d) is the Mobius p function. We now let

PCC(x,u,y) = Z pee(l,r0)xu"y

n,rt

26

denote the generating function for primitive cyclic compositions, where the coefficient

pce(¥,r,t) is the number of primitive cyclic compositions of ¢ with r parts, ¢ of which are

congruent to i mod m. First note that each primitive cyclic composition with r parts has r

unique primitive composition representations. Thus, there is a one-to-r relationship between

primitive cyclic compositions and primitive compositions. Consequently

ot
pcc(ﬁ,r,t)xguryt = M ury! —/ pe(n rt)xg "~ dw,
r

and we have

u
PCC(x,u,y) = /M dw

w

(=]

/ d)C xd,wd,yd) dw
Wd>1

:/%Z u wdxd(l md)+wdxd’( )(l—xd) .

D T30 (1 =) — (=) + i (37— 1) (1 = x0))

(1 =) i — (1 =)

1_xmd) w (xd (1 — xmd) 4 xdi(yd —1)(1—x4)) dw.

“Lu

d>1

o\..x

Integrating through substitution with
B=(1—x)(1 =) —w! (2 (1 =) 12 (" — 1) (1 —x)),

and

dB = —wa (4 (1 —x™) + x4y —1)(1 —x%)) dw
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and setting u = 1, we have

u
PC
PCC(x,y) = PCC(x,u,y) = /M dw

w

u=1 u=1

u(d (1 —x)(1 —x)
(Z ((1—xd><1—xmd>—ud<xd<1—xmd>+xdf<yd—1><1—xd>>>)

d>1
v 4) (1)1 —x)
- L e (i e o)

0

u=1

Since every Cyclic Composition is composed of ¢ adjacent copies of primitive compositions
for some g € Z™, the bivariate generating functions for cyclic compositions, which is

denoted by CC(x,y), is

CC(x,y) = ) PCC(x?,y7)
q>1

(1 — x#4) 1 —
_Z Z log( x‘ld)(l—xqu)_(Xd(l—xqu)-i-xdi(yqd—1)(1_qu>)) .

g>1d>1

Using the variable substitution, s = gd and given the identity } 4 @ = (P( ) , where ¢(s)

is the Euler totient function, CC(x,y) becomes

CC(x,

CC(x,y)

y) =
u

g

(1 —x49)(1 — xmad)
o ((1 T 1 ) £ )
( (1=x")(1—x"") . )
=)0 o)~ () (1))

~L:
I

Q..
‘Ea

Here the coefficient of x‘y is the number of cyclic compositions of £ with ¢ parts that are
congruent to i mod m. Taking the partial derivative of CC(x,y) with respect to y and setting

y = 1 yields the generating function, denoted CCP,.,,,(x), for the number of parts congruent
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to i mod m in all cyclic compositions in €’ %,.

CCP(x) = - (CCL) B

:Zl(p() (i (“’g ((1 —)(1—xm) _(1(_(1)_(1_;?@_ n{ —xs»)))

(1 —x%)

£ (#0n )

which is the generating function given in (2.2).

y=1

2.3 Some statistics of the parts in 4%,

Evaluating Equation (2.2) at m = 10 with 1 < < 10 yields the following Table 4. 1] of values
for cep(i;m; 0):

A number of interesting observations immediately follow:

o As/{ — oo,
ccp(l;r?uﬁ—k 1) Y
cep(iym; L)

That is, going down a column in the table by one step doubles the value of the next

entry.

o As/ — oo,
cep(i+1;myl) 1

— —.
cep(ism; ) 2
That is, moving right in a row in the table by one step halves the value of the next

entry.

® As/{ —> oo,
cep(i+1;m;l+41)

1.
cep(i;m; ) -

That is, the values along the diagonal or sub-diagonals are asymptotically the same.

To see the reasoning behind these observations, we start with the following formula for

ce(iym; ).



‘ ' 1 2 3 4 5 6 7 8 9 10=m
1 1 0 0 0 0 0 0 0 0 0
2 2 1 0 0 0 0 0 0 0 0
3 4 1 1 0 0 0 0 0 0 0
4 7 3 1 1 0 0 0 0 0 0
5 12 4 2 1 1 0 0 0 0 0
6 22 1 5 2 1 1 0 0 0 0
7 38 16 8 4 2 1 1 0 0 0
8 74 36 17 9 4 2 1 1 0 0
9 138 66 34 16 8 4 2 1 1 0
10 272 136 66 33 17 8 4 2 1 1
50 281 141 7.03 3.52- 1.76- 8.79- 439- 220- 1.10- 5.49-

1014 1014 1013 1013 1013 1012 1012 1012 1012 10!
51 5.62- 2.81- 141 7.03- 352 1.76- 8.79- 439 2.20- 1.10-
1014 1014 1014 1013 1013 1013 1012 1012 1012 1012
52 112 5.62- 2.81- 1.41- 7.03- 3.52- 176 8.79- 439- 2.20-
1015 104 104 1014 1013 1013 1013 1012 1012 1012
53 225- 112 5.62- 281 1.41- 7.03- 3.52- 176 8.79- 439.
101 101 101 101 101 1013 1013 1013 1012 1012
54 450- 225- 112 5.62- 281 141 7.03- 3.52- 176 8.79-
10 101 101 101 101 101 1013 1013 10'3 10"

Table 2.1: Values of ccp(i;m;£) for m = 10.

Theorem 2.4.
2Z+m—i—1

imyl) — — o ——
cep(iymy ) — 7T

as ¢ — oo,

Proof. First rewrite (2.2) as CCPy,(x) = Y51 @(5)A(x*), where

1 —x
(1—=2x)(1—xm)

A(x) =

Next, we will consider the partial fraction decomposition of —1—*—_ Observe that
T—2x)(1—")

m—1 .
1—x 1 ap aj

(1—=2x)(1—xm) (1 —=2x)(1+x+...4xm1) - 1—2)6—1—12’1 X—Ww;
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with constants ag,ay,...,a,—1, where w; for 1 < j < m —1 are the complex roots of

" = 1. Through solving the partial fraction decomposition by multiplying both sides by

(I —2x)(1 —x™) and plugging in x = %, we have

1 -

Since x = 5 is a distinct root of the denominator of smallest magnitude, it follows that the

. . . . l+m—i—1 . ,
coefficient of x’ in A(x) is asymptotically 22+m—4 (contributed from x' - %%~

Thus considering ccp(i;m; £), the coefficient of x* in ¥~ | ¢(s)A(x*), we have

cep(iym;l) ~ _1 (Z(p +m_i_]) . (2.3)

s|¢
By considering the s = 1 term of ¥~ ¢(s)A(x*), we see that

Cymeiot 2£+m7i71
23 m—i— > -

s|e

However, we also know that

2m11

1 Caom—i [
Lo

2m i—1
= ¢ (s
2" ( sf%l >

m—i—1 p ’
< 24 (-1 27)
—2m—1 ( + )
2Z+m7i71

2m—1

2m11

_>
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for large £. Thus by definition, 2,,,—1_1 ():s‘ g(p(s)Z%*m’i’l) — 2/;,;"—:[{1 Therefore, it follows
that
2£+m7i71
cep(iymyl) — 1
as { — oo, O]

Similarly, it is easy to see from Proposition |2.3|in the introduction, that
teep(€) ~ 271 as £ — oo, Consequently we have
Corollary 2.5.

cep(izm;l) R pm—i
tpce(f) 2m—1

as { — oo,

Among other things, Theorem [2.4/and Corollary [2.5|imply that for large ¢:
o cep(ismyl+1) — 2cep(iym; ),
o cep(i+1;myl) — %ccp(i;m;ﬁ);
o cep(i+ 1;ml+1) — cep(ism;l).

These observations are somewhat surprising, but they follow directly from the generating

function.

2.4 A combinatorial observation

We conclude this chapter by exploring an interesting observation related to CCP;,,(x). Recall

that
CCPyn(x) = ) @(s)A(X"), (2.4)

where

First, we make the following claim:



32

Proposition 2.6. The function

1—x
(1 —2x)(1—x™)

A(x) =

is the generating function for the number of compositions with last part congruent to i

mod m.

Proof. Let A, denote the set of compositions of ¢ with last part congruent to i mod m. We

will show that

m

Adl = Y A= j| + |Ar—ml.

j=l1
The generating function as claimed immediately follows from combining the above generat-

ing functions on the right.
Consider the compositions of ¢ with last part congruent to i mod m in the following different

cases and apply the corresponding operations:

1) If the last part x is greater than m, we simply replace x with x —m yielding a composi-

tionin Ay_,,.

