FURTHER COMBINATORICS AND APPLICATIONS OF TWO-TONED
TILINGS

ROBERT DAVIS AND GREG SIMAY

ABSTRACT. Integer compositions, integer partitions, Fibonacci numbers, and generalizations
of these have recently been shown to be interconnected via two-toned tilings of horizontal
grids. In this article, we present refinements of two-toned tilings, describe functions that
analyze them, and apply these to generalizations of integer compositions and partitions that
interpolate between the two.

1. INTRODUCTION

An n-tiling is an arrangement of tiles of sizes 1 x 1 through 1 x n contained inside of a 1 x n
grid, covering the grid such that tiles may only intersect along common boundaries. We say
the length of a 1 x k tile is k. When n is understood or unimportant, we may call an n-tiling
a tiling. The tiles may come in various colors; in this article, we consider white and red tiles
satisfying certain conditions. The combinatorics of such tilings were initially explored in [1],
where they were used to determine the number of compositions of an integer with at least
or exactly p parts k, as well as general formulas for positively-indexed, generalized Fibonacci
numbers.

Definition 1.1. For nonnegative integers r and n, denote by a(r,n) the number of ways to tile
a 1x (n—+r) grid using white tiles of any length (whose total length is n) and r indistinguishable
red squares, i.e., tiles of length 1. Such a tiling is called a two-toned tiling of length n +r, or
an (n + r)-tiling, when it is understood that the tiling is two-toned.

If n = 0, then a(r,0) corresponds to a tiling using just the indistinguishable red squares,
and a(r,0) = 1. If r = 0, then a(0,n) corresponds to a tiling by just the white tiles of lengths 1
to n, hence, a(0,n) is the number of compositions of n, i.e., a(0,n) = 2"~! for n > 1. Values of
a(r,n) for small choices of r and n are displayed in Table 1, with known OEIS [11] sequences.

, " 2] 3 4 5 | OEIS sequence
2] 4 8 16 A001782
51 12 | 28 | 64 A045623
9125 | 66 | 168 A058396

14| 44 | 129 | 360 A062109
20| 70 | 225 | 681 A169792
27 | 104 | 363 | 1182 A169793

QY x| W DN = O
[l Bl e Bl R e )
| UY x| W N = =

Table 1: The numbers a(r,n) for small values of ,n. The OEIS entry in row ¢ corresponds to
the sequence {a(i,n)}n>0.
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Using the red squares can allow one to compute the number of compositions of an integer,
where there are a specified number of specified parts. For example, a(1,n) can denote the
number of compositions of n + k such that exactly one part is k and all remaining parts are
at most n. Red squares can even represent a specified run of integers, as long as none of the
integers in the run are already represented by one or more of the white tiles. Indeed, Table 2
lists a variety of applications of two-toned tilings and related notation that will be addressed
throughout this article.

Notation Meaning
a(r,n) Number of two-toned tilings of length r + n
a(r,n, k) Number of ways to tile a 1 x (n + r) grid using white tiles of
lengths 1 to k (total length n) and r indistinguishable red squares
as(r,n) The number of two-toned tilings of length r +n + s
Cy(r,m) Number of parts of all compositions counted by a(r,n)
Cy(n, k) Number of compositions of n where all parts k occur consecutively
Cs(n) Number of compositions of n with parts from S C [n]
C(n, E) Number of compositions of n with no parts k
C(n,m, E) Number of (n + m)-tilings using white tiles of any length except k
C(n,[k]) Number of compositions of n with no parts a multiple of &
CF(n,k) Number of compositions of n with k frozen parts
CF(n,[k]) Number of compositions of n having multiples of k£ frozen
C(n,(k1,...,kn)) | Number of compositions of n using only parts ki,..., kn,
Ey(n, k) Number of compositions of n with exactly p parts k
E,(n,m, k) Number of compositions of n with parts at most k having exactly
p parts m
E(n) Total number of parts over all compositions of n
F(n,k,r) The rth convolution of {F(j,k)}}_;
G(n, k) Number of compositions of n with largest part k
G(n,k,r) Number of compositions of n with largest part k appearing
exactly r times
L(n, k) Number of compositions of n that have at least one instance of
k as a part
L(n,m, k) Number of compositions of n with parts at most k£ having at least
one part m
Ly(n,m, k) Number of compositions of n with parts at most k£ having at least
p parts k
m(r,n) Number of (n + r)-tilings when r red squares combine
palindromically with the palindromic white tile arrangements
negF(n, k) The nth negatively-indexed k-step Fibonacci number; see
Definition 3.5
R(n) Number of runs in all compositions of n
R(n, k) Number of runs of & in all compositions of n
R(n, k1) Number of runs of k& of length [ over all compositions of n
r(n,{k}) Number of runs in all compositions of n with largest part k&
r(n,j,{k}) Number of runs of j in all compositions of n having parts at most k
S(n, k) Total parts k over all compositions of n

Table 2: Collection of notation used throughout the article.
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2. IDENTITIES FOR a(r,n)

Although there are several explicit expressions for a(r,n) given in [1, 4], the recurrence
relation is among the most convenient. By [1, Identity 1], a(r,n) has the recurrence

a(r,n) =a(r—1,n) +2a(r,n—1) —a(r —1,n—1)
for r,n > 1, with the initial conditions

(rin) = 1, ifr>0,n=0;
A= Yot pp—0 > 1.

