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LATTICE PATHS IN CORRIDORS AND CYCLIC
CORRIDORS

RIGOBERTO FLOREZ, JAVIER F. GONZALEZ, MATEO MATIJASEVICK,
CRISTHIAN J. PARDO, JOSE L. RAMIREZ, LINA M. SIMBAQUEBA,
AND FABIO A. VELANDIA

ABSTRACT. In this paper we use discrete Fourier transform and gener-
ating functions to count families of paths of a given length in a corridor.
For example, we count Motzkin paths, colored Motzkin paths, Dyck
paths, and Schroder paths.

1. INTRODUCTION AND NOTATION

A corridor is a lattice that is within a strip bounded by the lines x =
0,y = a, and y = b, where a < b are integers. In this paper we explore
the behaviour of lattice paths within a corridor. For example, the corridor
depicted in Figure 1 is formed by all integers points bounded by the lines
x =0,y =1 and y = 4. Note that the figure also depicts a Motzkin path
within the corridor. We say that the corridor is cyclic if the points that are
on y = a are also on y = b. Intuitively, the cyclic corridor can be thought
as a circular cylinder.

A Motzkin path of length n is a lattice path in the first quadrant of the
xy-plane from the point (0,0) to (n,0) using up-steps U = (1, 1), horizontal
steps H = (1,0), and down-steps D = (1, —1). The Motzkin paths of length
n are enumerated by the Motzkin numbers

[n/2] n
mp = Z (2k>ck7

k=0

1 2n
C,, =
" n+1\n
are the well-known Catalan numbers. A colored (a,b, c)-Motzkin path is a

Motzkin path such that the up-steps, horizontal steps and down-steps are
labeled or colored by a colors, b colors, and ¢ colors, respectively (cf. [9]).

where
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The weight of a colored (a,b, c)-Motzkin path is the product of colors (or
weights) assigned to each step of the path (cf. [8]).

A colored corridor (a,b,c)-Motzkin path —corridor Motzkin path,
for simplicity— of length n, is a colored (a,b, c)-Motzkin path within the
corridor [0,n] x [1,h], from the initial point (0,¢) to the point (n,k). Let
MU (2, k) denote the set of all corridor Motzkin paths of length n from (0, £)
to the point (n,k) and let M"(¢,k) = U,>oMP (L, k). Let m” (¢, k) denote
the sum of the weights of all corridor Motzkin paths in M (¢, k). For exam-
ple, Figure 1 shows a corridor Motzkin path in M$,(2,3) of weight a*b3c3.

FIGURE 1. Corridor Motzkin path in M{,(2,3) of weight a*b3c?.

The corridor Motzkin paths have been studied extensively for the case
a =c=1and b= 0. In this case, the paths are called Dyck path in strips,
see for example [1, 2, 3, 4, 5, 6].

In this paper we use the Fourier method, introduced by Ault and Kicey
[1, 2] and generating functions [7], to study lattice paths in strips. For
example, we use a system of generating functions in two variables to count
the total number Motzkin paths of length n that are within a corridor.
We also use the discrete Fourier transform to count the number of Schroder
paths that are within a corridor. In the end of the paper we give an approach
to the paths in cyclic corridors using elementary number theory.

2. COLORED MOTZKIN PATH IN CORRIDORS

In this section we count the total number of corridor Motzkin paths of
length n that are in a corridor. That is, we count all Motzkin paths, fully
contained in a given corridor, starting at (0,¢) and ending at (n, k), where
1 </, k < h. To do this counting we solve a system of equations formed by
generating functions. In the end of the section we give a connection between
this counting and graph theory.

The length of a corridor Motzkin path P is denoted by | P| and the number

of horizontal steps of P is denoted by p(P). We use Agf’k) (x,y) to denote
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the bivariate generating function defined by

Ag’k) (a:,y) — Z I|P\yp(P).
PeMI (LK)

Notice that the coefficient [x”ys]A%’k) (z,y) is the sum of the weights of all
corridor Motzkin paths in MZ(E, k) with exactly s horizontal steps.
We use Tj(a, b, c) to denote the following tridiagonal matrix of size h X h.