2) If the last part x is exactly i, consider the second to last part y = j mod m for
Jj=1,2,...,m. In this case replacing x and y with the single part y — j + i, where & is

a positive integer, yields a composition in A_ ;.

It is not hard to see that this map is a bijection between A,, and (UTZlAn, j) UA’ where

n—m>
Al and A,_,, are two copies of the same set. Thus the generating function A, is equivalent

to the generating function for (U'}LIAn— j) UA,,_m, which means

m
Adl = Y A+ Al
=1
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This fact inspires a combinatorial argument that establishes CCj,,(x) directly from
A(x). We will briefly discuss the justification for this idea in the rest of this section.

For a cyclic composition with some part congruent to i mod m, “cutting” the compo-
sition right after this part and orienting this new composition on a line instead of a circle
produces a composition with the last part congruent to i mod m. Such regular compositions
are counted by the generating function A(x), by the previous proposition. Now we consider
all the regular compositions of ¢ of length k formed from cutting cyclic compositions at
every part congruent to i mod m. This process of “cutting” can be broken down into the

following cases:

e [f every regular composition, with its corresponding last part congruent to i mod m,
corresponds to at least one such “cutting” of some cyclic composition, then it is

counted by the s = 1 term of (2.4).

o [f the result of the first “cutting” yields a regular, nonprimitive composition composed
of two identical copies of compositions of length %, then further cutting this composi-
tion right after the part congruent to i mod m, which is located in the middle of this
composition, yields two compositions of length % However, since the compositions
in exactly one of these groups of compositions was already counted by the first case,
this second case is counted with only one copy of the generating function A(x?),
which is the s = 2 term of and it counts a pair of compositions ending with parts

congruent to i mod m.

e [f the resulting regular composition is made of three identical copies of compositions
of length %, then further cutting this composition at the parts congruent to i mod m
yields three compositions of length % However, since the compositions in exactly
one of these groups was already counted by the first case, only two of the groups of

compositions with last part congruent to i mod m need to be counted. Thus this case
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is counted by two copies of the generating function A(x?), which is the s = 3 term of

(2.4) and it counts a triple of compositions ending with parts congruent to i mod m.

e [f the resulting regular composition is made of four identical copies of compositions of
length ﬁ, then further cutting this composition at the parts congruent to i mod m yields
four compositions of length ]Zi' However exactly two of these groups of compositions
with last part congruent to i mod m have already been counted; one group was
counted by the first case and another group was counted by the second case. Therefore
this case, is counted by two copies of the generating function A (x*), which is the s = 4
term of (2.4)) and it counts such a 4-tuple of compositions ending with parts congruent

toi mod m.

e In general, if the resulting regular composition is made of s identical copies of
compositions of length IEC then further cutting this composition at the parts congruent
to i mod m yields s compositions of length IE( Among these s parts congruent to i
mod m, s — @(s) are already counted in previous cases. The other ¢(s) such groups
of compositions, each of which have a last part congruent to i mod m, are counted by

@(s) copies of the generating function A(x*), which is the s™ term of (Z.4).

The above explanation presents the following idea. Consider any cyclic composition of n
of length k, made up of d copies of a primitive composition containing p parts congruent
to i mod m for some d, p € Z". Then there are d - p total parts congruent to i mod m. Of
the § compositions corresponding to this one cyclic composition, p of them have last part
congruent to i mod m. For any divisor s of d, consider the composition formed by s copies
of the primitive composition to be the cyclic composition in question ending in one of the p
parts congruent to i mod m. Each of these compositions will be counted by A(x*). Now

summing over all these compositions and multiplying by ¢(s) for those counted in A(x*),
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we obtain

sld

which is exactly the number of parts congruent to i mod m in this composition. Thus
summing over all cyclic compositions of ¢ we see the relationship between GPCC(x) and

A(x).
Example 2.7.

Consider ¢ = 6, i = 1 and m = 3. For the purpose of illustration, we will use subscripts to
denote the location of an entry in a cyclic composition. That is, a cyclic composition of
6 with all parts of size 1 can be “cut” into a composition 111314151 or 161112131415
depending on the location of the cut. Also, for each case the corresponding figures will
denote the number of cuts by s, and the specific cuts the generating function counts by a
blue oval.

For each part j in a cyclic composition of 6 such that j =1 mod 3, “cutting” all the

cyclic compositions of 6 at each part j yields the following compositions of 6:
(@) 11la1314lsl6, lel112131415, Islgl 121314, 141516111213, 131415161112, 12131415161

(b) 11121, 11211, 12111,21111, 2211, 1221, 1131, 1311, 3111, 231, 321, 411, 141, 114,
24

(C) 212214, 214212

e All the compositions of case (b), together with 111513141516 and 21,214, provide us
exactly the set of compositions of 6 that ends with one (s = 1) part that is in the same
equivalence class as 1. They are counted by the coefficient of x® in ¢(1)A(x), which

1s1-17=17.
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Figure 2.1: Compositions with circled cuts counted by A(x)

e Since 2121 and 111111 can both be considered as repeating two (s = 2) copies of
compositions of 3 (i.e., 21 and 111), they can be further cut in the middle, yielding
21;21 and 111;111 and counting 21421, and 14151611 1513. This is the coefficient of

x%in @(2)A(x?), whichis 1-2 = 2.

s=2

= A

Figure 2.2: Compositions with circled cuts counted by A (x?)

e Furthermore, 111111 can also be considered as repeating three (s = 6) copies of
compositions of 2 (i.e, 11). Thus it can be further cut to obtain 11;11;11, which
produces the cuts 151611121314 and 131415161 1,. This repeated cutting is counted

through the coefficient of x° in @(3)A(x?), whichis 2-1 = 2.
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Figure 2.3: Compositions with circled cuts counted by A(x?)

e Lastly, 111111 can be considered as repeating six (s = 6) copies of compositions of
1, it can be further cut to obtain 1;1;1;1;1;1, which produces the cuts 1111131415
and 15131415161;. The results are counted through the coefficient of x in ¢ (6)A(x),

whichis2-1=2

= L 20400

Figure 2.4: Compositions with circled cuts counted by A (x®)

Thus

CCPip(x) = [x°] (Z <p(s)A(xY)) =17+2+2+2=23,
s|6
which is exactly the number of parts that are congruent to 1 mod 3 in all cyclic compositions

of 6.



38

CHAPTER 3
N-COLOR CYCLIC COMPOSITIONS

3.1 Introduction

This chapter is based on [4]. Following [1]], a series of studies have been presented on
n-color compositions, including various connections between the counting sequences for
n-color compositions other integer sequences [2, 16]. Much of the study on compositions
focuses on the enumeration of compositions, parts, or sub-word patterns under various
restrictions. A nice summary of known results can be found in [5] and the references therein.
In this chapter we introduce and explore such questions for n-color cyclic compositions.
Let /€% and N EEC P, be, respectively, the set of n-color cyclic compositions of ¢
and the set of all parts in each n-color cyclic composition of £. We use ncc({), nccp(€),
NCC(x), and NCCP(x) to denote the corresponding cardinalities and generating functions.
For instance, ncc(¢) is the total number of n-color compositions of ¢ and
NCC(x) =Y nce(l) X
>0
Essentially following the analytic tools developed in [3], we find that the generating

functions NCC(x) and NCCP(x), whose proofs we postpone to Section 3.5 are

NCC(x):Z‘P§S)10g<( (1-x)* ) 3.1)

= 1 —3x5 +x29)
and

NCCP(x) =Y ¢(s) (x—s> : (3.2)

=1 1 —3x5 +x2
where ¢(s) is the Euler totient function. From these generating functions, we obtain patterns
and discuss the combinatorics associated with these enumeration problems. In Section [3.2]
we first note a formula of ncc(£), which leads to interesting connections to the alternate Lucas
numbers and the number of states in a dynamic storage allocation system. Combinatorial

proofs are presented for these observations. In Section [3.4| we consider nccp(¢). In addition
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to providing its formula, we explore its connection to regular n-color compositions using
combinatorial methods. In Section [3.5] we summarize the proof of (3.I). Then we briefly

discuss the how to obtain (3.2)) through the same approach.