For example, a(5,5) = a(4,5) + 2a(5,4) — a(4,4) = 1182.
From the recurrence for a(r,n), it is a straightforward induction argument to show that for
fixed r > 0,

Y a(r,n)a" = <11__2:;>T+1 . (2.1)

n>0

We can extend this generating function to consider both r and n by setting

Az, y) = Z Z a(r,n)z"y".

r>0n>0

It quickly follows that

A = T = .
(z,y) §<1—2y) o 1—-2y—x+uxy

From these calculations, we see that for fixed r, a(r,n) is the rth convolution of the sequence
of compositions of n. That is, for r > 0,

a(r,n) = a(r —1,n — j)a(0, 7).
j=0

Summations of a(r,n) also have important applications, which in [1] motivated the following
definition.

Definition 2.1. Let s > 0. Denote by as(r,n) the number of two-toned tilings of a 1x (n+r+s)
grid with r red squares, with the restriction that the last s tiles must be white.

Note that ao(r,n) = a(r,n). Values of as(2,n) for small values of s and n are given in
Table 3, the OEIS sequences for a,(r,n) when r < 7 are listed in Table 4, and OEIS entries
for {a,(r,n)}n>0 for small r are listed in Table 5.
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21 3 4

91 25 | 66
13| 38 | 104
18| 56 | 160
24| 80 | 240
31| 111 | 351
39 | 150 | 501
48 | 198 | 699
58 | 256 | 955
69 | 325 | 1280

O| 0| | O U x|

e B el el B B Bl Ml e

O T = | W+~ O

| —
= o

Table 3: The numbers as(2,n) for small values of s, n.

ap(0,n) | a1(1,n) | a2(2,n) | as(3,n) | as(4,n) | a5(5,n) | ag(6,n)

a7(7,n)

A058396 | A049611 | A001793 | A001788 | A055580 | A055581 | A055582

A055583

Table 4: OEIS sequences for a,(r,n) when r < 7.

. "lol1]2]| 3| 4|5 |6
0 T[1]2| 4] 8 |16]32
1 1382048 |112
2 1[5 [18] 56 | 160
3 1] 7 32120
1 119 [50
5 1110
6 1

Table 5: Values of a,(r,n) for small choices of r and n.

By [1, Identity 6], we also have

n
as(r,n) = Z as—1(r,1),
i=0

from which

> ag(r,n)a" = q _196)8 <11__29;>r+1

follows. If r = s, then
1—=z

Z ap(r,n)z" = W,

from which we can algebraically extract

o= () (1))
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which is consistent with [1, Identity 9]. If s = r + 1, then

1
Z ar+1(r7 n)xn = ma

n>0

from which we can also algebraically extract

a?‘—i-l(r? TL) =2" (n M r) .

”
Now, by [1, Identity 6], we may write a new recurrence for a(r,n):
a(r,n) =ai(r,n—1)+a(r —1,n).
Using [1, Identity 8], we then conclude that
n .
n—1+4+s\[(r+j
o) =3 <j_1+5>( ! )

The following conjectured identity has a similar flavor to these identities, but a proof has
remained elusive.

Conjecture 2.2. For all s,7,n > 1, we have
r+l1—s .
as(r,n) = 2"t Z <7“—|—1.—s) (n—l—r—j>.
j=0 J "

Note that, as an immediate consequence of this conjecture, setting s = 0 recovers [1, Identity

5], that is,
IS .
o +1 n+r—j
:2n r—1 r .
atr.m) Z< J >< n )

Jj=0
3. APPLICATIONS

In this section, we will present several applications of (n + r)-tilings to compositions of n
with various restrictions. These applications all make use of the function as(r,n) in some
manner, either explicitly or implicitly.

3.1. k-step Fibonacci Numbers, Positively and Negatively Indexed.
Definition 3.1. The nth k-step Fibonacci number, denoted F(n, k), is defined as
0, ifn <0;
F(n,k) =11, ifn=1;
S F(n—jk), ifn>2.

For example, the 3-step Fibonacci numbers begin ...,0,0,1,1,2,4,7,13,24,44,81,149,....
Setting k = 2 recovers the usual Fibonacci numbers. It is easy to verify that F(j, k) = 2772
for2<j<k.

Benjamin, et al. [1, Identity 10] gave a combinatorial proof of the following result involving
the k-step Fibonacci numbers. Here, we provide a generating function proof.

Theorem 3.2. For k>0 andn > —1,

Fn+1,k) =Y (—1Ya;(j,n—j(k +1)).
J=0
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Proof. We know that the generating function for F(n + 1,k) is (1 — 2 — 22 —--- — 2¥)~1. So,
we examine the generating function for the right side of the desired equation: by reindexing,

we get
> D (G m—j(k+ 1)a" = Z(l)lai;fwwﬂ)

m>05>0 1>0

1—12 —.Tk+1 !
:1—23:2(1—295)

1>0

-z 1
12z \ 4t )

From here, routine elementary algebra simplification shows that the resulting generating func-
tion is the same as that of F'(n + 1,k). O

From the expression for a,(r,n), Benjamin, et al. provided an explicit formula [1, Identity
9] for F(n+1,k). For n,k > 1,

2n—rk—7’—1

Fin+1,k)= >

n—rk
r—0

Ln/(k+1)J(_1)r (n — rk) n—rk+r
r

Thus, a,(r,n) has the following recurrence relation.
Proposition 3.3. Forr,n > 1,
ar(r,n) =2a,(r,n—1)+ar_1(r —1,n).

Proof. We know that the generating function for a,(r,n) can be written as

(1 _ :B)TJFI

(1 —2x)r (1 —2)
So, the generating function of the right side of the desired identity is
(1—z)r+! (1)

=20y (-2 (=20 (1—a) 1

Routine algebraic simplifications show that this reduces to the generating function for a,(r,n),
as desired. 0

2z

Values of a,(r,n) for small r, n are displayed in Table 5. Soon, we will see that the sequences
along the diagonals in the table (an example of which is bolded) arise in an notable manner.