[ 1—bzy —cz
—ar 1—bry —cx

—ar 1—bry —cx
—ar  1—bay |

hxh

Moreover, we denote by ey (i) the column vector of size h x 1 with a 1 in the
i-th position and 0’s everywhere.

Theorem 2.1. Let 1 </, k < h. Then
A (@, y) = en(B)T - Th(a, b,c)™" - en(h).

Proof. Let P be a path in M"(¢, k), with h > 3. For this proof there are
four cases to consider (see Figure 2).

(1) £ > k = 1. Here we have that P is non-empty and that the y-
coordinate of the last point of P is 1. Consequently, the last step of P
can be horizontal or a down-step. Therefore, we have the functional
equation

A Y (@, y) = bay AV (@,y) + o Al (@, y)

(2) 2<k <h-—1and k # ¢. This implies that P is non-empty and the
last step of P can be an up-step, a horizontal or a down-step. So,
we have the functional equation

A (@, y) = az ALY 4 bey A (2,y) + cxASFTD (2,y).

(3) 2< k< h-—1and k= ¢ In this case, the y-coordinate of the first
point and the last point are the same. Note that in this case the
path P can be empty. Hence, we have the functional equation

Aff’g) (x,y) =1+ axAEf’E_l)(x, y) + bxyA}f’e) (z,y) + chEf’gH)(x, ).

(4) 1 < k = h. Similarly to the first case, we obtain the functional
equation

AP (@) = ax A" D (@,y) + bay AV (2, y).
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FIGURE 2. Decomposition of a corridor Motzkin path.

Combining the four functional equations above, we obtain the system of
equations Tj(a,b,c) x Ap ¢ = ep(€), where Ay, ¢ == [Agf’k) (,y)]nx1- Let Ap
denote the matrix, whose (7, j)-th entry is given by the generating function
Agf’j)(x,y), for each 1 < 4,5 < h. It is easy to see that Ty (a,b,c)Ay = Iy,
where [y is the identity matrix of size h x h. Consequently, the generating

function Agf’k) (x,y) is given by Agf’k) (z,y) = en(k) -Th(a,b,c)~ ep(). O

For example, with h = 4,/ = 3, and k = 2, we have

A1(1372) (.’E, y) = 64(2>T : T4(CL, b, C)_l ) 64(3)
~1

1—bry —cx 0 0 0

_ —ar 1—-bry —cx 0 0
=0 10 0 0 —axr 1—bry —cx 1
0 0 —ax 1—bxy 0

This is equal to

cx — 2bcxy + b2eady?
1 — 3acx? + a?c?xt — 4bxy + 6abexrdy + 6b2x2y? — 3ab2cxiy? — 4b3x3y3 + biadyt’

In particular, if we take the colors (a, b, c) = (3,1, 1), we have the generating
function

AP )
x — 222y + x3y?
T1 022+ 974 — 4y + 1823y + 622y2 — 9zty? — 4a3y3 + ziyt
=z + 2yx® + (9 + 3y?)2® + (36y + 4y%)zt + -+
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Figure 3 shows the colored corridor (3,1, 1)-Motzkin paths in M3(3,2) cor-
responding to the bold coefficient in the above series.

4
3
2
1

4 4 4 - 4 ____ 4 ____

- 1 __ 1 __ 1 __ 1 __ 1 __

FIGURE 3. The corridor Motzkin paths in M3(3,2) with the
colors (a,b,c) = (3,1,1).

We now illustrate the symmetries satisfied by the previous families of
colored corridor Motzkin paths:

Symmetry. Consider the case a = ¢, i.e., corridor paths where the
same number of color choices is available for up-steps and down-
steps. Hence, the tridiagonal matrix Tj(a,b,a) is symmetric, as is

its inverse matrix. We conclude that Agf’k) (x,y) = Agk’g) (x,y), as the
components of such matrix are the generating functions associated

to these path families. From this relation follows that the coefficients
of Ag’k) (x,1) and Agk’z) (x,1) coincide when a = ¢. We deduce that
ml (¢, k) = ml(k,£), which is also readily seen by reversing the paths’
direction as shown in Figure 4 (left).