3.2 Alternate Lucas numbers and n-color cyclic compositions

The sequence ncc(?) generates 1,3,6,13,25,58,121,283, ..., which is the sequence A032198

from the Online Encyclopedia of Integer Sequences (OEIS) [[13]]. In fact, the formula
nee(l) = 12@ (f) Ay (3.3)

14 ot d

where {A;},, given by A004146 in OEIS, is the sequence for the alternate Lucas numbers

that enumerates the number of spanning subtrees of wheel graphs or d-helm graphs with

d + 1 vertices citeoeis. We examine this observation and prove (3.3) combinatorially in this

section.

Before examining the combinatorial connections between the alternate Lucas numbers
and ncc(¢), we first take a closer look at A; and the combinatorial objects that A; enumerates.
As listed in A004146, A, is the number of spanning trees of a wheel W,; on d + 1 vertices or
a d-helm graph on d + 1 vertices. Note that the wheel W; is formed by taking a cycle Cy
with a vertex in the center that connects to every vertex on the cycle. A d-helm graph is
then simply a W; with an additional pendant edge at each of the d vertices on the cycle. See

Figure [3.1] for an example of the wheel and a d-helm graph, pictured from left to right.
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Example 3.1.

XK

Figure 3.1: The wheel Wy and the 6-helm graph on 7 vertices

A spanning tree of a graph G is a connected, acyclic subgraph of G that contains every
vertex of G. Because of this, a bijection between the spanning trees of W, and the spanning
trees of d-helm graphs can be readily established through adding d pendant edges to any
given wheel W;. In the rest of this section, we will focus our attention on the wheel and its
connection to ncc(¥). For our purposes the wheels on 2 and 3 vertices are specially depicted

in Figure [3.2]from left to right.

Figure 3.2: The wheel graphs on 2 and 3 vertices

In a wheel we call all the edges containing the center vertex spokes and the other
edges arcs. It is easy to see that every spanning tree of the wheel W, contains at least one
spoke. We now describe a function f that maps each spanning tree of W, to a n-color cyclic

composition of d using the following conditions:

e Choose a spanning tree containing s spokes ey, e, e3, ..., e; with a clockwise ordering,

and let a; be the number of arcs between e; and e; 1, with e = ey.
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e The spanning tree, as a subgraph, must contain exactly a; — 1 arcs between e; and e; |
for each i. This is because the graph can have at most one arc missing in order for the
subgraph to be connected and spanning, but at least one arc must be missing for the

subgraph to be acyclic.

e For any i, let the c?h arc be missing from the spanning tree, where ¢; is the i arc
between e; and e;;; when counting in the clockwise direction. Then our n-color cyclic
composition is

(@1)e, +(a2)e, + -+ (as)e,
wrapped around a circle.
The process of relating this type of spanning tree to an n-color cyclic composition using the

function f is given in the following example:

Example 3.2.

Consider a spanning tree 7 (bold faced edges) of Wy mapped to the corresponding n-color

cyclic composition in Figure 3.3

Figure 3.3: A spanning tree T such that f(T): 2, +3,+ 1] =6.

Remark 3.3. It is easy to see that the function described above is not a bijection. In fact,
exactly d spanning trees (generated from rotating the current spanning tree) of W, are

mapped to the same n-color cyclic composition of d.
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We are now ready to further explore the combinatorial relationship between the n-color

cyclic compositions and spanning trees of wheels with a proof of Equation[3.3]

Theorem 3.4. For a positive integer {, we have

(0)=1 Y £)a (3.4)

nee(f) = — = . :
(=P\a)™
I

Proof. Recall that A4 €€y is the set of all n-color cyclic compositions of ¢. For each d
dividing /, let <7; be the set of spanning trees of W, with d + 1 vertices, and let %, be the
set of those subtrees where all of the edges are identically colored by color 1, color 2, ...,
or color (p(%). By letting A; = |.<7| and B; = |%,/|, we have B; = ¢(§)Ad. Define a map

g: U By — N €€ in the following way:
d|¢

e Let T € %, such that T has s spokes.

e First generate f(7'), an n-color cyclic composition of d of the following form:
(@1)e, +(a2)e, +- .-+ (as)e,-

e Then, g(T') is the n-color cyclic composition with *7 parts that occur f(7T') 5 times.

It is easy to see that g, like f, is a well defined map that maps multiple spanning trees to
the same n-color cyclic composition, as we saw as an example in Figure Therefore, we

introduce notation that allows us to identify this property for all T € %,;.

e Foratree T € %y, let R(T) be the rotation of the tree 7 by 2%. Note that g(R'(T)) =

g(T) for all positive integers i.

e Recall for an n-color cyclic composition C, if r is the smallest positive integer such that
C is just - copies of those first r parts, then C is composed of primitive compositions
of length r. Then R"(T) = T and R/(T) # T for any 1 <i < r, since we suppose r to

be the length for the smallest pattern contained in C.
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Since r|¢, for any T such that g(7') = C, there must be some s such that T € %,;. Now note

that each such tree T can be colored one of (p(%) colors in |J 4,, and the same is true for
rs|¢

R(T),R¥(T), ..., R"~!(T). Thus, for each s such that (rs)|¢, there are r¢( ) trees that are

mapped to C. We then have
- ¢ (£) ¢
1 == _ = Arz = y—- =
g7'(0) ‘Z“°<rs> rZ(p( S ) =t

In other words, there are always exactly £ unique spanning subtrees in (g, A,y which map
to C given any n-color cyclic composition C in .4 6% . Thus,
l
{-ncep = U‘@d :ZBd :Z(p p Ay
d|t d|t d|t
Dividing through by /¢ yields

nee(l) = %Z(p (5) Ay.

d|l

3.3 Dynamic storage allocation systems and n-color cyclic compositions

Using OEIS, we found that A032198 also appears to be exactly one less than A005594,
which counts the number of states of a dynamic storage allocation system in circular arenas
[12L[13]. This type of storage system partitions a storage space into cells, each of which can
be either busy or idle. Several consecutive cells can form a block to be used for storage,
which in turn defines such cells as busy. It is only free cells that have the potential to be
idle because they are single-cell blocks, not blocks containing two or more cells. However
single-cell blocks can be designated as busy also. For these types of systems contained
within circular arenas, each state corresponds to an allocation system composed of a certain
number of cells on a circle such that there can be both busy blocks of any size and idle

blocks only of size 1. In mathematical terms, A005594 enumerates the number of cyclic
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compositions with two colors for parts of size 1 and one color for all other parts. We provide
a combinatorial proof for this connection in this section.

First, let a busy storage block of size k > 1 be denoted by k, and let an idle block
be denoted by 1’. Consider the following example of all such states of a dynamic storage
allocation system for £ = 3 not including the identical copies of each state produced when

the allocation system is rotated.
Example 3.5.

All unique states of such an allocation system with 3 cells are
Uy, 'Y, i) 1, 21, 21, 3.

These expressions can be easily interpreted as colored cyclic compositions where parts
of size 1 have two possible colors, either 1 or 1’ as busy or idle respectively, and parts of
size greater than 1 have only one color, busy. Let Z%¢ %y be the set of such n-color cyclic
compositions of ¢, and let dcc(¢) be its cardinality. We will provide a combinatorial proof

to the following theorem by establishing a bijection between .4 ¢ ¢y and

966,111
{1's

Theorem 3.6. For any positive {, we have
nce(l) =dcc(f) — 1.

Proof. With the understanding that all compositions under consideration are n-color cyclic
compositions, we present our bijective map through a recursive manner that considers one

part a time. Given a part in a composition in .4 %% ¢, we consider the following options:

1) If the part is 1, then it is mapped to a 1 as part of a composition in €% . This 1

corresponds to a busy storage block of size 1 in the dynamical storage system;
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2) If the part is kg, then it is mapped to k as a part of a composition in P66y, where ky

corresponds a busy storage block of size k in the dynamical storage system;

3) If the part is k;_; for some 1 <i < k— 1, then it is mapped to a part kK — i followed
by 1’...1’, which corresponds to a busy storage block of size k — i followed by i idle
——

il's
storage cells in the dynamical storage system.

