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ABSTRACT: Lukasiewicz paths are lattice paths in N2 starting at the origin, ending on the z-axis, and consisting
of steps in the set {(1,k),k > —1}. We give bivariate generating functions and exact values for the number of
n-length prefixes (resp. suffixes) of these paths ending (resp. starting) at height & > 0 with a given type of
step. We make a similar study for paths of bounded height, and we prove that the average height of n-length
paths ending at a fixed height behaves as /7n when n — co. Finally, we study prefixes of alternate Lukasiewicz
paths, i.e., Lukasiewicz paths that do not contain two consecutive steps in the same direction.
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1. Introduction

A Lukasiewicz path of length n > 0 is a lattice path in N? starting at the origin (0,0), ending on the z-axis,
consisting of n steps lying in S = {(1,k),k > —1}. We denote by e the empty path, i.e., the path of length
zero. These paths constitute a natural generalization of Dyck and Motzkin paths (see [3,4]), which are made
using steps into the sets {(1,1),(1,—1)} and {(1,1),(1,0), (1, —1)}, respectively. We refer to [1,8,14,17-19] for
some combinatorial studies on Lukasiewicz paths. Let £,,, n > 0, be the set of Lukasiewicz paths of length n,
and £ = J,,~q £Ln. For convenience, we set D = (1,—1), F = (1,0), Uy = (1,k) for k > 1. See Figure 1 for an
illustration of a Lukasiewicz path of length 18. Note that Lukasiewicz paths can be interpreted as an algebraic
language of words w € {xg, z1,Z2,...}* such that §(w) = —1 and §(w’) > 0 for any proper prefix w’ of w where
§ is the map from {zg, z1,x2,...}* to Z defined by §(wiws ... w,) = > 1, 6(w;) with 6(x;) =i—1 (see [13,15]).

Figure 1: A Lukasiewicz path of length 18: UsDDFFDUsDDDDUyFU;DDDD.

Any non-empty Lukasiewicz path L € £ can be decomposed (see [6]) into one of the two following forms:
(1) L=FL' with L' € L, or (2) L =UxL1DLsD ... Ly DL with k > 1 and Ly, Lo, ..., Lg, L' € L (see Figure
2). Due to this decomposition, the generating function L(z) = ) ., anz™ where a, is the cardinality of L,
satisfies the functional equation L(2) = 1+ zL(2) + >, 5, 2" L(2)FTL, or equivalently, L(z) = ?2('2) Then,

L(z) = =4=%2_ Therefore, a, is the n-th Catalan number a,, = n%rl (™) (see sequence A000108 in [16]).

In this paper, we provide enumerating results for several classes of partial Lukasiewicz paths (prefixes and
suffixes of Lukasiewicz paths, partial alternate Lukasiewicz paths). More precisely, in Sections 2 and 3, we give
bivariate generating functions and exact values for the number of n-length prefixes (resp. suffixes) of these paths

ending at height & > 0 with a given type of step (down, up, or horizontal step). In Sections 4 and 5, we make
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Figure 2: The two forms of a non-empty Lukasiewicz path.

a similar study for paths of bounded height. In Section 6, we prove that the average height of n-length paths
ending at a fixed height behaves as v/7n when n — oo. In Section 7, we focus on partial alternate Lukasiewicz
paths, i.e., Lukasiewicz paths that do contain two consecutive steps with the same direction.

All our explicit formulee follow from the standard identity

[Zn]<1_m>’“: (2n—1+k>_ (zn—1+k)_

2z n n

2. Enumeration of Partial Lukasiewicz paths

Partial Lukasiewicz paths of length n (i.e., n-length prefixes of Lukasiewicz paths) ending at height & can be
constructed through the following state diagram (Figure 3). The diagram has three types of states ranging from
0 to infinity on three layers; in the drawing, only the first fifth states of each type are shown. The first type of
states (top layer) refers to an up-step leading to a state, the second type (middle layer) refers to a horizontal
step leading to a state, and the third type (bottom layer) refers to a down-step leading to a state. Any path
from the origin to a state of rank k of a layer represents a partial Lukasiewicz path ending at height k.