Central sy}rlnqzetry. Let a = c¢. By reflecting any path across the

line y = 71 as shown in Figure 4 (right), we have ml(¢, k) =

mh(14+h—0,1+h—k).

FiGURE 4. Directional and central symmetries of corridor
Motzkin paths.
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2.1. Relationship with a graph walk. Let Ly(a,b,c) denote the graph
with vertices {1,...,h}, where hy —— hy is a directed edge of Ly(a,b,c) of
weight w = a if ho = hy + 1, of weight w = ¢ if ho = hy — 1, and weight
w = b if hy = hs. Figure 5 shows L4(a, b, ¢).

FIGURE 5. Graph Ly4(a,b,c).

Let P € M!(¢, k), we define a weighted directed-walk (from the point
of view of graph theory), using Lp(a,b,c). The vertices of the weighted
directed-walk are the y-coordinates of the ending points of the steps of P.
So, 1 —— 15 is a directed edge if and only if y; and y» are y-coordinates
of an initial point (from left to right) and the ending point of a step S in
P, where w is the weight of S. For example, we see that the directed-walk
associated to the path in Figure 1 is given by

R LN RIS N JIUINS AN QLI IR/}
We observe that the number of colored corridor (a,b,c)-Motzkin paths

of length n is equivalent to the sum of the weights of all paths on the line
graph Lp(a,b,c).

3. ENUMERATION OF CORRIDOR MOTZKIN PATHS VIA FOURIER
METHODS

In this section we turn to the enumeration of corridor Motzkin paths via
the discrete Fourier transform, a method discussed in [1]. We give a theorem
that evaluates m? (¢, k) for any k € {1,...,h}.

The following definitions and notation can be found in [1]. However, here
we write it again to make the section self-contained. Let (u(z))zcz be an
N-periodic sequence of complex numbers. The discrete Fourier transform
(DFT) of u, denoted by Flu, is an N-periodic sequence of complex numbers

(U(w))wez given by

In the same manner, the inverse discrete Fourier transform of a sequence
(U(w))wez is defined by
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It is well-known that F is a linear operator on the space of periodic
sequences, whose inverse is F~!. Thus, F[u] is a periodic sequence and for
any integer k this holds

N-1
Flulz — k) w) = S ulz — ke "7
=0
—k+N-1 _
_ 27mi(zt+k)w
= Z u(x)e N
r=—k
—k+N-1
2kmiw 2mizw
=e N Z u(x)e” N
r=—k
— IR Flu](w).

In order to apply Fourier methods as in [1], a symmetry on the colors vector
v is required. The condition a = ¢ allows us to obtain a recursive function
Vi (z) called state with initial value Vp(z) and for n > 1

Va(z) = aVpo1(z — 1) + bVp_1(2) + aVyoy (2 + 1).

Theorem 3.1. Let n, k, and h be positive integers, with 1 < k < h. Let us
define

g(w) := 2acos (%) +b,
where d = h+1. Then the number of corridor Motzkin paths ending at (n, k)
s given by

2d—1
1 k
mh(t,k) = - wzz;j[g(w)]"sin (%) sin (%M)

Proof. Let V,(x) be the state function of the h-corridor, i.e., V,,(z) is the
number of corridor Motzkin paths of length n whose height (y-coordinate of
their final point) is . As in the previous remark, the following recurrence
relation holds for x € Ny.

Va(z) =aVp_1(x — 1) + bVy1(x) + aVp—1(z + 1).

When a path is reflected towards y = 0 the roles of U and D are swapped in
the recurrence relation. Since the number of available colors for both U and
D is a, the number of paths is preserved by this reflection, and therefore,
the recurrence remains valid for z < 0.