Remark 3.4. We pause here to identify a number of connections between the numbers as(r,n)
and other results in the literature. It appears that the rows of Table 3 are related to p-ascent se-
quences as defined in [10]. Namely, {a1(2,n)}n>0 appears to coincide with 3-ascent sequences;
see OFIS sequence A049611. The sequence {as(2,n)},>0 appears to be a Bjorner-Welker se-
quence [2], providing Betti numbers of certain manifolds. The sequence {as(2,n)}n>0 appears
to give the popularity of the pattern 231 in permutations of [n]; see [13] and OEIS sequence
A055581.

In Table 5, {a1(1,n)}n>0 arises in [9, Proposition 41] as Gg), which counts what they
call (n+ 1)-insets of a certain set X. It also appears that {a3(2,n)}n>0 of the previous table
arises as (23) in the same notation. Notably, all of Table 5 appears to be exactly the unsigned

coefficients Chebyshev polynomials of the first kind; see OEILS sequence A081277 and [8]. We
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invite the reader to establish bijections between two-toned tilings (and other objects studied
within this article) and the objects listed above.

We will now consider a subtle but significant variation of the k-step Fibonacci numbers.

Definition 3.5. For a positive integer k, the negatively-indexed nth k-step Fibonacci numbers
18

negF(n, k) =negF(n —1,k) +--- + negF(n — k, k)
for any n, using the initial conditions negF(n,k) = 0 for n = 0,—-1,-2,...,—(k — 2) and
negF(1,k) =1 for all k.

So, we have negF (n, k) = F(n, k), whenever n is nonnegative, but negF (n, k) may be nonzero
for negative values of n. For example, with & = 3, a portion of the values negF(n, 3) is

n |-9 -8 -7 -6 -5 -4 -3 -2 -1 0 1
negf(n,3)| -8 4 1 -3 2 0 -1 1 0 01

Theorem 3.6. For integers n,k > 1, letn+1=km +r, where 0 <r < k. Then,
negF(—(n+1),k) = Y (1) Fa,jp(r + jk,m —r — j(k +1)).
Jj=0
Proof. We approach this problem by defining the sequence {b;}i>o by setting negF(n, k) =

b_n+1 and finding the generating function for {b;}i>o. In this formulation, our new sequence
satisfies
1. bg =0,
2. b1 :-~-:bk_1:0, and
3. b =bi g — S0t by, fori > k.
Through standard algebraic arguments, we obtain
k

Yobt =
v - _ k k+1°
= 1—-—2xF"+=x

By directly computing the generating function of the right side of the desired equality, we
obtain the same expression. The claim then follows. O
Note that positively-indexed classical Fibonacci numbers, i.e., when k& = 2, obey the equa-
tion '
F(n+1,2) =Y (~1)'a;(i,n — 3i),
i>0
whereas negatively-indexed Fibonacci numbers obey the equations
negF(—(n+1),2) = Z az;(2i,m — 31)
i>0
ifn=2m —1, and
negF(—(n+1),2) = > (=1)"agi1(2i + 1,m — (3i + 1))
i>0
if n = 2m. Putting these together, we see that negF(n,2) = F(—n,2) when n < 0. However,
as k increases, F(n,k) approaches 27n=! for each n, whereas in negF(n,k) for n < 0, the
sequences {a;_;(j —4,i)}]_, appear for each j > 1, separated by increasingly-large strings of
0s. The strings of consecutive nonzero integers are exactly those that are on the diagonals in
Table 5.
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3.2. Convolutions of the k-step Fibonacci Sequence Applied to Compositions. Re-
call that if {s;};>0 is a sequence of real numbers, its rth convolution is the sequence of coeffi-
cients of

r+1
5wt
k>0
expressed in the standard vector space basis 1,z,22,... over R. Let {F(n, k,7)}n>0 denote
the rth convolution of the k-step Fibonacci sequence {F(j, k)}?:p that is, F(n,k,r) is the

coefficient of z*

n r+1
(E:F@knﬂ .
=0

F(n, kO):F(n k),

To illustrate,
F(n,k,1) ZFn+1—j, k)F(j,k), and

ijmﬁ:§:Fm+1—$hr—DF@&r—D.
j=1
Obtaining expressions for F'(n + 1,k,r) with & > 1 motivates the following definition.
Definition 3.7. For nonnegative integers v and n and 1 < k < n, let a(r,n,k) denote the

number of ways to tile a 1 x (n 4 r) grid using white tiles of lengths 1 to k (with total length
n) and r indistinguishable red squares. Moreover, define

s(ryn, k) Zaslrj,

where ag(r,n, k) = a(r,n, k) for all r,n, k.

Note that if n = 0, then a(r,0, k) corresponds to a tiling of just the indistinguishable red
squares, so that a(r,0,k) = 1. If r = 0, then a(0, n, k) corresponds to a tiling of just the white
tiles of lengths 1 to k, which we know to be F(n + 1,k); note that, as k — oo, we recover
a(0,n) = C(n), the number of compositions of n.

Now, from the definition of two-toned tilings, we directly have the following recurrence.

Proposition 3.8. For alln,k,r >0,

M»

a(r,n, k) a(r,n —j,k

=1

.

Furthermore, we will extend equation (2.1). By a routine generating function exercise from
Proposition 3.8, we obtain the following result.