This process is illustrated in Figure[3.4]

I~ — 1
k cells
T 111 — k-
k cells
LTI — (k—prrrr...v
S~ —
i cells il’s

Figure 3.4: Outline of Bijection Construction

Notice that the state of a dynamical storage system in which all n spaces are both of size 1 and
idle does not have a corresponding n-colored composition of £. Under this construction, this
type of storage space would be analogous to a composition of zero, which, by the convention
we use here, is not counted. Thus, no composition from .4 6%, will be mapped to 1'1"...1’

1's
as the image of any part will always generate at least one busy block. We finish the proof by

defining the inverse of our map. Starting from a composition in 6%, —{ 1'1'...1’ 5, we
———
. . . . . g 1/S
pick such a part m in the state that is not an idle block since we are guaranteed to have at
least one busy block (i.e., not all cells are 1’s). Note that the part m will serve as the “start”

of the state and every element that may have come before it is now shifted, following the

pattern of cyclic compositions, until m is the first component of the state.

e If the part following m (clockwise to the right) is not a 1/, then map it to a part m1,,.
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e If m is followed by some 1’s, let k be the number of 1’s before there is another part j.
Then m1'1"...1’ is mapped to (m+ k).
k1's

]

In order to illustrate this bijection, we will display n-color cyclic compositions according
to the method used in [5], which represents n-color compositions as a series of spotted
tilings. Recall from Section [I.2]that this method of illustration places each part of a color
composition on a tile with bold lines to separate the different tiles and dots in the middle
of the tiles to mark the specific color for each part. Figure presents an n-color cyclic
composition of 10, namely 253,114y, first represented using spotted tilings and subsequently

mapped to a state of a dynamic storage allocation system with 10 cells.

Example 3.7.

223,114 — . . |- — 22111111

Figure 3.5: Bijection between 2,3,1;4¢ and 221'111'1'1".

From this example, we see the parts from the n-color cyclic composition 23,114

correspond to the blocks in the state 221’111’1’1” in the following way:
e 2, is mapped to 2;
e 3, is mapped to 21';
e 1; is mapped to 1;
e 4, is mapped to 11'1'1’.

Similarly, using the construction for the inverse of the bijection outlined in the proof, we
give the following example of the same state in Figure [3.5/mapped to the same n-color cyclic

composition.
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Example 3.8.
21111171202+ 1)211(1+3)1 — 22321144
Figure 3.6: Bijection between 2,351,441 and 221'111'1'1".

It is important to note that the state 221’111’1’1’ has 8 cyclic shifts that comprise the same
state. However, according to the parameters of our bijection, since the states cannot begin
with a 1/, there are only 4 cyclic shifts that must be considered. It is these four cyclic shifts of

the state 221’111'1"1’ that correspond uniquely to one of the four cyclic shifts of 2,3,1;4;.

3.4 Parts in n-Color Cyclic Compositions
Through (3.2)) it is easy to verify that

neep() =Y ¢(s) (75 + /7] (3.5)
s|e

where T = 372 75 and 0 = % = ﬁ Recall from Fact lb given in Section that

{t"+ 0"},

listed as AO88305 in OEIS, is exactly the counting sequence of the non-cyclic n-color
compositions [13]. We now provide a combinatorial proof for Equation (3.3) that also

explains this interesting connection.

Theorem 3.9. For positive integer {, we have

ncep(0) = Z(p(s)[ff/s o',
s|e

2

37\Eandc7:—:—.

where T =

)
w
+

S
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Proof. Note that the number of non-cyclic n-color compositions of m, which is given by the
sequence A088305 in OEIS, is a(m) = 1" + ¢™ [13]. We will show that
neep(¢ Z(p < )
s|¢
For the rest of this proof, the weight of a composition w will be denoted weight (w) while
the number of parts of w will be denoted |w|, where weight(w) is the sum of the parts in a
composition of w .

First, we make the following observation. For s|¢, note that a(¢/s) counts the number
of (non-cyclic) n-color compositions, which consist of s copies of a composition of weight
é. Let (w)“ be a n-color cyclic composition with d copies of the primitive root w and with
weight(w!) = ¢ for some d € Z*. Then, there are |w| non-cyclic n-color compositions
which, when wrapped around a circle, give you (w)¢, since every cyclic shift of w will yield
a new non-cyclic n-color composition. Thus, the number of non-cyclic n-color compositions

which map to (w)? and are counted by a(¥) is j

the only thing that determines the number of non-cyclic n-color compositions, not the d
copies of w.

Note that weight(w) = f} since there are d copies of (w)? with weight(w)? = £. Con-
sider s such that s]é. Similarly, because the number of parts in w is the only thing that
contributes to the number of non-cyclic n-color compositions, there are only |w| such non-
cyclic n-color compositions of (w)* counted by a( ). Hence, in Y ¢(s)a ( ), the number

of non-cyclic n-color compositions which map to (w)? is

Z<P<S>a( ) L o(s) |wr=|w|z<p<s>:|w|§
S\g s\d S‘Z

This is exactly the number of parts in (w)?. Then for all compositions y of £, this means that

neep(6) =l = Il £ o) = L otwya ).

s|/‘ s|£
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3.5 Generating functions

Recall that 4" € % is the set of n-color cyclic compositions of ¢, and ncc(¢) and NCC(x)

are the corresponding cardinality and generating function. The generating function

NCC(x) =Y ‘PES) log (( (1—x°)2 ) |

= 1 —3x5 +x29)

2

which is also given in Equation (3.1)), can be derived directly through the “cycle construction’
shown in [3]]. In this section we first summarize the proof of Equation (3.1)). Then we discuss
how to obtain Equation through the same approach.

First consider the series

x+2x2—|—3x3+...

for the number of ways to have a part of each size in the set of n-color compositions.

Multiplying each term by u to mark all the parts, we have

u(x+20° 4+ +ix' 4...)

_ d 2 i
=ux dx(x+x +otx 4

:ux%(lix)
()
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Consequently we have the bivariate generating function for n-color compositions

k
= ((1—x>2>

ux

(1-x)*

=
=
(agk

=
_ ux
(1 —x)? —ux’

where the coefficient of x‘u” is the number of n-color compositions of ¢ with r parts. Note
that every n-color composition is composed of d copies of a primitive n-color composition

for some d € Z". By letting
PNC(x,u) Z pnc(€,r)x
denote the generating function for primitive n-color compositions we have
NC(x,u) = Y PNC(x‘,u).
d>1
Note that the coefficient pnc(¢,r) is the number of primitive n-color compositions of ¢ with
r parts. Then, using Mobius inversion, we implicitly find PNC(x,u) to be
PNC(x,u) Zu INC(X '),
>1
where p(t) is the Mobius pu function. We now let
PNCC(x,u) ancc (0,r)x‘u
Lr
denote the generating function for primitive n-color cyclic compositions, where the coef-

ficient pncc(¢,r) is the number of primitive n-color cyclic compositions of ¢ with r parts.

First note that each composition in &4 ¢ %y with r parts has r unique primitive n-color
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composition representations. Thus, there is a one-to-r relationship between primitive n-color

cyclic compositions and primitive n-color compositions. Consequently,

l, u
pnee(l,r)x'u" = ngur = / pne(l,r)x'w " dw,
r 0

which means that

u
P
PNCC(x,u) = / PNCxwW) 4,
0
u

Integrating through substitution with
B=(1—-x)—wx, anddf = —tw' ¥ dw

yields

F g (0P Y

(1 _xt)2 _utxl‘

Since every n-color cyclic composition is composed of g adjacent copies of n-color cyclic
primitive compositions, the bivariate generating function for n-color cyclic compositions,
which we denote NCC(x,u), can be constructed using PNCC(x?,u?). Given the identity

£ H0 9t

=+~ and using the variable substitution s = g¢, we have the bivariate generating
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function for n-color cyclic compositions as

NCC(x,u) = Z PNCC(x?,u?)
g=>1

R

_qg‘l <l>21 t log ((1 —xq’)z—uthqt>)
B u(t) (1—x)?

o Z Z t 10g ((1 _qu)Z _uthqt>

s>1 t|s
1 —x%)?2
:Z(p(s)log< ( 2) >
S 1 —2x5 + x5 — usxs

Here, the coefficient of x‘u” is the number of n-color cyclic compositions of ¢ with r parts.
Letting u = 1 leads to Equation (3.1).

From the above discussion we can see that taking the partial derivative of the bivariate
generating function NCC(x,u) and then setting u = 1 will yield the generating function for
the total number of parts in all n-color cyclic compositions of /. Therefore

NCCP(x) :% (NCC(x, u)> .

