POLYOMINOES AND GRAPHS BUILT FROM FIBONACCI WORDS
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ABSTRACT. We introduce the k-bonacci polyominoes, a new family of polyominoes associated
with the binary words avoiding k consecutive 1’s, also called generalized k-bonacci words. The
polyominoes are very entrancing objects, considered in combinatorics and computer science.
The study of polyominoes generates a rich source of combinatorial ideas. In this paper we
study some properties of k-bonacci polyominoes. Specifically, we determine their recursive
structure and, using this structure, we enumerate them according to their area, semiperimeter,
and length of the corresponding words. We also introduce the k-bonacci graphs, then we
obtain the generating functions for the total number of vertices and edges, the distribution
of the degrees, and the total number of k-bonacci graphs that have a Hamiltonian cycle.

The family of binary words avoiding a consecutive pattern is well-known in combinatorics
and computer science. Many combinatorial statistics or parameters over these words can be
studied with automata and grammars by means of the Chomsky-Schiitzenberger methodology
[9, 13, 8]. For instance, the language of binary words avoiding k consecutive 1’s is a well-known
example from one of Knuth’s books [18, p. 286]. In this paper the words from this language
are called generalized k-bonacci words. Vajnovszki [25] studied these words in the context
of exhaustive generation of Gray codes. Recently, Bernini [4] considered some combinatorial
properties of these languages. Baril et al. [2] give a bijection between k-bonacci words and
the g-decreasing words (for ¢ = k — 1), they also provide an efficient exhaustive generating
algorithm for ¢-decreasing words in lexicographic order.

Another direction in the study of the Fibonacci words is in Graph Theory. The n-length
binary words that avoid two consecutive ones are the vertices of the Fibonacci cube [15]. Two
Fibonacci words of the same length are adjacent in the graph if its Hamming distance is equal
to one, that is, they differ in exactly one symbol. The Fibonacci cube is a subgraph of the
n-dimensional hypercube. The Fibonacci cube has been extensively studied in recent years.
See [16] for a survey.

In this paper, we are interested in the study of a new family of polyominoes and graphs
associated with the generalized k-bonacci words. Let F,, ; denote the set of n-length binary
words avoiding k consecutive 1’s, and F; = Up,>1F, . The set Fj, corresponds to the set of
generalized k-bonacci words. The elements of F,, 2 are called Fibonacci words. For example,

Fs2 = {000,001,010,100,101} and Fs3 = {000,001,010,011, 100,101, 110}.

The set F,, j is enumerated by the generalized Fibonacci numbers F, s ;. This sequence is
defined by Fp = S2F | F,_;x for n > 2, with Fjx = 1 and Fy,;, = 0 for all n < 0. Given a
word w = wy - - - wy, € Fpk, its associated polyomino, called k-bonacci polyomino, is a bargraph
of n columns, such that the i-th column has w; + 1 unit cells for 1 < ¢ < n. For example,
Figure 1 shows the polyominoes associated with the 3-bonacci words of length 3. Let P,
denote the set of k-bonacci polyominoes with n columns. The elements of P, 2 are called
Fibonacci polyominoes.

The polyominoes provide a rich source of combinatorial ideas. For example, polyominoes
play an important role in the combinatorics on words because they can be encoded by words,
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FIGURE 1. The Fibonacci polyominoes associated with the words in F3 3.

and then the problem of deciding if a given polyomino tiles the plane by a translation reduces
to finding a special factorization of the word [3]. In particular, polyominoes associated with
some special prefixes of the infinite Fibonacci word tile the plane by translations [7, 22].
The polyominoes have also been studied in connection with other discrete structures such as
permutations, set partitions, compositions, among others (see for example [5, 6, 14, 20] and
references contained therein).

Any k-bonacci polyomino can be regarded as a graph, called k-bonacci graph, considering
the cell sides as edges and cell corners as vertices. For example, Figure 2 shows the graphs
associated with the 3-bonacci polyominoes with 3 columns. Let G,, ;. denote the set of k-bonacci
graphs associated with the polyominoes of P, ;.. Note that in G, j, there are isomorphic graphs,
in particular, graphs corresponding to words 00 and 1 are isomorphic. And if w; and ws are two
different k-bonacci words of length n > 2, such that wf = wy (where w!* denotes the reverse
of the word w), then the graphs induced by these words are isomorphic. The k-bonacci graphs
are particular examples of chemical graphs, that is, graphs with all vertices of degree at most
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FIGURE 2. The 3-bonacci graphs in G3 3.