Figure 3: The state diagram for the generation of partial Lukasiewicz paths. Black (resp. red, blue) arrows
correspond to up-steps (resp. down-steps, horizontal steps).

For k > 0, we consider the generating function fy = fix(2) (resp. gr = gx(z), hx = hi(z)), where the
coefficient of 2™ in the series expansion is the number of partial Lukasiewicz paths of length n ending at height
k with an up-step Uy, k > 1, (resp. with a down-step D, resp. with a horizontal step F'). Considering the state
diagram in Figure 3, fi (resp. gg, hi) is the generating function in the variable z marking the length of the
paths ending on the (k 4 1)-th state of the top (resp. middle, bottom) layer. So, we easily obtain the following
equations:

k—1 k—1 k—1
fo=1and fr=23 fi+z> ge+2z hyy, k>1,
=0 =0 =0 (1)

9k = 2fet1 + 2gk41 + zhir, k>0,
hi = zfx + zgr + zhg, k2>0.
Now, we introduce bivariate generating functions
F(u,z) = Zukfk(z), G(u,z) = Zukgk(z), and H(u, z) = Zukhk(z)
k>0 k>0 k>0

For short, we also use the notation F(u),G(u) and H(u) for these functions. Summing the recursions in (1),
we have:

k—1 k—1 k—1
PO =14 S (st T )
£=0

k>1 =0 =0
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:1+Z,€ZZO fkj;fk—i—zkzzo f’f;gk—i—zkzzo f’f;hk
=14 T (F(w) + G(u) + Hw)),
G(u) = Z};)Uk (fk+1 + gk+1 + hk—H)
= 2(F(w) + G(w) + H(u) = F(0) = G(0) = H(0)),
H(u) = 7 (F(u) + G(w)),

where F'(0) + G(0) + H(0) is the number of Lukasiewicz paths of length n, i.e.,

1-v1—-4
F(0) + G(0) + H(0) = L(z) = TZ
Solving these functional equations, we deduce
1+v1—-4 V1 — —
Flu)y=1-z- (14 Z), G(u) = 1 -4z ¥ 2z 1,and
2u—1—+/1—4z 2u—1—+1—4z
VvV1—4z -1
H(u) =z+ 2 1) ;
2u—1—+1—4z
which implies that
2k 1—-vI—4z\"
fo = [uF)F(u) = = z( Z) : (2)
(141 —4z)k 2z
2F(1 -2z —/1—42
g = ]G () = 2 )
(1 4+ /1 —4z)k+1
(=22 —T—42) (1—T—4z\""!
N 2 2z
(1IN 1T g\ M 3
—F 2z i 2z ’
and
. 21— vI—4z) 2(1—-vI—4z)(1—T—4z\""
hy = [u”]H (u) = =
(14 /1 4dz)k+t 2 2z
o\ k2
= 22 (12142:> . (4)
z

Theorem 1. The bivariate generating function for the total number of partial Lukasiewicz paths of length n
with respect to the height of the end-point is given by

—14++v1-4
Total(z,u) =1+ ha ° .
2u—1—-+1—-4z

and we have
[u¥] Total(z,u) = [k = 0] + zL(z)F*2.
Finally, we have forn > 1,

(2] [uk] Total (2, u) = — 12 (2" k= 1),

n+k+1 n—1
re = = ()
n  k+3 [(2n+ k-2
o = o (),
) = S (R,
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Here are examples of the series expansions of [u*] Total(z,u) for k = 0,1,2,3 (leading terms):
1+ 24222 + 525 + 142% + 4225 + 13225 + 42927 + 143028 + 486227,
24322 4923 4+ 2824 + 9025 + 29725 + 100127 4 343228 + 1193427,
z+ 422 4+ 1423 + 482 + 16525 + 57220 + 200227 + 707228 + 251942,
24+ 522 + 2023 + 752% + 27525 4+ 10012° + 364027 + 132602 + 4845022,
which correspond respectively to A000108, A000245, A002057, and A000344 in [16].
According to Theorem 3.1 and Theorem 3.3 in [9], [2"][u*] Total(z,u) counts also standard Young tableaux of
shape (n+2,n—k+1) (see [11,20] for the definition of a standard Young tableau), and Dyck paths of semilength
n + k starting with at least k up-steps and touching the z-axis somewhere between the two end-points.