-r ¢§S) (%mg ((1 _(lx_)zx_)ix»

u=1

which is the same as the generating function in Equation (3.2).
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CHAPTER 4
PARTS UNDER MODULAR RESTRICTIONS

4.1 Introduction

This chapter is based on [4]. One focus within the study on compositions is the enumeration
of parts and sub-word patterns under various restrictions. A summary of current results
is contained in [S)] and its references. In this chapter we consider the enumeration of
parts under modular conditions in n-color cyclic compositions. Recall from Section[I.7]that
NCEC P (i,m) is the set of parts j such that j =i mod m in all n-color cyclic compositions
of ¢, and ncep(i;m;£) and NCCP, ,,(x) denote the corresponding cardinality and generating
function. Following the analytic tools developed in [3], we have that the generating function

for ncep(iym; €) is

(o (1 —xs)z)(i—k(m—i)xsm))’ @D

NCCPi,m(x) = Z (P<S) ( (1 — 3 +x25)(1 _xsm)Z

s>1
where @(s) is the Euler totient function.
The formula for ncep(i;m; ¢) is studied in Section where some interesting observa-
tions on the statistical behavior of this counting sequence are presented. We then conclude

this chapter by giving a brief overview of the method used to construct NCCP, ;,,(x) in

Section[4.3]

4.2 Parts Under Modular Restrictions in n-Color Cyclic Compositions

Counting the number of parts under certain equivalence classes has proven to be an inter-
esting topic that relates to other combinatorial objects, such as subword patterns. From

Equation (4.1)) we generate Table which contains values of ncep(i,m; ) for m = 10.



‘ 1 2 3 4 5 6 7 8 9 10
1 1 0 0 0 0 0 0 0 0 0
2 2 2 0 0 0 0 0 0 0 0
3 6 2 3 0 0 0 0 0 0 0
4 11 8 3 4 0 0 0 0 0 0
5 25 16 9 4 5 0 0 0 0 0
6 62 48 27 12 5 6 0 0 0 0
7 150 110 63 32 15 6 7 0 0 0
8 391 298 168 88 40 18 7 8 0 0
9 999 758 438 220 105 48 21 8 9 0
10 2613 1998 1140 580 280 126 56 24 9 10
11 6786 5168 2961 1508 720 330 147 64 27 10
12 17805 13604 7788 3968 1890 870 385 168 72 30
13 46413 35434 20308 10336 4935 2262 1008 440 189 80
50 1.35-10%0 1.03-102 | 5.92.10" 3.02- 1.44. 6.60- 2.94- 1.28- 5.52. 2.34.

10" 101 10! 10' 10' 107 107
51 3.54-10% | 2.71-10%° 1.55-1020 7.90- 3.77- 1.73- 7.70- 3.36- 1.44. 6.13-
1019 10" 10" 108 108 108 107
52 9.28-10% | 7.09-10% | 2.07-10% 2.08- 9.87- 452 2.02- 8.80- 378 161+
1020 1019 1019 1019 1018 1018 1018
53 2.43-10%! 1.86-10%! 1.06-10%! 5.41- 2.58- 1.18- 5.28- 2.30- 9.90- 4.20-
1020 1020 1020 1019 1019 1018 1018
54 6.36-1021 | 4.86-102! | 2.78-10%! 1.42. 6.77- 3.10- 1.38- 6.03- 2.59. 1.10-
1021 1020 1020 1020 1019 1019 1019

Table 4.1: Values of nccp(i;m; £) for m = 10.
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From studying Table [@.1] an interesting patterns arises. The sequence along the

diagonals behaves like an arithmetic progression. That is,

neep(i+ 1ym; 0+ 1) —neep(ism; £) ~ neep(iym;f) —ncep(i — 1;m; 0 — 1)

as £ — oo, For justification of this observation, we provide the following combinatorial proof

for the proposition below.
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Proposition 4.1. For given i and (large) m, as { — oo,

neep(i+ 1;m; 0+ 1) R i+1
ncep(i;m; ) i

Proof. First, note that there is a simple bijection that maps each part of size k in a composi-

tion of ¢ to a part of size k+ 1 in some composition of £+ 1. This means that

nep(k+1;0+41) R k+1
nep(k;0) k'

as { — oo, where ncp(k;¢) denotes the number of parts of size k in all compositions of /.
This bijection extends naturally to the cyclic case. For n-color cyclic compositions, each
part of size k has k colors and each part of size k+ 1 has k+ 1 colors. Consequently, for
large enough m, it follows that k of such parts of size k in A €€ Z(i,m) are mapped to
k+ 1 of such parts of size k+ 1 in N CEC P 1(i+ 1,m), where k =i (mod m). Using
the same reasoning found in Theorem we form the asymptotic formula for NCCP, ,,(x)
by letting s = 1. This means that the majority of the parts counted by nccp(i;m;{) are of
size i, and not a multiple of m added to i. It follows for n-color cyclic compositions, i of
such parts of size i in A CEC P (i,m) are mapped to i + 1 of such parts of size i + 1 in

NCEC Py 1(i+ 1,m) when m is large. We therefore conclude that

neep(i+ ym; 0+ 1) . i+1
neep(ism;0) i

bl

as { — oo, OJ

4.3 Proof of NCCP,,,(x)

Recall that A €E & (i,m) is the set of all parts j in n-color cyclic compositions of ¢ with
the condition that j =i mod m, where nccp(i;m;£) and NCCP, ,,(x) are the corresponding
cardinality and generating function for the set. The generating function

((xSi(l —x*)?) (i + (m = i)x™) )
(1=3x+x2)(1—xm)2 )7

NCCP, ;y(x) = Z o(s)

s>1
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given in Equation (4.1)), can also be derived directly through the “cycle construction” shown
in [3]].
First consider the series

x+2x2—|—3x3+...

that generates the number of ways to have a part of each size in the set of n-color com-
positions. Multiplying each term that is congruent to i mod m by a y to mark those parts
yields

X422 4 DX e (e m)y T

This can also be written as,

(x+28% 4 Fixd + . )+ (= DX+ (i +m)(y— Dx T4 ).
Further multiplying each term by u to mark all the parts, we have

u(x 422+ ix ) +u(ily— Dl 4 (m4i) (y— DX )

=ulx(1+2x+--+ix T )+ (y— Dx(ix '+ (m+ x4 )]

=u [x;i (1:6) +(y—1)x% (lfixm”

[ oo ()

w__ ui(y — 1)xi 4+ u(m—i)(y — 1)x"*
(1 —x)2 (1 —xm)2 '

Consequently we have the multivariable generating function of n-color compositions

- ux wi(y — 1)x +ulm—i)(y — D+ \*
et = (5 -y )

ux ui(y—1)x'Hu(m—i) (y—1)x"+
(1,)5)2 + > (],xm)Z >

L wil— D tu(m—i)(y— 1)+
1=t + M)

ux(1—x™)2 4 (ui(y — D +u(m — i) (y — 1)x") (1 — x)?
(T~ — ax(1 7 + (aily— ¥+ G~y D) (107’

where the coefficient of xuy’ is the number of n-color compositions of ¢ with s parts, ¢ of

which are congruent to i mod m. Recall from Section [I.4]that every n-color composition is
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composed of d copies, for some d € Z™, of a primitive n-color composition. By letting
PNC(x,u) Z pnc(l,r)x

denote the generating function for primitive n-color compositions (where the coefficient

pnc(¢,r) is the number of primitive n-color compositions of ¢ with r parts), we have

NC(x,u,y) = ZPNC (x4, ud y?).
d>1

Then PNC(x,u,y) can be implicitly derived using Mdbius inversion so that

PNC(x,u,y) Z w(d)NC(x?,u?,y9)
d>1

where (1(d) is the Mobius p function.
We now let

PNCC(x,u,y) = ancc(ﬁ,r,t)xguryt

n,rt
denote the generating function for primitive n-color cyclic compositions, where the coeffi-
cient pncc(¢,r,t) is the number of primitive n-color cyclic compositions of ¢ with r parts, ¢
of which are congruent to i mod m. Recall A4 €€y is the set containing all n-color cyclic
compositions of £. First note that each composition in .4 6%, with r parts has r unique
primitive n-color composition representations. Thus there is a one-to-r relationship between

primitive cyclic n-color compositions and primitive n-color compositions. Consequently

l.rt u
pnce(l,r,H)x‘u’y = pre(b,nt) /ury’—/ pnc(,r,0)x"w 1y dw,
r

and we have
PNCC(x,u,y) = /M .
/ d) NC(x*,w, y*) dw
w d>1
/ L WA (12 4 (6 1 4 )0 — D) (1]
Rzl 2 xmd —wixd (1 —md )2 —yd (i(yd — 1)xid — wd (m — i) (y4 — 1)xlmtd) (1 — x4)2

