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Abstract

In this note, we answer the following question: in how many ways one can color a 1 x n chessboard using colors from the set
{1,2,...,m} such that the color i occurs a multiple of ¢; number of times for all i = 1,2,...,m?
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1. Introduction

The results on counting combinatorial objects in a discrete structure are often used for solving problems at the high school
level and undergraduate level. Recently, Abboud, Saleh, and Sharif-Rasslan (one of the present authors) [3] studied the
following problem.

Problem 1.1. In how many ways one can color a 1 x n chessboard using m colors if one of the colors occurs a multiple of t
number of times?

It needs to be noted here that Problem 1.1 is motivated by a problem posed in the book of Brualdi [2] (this problem is
also posed in [1]). Figure 1 presents all possible ways to color a 1 x 4 chessboard in black and white.
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Figure 1: Coloring a 1 x 4 chessboard by black and white.

In the present note, we answer the following generalized version of Problem 1.1.

Problem 1.2. In how many ways one can color a 1 x n chessboard using colors from the set [m] = {1,2,...,m} such that
the color i occurs a multiple of t; number of times for all i = 1,2,... ,m?
Clearly, Problem 1.2 reduced to Problem 1.1 when t; =t3=---=1t,, = 1.

2. A combinatorial solution to Problem 1.2

Let a(n) = a(n;t1,ta,...,tm) be the number of the different ways to color a 1 x n chessboard using colors from the set [m]
such that the color ¢ occurs a multiple of ¢, number of times for all i = 1,2,...,m.

Assume that the 1 x n chessboard is produced from n unit squares. So the number of ways a(n) is equal to choosing
t;j; squares coloring them by color i, for all i € [m], such that t1j; + - -+ + t;njm = n. Thus, a(n) is given by the following
multiple sum formula:

n n — jit n—jity — - _jmltm1>
a(n,t1,...,tm) = . . . )
( ' m) Z <J1t1> ( Jata ) < Jmtm

j17~"7jm >0,
t1j1 + - +itmim =n

a

where (}) is defined to be zero whenever a < b.
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Note that when we take t, = --- =t,, = 1 and ¢; = t, we obtain
— gt — it — o — = G
a(nst,1,... 1) = T (n)(n _J1>..,(n it =gz j 1)0
. . .]lt J2 Im
‘71""’sz07

tiji+je+-+jm=n

Since the multisum is conditioned by ¢1j1 + j2 + - - - + jm = n, we see that

(n—Jlt—j2 —"'—jm1>
Jm
contributes 1. Thus,

. _ n\ (n—jt n—jit—j2— " — jm-2
it p o GO

JiyeoeyJm—1 20,
tiji1+j2+--+Jjm-1<n

By separating the sum over j,,_; from the multiple sum, we obtain

. . . n—jit—jo—-—jm—2 . i )
> n ). (s i) T (it e =
jlt jm—2 i jm—l

1y Jm—1 20,
tiji+g2+ +im-1<n

Z n.\ n—jit—j2— - — jm-3 gn—Jit—j2 = —im—2
jlt jm—2

J1s-eydm—2 20,
tiji1+j2+ -+ jm-—2<n

a(n;t, 1,...,1)

Again, by separating the sum over j,, s from the multiple sum, we have

— it — o — = b
a(n;t,l,...,l): Z ((]:Lt><n Jn ‘;2 B J 4)3 Jit—7j2 Jm3>'

Jis-eoyJm—3 >0,
tiji+i2+ -+ jm—3<n

Thus, by induction on m, we have

a(nit,1,...,1) = > ((]ZLJ <” j2j1t> (m — 2)nj1tjz>

Ji,J2 =2 0,
tiji+j2<n

[n/2]

) a'lzzzo (fft) (m — 1),

as have been shown in [3].