Now, the initial state function satisfies

1, ifz=0;
0, ifxz#0;

from which the state functions V,,(z) can be obtained recursively. Notice
that V,,(z) is a 2d-periodic complex sequence, whose Fourier transform can
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be obtained in this manner

Vs @) =eFValo = D](w) + PV (@) + o7 Vol + D]w)
—(ae"d +b+ae’® ) F[Vp(z)|(w)
= (2acos () +b) FlVa(@)] (@)
—g(w) FlVa(@)] (),

where g(w) = 2a cos (%£) + b.
The computations rely on Euler’s formula, as well as the well-known prop-
erty

kﬂ'iw

FlValz = k))(w) = FlVa(@)](w).
Furthermore, as specified in [1], the Fourier transform of the admissible
delta function is F[Vj(z)](w) = —2isin ”Zl"e. It follows that F[V,(z)](w) =

[g(w)]™ (—2i sin ’T‘(‘je). So, we can recover V,(x) via the Fourier inversion
transform. Thus,

2d—1 Tl ‘
ZdZ <2zsmd>e d .

The real part of each summand is [g(w)]" sin (742 ) sin (71':[ ), thus the num-
ber of paths, i.e., the real part of this sum, corresponds to

1% wx mwl
)= g Xl sin (757 sin ()
In particular, if we let © = k for any k € {1,..., h}, the result follows. O

The previous theorem provides an explicit formula for the number of
corridor Motzkin paths. For example, let h = 4,(a,b,c) = (2,3,2), and
¢ = 2, and applying the previous theorem we obtain the values in Table
1. In Figure 6, are all different paths counted by M3(2,3), with colors
(a,b,¢) = (2,3,2). Thus, since a = ¢ = 2, there are eight paths with steps
UUD starting at (0,2) and ending at (3,3). Similarly we see that the total
number of paths are 8, 18, 8, 18, 18, and 8, respectively. Thus, the total
number of colored corridor (2,3,2)-Motzkin paths ending at (3,2) is 78.

4. SCHRODER CORRIDOR PATHS

In this section we introduce the Schroder corridor path. The arguments
used here are similar to the previous sections. A Schréder path of length
n is a lattice path in the first quadrant of the xy-plane from (0,0) to the
point (n,0) using up-steps U = (1,1), horizontal steps Hy = (2,0), and
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|

2 3 4 ) 6 7 8

4 36 264 1800 11852 76524 488208
12 78 504 3226 20484 129318 813168
17 99 593 3603 22081 136083 841825
2 12 70 408 2410 14436 87470 534576
TABLE 1. Values of M1 (2,k) for 1 <k <4,andn=0,1,...,8.
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FIGURE 6. Different paths counted by M3(2,3), with colors
(a,b,c) =(2,3,2).

down-steps D = (1, —1). The Schroder paths of length n are enumerated by
the sequence A006318 (see [10]).

Given a positive integer h, a corridor Schroder path of length n is a
Schroder path within the corridor [0,n] x [1, k], from the initial point (0, £)
to the ending point (n, k), such that 1 < ¢,k < h. We use S"(£, k) to denote
the set of all corridor Schréder paths of length n from the point (0, ¢) to the
point (n, k), and we let S"(£,k) = U,>0S"(¢,k) and let s(¢, k) to be the
total number of all corridor Schréder paths in SP(¢, k).

We apply the discrete Fourier transform to give a trigonometric expres-
sion. For simplicity, we use s,(z) to denote the number of Schréder paths
within the corridor [0,n] X [1, h], starting at the point (0,¢) and ending at
the point (n,x). Notice that

Sp(x) = sp—1(x — 1) + sp—a(z) + sp—1(x + 1).
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Thus, letting S, = F[s,] and 6 = 77, we have the relation
Sp(w) =e 08, 1(w) + Sp_a(w) + €S, _1(w)
= 2c0s(0)Sp—1(w) + Sp—2(w),

where d = h + 1. In order to apply Fourier methods to this family of paths,
we need to solve the previous recurrence relation and construct admissible
versions sg, s1 of the initial state functions. Since

ap(w) =cosf+1+cos?20 and as(w)=cosf —/1+ cos? b

are the (real) roots of the characteristic polynomial p(t) = t? — 2(cos )t — 1
of S, (w), we have Sy, (w) = Kjof (w) + K2a4(w), for some real numbers K
and Ky (to be found using the given initial values).