- / pld) w el (1 =) 4 (i = D (m = i) (0 = Dal™ ) (1 —x)?) dw
1
0

&) (== R T G G

v
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Integrating through substitution with
B = (1= 21 =) (1= )2 Gy = D 4 (=) = D) (1= 22,

and

9 (1P (G 1 ) )R (1)

and evaluating u at 1, we have

u
PNC
_ / wwy)
1 0 w u=1

(@), (1 = P(1 =2
el (s (1 =2 =[x (1= 4 (7~ D 4 (m =) 57— D9 1 —xd>2]>

_ <d>10g< (12 (1 =) )
5 d (lfxd)z(l7x"”’)27[xd(17x”’d)2+(i(yd7l)x"dJr(mfi)(yd71)x<’"+")d)(17x")2] :

PNCC(x,y) = PNCC(x,u,y)

U=

=

u=1

d>1

=

Since every n-color cyclic composition is composed of g adjacent copies, for some g € Z™,
of n-color cyclic primitive compositions, the bivariate generating functions for n-color cyclic
compositions, which we denote NCC(x,y), can be constructed using PNCC(x?,y?). Given
the identity ), ‘ (P( ) and using the variable substitution s = gd, we have the bivariate
generating functlon for cychc compositions as

NCC(x,y) = Y PNCC(x?,y7)

=1
Ja—r) (1 —x4)2 (1 — rad 2

SLLT e ( (1) (1 — xmad )2 — [xad (1 — x4 12 1 (1(ya4 — 1) 4 (m — 1) (90 — 1) 09 (1 — xod 2] )
_ @ (lfxs)z(lfxsm)z

R ( (T2 (1 =) — [ (1 =22 4 (i(y* — D+ (m— i) (3* — Dl 99) 1 —xsm) '

Here the coefficient of x*y' is the number of n-color cyclic compositions of ¢ with ¢ parts
that are congruent to i mod m. By taking the partial derivative of NCC(x,y) with respect to
y and then setting y = 1, we have that the generating function for the total number of parts
congruent to i mod m in all n-color cyclic compositions, denoted NCCP(x), is

NCCP(x) = a% (NCC(x,y))

y=1
i ( xs)Z( vm)
9y <l°g1 (1= = s (1= 22+ (i — Dt + (mfo(yf—1>x<m+f>s>(17xf>2}>>

2

s =1y 2 m—1i)x

< (sy* " (1 — ))(+S( i)x"™") )yZI
S

I
\VM

<

-2

y=1

"S

1 xs 2 1 xsm [xs(l xsm)2+( ( )xl+(m l)(y _I)X(HH»t)A)(] _xs)Z]

—x%) t+(m i)x5m)
1— xA (1 —xM)2 —x5(1 —xm)2

I\/

S

bS]

vl
w‘

I
=4

S)< (@ (L =2*)?)(i+ (m— I)X””))’

' (1 =3x8 +x25) (1 —xom)2

s.

I\

which is exactly Equation (4.1)).
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CHAPTER 5
N-COLOR CYCLIC COMPOSITIONS: FURTHER RESTRICTIONS ON PARTS

5.1 Introduction

This chapter is based on [4]. In this last chapter, we examine observations resulting from
the generating functions for the number of n-color cyclic compositions with two different
types of restrictions on parts, namely with parts no greater than a certain size (k) and with
parts that are multiples of a given number (j). We first present the generating functions that
quantify these restrictions and discuss related consequences and observations in Sections
and Lastly, in Section we summarize the proof of Equation (5.1). Then we
briefly discuss how to obtain Equation (5.2) through the same approach.

For clarity’s sake, we use the notation previously introduced in Section to better
present the generating functions for the two different types of restrictions we explore on the
parts of A €€ ;. Just as in Section [[.3] let &7 denote a general condition that is imposed
upon the parts of the n-color cyclic compositions, with & <+ (< h) denoting the constraint
that there are no parts of size larger than 7 and & <+ (=0 (mod j)) denoting the constraint
that each part has to be divisible by j. Using methods similar to those used previously in
Section we find that the generating functions for the number of such constrained n-color

cyclic compositions are

_y 20) (1—x)?
NCC(<h)(x)—S>Z1 S 10g<(1—xS)Z—xS(l—xhs—hth(l—xS)))’ (5.1
and
_y o) (1—x")
NCCi=0  (mod j))(¥) —SZZI . lOg(l—(2+j)xJ’S+xZJS)' (5.2)

Note that the coefficient of x’ in Equation (5.1)) is the number of n-color cyclic compositions
of £ with part size at most &, which we will denote by ncc (<, (¢). Also, the coefficient of
x! in Equation (5.2) is the number of n-color cyclic compositions of ¢ with parts divisible

by j, which we denote by ncc(= (mod j))(£)- Similar to the results given in Chapter 4, the
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generating functions given in this section provide us with interesting information on these

counting sequences, leading to some intriguing observations.

5.2 n-color cyclic compositions with parts at most /
By definition of Equation (3.1)) and (5.1)), we have
nee(<py(£) — nee(l)
as h — oo. Recall from Equation (5.1]) we know that as ¢ — oo

nee(l) = © <% (ﬁ)w) .

We will show, in what follows, that (5.1) also leads to the same conclusion.

Proposition 5.1. For large ¢ we have

;}ggncc(sh) (()=0 7 (3 - \/§> .

Proof. Let F(x) = NCC<j(x) and f; = ncc(<p(£). Consider

F'(x)=:G(x)=)_ gext.
>0

Then

gr=(+1)frs1. (5.3)

We now examine the exponential growth rate of the sequence {g;}. From the way F(x) and

G(x) were defined above, we have that

_ P(s) (1-x)?
F(x) = Z P log <(1 )2 — (1 — s — (1 _xs))) ’

s>1

HH(2R2 42k — 1)t Ds — p2x(h2)s (4 1)xhs 4 x5 41
G(X) - Z (P(S) (( s ) (h+1)s (h+2)s (2s ) s )
= (I—=x%)((h+1)x —hx +x% =3xS +1)
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Thus, G(x) is the sum of rational functions. Let

A(x) = (1=x)((h+ 1)x" D) — pxltH2) 52— 3y 4 1),

and note that A(x') would be the denominator for the s = i term in G(x). The exponential
growth rate of the coefficients of G(x) are completely determined by the roots closest to

zero for the various A(x*). So for each s:

e We have B(x*) = limy,_,o, A(x*) = (1 —x*)(x** = 3x° + 1)

for all complex x with |x| < 3.

e The roots of B(x*) are x* = 1 and x* = %@

R

e Thus, the roots closest to zero are the solutions to x° = 3’T

2
3—V5

Therefore, letting T = and for some constants ¢cp < ¢y < --- < ¢, We have

lim gy = © .
lim g (chsf )

s|e
Note by the definition of T and ¢, that the sequence {c,7’, ¢, /zrg/ 2 ¢ /3 tl/3,...} forms a
decreasing sequence as s increases. Using similar arguments to those used in Theorem [2.4]
we know the term that results from s = 1 is the dominant term in the sum above. Therefore

it follows that gy = ® (TZ). Hence

. . -1 1 2 -1
fimreccn® = fimsi=0 (=) =0 (£ (2 5) )

by (5.3). O




As an example of the results that are produced from (

values for ncc(<p) (/) with 1 <h < 12.
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5.1)), we have Table [5.1] which gives

0 2 3 4 5 6 7 8 9 10 1 12
1 1 1 1 1 1 1 1 1 1 1 1
2 3 3 3 3 3 3 3 3 3 3 3
3 3 6 6 6 6 6 6 6 6 6 6
4 6 9 13 13 13 13 13 13 13 13 13
5 7 16 20 25 25 25 25 25 25 25 25
6 14 35 47 52 58 58 58 58 58 58 58
7 19 61 93 108 114 121 121 121 121 121 121
8 36 132 210 250 268 275 283 283 283 283 283
9 59 271 455 560 608 629 637 646 646 646 646