Proposition 3.9. For all r and k, we have the generating function

1—1 r+1
n _
2 alrm, k)" = (W) |

n>0
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It is routine to show, for example by [12, Chapter 2, Rule 3], that the generating function
frr(n) in the proof of Proposition 3.9 is the same as the generating function for {F(n +
1,k,7)}n>0. This gives us the following corollary.

Corollary 3.10. For all n,k,r > 0, we have a(r,n, k) = F(n+ 1,k,r).

Although the recurrence relation for a(r, n, k) given in Proposition 3.8 provides the most ef-
ficient method of computation known thus far, a(r, n, k) can also be expressed as an alternating
sum of summed as(r,n) quantities.

Proposition 3.11. For all n,k,r > 0,
T+ , ,
Fn+1,k,r)=a(r,nk) = Z(—1)3< J) aj(r+j,n—j(k+1)).
720 "
Proof. Note that the generating function for the right side of the identity is

S (S (T )astr kg - s+ ) ) o,

n>0 \ j>0

which simplifies to

Seo(T () e

i>0
Continuing, we get

) g )R P ()
1—2z -~ i 1-2z) (1—=x) 1-2z (l_z)ebtt N
= 1+ )

(1-2z)(1—=
l1—x il
<1 -2z + xk+1> ’

This is exactly the generating function for F'(n + 1,k,r). O

In [1], the a(r,n) functions were used to compute the number of compositions of n with at
least or exactly p instances of a given part. The convoluted k-step Fibonacci sequences allow
these quantities to be computed when the parts are at most k.

Definition 3.12. For positive integers m,n,k with m < k, let L(n,m, k) denote the number
of compositions of n with parts at most k such that at least one part is m.

Table 6 gives values of F(n + 1,3,r) for small choices of n,r. We note that the sequence
{F(4,3,7)}r>0 has multiple existing combinatorial interpretations, described within the OEIS
entry A000096.
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; "lil2l3| 4|5 6| 7] 8]|09
0 |1]|1] 2| 4| 7 | 13| 24 | 44 |81
1 11205 12| 26 | 56 | 118 | 244
2 1131925 | 63 ]153]359
3 14|14 44 125 336
4 1]5]20] 70 |220
5 11627104
6 1]7]35
7 18
8 1

Table 6: Values of Fi(n+ 1,3,r) for small choices of n,r.

Proposition 3.13. For all m,n, k with m < k,

L(n,m,k) =Y (=1))'F(n+1— jm,k,j).
j>1

Proof. First, fix a positive integer j and consider F(n + 1 — jm, k, 7). By Proposition 3.11,
F(n+1—jm,k,j) = a(j,n—jm, k), the right side of which counts the number of ((n—jm)+7)-
tilings whose white tiles have length at most k. By replacing each red square with a pink tile
of length m, the resulting tiling has length (n — jm) + jm = n. Each of these correspond to
a composition of n with parts at most k, where at least one part has length m. The result
follows from applying inclusion-exclusion. O

Next, we consider a refinement of L(n,m, k).

Definition 3.14. For p,k,n > 1 with m < k, let L,(n,m,k) denote the number of composi-
tions of n with parts at most k such that there are at least p parts m.

With this notation, Li(n,m,k) = L(n,m, k). Further, the next proposition follows from
the proof of [1, Identity 12].

Proposition 3.15. For all p,k,n > 1 with m <k,
. i—1
Ly(n,m, k) =Y (=1)/7 <] )F(n +1— jm, k,j).
° p—1
Jjzp
Next, we consider compositions having exactly a particular number of parts.

Definition 3.16. For p,m,n,k > 1 and m <k, let E,(n,m, k) denote the number of compo-
sitions of n with parts at most k having exactly p parts k.

Proposition 3.17. For p,m,n,k > with m < k,
Ep(n,m, k) = Z(_l)jip <]> F(n+1—jm,k,j).
Jjzp P
Proof. The equality follows from the observation
E,(n,m,k) = Ly(n,m,k) — L,11(n,m, k)

and from Pascal’s identity for binomial coefficients. O
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We note that the previous proposition was also implicitly established in the proof of [1,
Identity 13].

Let S(n,k) denote the total number of parts k over all compositions of n. For example,
S(2,4) = 5 because there are three compositions of 4 in which 2 appears once and one com-
position in which 2 appears twice.

Proposition 3.18. For 1 <k <n, S(n,k) =2"2(n+1).
Proof. It has been shown [5] that

S(n, k) =2""%2(n — k + 3). (3.1)
By [1, Identity 9], a1(1,n) = 2" 2(n + 1), and hence,
S(n, k) =a(l,n—k). (3.2)

With this in mind, [1, Identity 13] provides a route for establishing (3.2) and therefore, (3.1).
The number of times & is a part in compositions having exactly p copies of k is kEy(n, k). So,

S(n,k) =Y _jEj(n,k).
j=1
Applying [1, Identity 13] to each instance of Ej(n, k), we get

n

S(n,k) = a(l,n—j)=a(l,n—1)=2""2(n+1),

j=1
as desired. O
For the next definition, let A = (A1,..., ;) be an integer composition. A run in A is a
subsequence \;, Ajt+1, ..., Aj+; such that
Aic1 F XN = Xip1 = = Nyt F A,

using the convention A\g = A;,+1 = 0. The length of the runis l. So, for example, (2,2,2,4,1,1,2)
has four runs: one of length three, one of length two, and two of length one.

Definition 3.19. For positive integers j,k,n with j < k < n, let r(n,j,{k}) denote the
number of runs of j, irrespective of length of the run, in all compositions of n whose parts are
at most k. Further, let r(n,{k}) denote the total number of runs over all compositions of n
whose parts are at most k.