In this paper, we obtain several enumerative results of the k-bonacci polyominoes including
the area and semi-perimeter. For the k-bonacci graphs we study the number of vertices and
edges, the degree sequence polynomial, the average degree of a vertex, and the number of
k-bonacci graphs that have at least one Hamiltonian cycle.

We obtain these results by using the recursive construction of the k-bonacci words and
generating functions in several variables. The generating functions have been successfully
used to study several statistics over Fibonacci-runs graphs and the restricted Fibonacci words.
See for example [10, 11, 12].
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1. DECOMPOSITION OF THE k-BONACCI POLYOMINOES

Let 77( ,1 and P( ) denote the sets of k-bonacci polyominoes with n columns, whose last
column has height 1 and 2, respectively. It is clear that Py, j, = 77( ) i U 77( ,1 If Pe 77( ,)g, then
P is a unit square or P = P'00, where P’ € P,,_1 = ’P(l)l p Y PT(LZ_)”C (n>1). If Pe Pr(zl)c’

e
then P = P'Cj, where P’ € 737(1 ) ik (possibly empty) and Cj is a concatenation of j columns

of height 2, for 1 < j < k. Figure 3 illustrates the above decomposition.

L]
1) @ )

(4) ()

FIGURE 3. Decomposition of a k-bonacci polyomino.

1.1. Area and Semiperimeter. In this section we study the distribution of the area and
semiperimeter in P, ;. Let P be a k-bonacci polyomino. We denote by area(P) the number
of cells of P and by sper(P) the semiperimeter, that is the half of the perimeter of P (since
the perimeter of a k-bonacci polyomino is always an even number).

Define the generating function

Fk z,p,q Z:L‘ Z psper(P)qarea(P)’ k> 2,
n>1 PcPy, i

where z marks the length of the corresponding k-bonacci word, i.e., the number of cells in the
bottom row of a polyomino. Analogously, we introduce the generating functions

Fj(z,p,q Zx Z peper(w)garea(P) g =1 2.
It is clear that

Fk:(xap7Q) :Fk,l(mapaQ)+Fk72(x7paq)' (11)
In Theorem 1.1 we give a rational expression for the generating function Fy(z,p,q).

Theorem 1.1. The generating function for k-bonacci polyominoes with respect to the length
of the corresponding word, semiperimeter and area (marked respectively by x, p and q) is

P*((q +pg*)z — (pg® — p*¢*)a® — pFghak — phtig?htightt)

Fk(l‘,p, Q) =
1 —(pg + pg?)z + (p*q® — pq®)a? + phH2g2htightt
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Proof. From the decomposition given in Figure 3 we have the functional equations
Fk,l(xap7 q) = qux +pqx(Fk,l<m7p7 q) + Fk,?(mvpa q))
S~
(1) (2)+(3)

k—1 k—1
Fra(w,p,q) = Y_p2¢%? + [ > p™'¢%a! | Fra(z,p,q)
= =1

(4) (5)

2/ 2 k 2k .k 2 k 2k .k
p \pgr —prqgTT rpg"r —prqgx
= ( 2 )+ ( 2 )Fk,l(mﬂpaq)'
1 — pg=x 1 — pg*x

To make understanding easier, cases (1) to (5) in Figure 3 are indicated below their corre-
sponding terms. Solving the above system of equation and from (1.1) we obtain the desired
result. O

For example, the series expansion of the generating function Fj(x,p,q) begins with
(PPa+p°a*)z + (0’ + 20’ + p'e")a® + (p'a® + 3p°q" + 2p°¢° + p°¢°)a?
+(p°q" + 4p°¢° + 3p°¢° +3p"¢® + 2p"¢")at + - -
Figure 4 shows the weights of the 3-bonacci polyominoes corresponding to the bold coefficient
in the above series.

e p°q* p°q* P’

N . | |

°q* p°¢° ¢

FIGURE 4. Weights for polyominoes in Ps 3.