10 108 579 1037 1302 1428 1484 1508 1517 1527 1527 1527

50 225 1.20- 2.26- 7.06- 113 137 149 154 157 158 158

1013 1017 10'8 10'8 1019 1019 1019 1019 1019 1019 1019

51 442. 2.79- 557 1.78- 287 351 382 3.96- 4.02- 4.05- 4.06-

1013 107 1018 101 1019 10" 101 101 101 10" 1019

52 8.66- 6.50- 138 4.50- 7.32- 8.99- 9.80- 1.02- 1.03- 1.04- 1.04-

1013 1017 1019 1019 1019 1019 1019 1020 1020 1020 1020

53 1.70- 151 3.40- 114 1.87- 2.30- 251 261 265 267 2,68

1014 1018 1019 1020 1020 1020 1020 1020 1020 1020 1020

500 6.55- 1.20- 6.74- 597 6.42- 459 1.06- 151 175 1.86- 1.91-

10147 10185 10197 10202 10204 10205 10206 10206 10206 10206 10206

501 131 2.85- 1.69- 153 1.67- 1.20- 2.76- 393 457 4.86- 498

10148 10185 10198 10203 10205 10206 10206 10206 10206 10206 10206

502 261 675 426 394 432 312 721 1.03- 119 1.27- 1.30-

10148 10185 10198 10203 10205 10206 10206 10207 10207 10207 10207

503 521 1.60- 1.07- 101 L2 8.13 1.88- 2.68- 3.12- 332 3.40-

10148 10186 10199 10204 10206 10206 10207 10207 10207 10207 10207

Table 5.1: Values of ncc(<p (€)
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One of the interesting observations that can be made from Table 5.1|is ncc (<) ¢ converges

quickly to ncc(f) as h — oo even when / is large.

5.3 n-color cyclic compositions with parts divisible by j

Similarly, from (5.2)) we generate Table which gives values for nce(=o (mod j)) (¢) for

1<j<10.
J
‘ 1 2 3 4 5 6 7 8 9 10
1-j 1 1 1 1 1 1 1 1 1 1
2. 3 7 12 18 25 33 42 52 63 75
3.5 6 18 38 68 110 166 238 328 438 570
4.j 13 52 138 298 565 978 1582 2428 3573 5080
5. 25 146 507 1348 3029 6054 11095 19016 30897 48058
6-j 58 463 2042 6578 17350 39793 82278 1.57-105 | 2.81-105 | 4.77-10°
7-j 121 1442 8283 32644 1.02:105 | 2.68-105 | 6.26-10° 1.33-10° | 2.63-109 | 4.87-100
50 j 1.58- 7.91- 2.11- 3.79. 1.25. 1.28- 5.49. 1.20- 1.55- 1.28-
1019 1026 1032 1036 1040 1043 1045 1048 1050 1052
51-j 4.06- 2.90- 9.90- 2.17- 8.43. 9.90- 4.79. 1.17- 1.65- 1.50-
1019 1027 1032 1037 1040 1043 1046 1049 1051 1053
52-j 1.04- 1.06- 4.65- 1.24- 5.67- 7.64- 4.17- 1.13- 1.77- 1.75-
1020 1028 1033 1038 1041 1044 1047 1050 1052 1034
53.j 2.68- 3.88- 2.19- 7.07- 3.81- 5.90- 3.64- 1.10- 1.89- 2.05-
1020 1028 103 103 1042 10% 104 10%! 1053 10%

Table 5.2: Values of ncc(=y (mod j))(¢)

To introduce an interesting observation from Table we first want to recall the
notation for the difference operator on integer sequences, which is denoted as A. More
nformation regarding difference operators can be found in [9]. If A = {a,}, is an infinite

sequence of positive integers, then A(A) = {A(ay)}, is defined by

Alap) = apy1 — ap.
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For instance, a sequence A is a constant sequence if A(A) is the zero sequence, and a
sequence B is an arithmetic sequence if A?(B) is the zero sequence.
Now let a; j = ncc(=g (mod j))(i-j) and let A; be the sequence {a; ;};, where j € Z*.

From Tabel 5.2l we see that
{0}, = A%(Ay) = A%(A3) = A% (Ag) = A®(A5) = ...
In general we will show the following.
Theorem 5.2. Letting A; = {ncc(=o (mod j))(i*J)}j, we have
AF(4) = {0},

In fact, this interesting observation also holds for non-cyclic n-color compositions.
This means it is the n-color condition that results in the above conclusion, not the cyclic
condition. To present the proof for this theorem we first let a; ; (a; ;) denote the number of
n-color cyclic compositions of i - j (with v parts), where each part is divisible by j. Similarly
b;,j (bj j,) denotes the number of n-color non-cyclic compositions of i j (with v parts),

where each part is divisible by j. First, consider the following lemma:

Lemma 5.3. For any positive integer r, and for any sequence {c; ;}j we have

r . r r—
87 (bug) = X (1) (10 4t

k=0

2= ¥ (1) 1 by

k=0
and

A"(bij+cij) =A"(bij)+A(cij).

Proof. First, note that the third equation follows from the fact that A is a linear transfor-
mation. Next we will prove the second equation, and proof for the first equation can be

constructed similarly.
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We will derive a proof by induction on r. First consider the case r = 1. Note
1 L (1 1—k L (1 1—k
UBE WH (SIS o ([T e
k=0 k=0
which holds by the definition of A. Next we consider our inductive step. Suppose the result

holds true for up to r — 1, that is

I
g

r—1 = (r—1 r—1—k
A" (b j) . D bj j k-
Then

Ar(bw) = A(Ar_l(bi,j>)

4 (1:;1) (r; 1)(—1)'_1_kbi,j+k>

= r—1 r—1—k
= r (—1) (bi jrk+1—bijik)
=0
| ek /e Clk
= ( I )(—1)r bijiki1— Y, ( I )(‘Ur bi jik
=0 =0
= r—1 r—k = r—1 r—k r
= bt | ) D T bt ) D b |+ (1) By
k= - k=1

= r—1 r—1
= b i+ + —1 r*kb,-- +(=1)"b; ;.

By noting (;) = (,Zj) - (rkl), we have

r—1 r
A(bij) = bijyrt (Z (k) (_1)r_kbi.,j+k> +(—1)"b;

k=1

= i (]:) (—1)" by ik,

k=0

as desired. O]

The next Lemma states that a; j, can be written as a linear combination of by y ,/’s.
The proof, which we skip, follows the same idea as the cyclic construction of generating

functions.
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Lemma 5.4. For all positive integers i, j, and v, we have

d
ajjy= Z " Z H(S)bi/(sd),j,v/(sd)
d|(i,v) * sd|(iv)

where L(+) is the number-theoretic mobius function.

Next, we will now show that
AT (b ;) =0. (5.4)

Although the above identity can be shown through induction and some algebra, we provide

a combinatorial proof as follows:

Proof of (5.4). We first claim that

./
biyy J"
"y

bijv ]

for any j and j’. This is because, given any composition of i - j with v parts of the form
ij=x1j+xj+...+x,j, thesumij = x;j +x2j +...+x,j is a composition of i - j/ with
v parts. It is easy to see that there exists a bijection between such compositions of i - j (where
all v parts are divisible by j), and compositions of i - j/ (where all v parts are divisible by
j)). When n-color compositions are considered, each composition of i - j corresponds to

v_ (x5 - j) many n-color compositions, due to the number of choices of colors. Similarly,
the composition of i - j also corresponds to [T)_, (x; - j') many n-color compositions. Thus
every [I,_, (s - j) n-color compositions of i - j are mapped to their corresponding n-color

composition of the [];_, (x;- j*) n-color compositions of i - j. Since b; ;,, denotes the number

of n-color compositions of i - j with v parts, it follows that

bijrv _ [Ty (xs - ") _ () e xy) _ J_/V
bijv (i) o) Y
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Now by the above claim and by Lemma(5.3] we know

At (b ) — v [i+1 )ik,
( lv]:‘}) - Z k ( ) l,j+k,v

k=0
i+l /- ; v
i+1 1 (j+k)
k=0 J
b; ; i+l [+ 1 1.
_ ]7‘{;1) (l ) )(_I)H—l k(]_*_k)v‘
k=0
To prove (5.4) it suffices to show
i+l /:
+1 it 1—k
) ( . )(—1)!*‘ (k) =0,
k=0
which is equivalent to
Y (N
3 (V)G -y =o 55)
s=0

by letting N =i+ 1 and s = N — k. It is important to note that N > i by definition of N.
We now show (3.5)) by considering the following scenario: A group of j+ N students, j
male and N female, pick a leader each day for v days. The number of ways to do this such

that at most N — s female students are picked as leaders is

(M) -,

since this is equivalent to at least s female students never being picked as leaders. Hence,
by the inclusion-exclusion principle, the number of ways to pick leaders for v days so that
every female student is picked as the leader at least once is