3. Partial Lukasiewicz paths from right to left

In this section, we count partial Lukasiewicz paths that read from right to left, i.e., paths in N? starting at the
origin, consisting of steps (1,%), £ < 1, and ending at a given height with a given type of step. Of course, this
study is completely equivalent to counting suffixes of Lukasiewicz paths starting at a given height with a given
type of step. We denote here by fi, gi, and hj the generating functions for the number of these paths (with
respect to the length) ending at height k& with an up-step, down-step, or a horizontal step, respectively.

Then we have

fo=1, and fr=zfr1+2gk_1+2hp_1, k21,

gr = = Z f/+2’ Z g[+Z Z h’fa kZOa (5)
£>k+1 (>k+1 £>k+1

hi, = zfx + zgr + zhg, k>0.

Considering the bivariate generating functions

F(u) = Zukfk(z), G(u) = Zukgk(z), and H(u) = Zukhk(z),

k>0 k>0 k>0

and summing the recursions in (5), we obtain:

Fu) =1+ Zzuk (fe—1 + gk—1 + hi—1)
k>1

=1+ zuF(u) + z2uG(u) + zuH (u),

GW)=Z§:uk(§:.ﬁ+ S gt E:lu>

k>0 0>k+1 0>k+1 0>k+1
1—uF 1—uF 1—uF
:ZZ 1—ufk+zZ 1—ugk+zZ lfuhk
k>1 E>1 k>1
= ——(F()+ G(1) + H(1) = F(u) - G(u) — H(u)),
z
H(u) = 7 (F(u) + G(w)),

with
F(0) + G(0) + H(0) = L(z) = V1 =42 V212*42
Moreover, we have
F(1)+ G(1) + H(1) = %

since there is a bijection between all partial Lukasiewicz paths of length n that read from right to left and
Lukasiewicz paths that read from left to right of length n 4+ 1 (from a Lukasiewicz path, we remove the first
step, and we read it from right to left).

Solving these functional equations, we deduce

F(u)—— 1++V1—-14z G(u)— —1++1—4z+ 2z
 2u—1—-4z-1’ C u—V1—-4dz—-1’

2

H(u) = i

C2u—1-dz -1
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which implies that

ok 2k
fre = [Uk]F(U) = ma (6)
C2RF(1 - 22— V1 - 42)
(L VT =4kt
2k+1zk+1

(141 —4z)k+1’

Theorem 2. The bivariate generating function for the total number of partial Lukasiewicz paths of length n
(from right to left) with respect to the height of the end-point is given by

2
1—2zu++1—-42’

gk = [u"]G(u) ; and (7)

by = [ub]H (u) =

Total(z,u) = 1+

and we have
[u¥] Total(z,u) = 2" L(2)"1.

Finally, for n > 1, we obtain:

(2] [u¥]| Total(z, u) = : j: i (2”7; k)

I = (),

n n—1
e = e (),
[2"][u")H (u) = k ;il- 1 <2nn—k1— 2).

Here are examples of the series expansions of [u¥] Total(z,u) for k = 0,1,2,3 (leading terms):
142+ 222 + 523 4+ 142% + 422° + 13225 4 42927 + 14302° + 48622,

2+ 222 + 523 + 1424 + 422° + 13225 4 42927 + 143028 + 486227,

22 4+ 323 + 924 +282° + 9028 + 29727 + 10012° + 343227,

23+ 42 + 1425 4 4825 + 16527 + 57228 + 200227,

which correspond to shifts of A000108, A000245, A002057, and A000344 in [16].