Proposition 3.20. For 1 <j <k <n,
r(n,j,{k}) =F(n+1—-4,k1)—F(n+1-2jk,1).

Proof. If j > n — j, then all runs of j are of length one. The part j may then be represented
by a red square in a tiling of n, and is combined with white squares of lengths less than j.
The number of such tilings is given by a(1,n — j, k), which is equal to F(n+1—j,k,1). Also,
note that if j > n — j, then a(1,n — 2j,k) = 0.

If j < n — j, then some of the white tiles have length j, thereby being otherwise indistin-
guishable from the red square representing j. Therefore, some of the n-tilings merely increase
the length of existing runs. The number of such instances is a(1,n—2j,k) = F(n+1—2j,k, 1)
because increasing the length of a run has the same effect. Hence, r(n,j, k) = F(n + 1 —
gk, 1) —F(n+1-25k1). O
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Proposition 3.21. For all1 <k <n,
r(n,{k}) =Y _ F(n—2jk,1).
Jj=0
Proof. By definition,
r(n,{k}) =r(n,1,{k}) +---+r(n,k {k}).
By Proposition 3.20,
r(n,j,{k})=F(n+1-4k1)—F(n+1-2jk,1).

Thus,
r(n,{k}) =Y (F(n—j,k1) = F(n—1-2j,k,1),
Jj=20
which simplifies to the desired sum. [l

Definition 3.22. Denote by C(n,%) the number of compositions of n for which k is not a
part.

From [3, Theorem 1, Equation (1)], we have the following recurrence:
C(n,k) =2C(n—1,k) +C(n—k—1,k) — C(n — k, k).
Consequently, the generating function for C' (n,%) for fixed k is
1—2z
1— 2z + xk — gkt

Recall that C'(n) denotes the number of compositions of n. Let L(n, k) denote the number
of compositions of n that have at least one instance of k as a part. It follows immediately that

C(n, k) = C(n) — L(n, k).
But, C(n) = a(0,n) and [1, Identity 11] gives
L(n.k) =Y (=1)""a(j,n — jk)
j=1
for n, k > 1. This leads directly to the following result.
Proposition 3.23. Forn,k > 1,

C(n, k) =D (=1)a(j,n — jk).

Jj>0
Let S = {s1,...,sm} be a subset of [n], and let Cs(n) denote the number of compositions
of n whose unique parts are in S. Then, the generating function for Cs(n) is
1
n o __
ch(n)x _1_x51_..._x5m'

n>0
From the above equation, it follows that the generating function for C (n,E) is
1
Theorem 3.24. Recall that F(n —1,2) is the (n — 1)st (classical) Fibonacci number. Then,

j=0
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Proof. This follows by setting kK = 1 in Proposition 3.23. (]
Note that if £ > n/2, then
C(n, k) = a(0,n) —a(l,n — k) =271 — 2" F(n — k4 3).

For r,n,k > 0, let C(n, m,%) denote the number of (n + m)-tilings using white tiles of any
length except k.

Theorem 3.25. For n,m,k >0,
C(n, m,E) = Epn(n+ mk, k)
_ Cnjem [ T
= Y (7 atiin k(G = m)
j=m

Proof. Consider C(n,mjf\). The white tiles correspond to tiles of any length except k. The
red tiles cannot correspond to a nonnegative part already represented by a white tile, bEt
they can correspond to k. So, there is a bijection between the two-toned tilings of C(n,m, k)
and the number of compositions of n + mk having exactly m copies of k, which is given by
E,(n 4+ mk, k). The summation arises from substituting m for p and n + mk for n. (|

To illustrate this result, we have the following special cases:
C(n,0,k) =a(0,n) —a(l,n — k) +a(2,n — 2k) — - --
C(n,1,k) = a(l,n) — a(2,n — k) + 3a(3,n — 2k) — - --
C(n+2k,2,k) = a(2,n) — 3a(3,n — k) + 6a(4,n — 2k) — - --
3.3. The Largest and Second-Largest Parts of Compositions of n. Let G(n, k) denote
)

the number of compositions of n having k as the largest part, and let C(n, (1,...,k)) denote
the number of compositions of n whose parts are at most k. It is clear that

C(n,(1,...,k)) —C(n,(1,...,k—1)) = G(n, k).
Further, by conditioning on the final part, we get

k
Cn,(L,...,k)) =Y _Cln—j,(1,....k)),
j=1
from which it follows that > -, C(n, (1,...,k))z" = 1—2;_% Therefore, C'(n, (1,...,k)) =

F(n+1,k), and
G(n,k)=F(n+1,k)— F(n+ 1,k —1).

It follows that

xk—l

ZG(n,k)x": TR T p———

n>0

:Ck_l(l _ 1’)2
(1 — 2z + k1) (1 — 2z + 2F)’
Thus, G(n + k — 1, k) is the convolution of F(n+ 1,k) and F(n+ 1,k —1).
The next result relates F'(n, k) to the rth convolutions of F'(n,k — 1).
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Proposition 3.26. For all n,k,

F(n,k) =Y F(n— jkk—1,j).
Jj=>0

Proof. By considering the generating function of the right side, we get

mk

Do\ 2 F—jkk=1.5) | 2™ = 1—z— a2 _x..._xk:—l)m—H
m>0 \ j>0 m>0
B 1 1
SN -
_ 1
l—xz—a2—- . —ak’
which we know to be the generating function of F'(n, k). O

Extending the definition of G, let G(n, k,r) denote the number of compositions of n having
k as the largest part exactly r times.