N

¥ (V)i sy

s=0 \ ¥
But for every female student to serve as leader at least once is impossible since the number
of days vis at mosti and N =i+ 1 > i > v. This means there are more female students than

there are number of days to be the leader. Hence

N

¥ (V)i -opr-o

s=0
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which implies that
bijv S (i+1 Ak ;
k=0

]

Consequently by Lemma and since A is a linear transformation, we have that

0= A"*1(q; ;). Taking the sum over all possible v we have A™"!(b; ;) = 0 which implies
A ai ) =0,

proving Theorem [5.2]

5.4 Summary of Generating functions

Recall that A €€y is the set of n-color cyclic compositions of ¢, and ncc(¢) and NCC(x)
are its corresponding cardinality and generating function. When we restrict the parts of
the compositions to be no greater than /4, we denote such a subset of N/ €€y as N CC »y,
where in this case the condition & is defined as &2 <+ (< h). In this section, we summarize
the construction for the generating function[5.1] which we will denote using the condition 2.
This means that NCC »(x) and ncc 4 (¢) will denote the corresponding generating function
and cardinality for A €€ »y.

Let & be the conditional statement such that &2 <+ (< k). Then consider the series
x+2x% +3x%° +...+hxh,

which generates the parts for such compositions with parts no greater than A. Further

multiplying each term by u to mark all the parts yields

d
ux—|—2ux2+3ux3—|—~-~—|—uhxh —u {x T (x+x2+x3—|—~-~—|—xh>} .
X
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n . _ .
Since the sum of a finite geometric series is ). a;x' = a(} _;n), it follows that
i=1

di<x+x 20+ —|—x>]
e (4]

[ —x"—hxh(1—x
:”_x’<1 <1fx>(21 )ﬂ

~ux(1—x"— hx(1—x))
(=2

Consequently the multivariable generating function of n-color compositions of ¢ with parts

of size at most 4 is

o k
- § (1200

k=1
ux(l—xh—hxh(l—x))
=
1— ux(1—x"—hx(1—x))
=
B ux(1 —x" —hx"(1 —x))
C(1=x)?2 —ux(1 —x" — hxh (1 —x))’

where the coefficient of xu” is the number of n-color compositions of ¢ with r parts, each
being no larger than /. Recall from Section[I.4]that a primitive composition is a composition
that is not composed of repeated copies of shorter compositions. Also recall that all n-color
compositions are comprised of d copies of primitive n-color compositions, for some d € Z™.
By letting

PNC »(x,u) = anciér)

it

denote the generating function for primitive n-color compositions, where the coefficient



70

pnc (L, r) is the number of primitive n-color compositions of ¢ with r parts, we have

NCx»(x,u) = Y PNCoy(x*,u).
d>1

Then PNC 5 (x,u) can be implicitly derived using Moebius inversion as

PNCp(x,u) = Y u(d)NCop(x*,u),
d>1

where p(d) is the Moebius u function.
Now let

PNCC »(x,u) Zpl’lCC] (¢ r)
Lr

denote the generating function for primitive n-color cyclic compositions, where the coef-
ficient pccy, (£, r) is the number of primitive n-color cyclic compositions of n with r parts.
Note that each composition in .4 ¢ ¢ 5 with r parts has r unique primitive n-color compo-
sition representations. Thus there is a one-to-r relationship between primitive n-color cyclic

compositions and primitive n-color compositions. Consequently

l, u
pncc(@(&r,t)xgur = ngur = / pnc,@(ﬁ,r)xgwr ~aw,
r 0

and we have

u
P
w
0
/ d) NCp(x®, w) dw
Wd>1

w1 (1 —xhd — pyhd (1 — x))

_/dg’l u(d x)2 —wdxd (1 — xhd — pxhd (1 — x4)) dw

Integrating through substitution with

B =(1—x")2—wix?(1 —x"— pxld(1 —x1)),
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and

d
£ =—d wdflxd(l — xhd —hxhd(l —xd)),

and evaluating u at 1, we have

u
P
PNCC»(x) = PNCCp(x,u)| = / PNCp(x,w)

w

u=1 0

d>1
(v @) ()"
E <d§ log((1—xd>2—udxd(1—xhd—hxhdﬂ—x"))))
(d) (1—x%)?
= Z 1Og((1—)64)2—351(1—xfwf—hxhd(l—x")))'

d>1

u=1

Since every cyclic n-color composition is composed of ¢ adjacent copies of cyclic n-color
primitive compositions, for some g € Z™, the generating function for all cyclic compositions

in VCC » is

NCCp»(x) = Y PNCCp(x7)

q>l
Z Z uid lo (1 _qu)z
_q>ld>1 s x‘ld)z—xd(l_xhqd_hxhqd(l_qu)) :
Using the variable substitution, s = gd and given the identity ) d|s ) — <P( ) . we have that

the generating function for cyclic compositions with parts no greater than 4 is

1 — x44)?
NCCxp(x) =) Z 1og ((1 — xd4)?2 —xdq((l —thd)— hxdhd (1 —de)))

s>1d|s

o(s (1—x%)2
_Z log(( xs)2_xs(1—xhs—hxhs(l_xs)))‘

s>1
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Next let & be the conditional statement such that & <+ (=0 (mod j)). Then consider
the series
g 42 433
which generates the parts for n-color compositions with parts divisible by j. Note that this
initial series differs slightly from that given earlier because the part size is unbounded as
long as each part size is divisible by j. Further multiplying each term in the generating

function by u to mark all the parts results in

ul(x! +2jx¥ +3jx3 4. )]

" {% (1 fij')]

- K(Jx“ _(’fx; )>2+ ! )}

ujx’
(1=

Consequently we have the multivariable generating function of n-color compositions of ¢

with parts divisible by j as .

N
- ujx’
NC»(x,u) = —_—
L (%)
ujx!
(1—x/)?

ujx/
=

ujx’
(1 —x/)2 —ujx/

where the coefficient of xu” is the number of n-color compositions of £ with r parts.
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From this point, we can see that the process for determining (5.2)) would be essentially
the same as the process for determining (5.1)). Through the same argument, we see that the

generating function for the number of compositions with part sizes divisible by j is indeed

52).
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CHAPTER 6
CONCLUDING REMARKS

In this thesis, we first studied the total number of parts congruent to i mod m in all cyclic
compositions of ¢. This was done by following the cyclic construction of the generating
function illustrated in general by [3]. From the generating function we provided justification
for some interesting behaviors of the asymptotic values of this counting sequence. We
noted an intriguing relation between our generating function NCCP;.,,(x) and the generating
function of the number of compositions that end with a part congruent to i mod m. Then
we presented combinatorial reasoning for this observation, which is interesting in its own
right as it provides a direct and combinatorial way of constructing the cyclic version of the
generating function NCCP,;,,(x).

After our discussion of parts of cyclic compositions, we began our inquiries into the
structure of n-color cyclic compositions. The first two generating functions we constructed
were the number of n-color cyclic compositions and the number of total parts of n-color
cyclic compositions. Surprisingly, the generating function NCC(x) was shown to relate
to two combinatorial objects, namely, the number of spanning subtrees of a wheel graph
and the number of states of a dynamic storage allocation system. Certain bijections and
combinatorial arguments followed these observations. We also presented the asymptotic
formula for nccp(¢). The presentation of these generating functions was followed by a brief
explanation of their cyclic construction using methods from [3]].

We then turned our attention again to a generating function for the number of parts
under modular restrictions. Only this time, the parts under consideration were from the
n-color cyclic compositions of ¢. This generating function was followed by an example of
its values given in table format. The distribution of numbers within the table gave way to
interesting observations which were supported by asymptotic formulas and combinatorial

arguments.
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Lastly, we constructed two different generating functions for the number of n-color
cyclic compositions of . The only difference between these two generating functions
was the specific restriction imposed on the parts of these compositions. Similarly to other
generating functions previously constructed, we gave, as an example, a table of values
from each generating function. From the patterns within the table, we proposed certain

conjectures and developed asymptotic formulas as a result of these patterns.
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