Corollary 1.2. The generating functions for the total area and semi-perimeter within all of
the members in P, j, are

3w — 2kat — 2(2 — k)aFt! 4 2

Ar() (1 — 2z + xh+1)2
and
52— 5x? — (24 k)aF — (1 — k)ak+! 4 4ab+2 — g 2k+2
File) = (1= 22 + 2 +1)? ’
respectively.

Proof. From the definition of Fj(z,p,q) we have the equalities

Fr(x, 1 F 1
Ak(l‘) _ 0 k(xv ,Q) and Pk(l’) _ 0 k:(xvpv )
aq q:l ap p:l
Therefore, from Theorem 1.1 we obtain the desired results. O

DECEMBER 2022 199



THE FIBONACCI QUARTERLY

In particular, for k£ = 2,3, and 4 we obtain the following generating functions:

_ z(34 2z +2?)

Aa(2) (1—z—2a2)2’
A (3 + 6z + 3z% 4 227 + 1)
3(.%') - (1—$—$2—CL‘3)2 )
A 2(3 4 62 + 922 + 423 + 32* + 22° + 29)
4(z) = (1—x— 22— a3 —2%)? ’
(54 — 222 — 23)
Pg(l'): (1—$—1132)2 )
z(5+ 5x — 32° — 22 — 29)
P3(JZ'): (1_1__.%,2_3:.3)2 ’
(5 + bx + 5a? — 23 — 4ot — 32° — 225 — &7

(1—z—a?—2a3—21)?
We will apply the same technique to obtain other corollaries throughout the article.
1.2. Area and Semiperimeter of the Fibonacci polyominoes. For the Fibonacci poly-

ominoes (k = 2) we can give some additional results. Let ¢, (p, q) denote the n-th coefficient
of Fy(z,p,q), that is,

tu(p,q) = Y pPerd)gereal®),
PEP»,«LJ
Theorem 1.3. For all n > 3 we have

tn(p,q) = Patn—1(p,q) + P*¢tn—2(p,q),

with the initial values t1(p, q) = p*q+p3¢® and ta(p, q) = p*¢® +2p*q3. Moreover, for alln > 1
we have the combinatorial formula
L24] .
+1—1 ; ;
tn(p,q) = (n , )pn“Hq”“. 1.2

wo=3 (" (12)
Proof. Let P be a Fibonacci polyomino with n columns (n > 3). If the last column has height
1, then the number of this kind of polyominoes is given by g¢pt,—_1(p,q). On the other hand, if
the last column has height 2, then the previous column has height 1, and these polyominoes are
counted by the polynomial p?¢3t, _o(p, q). Hence the total number of Fibonacci polyominoes
is given by pqt,_1(p,q) + p3¢tn_2(p, q). Finally, we can use mathematical induction and the
recurrence relation to prove the combinatorial identity. This formula can be also proved by

means of Zeilberger’s creative telescoping method [21]. Denote the summand on the right side
of the equality in (1.2) by F(n,1), that is

F(n ’L) — < )pn-i-i-i-lqn-i-i'
By the Zeilberger algorithm, F'(n, ) satisfies the relation
F(n+2,i) — pgF(n+ 1,i) — p’¢*F(n,i) = G(n,i + 1) — G(n, i), (1.3)
with the certificate

n+1—1
7

i(2—i+n)p*e?

R(n,i)Z_(2_2i+n)(3—2i+n)'
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That is, R(n,i) = G(n,i)/F(n,i) is a rational function in both variables. If f(n) denotes
the right sum in the equality (1.2), then summing both sides of (1.3) with respect to i yields
f(n+2)—pgf(n+1) — p*¢3f(n) = 0. The sequences f(n) and t,(p,q) satisfy the same
recurrence relation and have the same initial values, therefore these sequences coincides for all
positive integers n.

([l

Corollary 1.4. The total area for all Fibonacci polyominoes in Py, o is
L1242

n+1—1 . 1
> < . )(n—i—z) = =(6nFuz + (n+2)Fy),
=0

where F,, is the n-th Fibonacci number.

Proof. From Theorem 1.3 the total area of the Fibonacci polyominoes is given by

dtn(1,q) SRR

For the expression in terms of Fibonacci numbers we use the generating function of the total

area
_ z(3+ 2z +2?)