Proposition 3.27. Forn,k,r > 0, we have
G(n,k,r)=F(n+1—krk—1,r).

Proof. The value of G(n,k,r) can be represented as a two-toned tiling by concatenating an
(n — kr)-tiling using white tiles of length at most k£ — 1 with a kr-tiling using just red squares.
The number of ordered tiling arrangements is therefore a(r,n — kr,k — 1), which is equal to
Fn+1—Fkr,k—1r). O
Note that the previous result allows us to state that
G(n,k)=> G(n,k,r).
r>1
3.4. Frozen Parts.
Definition 3.28. Let 1 < j < n. A j-partially-ordered composition of n is any equivalence
class of compositions of n under the relation \ ~ u if and only if
()\17 ... 7)‘j7 )‘a'(j+1)7 ey )‘U(k)) =M
for some permutation o € &yji 1 py. The parts A1,...,\; are called the frozen parts of the
composition.

For example, (8,7,9,6,4,3,2,1) and (8,7,9,6,1,2,3,4) are the same 4-partially-ordered
composition but are distinct 3-partially-ordered compositions. Moreover, it is clear that j-
partially-ordered compositions could be defined by freezing any j of the parts; we only consider
freezing the first j parts as a matter of computational simplicity. Notice that the O-partially-
frozen compositions are just the ordinary compositions of n, whereas the n-partially-frozen
compositions are just the partitions of n.

Recall that CF(n, k) denotes the number of compositions of n with part &k frozen, and that
C(n, k) denotes the number of compositions of n with no part k.

Proposition 3.29. For all n and k,
CF(n,k) =Y C(n— jk,Fk).

J=0
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Proof. The compositions of n can be grouped into compositions that have no copies of k, one
copy of k, and so forth through j copies of k. Because the jk are frozen, they can be treated

as being appended to the compositions of n — jk having no k. The result follows. O
Building off of C(n, (1,...,k)), given nonnegative integers n, k1, ..., k,, with 1 < m <n, let
C(n,(ki,...,kn)) denote the number of compositions of n consisting only of parts ki, ..., ky,.

For example, C'(5,(1,2,5)) = 9 because the compositions are the distinct permutations of (5),
(2,2,1), (2,1,1,1), and (1,1,1,1,1). Note as well that C(n,(1,...,k)) = F(n+ 1, k).

Proposition 3.30. For all n, k,
CF(n,k)=C(n,(1,...,k,2k)).

Proof. From [3, Theorem 1], the generating function for C’(n,E) is

ZC(n,E)m” L—o

T 12z 4 ok — T

By Proposition 3.29, we can compare the generating functions and use routine algebra to
conclude that

ZC’F(n,k):E” = (1 + 2% 4 22 —I-"-)ZC(H,E)ZEH

n>0 n>0
1 1—x
T 1—ak 11— 20 4ok — gk
B 1
S l-x—22— .. — gk g2k

Proposition 3.31. For all n,k,

CF(n,k) =Y F(n+1-2kjkj).
Jj>0

Proof. By Proposition 3.30, CF(n, k) consists of three things: compositions having only parts
1 through k; compositions with parts from 1,...,k, 2k; and compositions from parts 2k only.
In the first case, there are Fi(n+ 1,k) = F(n+ 1,k,0) compositions. The compositions of the
second type can be counted by a(j,n — 2kj, k), corresponding to a tiling where part 2k has
the role of the red square. The compositions of the third type consist of j copies of 2k only,
which itself corresponds to j red squares. This is counted by a(j, 2kj — 2kj, k) = a(4,0,k) = 1.
With a(r,n,k) = F(n+ 1,k,r), the theorem follows. O

3.5. Formulas Involving the Parts Making Up the Compositions of n. The two-toned
tiling functions provide a quick way to evaluate what might otherwise be obscure quantities.

Theorem 3.32. Let 1 < j < n. If each part j used in the compositions of n is replaced by the
compositions of j, then the total number of resulting compositions is ai(2,n — 1).

Proof. The number of times j is used in the compositions of n is a(1,n—j )j If the compositions
of j are substituted for j, then the resulting number of compositions is 2/ ~!a(1,n — j), which
is equal to a(1,n — 7)a(0, 7). The total number of these compositions is

> ar(1,n - 5)a(0,5).
j=1
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The corresponding generating function is

1 l—z\?(1-2\ 1 [(1-z)\°
1—=x 1—2x 1-2z) 1—z\1-2z) "’

which corresponds to a1(2,n — 1). O

Proposition 3.33. Let 1 < j <n. If each part j used in the compositions of n is replaced by
the parts used in the compositions of j, then the number of resulting parts is ai(3,n — 1).

Proof. The number of times j is used in the compositions of n is a(1,n — j). If the number of
parts used in the compositions of j are substituted for j, then the resulting number of parts
is a(1,n — j)a1(1,n — j). The total number of these parts is

n

Za(l,n—j)al(l,n—j),

=1
which has corresponding generating function

1—=x 2 1 2 1—=x _ 1 1—=x 4
1— 2z 1—x 1-2¢) 1—z\1-2z/ "

This corresponds to a;(3,n — 1). O

Definition 3.34. For r,n > 1, let Cy(r,n) denote the number of parts of all compositions
counted by a(r,n).
Proposition 3.35. For all r,n,
Co(ryn) = (r+1Dai(r+1,n—1)+rap(r,n).
Proof. First, consider the number of red tiles needed to form the compositions of a(r,n). Each
composition of n has r red tiles, so the number of red tiles needed is ra(r,n).
Now, consider the number of white tiles needed to form the compositions of a(r,n). For

a composition of a(r,n) consisting of exactly j white tiles, the total number of parts is
j(’"ﬂ) (?71), and the total number of white tiles is

T -1
anj<r_:j> (?:i) = (r+ Dar(r+ 1,n— 1),

j=1
O

Next, we denote by Cy(n,k) the number of compositions of n, where all parts k& must
occur consecutively. For example, Cp(4,1) = 7 because the compositions counted are (4),
(3,1), (1,3), (2,2), (2,1,1), (1,1,2), and (1,1,1,1). We will refine Cy(n,k) by Cy(n,k,p),
which denotes the number of compositions of n having exactly p parts k, which must occur
consecutively. So, Cy(4,1,2) = 2 because the compositions counted are (2,1,1) and (1,1, 2).