The initial admissible states so(z) and s1(x) can be constructed as:

() 1, ifz=1¢ () 1, ifx=041;
Solx) = s1lx) =
0 0, otherwise; ! 0, otherwise.

That is, so(x) = d¢(x) and si(z) = 6p—1(x) + dg1(x), where §;(k) = 1
if &k = j and 0 otherwise. Let A,, := dn(x) — d_p(x) (in [1] it is the
admissible extension of the delta function). So, we can take so(x) = Ay(x)
and s1(z) = Ay_1(x) + Appq1(x) as the admissible extensions of sy and s;
(odd and 2d—periodic). Therefore,

So(w) = FlA¢(x)](w) = —2isin(¢F), and
S1(w) = FlAr—1(z) + Apgi(x)](w) = —2i [sin([¢ — 1]0) + sin([¢ + 1]6)],
where S1(w) can be further simplified as
S1(w) = —2i[sin(€0 — 0) + sin(¢0 + 0)]
= —2i[25sin(10) cos(0)]
= —4isin(10) cos(0).

By the previous reasoning, the values of K7 and Ks are given by the solution
of this system of equations

Ky + Ky = So(w)
Kiar + Koy = Sl(w).
Hence, we obtain that K; = —C(w)i and Ky = Cy(w)i, where

Cr(w) = a1 (w) sin(40) ag(w) sin(40)
! V1+cos2 V1+cos2f’

are real functions of w. For simplicity, we use C} := C1(w) and Cy := Ca(w).
Now we deduce a formula for s,(z) via the Fourier inversion transform

sp(z) = F_l[Kla? + Kooy
= F KoM + F 1 [Kad]
= —iF HC1aM] +iF O3]

Cr(w) =
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Since Ciaf and Chaf are purely real numbers, we have
| 2d-1 ] 201
c—1 nn . n x| _ 3
R(—iF [Chal]) =R ((—Z)Qd U)Z:O Cial'e > =54 wZ:O Chaf sin (6x) .

Similarly,

2d—1
1

R(iF[CaaB]) = ~5d D> Coogsin (0z),
w=0

where R(c) denotes the real part of the complex number c¢. We conclude
that for d = h + 1, that

| 241 1 2d—1
sn(z) = 24 Z Cial sin (0zx) — Z Chaiy sin (6z)

2d—1
1

=24 Z (Craf — Carafy) sin (Ox)

sin(40) sin(0z) . iy
de V14 cos? 6 o —es)

Therefore, s, (z) is given by

sin(40) sin(60
[(cosf + /1 + cos2 )" — (cos§ — /1 + cos2 §)" 1.
2d Z V1 +(30529

For example, using the above formula for h = 4 L =2,z =3 =kFK, we
obtain that the first few values of the sequence s (2 3) are (the nonzero
terms of this sequence are in A289803)

0, 1,0, 5 0, 23, 0, 103, 0, 456, 0, 2009, 0, 8833, 0, 38803,....

Figure 7 shows all the corridor Schréder paths corresponding to 23 in the
above sequence.

We have obtained a formula for s, (z) in terms of trigonometric functions.
However, for more general path families, this method is more complicated.
For example, if the horizontal step increases in length, more work is required
to solve the Fourier transform recurrence (the characteristic polynomial is
of degree greater than 2) and applying inversion, the explicit sum turns out
to be cumbersome.

5. Dyck PATHS IN CycLiC CORRIDORS

In this section we discuss Dyck paths within a corridor with cyclic proper-
ties. That is, informally, we think that the points are in a lattice embedded
in a circular cylinder where we identify y = 1 and y = h as the same line.
In Figure 8, we can see that the points in line y = 1 and the points in line
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4

FIGURE 7. The corridor Schréder paths in S3(2,3).

y = b are the same points. So, to avoid any ambiguity we only mark points
in one of the two lines.

We would like to mention that the Section 2.6 in [1] is dedicated to cyclic
corridors as well.