As(x) = A—z—222 (3z 4 222 + 2°) Z c(n+2)a",

n>0
where ¢(n) is the convolution of the Fibonacci numbers, that is

n
1
C(”) = Z FiFy i = g ((n - 1)Fn + QHFn_l) .
i=0
In the last equality we use the identity (32.13) given in [19]. Therefore,
1
[z Aa(z) =3c(n+ 1) +2¢(n) +c(n—1) = g(GRFnJ,_Q +(n+2)F,), n>1

O

The number of Fibonacci polyominoes of area n is related to the Narayana’s cows se-
quence [1]. The Narayana’s cows sequence b, is defined by the recurrence relation b, =
bn—1 + bp_3 for n > 3, with the initial values bg = 0,61 = 1, and b, = 1. The Narayana’s cows
sequence can be calculated with the formula

[(n—1)/3] .
b, — Z <n—2}z—1>

i=0 !
Theorem 1.5. The number of Fibonacci polyominoes of area m is equal to the number of
Narayana’s cows by .

Proof. From Theorem 1.1 the generating function of the number of Fibonacci polyominoes of
a fixed area is

a1 +q+4q%)

l—gqg—¢
On the other hand, the generating function of the Narayana sequence is N(x) := > .5, bzt =
1/(1 =2 —23). Then N(q) = 1+ q + qF>(1,1,q). By comparing the n-th coefficient of the
generating functions N(q) and F5(1,1,q) we obtain the desired result. O

F2(1) 1,(]) =
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For example, Figure 5 shows the Fibonacci polyominoes of area 5, that is, bg = 6 polyomi-
noes.

HEEEEREE ]

L | ||

FIGURE 5. Fibonacci polyominoes of area 5.

2. NUMBER OF VERTICES AND EDGES

The goal of this section is to enumerate the number of vertices and edges of the k-bonacci
graphs. Let G be a k-bonacci graph We denote by ver(G) and edg(G) the number of vertices

and edges of the graph G. Let g k and g denote the set of k-bonacci graphs associated
(1)

with the polyominoes in Pk and 7375 ), respectlvely. Define the generating function
(z,p,q Zx Z pedg(@)guer(@) > 9,
n>1 GEGn i
Similarly, we have the generating functions
Gr,j(x,p,q Z x" Z pede(@guer(@) - for 5 =1,2.
"2l Gegyl)

In these trivariate generating functions the variable x marks the length of the corresponding
k-bonacci word, i.e., the number of vertices in the bottom row of a graph minus one.

Theorem 2.1. The generating function for k-bonacci graphs with respect to the length of the
corresponding word, the number of edges and vertices (marked respectively by x, p and q) is

o (w ) q) _ p2q3((p2q +p5q3)x _ (p7q4 _ p8q5) 2 p5kq3kxk _ p5k+3q3k+2xk+1)
7 1— (p3q2 +p5q3)a: + (p8q5 _p q )1.2 +p5k+4q3k+3mk+l

Proof. From the decomposition given in Figure 3 we have the functional equations

Gra(z,p,q) = p'd*z + p*Px(Gr 1 (2. p, q) + Gra(z.p.q))
——
(1) (2)+(3)

k—1 k—1
Gralw,p,q) =Y _ pTH 230 gl 4 | N p¥t2H 3400 | Gy (2, p,q)
j=1 j=1
(4) (5)
2 5k 3k ..k 5k 3k ..k
pb~q pqm—pqa: pqpqx—pq:z
— ( ) + ( )Gk‘,l(x7p7 q)
1 —pPgdx 1 - pPgde
Solving the above system of equation and from the equality Gp(x,p,q) = Gpi(x,p,q) +
Gr2(x,p, q) we obtain the desired result. O
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For example, the series expansion of the generating function Gs(z,p, q) begins with
" (p7q6 +p4q4) 4 22 (p12q9 +2p108 4 p7g ) —|—:1:3( 16412 4 opl5,11 4 34)13,10 +p10q8)
" (2p21 15 1 3p19 14+3p18 13+4p16q12+p13q10) 4.

Figure 6 shows the weights of the 3-bonacci graphs corresponding to the bold coefficient in
the above series.