4. Partial Lukasiewicz paths constrained by height

In this section, we count partial Lukasiewicz paths bounded by a given height t > 0. We introduce the notation
fi, gb, bl for 0 < k <t, F'(u), G*(u) and H'(u), which are the counterparts of f, gi, hg, F(u), G(u) and
H(u). Considering the state diagram of Figure 3 where each layer consists of only ¢ + 1 states, we deduce the
following system of equations:

-1 0 0 0 0 0 0 0 0 18 -1
0 -1 0 z oz z 0 0 0 I 0
z z z—1 0 0 0 0 0 hf 0
z oz z -1 0 0 0 0 VB 0
0 0 0 0 -1 0 z oz z gi| | O
0o 0 0 =z =z z—1 0 0 0 |l | o
z oz z z -1 0 13 0
0 0 0 0 -1 0 g 0

z oz z—1 - h 0

For a given height ¢ > 0, the previous matrix (denoted A;) is square with 3(¢ + 1) rows. Using classical
properties of the determinant, we can prove that D; = det(A;) satisfies

Diyo+ Diyq1 + 2Dy =0,
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anchored with Dy = z — 1, and Dy = 1 — 2z. Then we deduce,

P )T (- (14 T —42)
T L (Vo) 2 (1 VIod)

which corresponds to
Dy = (-1 R,

where F} is the generalized Fibonacci polynomial (see [7,12]):

t+1 t\ - t—1\ 4
=1- —
F; ( 1 >z+<2)z ( 3 )z +

For instance, we have D3 = Fy =1 — 4z + 322, and Dy = —Fy = —1 4+ 5z — 622 + 23.
Using Cramer’s rule to solve the system, for 0 < k < ¢, we have

ft — N§k+1 gt — N§k+2 ht — N§k+3 (9)
k Dt 9 k -Dt 9 k -Dt 9
where N} is the determinant of the matrix A;(k) obtained from A; by replacing the (k4 1)-th column with the
vector (—1,0,0,0,...,0,0)T.
As we have done for Dy, it is easy to prove that N} satisfies the two recurrence relations

k
N2 L N 4 2NE=0, 1<k, 1+ [gw <t, and

t+1 t
NitL= —Nf, 4<k 1<t

{0,1,2} x {1,2,3}, and for (¢,k) € {1,2,3} x {4,5,6}, we can easily obtain a

Calculating N} for (¢, k) €
< 3. See Table 1 for exact values of N} when 0 <t <4 and 1 <k <12.

(t,
closed form for Ni, .., 1<

)

k/t 0 1 2 3 1

1 z—-1 1-2z —(22-32+1) 322—4z+1 22-622+52—-1
2 0 22 —22 22(1—2) —22(1 - 22)

3 -z z(1-2) —z(1—22) 2(22=32+1) —2(322—-42+1)
4 z2(1 — 2) —z(1 — 22) 2(22—32+1) —2(322-42+1)
5 0 —22 22 —22(1 - 2)

6 22 —2? 22(1-2) —22(1 — 22)

7 —2(1—2) 2(1 —22) —2(22=32+1)
8 0 22 —z2

9 —22 22 —22(1 - 2)
10 z(1 - 2) —z(1 —2z)

11 0 —22

12 22 —z2

13

Table 1: The first values of N} for 0 <t <4 and 1 <k < 12.

In particular, for ¢ > 0, we have N¥ = D, (see above for a closed form),

52 (_ 2z )t 22 (_ 2z )t
Nt — +v1-4z) —V1-4z+1
2 V1—4z V1—4z ’

2(-1+VI— %) @ﬁﬁ)t (VIS T (fﬁ)t
VI—4z (1+V1-4z2) VI—4dz(—V1—-4z+1)

Ni=

and for ¢t > 1,
Ni=Ni Ni=-N:t' and Nf = N

Using (9), we can deduce closed forms for ff, g, hl, 0 < k <1, and k < t. Using the above recurrence
relations for Nf, we deduce closed forms for ff, g, ht, 2 <k <t.