Let us now consider the problem of enumerating Dyck paths in a cyclic
corridor. An h-cyclic corridor Dyck path is a Dyck path with step coordi-
nates in {(a,b) : @ € Ng and b € {1,2,...,h}}. Let (1,y1,¥2,...,yn) be the
y-coordinates of an h-cyclic corridor Dyck path of length n, the j-th step is
said to be a teleport if one of the following conditions hold:

ej=1landy;=h-1,
e if 1 <j<nand (yj-1,yj,yj+1) = (h —1,h,1) or (yj—1,y;,yj+1) =
(2,1,h —1).

We say that the points (0,1) and (j,y;) are teleport in the first and sec-
ond cases, respectively. For example, Figure 8, shows a 5-cyclic corridor
Dyck path of length 14. In this case, the path has four teleport steps
(0,1),(4,5),(11,5), and (13,1) (identified in red). Note that (6,1) is not
a teleport point.

Let t;hzn be the number of h-cyclic corridor Dyck paths of length n with

exactly m teleport steps, from the initial point (0,1). Let fg?n be the auxil-
iary sequence that counts the number of h-cyclic corridor Dyck paths with
initial step U (or equivalently, non-empty paths without an initial teleport
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=N W s Gt

FIGURE 8. A 5-cyclic corridor Dyck path of length 14.

step). Notice that t(()%) =1and f(% = 0. Figure 9, shows all 4-cyclic corridor

Dyck path of length eight with exactly four teleport steps. That is, téﬂ = 5.

FiGURE 9. Lattice paths enumerated by téﬂ = 5.

We now give some lemmas that we need for the main theorem of this
section. Let us first introduce some definitions. Let C® be the set of h-
cyclic corridor Dyck paths starting at the point (0,1), and let @(h) be the
family of non-empty paths in C(") with initial step U. Now define four
related m generating functions. For a given path P in C'™, we use |P| and
Tel(P) to denote the length and number of teleport steps of P.

T @) =3 e, To@) =3 B,
n>0 n>0
T0(z,y)i= 3 alPlym?) = 3™ 4 gy, and
pec(h) n,m>0
T(h)(%y) — Z $|P|yTe1(P) _ Z fﬁff?n:rf"ym-
Pe@(h) n,m>0

Let vy(Lh)(k) be the number of h-corridor Dyck paths starting at (0,1) and
ending at (n, k). That is, vr(Lh)(k:) =ml(1,k) with a = 1 = c and b = 0, and
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M = Zzzl v,(lh)(k). For the following lemma we consider the generating
functions

YW (z) = Z(”nh)(l) o RN and  GW(z) = ch‘)w".

n>0 n>0

Lemma 5.1. If h > 4, then the generating functions Y M (z) and G (x)
are given by these matriz equations

YW (@)y=[1 0 - 0 1], Th(1,0,1) " ex(1),

GW(z)=[1 1 -+ 1 1], Th(1,0,1) tep (1),
where Ty (1,0,1) is as defined in (2.1).

Proof. Let B,E:h) (x) be the generating function associated with the h-corridor
Dyck paths with ending point (n, k). That is,

B (@) = 3ol ()"

n>0

For any 1 < k < h, a path enumerated by B,(Ch) (x) comes from either a path
ending at (n,k — 1) or a path ending at (n,k + 1). Hence,
h h h
B (z) = 2B, (2) + 2B, (2).
A path enumerated by B§h) (x) is either the empty path or comes from a
path enumerated by Béh) (x). Analogously, the paths enumerated by B;Lh) ()

always come from a path enumerated by B}(Lh_)l(m)
Therefore, we obtain the system of h linear equations:

B (2) = 2B (z) + 1,
B (x) = 2B (2) + 2B (x),

B () = «B", (z) + 2B" (z),
B,(lh) (x) = xB,(L}i)l(:v)

This system can be represented in matrix form as:

1 - @]
A B 0

—x . . 2 (z) _
S h: :
—r 11, Bf(L)@?) h 0

Since YW (z) = B (z) + B (2) and GW(2) = B" (z) + -+ B{ (2),
we obtain the desired result. O
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Theorem 5.2. The bivariate generating functions T™ (x,y) and T(h) (z,y)
are given by

G (z) -1

d 7w — 1+ (1+9)T"(z,y).
1— (YW (2) —1)y an (z,y) +(1+y) (2, y)

—(h
T (z,y) =

Proof. Let P be a non-empty h-cyclic corridor Dyck path with exactly
m teleport steps, whose first step is U. This path can be decomposed
as PPy --- P, where P, is an h-cyclic corridor Dyck path and P;, with
1 <¢<m—1, is a non-empty h-cyclic corridor Dyck path without teleport
steps with ending point on either lines y = 1 or y = h. See Figure 10 for a
graphic representation.