10,8 p13q10 p13410 plogit
pq

o oo dh dH

13 10 16 12 15 11

o B HE

FIGURE 6. Weights for the graphs in G3 3.

Corollary 2.2. The generating functions for the total number of vertices and edges within all
of the members in G, 1, are

10z — 922 — 3(1 + k)aF — (4 — 3k)xk+! 4 8h+2 — 222k+2

Vi(@) = (1 — 2z + zk+1)2
and
1z — 522 — (24 5k)zk — (9 — 5k)zh+! 4 4gh+2 4 22k +1 _ 52k+2
B(z) = (1 — 2z + oF+1)2 ’
respectively.

In particular, for k = 2,3, and 4 we obtain the following generating functions:
22(5 + x — 222 — 23)

‘/2(.’13) = (1 —$—$2)2 )
(10 + 11z — 623 — 42t — 22°)
VE’)("E) = (1—$—$2—$3)2 )
Vilz) = (10 + 11z + 1222 — 223 — 8% — 625 — 420 — 227)
= (1—2—a%—23—2%)?2 '
z(11 + 5z — 23)
EQ(':U): (1—$—$2>2 )
x(11 + 17z + 622 + 23 — 2°)
EB(:U) = (1—$—$2—$3)2 )
(11 + 177 + 2322 + 723 + 22 + 25 — 27)
Ey(z) = .

(1—z—a2—23—2%)?

Let v, (p, q) denote the n-th coefficient of Ga(x,p, q), that is,

Vn p7 : Z pedg ver G)
Gegﬂ ,2
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Theorem 2.3. For all n > 3 we have

on(p, @) = P vn-1(p, q) + p°¢Cvn_2(p, q),

with the initial values vi(p,q) = p*q* + p'q® and va(p,q) = p7¢® + 2p'0¢®. Moreover, for all
n > 1 we have the combinatorial formula

|23

2 .
n+1l-—1 , ,
Un(P; q) E ( ] >p3n+1+3lq2n+2+21.

- 1
=0

3. DEGREE SEQUENCES

In this section we are interested in the degree sequence of a k-bonacci graph. Degree
sequences have been well studied for Fibonacci cubes [17] and Fibonacci-run graphs [12].
Recall that the degree of a vertex of a graph is the number of edges that are incident to the
vertex. A k-bonacci graph can have only vertices of degree two, three, or four. Let G be a
k-bonacci graph. We denote by deg,(G) the number of vertices of degree i in the graph G.

We are interested in the generating function

d d G) d G
D (.T QZ,Q37Q4 E " § qs °e2(C 3eg3( )Q4eg4( )7 k > 27
n>1 Gegn k

where x marks the length of the corresponding k-bonacci word, i.e., the number of vertices in
the bottom row of a graph minus one. Analogously, we introduce the generating functions

d G) deg.(G) d G .
Dk,j(x Q2aQ3aQ4 Zl‘ Z &2 )q3egd( )Q4eg4( )a J= 1)2

"2l Gegy)

Theorem 3.1. For all k > 2, the generating function Dy(x,q2,qs3,q4) is given by

) <(q§q4 +q)r — (B4 — 206308 + Ghqa)x? — @2Fqfa® + (2" 2k — 2qag3F gt ) ’““)

g1(1 — (g3 + @) + (qaqs — 3q3q3) 22 + dgh ™ g3kak+1)

Proof. Let G be a Fibonacci graph in G, ;. If n = 1, then G contributes to the generating

function the term g3x. See Figure 7 case (1). If n > 1 and G € gf}}g, then this case contributes
to the generating function the terms

@32Dr1 (2,2, q3,q4) and  gaqax Dy 2(x, g2, 3, qa),

as seen in Figure 7 cases (2) and (3). Notice that in the case (2) we have only two new vertices
of degree 3. In the case (3) we have a new vertex of degree 2 and another of degree 4. The
red vertices denote the vertices of degree 2, the blue vertices denote the vertices of degree 3,

and the green vertices denote the vertices of degree 4. For n > 1 and G € QSI)C, this case
contributes the terms (see Figure 7 cases (4) and (5))

2 1)+2 1 2 1)+2
q%zq U=D+2 017 q2Zq UmD*2 0027 | Dia(x, 42, 43, 04) -

(4) (5)
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tIEmEz

Dy, 2,43, a) X 3 Dy o(2, 2,3, qu) X qaqu
| J | | J |

1)+2 ; 1 2
23J a ¢t Dy1(z, g2, 43, qa) XQQQ?,] * gha?