Proposition 3.36. For all n, k, and p,

Cb(na kap) = C(17 n-— pka/k\) = El(n - (p - 1)k7 k)
Proof. Consider the compositions of n in which we insist the parts that are k are blocked
together exactly p times. The quantity n — pk then corresponds to the parts not equal to k.
Because all of the ks are consecutive, the compositions are in bijection with compositions with

a single k. Thus, in terms of an (n + r)-tiling, the (k,..., k) is in bijection with a single red
square. So, Cy(n, k,p) = C(1,n — pk, k).
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Next, recall that the single red square appearing in C(1,n — pk‘,/k\:) can represent k, which
leads to the interpretation that C(1,n — pk, k) also counts the compositions of n — pk + k =
n—(p—1)k having exactly one k. By definition, these are enumerated by E1(n—(p—1)k, k). O

Proposition 3.37. For all n and k,
Cy(n k) = C(n, k) + > Bi(n— jk, k).
Jj=0

Proof. The number of compositions with no ks is C (n,E) Additionally, the number of com-
positions for which the j copies of k are all consecutive is E1(n — (j — 1)k, k). Summing these
cases and adjusting indices gives the result. ([

The following proposition follows directly from inclusion-exclusion, so the proof is omitted.

Proposition 3.38. For all n, k,p, we have
Cy(n, k,p) = D> (=1 ja(i,n = k(p+j — 1))
Jj=1

Let C(n,[k]) denote the number of compositions of n with no parts a multiple of k. For
example, C(4,[2]) = 3, counting the compositions (3, 1), (1,3), and (1,1,1,1).
Proposition 3.39. For all n and k,

C(n,[k])=F(n+1,k)— Fn+1—k, k).

Proof. The generating function for the right side of the desired equation is

1—zk

l—xz—a2—- —ak’
whereas the generating function for the left side is
1

1- (ZiZi 951) + (Zj21 ijk) |

After simplifying the latter expression, we obtain the former. O

We now return to runs of parts. Recall that given a composition A = (A1,...,Ax), a Tun in
A is a subsequence of the form

Aic1 F N = Xip1 == N # A\jp1
for some 1 < i < j < k, using the convention Ao = A\+1 = 0. Let R(n, k) denote the total

number of runs consisting of part k£ over all compositions of n, without regard to the length
of the run.

Proposition 3.40. For alln and k, R(n,k) = a(1,n — k) —a(l,n — 2k).

Proof. If k > n — k, all runs of k have length one. The part k can be represented by a
red square, combining with white squares representing nonnegative integers less than k. The
numbers of such (n + r)-tilings is given by a(1,n — k). Also, note that if & > n — k, then
a(l,n —2k) = 0.

If £ < n — Kk, then some of the white tiles have length k, thereby being indistinguishable
from the red square representing k. Therefore, some of the (n + r)-tilings merely increase the
length of existing runs. The number of such instances is a(1,n — 2k) because increasing the
length of a run has the same effect. Hence, a(1,n — k) — a(1,n — 2k) = R(n, k).

O
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Corollary 3.41. For alln and k,
R(n,k) =2""%2(n —k +3) — 2" 22(n — 2k + 3).
Extending R(n, k), let R(n) denote the total number of all runs over all compositions of n.

Corollary 3.42. For all n,
R(n) =Y a(l,n— (2k — 1)),
E>1
Proof. The result follows from observing that
R(n) =) R(n,k) =Y a(l,n—k) —a(l,n — 2k).
E>1 E>1
In this sum, all terms of the form a(1,n — 2k) are canceled, leaving only those of the form

a(l,n — (2k + 1)), as desired. O

Let E(n) denote the total number of parts used in all compositions of n. This is well-known
to be (n+1)2"~2, but what is more interesting here is that we can relate £(n) to other aspects
of compositions. For example, note that C(n) < R(n) < E(n). This relationship can be made
more explicit.

Lemma 3.43. The number of parts making up the compositions of n is equal to the number
of runs of n and of n — 1. In other words, E(n) = R(n) + R(n —1).
Proof. This follows entirely algebraically. Observe that

E(n)=a1(1,n—-1)

:Za(l,n—i)

i>1

= Za(l,n—?i—i—l) + Za(l,n—%)

i>1 i>1
= R(n)+ R(n—1),
as desired. 0

Next, we will refine R by letting R(n, k,l) denote the number of runs of k of length [ over
all compositions of n.

Conjecture 3.44. For all n,k,l,
R(n,k,l) =a(l,n —kl) —2a(l,n— (I + 1)k)+a(l,n — (I 4+ 2)k).