ECA 3:1 (2023) Article #S2R2 6



Jean-Luc Baril and Helmut Prodinger

Theorem 3. For 2 <k <t, we have

t—k+1

i = [P (0) = 2 — (-1, (10)
t—k

= [W1G(0) = “2—(-1)", and (1)
t—k+1

b = [ () = 25— (<1 (12)

For t = 2, 3,4, the first terms of the series expansion of f5 are
o 2 +222 4523+ 132% + 342° + 8920 + 23327 + 61028 + 159727,
o 2+222 4523+ 142% +412° + 12220 + 36527 + 10942% + 328127,
o 2422245234+ 1424 + 4225 + 13120 + 41727 + 134128 + 43342°, which correspond to the sequences A001519,
A007051, A080937 in [16], that also count Dyck paths of semilength n of height at most ¢ + 1.

Theorem 4. The generating function [u*]Total(z,u) for the number of partial Lukasiewicz paths of height at
most t > 0, ending at height k > 1, is given by

k_lNé—k'f'l _ NQt—k +N5—k+1
t

Moreover, we have
Dy + Nj + N§
Dy ’
The generating function for the total number of partial Lukasiewicz paths of height at most t > 0 is given by

[u®] Total;(z,u) =

Totaly(z,1) = (1)1 . D7t = FL

For t =0,1,2,3,4, the first terms of the series expansion of Total;(z,1) are
1424224+ 4+ 224+ 25420 427428 429,

14224422 + 823 + 162* + 3225 + 6420 + 12827 + 25628 + 51227,

1+ 3z + 822 + 2123 + 552% + 14425 + 37726 4 98727 + 258428 + 676529,

144z 4 1322 + 4023 + 1212* + 3642° 4+ 10932% + 328027 + 984128 + 2952427,

145241922 + 6623 +2212* + 7282° 4 238025 + 775327 + 2521328 + 8192727, which correspond to A000012
A000079, A001906, A003462, A005021 in [16].

Using [12], [2"] Total;(z,1) counts also paths of length 2n + 1 + ¢ in N? starting at the origin, ending at
(n+t+ 1,n), consisting of steps (0,1), and (1,0), and such that all its points (z,y) satisfy z —¢t — 1 < y < z.
It would be interesting to exhibit a constructive bijection between these paths and partial Lukasiewicz paths of
height at most ¢ > 0.

5. Partial Lukasiewicz paths constrained by height from
right-to-left

In this section, we count partial Lukasiewicz paths from right-to-left bounded by a given height ¢ > 0. We
denote here by ff, gt, hl for 0 <k <t, F*(u), G'(u) and H'(u), the generating functions in the same way as
for Section 4. We deduce the following system of equations:

-1 0 0 0 0 0 0 0 0 1t -1
0 -1 0 z oz z z oz z I 0
z z z—1 0 0 0 0 0 hf 0
z oz z -1 0 0 0 0 Vi 0
0 0 0 0 -1 0 z oz z gi| | O
0 0 0 =z =z z—1 0 0 0 |l | o
0 0 0 1 0 £ 0
0 0 0 0 -1 0 g4 0
0 0 0 z oz z—1 - R} 0

ECA 3:1 (2023) Article #S2R2 7
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For a given height ¢ > 0, the previous matrix (denoted Aj}) is square with 3(¢ + 1) rows. Using classical
properties of the determinant, we can prove that

det(A}) = det(A;) = Dy, for t > 0.
Using Cramer’s rule to solve the system, for 0 < k < ¢, we have

t t
Nijio Bt — Nijys

t
ft _ N3k+1
k -Dt ? k -Dt ?

t
) 9k =

D, (13)

where N} is the determinant of the matrix A} (k) obtained from A} by replacing the k-th column with the vector
(-1,0,0,0,...,0,0)T.
As we have done for Dy, it is easy to prove that N} satisfies the two recurrence relations

N2 N 4 2Nf =0, 1<k<3,2<t, and
NV = —zNf_ 5, 4<k, 0<t,
where N} is the same as in Section 4 whenever (¢, k) € N x {1, 2, 3}.