FIGURE 7. Decomposition of a k-bonacci graph.

Therefore, we have the functional equations
Dk’l(.%', q2, 43, q4> = q%ﬂ? + quDk,l(x7 q2,4s, q4) + QQ(I4$Dk,2(xa q2,4s, q4)
) = (g - 63" di=") | ax(Baur — ¢ dia")
q1(1 - g3qu) 1 - g3qux
Solving the above system of equation we obtain the desired result. O

Dk,2($7QQ7QS7Q4 Dk,1($7qQ7Q37Q4)~

For example, the series expansion of the generating function Ds(x, ¢2, g3, q4) begins with
(6565 + 03) = + (2636304 + BB + ¢54304) >+
(939397 + 934393 + 2954393 + 2959394 + q593) «® + - --

Figure 8 shows the weights of the 3-bonacci graphs corresponding to the bold coefficient in
the above series.

G243 B0 954341 G34391

430504 _a

FIGURE 8. Weights for the graphs in G33.

Corollary 3.2. The generating function for the total number of vertices of degree 2 within all
of the members in Gy j, is

2(4$ _ 71.2 _ 2$k + karl 4 7xk+2 _ .’E2k+1 _ 2x2k+2)

(2) e
Dy (x) = (1 — 2z + xh+1)2
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In particular, for k£ = 2,3, and 4 we obtain the following generating functions:

@, 2x(4—x—5z? — 22%)
Dy (w) = (1—xz—22)2 ’

2 22(4 + x — 42% — 823 — 5t — 229)
DY (x) =

(1—2—22—123)2 ’
4 —Tr — 223 + 2% + 725 — 28 — 229)
(1 —2x + 2P)? ‘
Corollary 3.3. The generating function for the total number of vertices of degree 3 within all
of the members in Gy j, is

D e) = 2

2(x + 2% — kaf — (1 — k)ahtt — 2282 4 22k+2)
(1 — 2z + akt1)2

In particular, for £ = 2,3 and 4 we obtain the following generating functions:

D (z) =

@), 20(1+z+ 227+ 23)
Dy (@) = (1—xz—2a2)2 ~
DB () = 2(z + 2% — 323 + 221 — 22° + 28)
3 (1 — 2z + 2)2 ’
D) () = 2(z + 2% — 4z + 32° — 225 + 210)
4 (1 —2x + 27)2 '

Corollary 3.4. The generating function for the total number of vertices of degree 4 within all
of the members in G, j, is

D(4)( ) 322 + (1 — k)ab — (4 — k)ah+! — 2gh+2 4 9g2k+1
x) = .
’ (1— 22 + 2zh+1)2

In particular, for £ = 2,3 and 4 we obtain the following generating functions:

2
(4) 2x (l—l—x)
D o Sl e
5 (%) (1—x—a2)2’
2 2 3
(4) (3 + 4z + 4x* + 2x°)
D =
3 (2) (I—z—a2—23)2
2 4_2 6 2) 9
Dg;)(x):?)m 3 z° + 2z

(1 —2x + x°)?

3.1. The degree sequence of the Fibonacci graph. Finally, we consider the particular
case of Fibonacci graphs (k = 2). Let d;, 2(¢) denote the n-th coefficient of Dy(x, ¢, 1,1), that

is,
dnp(q) = Y ¢*®.
Gegn,Z
Similarly, we define the sequences

dn3(q) := Z ¢%8(&)  and dna(q) = Z A
Gegn,Q C;’ng’2

Theorem 3.5. For all n > 3 we have
dn2(q) = dn—12(q) + ¢*dn—2,2(q),
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with the initial values dy2(q) = 2¢* and da2(q) = q* + 2¢*. Moreover, for all n > 1 we have
the combinatorial formula

dn2(q) = Z:; ((n —ﬁ_;JL%J) + (n - 3;52”)) g e, (3.1)

Proof. Define the generating function Da(z,q) := >, <o dn2(¢)x™. From the Theorem 3.1 we
have the expression
rq*(2 — x4 22q)

1—xz—q222

D2 (.’E, q) =
This generating function satisfies
Ds(z,q) — xDa(x,q) — ¢*2° Da(w, q) = 2¢*x — ¢*2* 4 2¢°2*.