(0,0) (0,n)

F1GURE 10. Decomposition of an h-cyclic corridor path with
m teleport points.

From this decomposition we obtain the functional equation

T (@) = (Y (2) - )™(GP(x) - 1).

Therefore,
— J— h m
T (2,9) = 3" TW (@)y
m>0
= > (@) - ™G (@) — 1)y™
m2>0
GM(z) -1

1— (Y (2) — 1)y’

Let P be an h-cyclic corridor Dyck path with exactly m teleport steps. If

the first step of P is U, then these kind of paths are counted by T(h) (x,y).
If the first step is U, then (0, 1) is a teleport step, counted by y. These paths

are enumerated by yT(h) (z,y). Therefore, we have the functional equation

TW (2, y) =1+ T" (2, y) + yT" (2,1).
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From the above theorem we can obtain the generating functions:

T(Q)(xay) = 1_561_35?/7

T0(a,y) = T

T (z,y) = - gi = gi;r_mi;; =,
7(6) (2,1) = 1— 2%+ a2y

1—2—222+ 23 — 22y + 23y’

5.1. Connection with the Fibonacci numbers. The goal of this section
is to analyze the case h = 4. This case has a special connection with the
Fibonacci numbers F;,. Let

X

F(z) = ZFn:E” = A—z—29

n>0

be the generating function of the Fibonacci sequence. Remember that
v#)(k:) counts the number of 4-corridor Dyck paths starting at (0,1) and
ending at (n, k), and
4
(D =3 k),
k=1

In [1] it is proved that Y = wi1, and therefore, G (z) = 1/(1 — z — 2?).
Proposition 5.3. If n > 0, then v,(f)(l) + oY (4) = Fn—1. Moreover, the
generating function of this sequence is given by
1—
Y () = Y0 (1) + oD (4)a" = 1+ wF () .

1—ax—a2
n>0

Proof. These equations hold when n > 1

vO(1) = o (2); v®(2) = oY (1) + o, (3);
VO3 =0 @)+ 2; o) = 3).

Therefore,
4
o2) +00(3) =Y va1(0) = ) = F.
=1

Hence, v (1) + 087 (4) = ¢ — 08V (2) +0$(3)) = Fpi1 — Fy = Fo_1. The
path of length n = 0 is the empty path. (|
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From Theorem 5.2 we obtain

G (z) -1 )

T(4)(:c,y) =1+(1+vy) (1 — (Y@ (2) - 1)y

B 14+ 2y
1l—a2—22—ay
:1+$(y+1)+$2(2y+2)+x3(y2+4y+3)
+ 2 (3y* + 8y +5) + 2° (y* + 8y> + 15y + 8)
+ 2% (4y® + 19y* + 28y + 13)
+ a7 (y* + 13y® + 42y + 51y + 21)
+2® (5y* + 36y> + 89y + 92y + 34) + - -+ .

Notice that Figure 9 shows the 4-cyclic corridor Dyck paths of length
8 with exactly 4 teleport steps corresponding to the bold coefficient in the

above series. That is, té(fi = 5. The array [t5143€]n,k20 corresponds to the array
A119473. This array has a different combinatorial interpretation. The first
few rows are

1 0 0 0 0 O

1 1 0 0 0 O

2 2 0 0 0 O

3 4 1 0 0 0

5 8 3 0 0 O

[t7(14;€]n7k20 — 8 15 8 1 0 O
’ 13 28019 4 0 O
21 51 42 13 1 O

34 92 8 3 5 O

55 164 182 91 19 1

It is clear that tS% = F,4+1 (n > 0). Moreover, the second column of the

above array is given by tﬁ)l = ((n+4)F, +2nF,_1)/5. Indeed, expanding
the generating function 7 (z, y) we obtain