Theorem 5. For 0 < k <t, we have

t—k

i = WP () = S~ (-1)F4, (14)
t—k

91 = [1H1G () = “2—(~1)"3*, and (15)
Ntfk

I = [0 H0) = 5 (~1)"3*. (16)

Theorem 6. The generating function [u¥]Total;(z,u) for the number of partial Lukasiewicz paths (from right
to left) of height at most t > 0, ending at height k > 0, is given by

—k —k —k
(_1)kaNf +N§ +N§
Dy '
The generating function for the total number of partial Lukasiewicz paths (from right to left) of height at

most t > 2 is given by
D,;_
Totaly(z,1) = 5 2.
t

Moreover, we have

Totalp(z,1) = %, and Total1(z,1) = T _122.
For t = 0,1,2,3, the first terms of the series expansion of Total(z,1) are
14+ z4+22 428 4+20 4254+ 20+ 274+ 28429,
142z + 422 4+ 823 + 162% 4 3225 + 6425 + 12827 + 25628 + 51227,
1+ 22+ 522 4+ 1323 + 342* + 8925 + 23325 + 61027 + 159728 + 418127,
1422+ 522 4+ 1423 + 412* + 12225 + 36520 + 109427 + 328128 + 984229,
which correspond to A000012, A000079, A001519, A007051 in [16].
Note that the two series in Theorem 4 and Theorem 6 coincide when ¢t = 0,1 since, in these cases, partial
Lukasiewicz paths bounded by the height ¢ are identical from left-to-right and from right-to-left.

6. The average height of Lukasiewicz paths

In this section, we prove that the average height of n-length partial Lukasiewicz paths (from left to right, and
from right to left) ending at a fixed height behaves as /7n when n — oo

ECA 3:1 (2023) Article #S2R2 8
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6.1 The left-to-right model

We simplify the expressions given in Section 4 using the substitution z = T first used in [2]. Then, we find

1 _ ut+3
T—w(i+u)?
p_ (D)1 - )
2T Q431 —u)’

— 1)ty (1 — utt?)
(1 —u)(1 +u)t+3 -

D, = (-1)t*3

V=

We start with paths ending on the z-axis, as the formula is (slightly) different. The generating function of these
paths bounded by ¢ is

Dy + Ni+Ni (1 +u) —ut*2(1+ u?)
Dt - 1-Ut+3 ’

Taking the limit when ¢t — oo, we retrieve, as expected,

pl<t] _

1-+v1-4z

PlEol = 4y =
2z

Then, the generating function of paths of height at least ¢ + 1 is

ut+2(1 _ U2)

[t _ gl<od] _ gol<t] _
PPl = LI =

We refer to [10] where a similar instance is worked out with an extensive amount of detail. For the average
height, we have (before normalizing by the Catalan numbers) to compute

t

=t _ b _ 1w u
ot gEN =N g = - Zkut'

t>0 >0 t>3

The goal is to find the local behavior of u ~ 1 since it translates to the local behavior of z ~ i. To find this,
we set u = e~! and we use the Mellin transform. We do not need to do the actual computation, since we just
cite the result from [10]. First, the factor is simple since we have

1—u?

u

~2(1—u).

Since we only compute the leading term of the asymptotic expansion, we use

ul log(1 —u
Z _ g( )

~ 1
l_u — U
t>1

b

found in [10] for instance. So, we obtain

>t 2~ —2log(1 - u) ~ —2log(2v/1 — 42) ~ —log(1 — 42).

t>0

Singularity analysis of generating functions (see [5]) allows us to translate this to the coefficients of 2™, with
the result ~ 47. For Catalan numbers, we have the well-known

1 2n 4n
n+1l\n n3/2\/t’
Finally, the average height of paths ending on the z-axis behaves as

4"L
n
—n—

PN

= mn.