By comparing the coefficient of z™, for n > 2, in the above equality, we obtain the recurrence
relation for the sequence d,, 2(¢). On the other hand, the combinatorial sum (3.1) is equivalent

to
n—1t—1Y\ o n—1\ o9 n—t—1Y o
2 ’L+3 2Z+2 2Z+2 . 32
Zi>0<< i—1 >q +<i—1)q i )9 (32)

Denote the above summand by F(n,i), that is

n—1i—1 : n—1 . n—ii—1 .
F ) =9 2143 21+2 21+2
(n,) ( i1 )q +<z’—1>q T2 )0

(n—i—1!(n(2q+1) —4ig+29—1) 9,
(i—1)l(n—2i+1)! “

By the Zeilberger algorithm, F'(n, ) satisfies the relation
F(n+2,i) — F(n+1,i) — ¢*F(n,i) = G(n,i + 1) — G(n, 1), (3.3)

with the certificate
(n—1i)(i—1)((4e—6)g—n(2¢+1)+1)

R(n,i) = .
() = 2 =20 (n + 3 — 20) 2ng + 1 — dig + 29 — 1)

If f(n) denotes the combinatorial sum in (3.2), then summing both sides of (3.3) with respect
to i yields f(n+2) — f(n+1) — ¢*f(n) = 0. The sequences f(n) and d,, 2(q) satisfy the same
recurrence relation and have the same initial values, therefore these sequences coincides for all

positive integers n.
O

Notice that the total vertices of degree 2 of all Fibonacci graphs in G, 2 is given by

z<> ((n L) @@)) |

From a similar argument as in Theorem 3.5 we can prove the following two theorems.
Theorem 3.6. For all n > 3 we have
dn3(0) = ¢°(dn-1,3(9) + dn—23(q)),
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with the initial values d13(q) = ¢*> +1 and da3(q) = 3q>. Moreover, for all n > 1 we have the
combinatorial formula

= A(m—i—1 N (m—i—2
d, _ 1 2y 2(n—1—i) (T — ¢ 902 — g4)g2(n—1-9) .
3(q) ;:O <( +q7)q ; +(2¢° — q*)q .
Theorem 3.7. For all n > 3 we have

dna(q) = dn-1,4(q) + ¢*dn—2.4(q),

with the initial values dy2(q) = 2¢* and da2(q) = q* + 2¢*. Moreover, for all n > 1 we have
the combinatorial formula

- B 1) ()

Let d,, denote the total number of vertices of the Fibonacci polyominoes in G, 2. In the
following theorems we study the proportion between the sequences d, ; := d,,;(1) (i = 2,3,4)
and d,. Before, we need the following result.

Theorem 3.8 (Asymptotics of linear recurrences, [23]). Assume that a rational generating
function f(x)/g(x), with f(x) and g(x) relatively prime and g(0) # 0, has a unique pole 1/
of smallest modulus. Then, if the multiplicity of 1/ is v, we have
_BV (1
@) 810/
9(z) g (1/B)
Theorem 3.9. Among total degree of vertices of all graphs in G2, the proportion of those
that are of degree 2 is asymptotically
dn,2 7T— \/5

nh_}ngo d. =03 ~ 0.21654236.

Proof. The generating functions of the sequences d,, and d, 2 are rational, therefore we can
use the asymptotic analysis for linear recurrences. First, note that the unique pole 1/8 of the
rational generating function

o 2x(5+x —22% — 23)
Vg(x):Zdnx = 1—z_a2)

ﬁnnu—l .

n>0
n
isa= _1%*/5, with multiplicity 2. Therefore d,, ~ 2(3%2\/5) (HT‘@) n. Similarly, we have
dpo ~ (LZ‘/E)"“n. From these expressions we obtain the desired result. (]

Theorem 3.10. Among total degree of vertices of all graphs in G, 2, the proportion of those
that are of degree 3 is asymptotically

. dn,S 4 + \/g
lim =
n—oo d, 11

Proof. The unique pole 1/ of the rational generating function

Zd 2 — 2(3:—:1:2+933—29:4+a:6)
- —

~ 0.56691527.