3.6. Pell Numbers. Recall that the sequence of Pell numbers is { P(n)},>0, where P(0) = 0,
P(1) = 1, and P(n) = 2P(n — 1) + P(n — 2) for n > 2. The Pell numbers have many
combinatorial interpretations, such as the sequence of denominators of the continued fraction
for v/2, and the number of 132-avoiding two-stack-sortable permutations [6]. We prove the
following proposition using a generating function argument, but in light of the combinatorial
descriptions of the Pell numbers and the functions as(n, k), we invite the reader to provide a
combinatorial proof.

Proposition 3.45. For all n,

P(n) = a3(2i+1,n— 4i).
>0
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Proof. Using the recurrence for P(n), is it straightforward to show that P(n) has generating

function
1

D P = 15—

n>0

Let
1—=z

1—2x
Then, the generating function of the right side of the desired identity is

n>0

u =

B 1
1 -2z — a2’
as desired. O

3.7. Applications to Palindromes. In [3], the authors found a number of generating func-
tions and recurrence relations for palindromic quantities, and provided extensive data. The
a(r,n) functions can be used to provide formulas for this data. First, let m(r,n) denote the
number of (n + 7)-tilings when r red squares combine palindromically with the palindromic
white tile arrangements.

To illustrate, consider the four palindromes of 6 without a central part: 33, 1221, 2112, and
111111. Combining two red squares, which we will represent by r in the palindromes, with
the corresponding tilings of the palindromes, results in 12 total palindromes:

3rr3 r1221r

r33r r2112r

12rr21 111rrlll
1r722r1 11r11rll
21rr12 1rllllrl
2r1lr2 r111111r

Recall that a white tile of length k& can be represented by the positive integer k. The red
square can be represented by any integer whose length is not duplicated by any of the white
spaces.

Proposition 3.46. For all r and n,
m(2r,2n) = m(2r,2n + 1) = a1(r, |n/2]),

m(2r + 1,2n) = ap(r,n),

m(2r,2n+ 1) = 0.
Proof. We will treat each case separately. First, let N = 2n and R = 2r. The palindrome
compositions of N are the compositions of n — k paired with their mirror images and central
part 2k (or no central part if £ = 0), for some k = 0,...,n. This is counted by

CL(T‘, 7’L) + a(r,n - 1) 4 a(r, 0) = (11(7", n)

So, m(R, N) = ay(r,n).

Now, suppose N = 2n and R = 2r+1. In this case, there is an unpaired red square. It cannot
be combined with an existing central part because that would disrupt the palindromicity.
However, the square can serve as a lone central part. Thus, the number of these is ag(r, n).
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Putting this together with the case of N = 2n and R = 2r, we obtain the first two equalities
in the statement of our result.

If N =2n+1 and R = 2r, then all of the palindromic compositions will have a central part.
Thus, counting each a(r,1) [ =0,...,n, we end up with ai(r,n).

Finally, suppose N = 2n+1 and R = 2r+1. In this case, all of the palindromic compositions
have a central part. Also, there must be unpaired one square. However, it is impossible for
these to simultaneously exist, so no such compositions exist, completing the proof. U

Remark 3.47. We again pause to mention connections with the existing literature. The se-
quence {m(3,2n)}n>0 appears to coincide with 22 of [7], counting certain equivalence classes
of objects enumerated by the Catalan numbers. Multiple rows of Table 7 suggest that they
are the coefficients of Co(x)* for various k, as described in [7, Corollary3.16]. We have seen
{m(4,2n)}n>0 before, as {a1(2,n)}n>0. Again, we invite the reader to establish bijections
among the objects counted by these sequences and the Catalan-like objects found in [7].

. "lol1|2(3|4 56|78 ]9
0 1[1]2]2/4 4 |8|8|16] 16
1 tjo(t(o[2]0[4]0][ 8O
2 1/1(3[3[8[8]20[20] 48 | 48
3 1jo(2(o[5]0]12[0[ 28 O
1 T[1]4]413]13|338]38[104 104
5 1{o(3(0[9]0[25]0]66] 0
6 1[1[5[5[19]1963[63] 192192
7 1/0[4]0[14]0 440 |129] O
8 T/1(6[6]26]26]96]|96] 321|321

Table 7: m(r,n) for small choices of r and n.

Definition 3.48. For nonnegative integers n, let Pal(n) denote the number of palindromic
compositions of n and let Pal(n, k) denote the number of palindromes of n with no part k.

It is not difficult to argue that Pal(2n) = Pal(2n + 1) = 2", and observe that a1(0,n) = 2.

Theorem 3.49. If n and k are nonnegative integers,

Jj=0
In particular, if n and k have the same parity, then

Pal(n, k) = > (1) (a1(j,n — jk) — a(j,n — (j + 1)k)),
jz
and if n and k have different parity, then
Pal(n, k) = Z(—l)jal(j, n — 2k).

Jj=0

Proof. First, consider the case where n and k are both even, say k = 2j for some integer j.

Any palindromic composition of n must then have no central part (i.e., a central part of 0) or
an even central part. That is, a palindromic composition of n is of the form

(c1,¢2, ... Cs, b Csy .oy C1),
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where ¢ is a nonnegative even integer and (ci, . .., ¢s) is a composition of n’ = 3(n—¢) with no

parts k. The number of such compositions is ¢(n’, E) By ranging over all possible ¢, and then
subtracting the instance where ¢ = k, we obtain the desired formula. The formula involving
m(-,-) follows as a consequence.

The remaining cases (where n and k are both odd or have different parity) follow similarly,
and therefore, their details are omitted. O

The above result has the following immediate corollary.

Corollary 3.50. The number of palindromic compositions of n having at least one part k is

Pal(n) — Pal(n,k) = Y (=1~ (m(2j — 1,n — (2j — 1)k) +m(2], 2jk)).
j>1
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