For path ending at height k > 1, the generating function of paths bounded by ¢ is

t—k+1 t—k t—k+1 t—k+1
NiTFHL_ NER 4N

Dy

rl—u
1 —ytt3

LT = (1Rt = u(l + u)
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The limit for ¢ — oo is u(1 + u)*, and $,€[>ﬂ = .,%k[éoo] - fk[gﬂ is

u(l +u)* —u(l 4 u)

Locally, we have (u ~ 1)
w P14 w) (1 - uF ) ~ 28 (k4 2)(1 — w).

For the average height (the leading term only, before normalization), we compute

25 (k+2)(1—u)» ~ =28k 4+ 2) log(1 — u),

t>1

1—ut

and
n

[2"] (—2%(k + 2) log(1 — w)) ~ 28~ (k + 2)%.

For the total number of paths ending at height &k, we have

2n—1+k 2n—1+k 4n
n 1 k: _ ~ 22k—1
et = () - () e e,

and the average height (k fixed, n — o) is asymptotic to

2k 1(k +2)L

ﬁ(k + 2)2k_1

=/mn,

as before.
To compute the average height of paths with unspecified endpoints makes no sense in this model since the
number of such paths of length n is infinite.

6.2 The right-to left model

We simplify the expressions given in Section 5 using the substitution z = ﬁ We have to analyze

—k —k —k —
%l[cgt] = (—1)kH NP+ NF+ Ng _ uk 1—ult? k.
D, (14+wu)k—1 1 —utts
Taking the limit when t — oo, we obtain
k
%[SOO] _ U
k (1+u)k-t’

and
w2 (1 — ub )

1+ w)r1(1 —utts)’

t%)][;t] — %][CSOO] _ ‘%l[ft] —

For the average, we must compute

(k+1)(1 —u) ut
2k—1 Z 1 —qut’
t>1
where we took liberties about two missing terms, which do not influence the main term of the average height.

As before, we get the asymptotic behavior
(k+1)4™

2k pn
For the total number of paths ending at height k, we get

k+1 47
2k \/EHB/Q’

and the average height (k fixed, n — o00) is again asymptotic to /mn.
Now we move to the Lukasiewicz paths with unspecified end and have to consider

Di s (14+u)3(1l—u) u'f3

Rt = = )
Dy u? 1 — utt3
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The fact that the formula is different for small values of ¢ and that we start the sum at 1 and not at 3, does not
change the main term. We get

3 t
se (4wl —u) u
R~ 2 Zl—ut ~ —8log(1l — u),
t>1
and the coefficient of 2™ in it is asymptotic to
4n+1
n

For the total number of paths, we get the asymptotic formula
4n+1

\/EHS/Q’

and the average height is again asymptotic to /7.

7. Partial alternate Lukasiewicz paths

In this section, we study prefixes of alternate Lukasiewicz paths, i.e., Lukasiewicz paths that do not contain two
consecutive steps with the same direction (or equivalently, walks in the state diagram of Figure 3 without two
consecutive arrows of the same color). We refer to Figure 4 for the state diagram associated with these paths.
We denote here by fi, gk, and hi the generating functions for the number of these paths (with respect to the
length) ending at height k& with an up-step, down-step, or a horizontal step, respectively.

Figure 4: The state diagram for partial alternate Lukasiewicz paths. Black (resp. red, blue) arrows correspond
to up-steps (resp. down-steps, horizontal steps).

We have the following equations:

k—1 k—1
f0:17 and fk:ZfO‘f'ZZgé"‘Zzhb k217
=0 £=0

gk = 2fig1 + zhayr, k>0,
hy = zfx + zgx, k>0.

Considering the bivariate generating functions

F(u,2) = Zukfk(z)a G(u,z) = Zukgk(z)a and H(u,z) = Zukhk(z)v

k>0 k>0 k>0

and summing the recursions in (17), we obtain

k—1 k—1
Flu) = szuk(Hzgﬁzm)
k>1 £=0 £=0
1 k+1
u I

k+
U u
=1
+1—u+zzl—ugk+zzl—u
k>0 k>0
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1—u
G(u) = = (F(u) + H(u) = 1 - H(0)),
H(u) = 2(F(u) + G(u)).