_ 3)2

= (1 —2x+ 23)
is a = _1%‘/5, with multiplicity 2. Therefore we have d,2 ~ 2(2%/5)(14'2‘/5)”% Since
dp, ~ 2(3%2\/5)(12\/5)7171 we obtain the desired result. O
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Theorem 3.11. Among total degree of vertices of all graphs in G, 2, the proportion of those
that are of degree 4 is asymptotically
g _ T _2\/5 ~ 0.216542364.

n—00 dn 2

4. NUMBER OF HAMILTONIAN k-BONACCI GRAPHS

A Hamiltonian cycle is a cycle that visits each vertex exactly once. Let G be a k-bonacci
graph. We define Ham(G) = 1 if G has a Hamiltonian cycle, and 0 otherwise. If Ham(G) = 1,
we say that G is a Hamiltonian k-bonacci graph. Define the generating function

Hy(z,q) : Zm Z FE) k> 2,

where x marks the length of the corresponding k—bonacci word, i.e., the number of vertices in
the bottom row of a graph minus one. Similarly, we have the generating functions

Hy j(x,q) Z$ Z & for j=1,2.
nZl GEQ(]L

Theorem 4.1. For all k > 2 we have

(1 — z)z(l — 22020 —g(1 4 2)(1 — 22 + 2P (=2 4 2 + 221F/2)))

Hy(z,q) = (1= 22 + 25 1) (1 — & — 222 + 2 4 220+1k/2])

Proof. From the decomposition given in Figure 3 we have the functional equation
Hip1(x,q9) = gr +x(Hg1(x,q) + Ho(x,
k1(2,9) = g (Hi1(z,q) + Hi2(2, q))
1 (2)+(3)

The polyomino given in the decomposition (4) corresponds to the grid graph Ps; x P;, for
1 < i< k. Tt is known' that the grid graph P, x P,, has a hamiltonian cycle if and only if
at least one of m or n is even or m = n = 1. Therefore, the graph P; x P; has a hamiltonian
cycle if and only if 7 is even. In this case, the generating function is given by

k)2 L(k=1)/2] <q G 28 qx2L%J>

Tilra) =g 2, ¥ 3, oY =42

(4)
Therefore, we obtain the functional equation
[k/2] L(k=1)/2]
J

Hyo(z,q) = § 2 Hyg () + | Y 2% | Hea(x,1)
-
(4)

()

x(1 — z2k/2]) 2?(1 — 2lE=D21 (1 — k)

=T, .
Notice that Hy1(x, 1) is the generating function of the total number of k-bonacci words end
in 1. Solving the above system of equation we obtain the desired result. O

1 See, for example the discussion on “Math Stackexchange”: https://math.stackexchange.com/questions/
1699203/hamilton-paths-cycles-in-grid-graphs
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Corollary 4.2. The generating function for the total number of Hamiltonian k-bonacci graphs

18

I (14 ) (2 -z — 22k
b(@) = 1 — 1z — 222 + 23 + 22lk/2)+2°

In particular, for 2 < k < 7 we obtain the following generating functions:

z(2+ )
Halw) = Hylo) = 7= — 5
z(2+z+ 2%+ 23)
Ha(z) = Hs(w) = l—-z—22—-2% "’
z(24z+ 22 + 23 4 2t + 2°
Hg(x) = H7(z) = ( )

1l—x—a2—z2*—2a

Note that every Fibonacci graph admits a Hamiltonian cycle, just walk along its border.
The grid Ps x P3 does not have a Hamiltonian cycle, so Hamiltonian 3-bonacci graphs cannot
have grids P3 x P53 as induced subgraphs. Thus, they are precisely 2-bonacci. In general,
Hamiltonian 2k-bonacci equals Hamiltonian (2k+1)-bonacci graphs, because any Hamiltonian

(2k + 1)-bonacci graph cannot contain P11 X Ps as induced subgraph, and there are no

12k

factors in the corresponding binary words.
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