N r—a3 N 23(1 — 22)
1—2z—22 (1—x—$2)2y (1—x—2a2)
From the generating function of the Fibonacci sequence we obtain the ex-
(4)

n,1*

TW (2, y) = SRR

pression for ¢

6. AN APPROACH WITH ELEMENTARY NUMBER THEORY

For simplicity, throughout this section we will work on the corridor [0, n] x
[0, h]. First, we observe that a teleport point with xz-coordinate m (0 < m <
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n), can be interpreted as an identification by an equivalence relation between
the points (m,0) and (m, h).

Following this idea, the lattice corridor [0, n] x [0, k] is naturally identified
with the group Z x Zj, where Z;, is the set of integers modulo h. In order
to go from the point (0,0) to (n, k) we need n total steps. Thus, if we use
i up-steps and j down-steps, we have i(1,1) + j(1,—1) = (n,k). That is,
i+ j=mnand ?— j =k mod h. Therefore, we have the congruence

(6.1) 2j =n — kmod h,

where 0 < 57 < n. To give an explicit formula for our counting problem we
analyze the congruence (6.1) depending on the behavior of h. That is, we
have two distinguishable cases.

e h is an odd integer. In this case, ged(2,h) = 1. Therefore, the

congruence (6.1) has a unique solution j* mod h (0 < j* < h). Since

0 < j < n, the other equivalent solutions are of the form j = j* + ht,
with .
n—j*

0<t< .

<< 2L

This includes all corridor paths from (0, 0) to (n, k). Observe that j*
depends on n and k. Moreover, for each j of this form, there are (?)
ways of ordering j down-steps in an array of n steps. Therefore, the
number of h-cyclic corridor Dyck paths starting at (0,0) and ending
at (n, k) is given by

(h) (1Y = n
(6.2 RO D
Moreover, we have
n w ), 5]
W= =3 3 ()= %
Py : J*+ ht

h
> ()
o .
=0 =0 =0 ko M T ht
Notice that for each fixed integer t, the solution j* runs through every
residue modulo A exactly once as k varies from 0 and h. Hence, this

last sum can be rewritten as:
|72 ] n n o
(h) = = = 2”_
=25 (1) =2 ()
t=0 k=0 5=0

e h is even integer. If n—k is odd, then the congruence (6.1) does not

have a solution. Therefore, there are no paths from (0,0) to (n, k).

So, we only consider the case when n — k is an even integer. The

congruence (6.1) can be rewritten as:

n—=k h

2 mod 5"

J
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Then the congruence (6.1) has two distinct solutions j; and jo, with
0 < j1 < j2 < h. Moreover, the other equivalent solutions are of
the form j = j1 + ht; with 0 < ¢1 < ["52 ], and j = ja + hty with
0<t; < Ln_—h”J Note that jo = j1 + h/2. Therefore,

=, ==, 2|2
k)= Y <j1+ht1>+ tQZ_:O (j2+ht2>: ; <j1+th/2>’

t1=0
and
h N T
(h) — (h) (1) =

Notice that for ¢t = t; = t9 fixed, j1 and jo pass through every
residue modulo h exactly once as k varies from 0 to h, thus this
expression can be rewritten as:

|25 ] s n
S5 () =2 (0) =2

t=0 k=0 s=0

As an example, we analyze (6.1) when h = 3 with n = 4. Clearly, (6.1)
becomes j = 2 + kmod 3. So, if £ = 0, we have that j* = 2. This and
(6.2) give pf’)(O) = 6. Similarly, if & = 1 we have that j* = 0 and that
pf)(l) = (é) + (g) = 5. By symmetry, we have that pfl3)(2) = pf’)(l) = 5.
Figure 11 depicts all paths counted by pflg)(l) =5.

FIGURE 11. Lattice path enumerate by pf)(l) =5.
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