For another example, we see that a(n;t,r,1,1,...,1) is the number of ways to color a 1 x n chessboard using colors from
the set [m] such that the colors 1 and 2 occurs a multiple of ¢ and » number of times, respectively. From the above general
formula, we have

Ln/th Lngt)/r) Ny it
. . n—jt—ir
a(n;t,r,1,1,...,1) = E E <]t) ( , )(mZ) Jimer (@8]

- ‘ r
7=0 =0

3. A solution to Problem 1.2 by using exponential generating functions

Let A(xz) = A(x;tq,...,t,) be the exponential generating function for the sequence a(n), that is
x/n,
Az) = Z a(n)ﬁ.
n>0

A multiset is a collection of elements, some of which may be repeated a finite or an infinite number of times. Recall that
a(n) = a(n;ty,...,t,) equals the number of ways to color a 1 x n chessboard using colors from the set [m] = {1,2,...,m} such
that the color i occurs a multiple of ¢; number of times for alli = 1,2,..., m. Then, a(n) equals the number of arrangements
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of the elements of the multiset {17111, 272t . mImtm | it + joto + -+ + jmtm = n}. Thus, the exponential generating
function is given by

Amity, ... tw) = > mL

!
Jiti+-Ftmim=n Hi:l(]ztz)~

Since jit1 + -+ + t;jm = n, we have

A(l‘;tl,...7tm): Z H ajjfz H Z .’L‘j”)

3:>0 Zl

Again, fort; =tand ¢t = --- = t,,, = 1, we obtain the same formula as in [3]. Here is another example

m

jt
A(z;t,t, ... t) = Z x

In particular, if t = 2, then we obtain

m

27 T —x\ ™
A2;2,2,...,2) = o <6 te ) ’

which leads to - i N
A#:2,2,...,2) = — (m)am—w _ 1 (m> (m—2j)'at
b ) PR ) 2m : .

Hence,

A:2,2,...,2) = 4 .m (T) (m — 25)".

For instance, the words with 4 letters over the alphabet {1, 2, 3} such that each letter occurs even number of times are 1111,
1122, 1133, 1212, 1221, 1313, 1331, 2112, 2121, 2211, 2222, 2233, 2323, 2332, 3113, 3131, 3311, 3223, 3232, 3322 and 3333. From
the formula, we see that the number of such words is equal to

3
1 3 a3t +343+3

732 (_)(3_2” = =21.
2 =\ 8

Note that by using the fact that
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where w is a primitive ¢-root of the unity (that is, w® = 1), we have

m z wiT Wity
e s
A(Jc;tl,...,tm):H< . >,
i

=1

where w; is any primitive ¢;-root of the unity. For instance, if m = 3,¢; =ty =2ant3 =1,thenw; =ws = —landws =1, so
e +e—:r e” +e—x . e?).’L' +26L +e—x
. - e = —
2 2 4

Thus, the number of ways to color 1 x n chessboard by 3 colors such that the first color occurs an even number of times and

A(x;2,2,1) =

the second color occurs an even number of times is (3" + 2 + (—1)").

Next, we consider another example, which answers a question that we found on a web page’. The question asks in how
many ways one can color a 1 x n chessboard by four colors such that the first color occurs an even number of times and
the second color occurs an even number of times. The answer to this question is of course a(n;2,2,1,1), which has the
exponential generating function

1 1
Z(ex +e7)2e? = i(e“ +2e* 4+ 1).

Hence, a(n;2,2,1,1) = 47~1 4 2"~! for all n > 1. More generally, if t;, = 2 for all i = 1,2,...,m/ and t; = 1 for all
t=m'+1,m +2,...,m, then

1 / /
(ea: + efzr)m 6(mf'm )a:’

A(x;tla s 7tm) = 2m’

Thttps://math.stackexchange.com/questions/35063/coloring-of-an-1-times-n-board-using-4-colors
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which leads to

’
m

1 m/ N
a(n;2,2,...,2,1,1,...,1):WZ C ) (m —25)",
J

=0

for all j > 1. Note that if m’ = 2 then by using (1), we get the following result.

Corollary 3.1. For all n > 0, it holds that

2j

/2] [n/2—j]
< 2i

2 X

j= =0
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