Solving these functional equations, we deduce

=1+ (1+ G(u) + H(u)),

wz?(1 4 2)H(0) + 2uz® —u?z +u? + 22 —u

F =
() u222 +2uzd +u2 4+ 22 —u ’
Glu) = 2 (H(0)(uz? 4+ u — 1) + 2uz? + 2)
W= u2z? +2uzd +u+22—u
Hu) = z(zH(O)(uz—u+1)—u2z+u2—u)'

u?2? +2uzd +u? + 22 —u
Now we apply the kernel method on H(u). We have

2 (zH(0)(uz —u+ 1) — v’z + u? — u)

H(u) = , 18
(w) (14 22)(u—s1)(u—s2) (18)
with
5 717223+\/42674z474237422+1
e 222 42 ’
< 1—223 — /426 — 424 — 423 — 422 + 1
2= .

22242
In order to compute H(0), it suffices to plug u = sz in the numerator of (18). Then, H(0) satisfies
2H(0)(s22 — 83+ 1) — 832 + 83 — 53 = 0, which implies that
52
H(0) =—.
(0)="*

After this, and using s1s2(1+ 22) = 22, we simplify of both, numerators and denominators, in F(u), G(u), H(u)
by factorizing them with (u — s3).

_(1—z)u—(1—|—22)31__z—1_ s1z2(z+1)
F) = =4 5w =) = 231 a—s)(@+1)
. 2257+ 228 . 2%(22s1 + 1)

GO = ) - G Dsu )
H(u) = 2((1=2)u—1) _ (I-2)z (si—s1+1)z

(1+22)(u—s1) 2241 (u—s1)(224+1)"
Finally, we easily obtain

B _z(z41)
fr = [WF]F(u) = (e (19)
2%(2z81 + 1
gr = [uF]G(u) = W, and (20)
hy, = [uF]H (u) = (z=Dsi+1) (21)

(14 22)sh*!
Since the series expansion of s; does not have pretty coefficients, we cannot expect this from our final

answers.

Theorem 7. The bivariate generating function for the total number of partial alternate Lukasiewicz paths with
respect to the length and the height of the end-point is given by

s%z2 + sluz2 + 2512'3 + s% — S1u + 281 + 22

Total(z,u) = 2+ 1) (—u+ts1)s1

Moreover, we have
8222 + 25123 + 82 + 512 + 22
(22 +1)s] ’

[u®] Total(z,u) =

and for k > 1,
2(2822 + 28122 + 81 + 2)

k _
[u”] Total(z,u) = Ernr
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Here are examples of the series expansions of [u*] Total(z,u) for k = 0,1,2,3 (leading terms):

142422 +32% +52% 4+ 925 + 1926 + 3927 4 812°% + 17327,

24322 + 523 + 112* 4+ 2525 + 5325 + 11527 + 25528 + 56527;

2+ 322 + 728 +192* 4 452° 4+ 1052° 4 24727 4 57528 4 13332,

243224923 + 2724 4+ 6925 + 17725 + 44327 + 108728 + 26452,

which do not appear in [16]. The first terms of the series expansion of the generating function for the number
of alternate Lukasiewicz paths are

1+ 2422 4+32% + 52% +92° + 1925 + 3927 + 812° 4 17327
A singularity analysis of the generating function [u°] Total(z, u) gives
V=645 + 4a* + 3a3 + 2a%(a + 1)2" (—a®> +a +1)"
Vma? (a? + 1) n:

[2"][u®] Total (2, u) ~

)

with
V111

rctan (12 arctan 15V111
1 ZCOS(% + %) 28in(% + %)\/g
a—g— 3 + 3 .

The reason that this constant appears, results from the singularity analysis. Indeed, one needs the solution
closest to the origin of 426 — 42% — 423 — 422 + 1 = 0, which is a = 0.403031716762.... Maple provides the
curious explicit version if one asks for a simplification.
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