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Abstract: A variation of Dyck paths allows for down-steps of arbitrary length, not just one. Credits for this
invention are given to Emeric Deutsch. Surprisingly, the enumeration of them is somewhat akin to the analysis of
Motzkin-paths; the last section contains a bijection.
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1. Introduction

ameron [1] considers non-negative lattice paths with an up-step of one unit and down-steps of 1,3,5, ...
C units. She gives (loc. cit.) credits to Emeric Deutsch for inventing these paths. Before we engage into further
analysis of this situation (in a future publication), we will consider here the more modest model of down-steps of
1,2,3,4,... units. Lattice paths with various step sizes have been thoroughly studied by Banderier and Flajolet [2],
but never for an infinite number of possible steps.

We will call these paths Deutsch paths,! and require that they are non-negative and finish on a prescribed level i.
If i = 0, which is the analogue of Dyck paths, we talk about a closed Deutsch path. Since the up-steps and down-steps
are not symmetrical, we can also investigate the model where the paths develop from right to left. In this case we
talk about reversed Deutsch paths.

Dyck paths are extremely popular in combinatorics; the Encyclopedia of Integer Sequences [3] produces over
1200 hits. We restrict ourselves here to three additional references, all related to bijective ideas, [4-6].

Somewhat surprisingly, the computations that we will perform, lead us the world of Motzkin paths. Recall that
the generating function of Motzkin paths (up-step, level-step, down-step) leads to M = 1 + zM + z>M?, or

-2 Vi—2:-32
M) = — 222 S 4z 422448494 421545104
Here, as first shown in [7], the substitution z = % is beneficial:
1+v+o

1—z—+v1—2z—322

M=1+v+7* and v=
2z

Introducing trinomial coefficients via

(%) = a0 ey

1 The fact that Dyck paths and Deutsch paths sound so similar is also a bonus.
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(notation is from Comtet [8]), we can compute the Motzkin numbers
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For the analysis of Deutsch paths, we will see that the same substitution works extremely well, and explicit
answers can be given in terms of trinomial coefficients. The last section contains a bijection between open Deutsch
paths (level at the end arbitrary) and Motzkin paths, of the same length.

2. Enumeration of Deutsch paths

We introduce an upper boundary /, so that the paths live in a strip. This has the advantage that generating
functions can be described by a system of linear equations, and solving it can be done by Cramer’s rule. This involves

the computation of some determinants.

We present the example of i = 4, and the generating functions ¢;(z) describe bounded Deutsch paths ending

at level i.
1 —z —z —z -z o)
-2z 1 -z —z —z @1
0O -z 1 -z -z ¢ | =
0 0 -z 1 -z @3
0O 0 0 —2z 1 ¢4
The n X n determinant
D — (l 4 Z))nfl 1— UnJrZ
T (l4o+0d)r 1-v0
of this system is of importance. It will eventually turn out that
Do (At 1-oM
LT Q4o+ 1-0

which can be obtained from the recursion

7

O O O O

(1404 9*)2Dyys — (14+0+0?)(140)?Dyiq +v(1+0)?D, = 0.

Applying Cramer’s rule leads to

2Dy vl (1+v+02)H1 1—v  (14o)h-i-1 1—ph-i+2
T Dy 4o+ (I+o) 1-o P (14u+od)hii 10

0 (1+v+0%)1—ohit2

- (1+0)itl 1 —pht3”

Of special interest is the generating function of closed bounded Deutsch paths:

14 o+0*1—oht?

Qo =

1+vo

1 — pht3°

Taking the limit i1 — oo leads to the enumeration of closed Deutsch paths, as originally desired:

Qo =

14040
140



Open J. Discret. Appl. Math. 2021, 4(1), 12-18 14

We can read off the coefficients explicitly:

2] _”i*f dz 1+v+0?
= omi 2 110

1 do
- E%W(l—v)(1+v+vz)n

_ (n,3 Na 3
S \n n—1)"
The enumeration of closed Deutsch paths of height > &

1+v+0* 14+0+40*1-0""  140+0% 0" (10
1+0v 1+ 1—-02 140  1—oh+2

is of interest, and we will discuss asymptotics of the average height in a later section.
Here is the generating function of bounded Deutsch paths with (arbitrary) open end:

h ) 1 — phtl
i:ZOq)l’: (1+U+'U )m

In the limit & — oo, this leads to

1+v+v2,

which is the generating function of Motzkin paths, according to length. A combinatorial explanation is given in the
last section.

3. Enumeration of reversed Deutsch paths

This enumeration is quite similar, only the matrix is transposed:

1 -z 0 0 O P 1
-2z 1 -z 0 0 P1 0
-z -z 1 -z 0 Py | =10
-z —z —z 1 —z P3 0
-z —z —z —z 1 (I 0

The determinant is the same as before, but the application of Cramer’s rule is slightly more unpleasant, as we have
to distinguish cases. We only present the final results; intermediate calculations are not really difficult, but require

some concentration.
1+ov+021— o2

Vo= T
and fori > 1:
’ i_zl*’()h-‘rl_l
pi=v(l+v+0°)(1+0) [ i
I
1—v
_ 2 n 1—v
Z;;)1/]1—(14—0—1-71 )(1+0) Y

and the limit of this for h — oo:
(1+v+2*)(1—0).

The enumeration in terms of trinomial coefficients:

() () - () + (75%)
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Figure 1. 4 Motzkin paths of length 3

Figure 2. 4 open Deutsch paths of length 3

4. The average height of closed and open Deutsch paths

It was already worked out what the generating function of closed Deutsch paths is, and for the average height,
one needs to compute

T+v  1-0H2 — 140 (1+40)2 v(1+0) =

21—1—0—0-020”1(1—2)) 1+o+0* o(l+v+0%) (1—}—0—5—02)(1—0)Z o'
1—ol

h>1

The standard procedure is to find the local behaviour of this near the singularity v = 1 + z = % A fairly
detailed description of this can be found in [9]. Somewhat similar computations will also appear in [10]. We get

¥ 1+0+02 "1 (1 —0)
= 1+v 1ot

_ 9+3(1—v)[_10g(1—0)+ %

4 2 1—v 1—v

E(z) =

4]

3
= —Elog(l — ) 4 const. + - - - .
Since 1 — v ~ 1/3+/1 — 3z, this leads further to the local expansion
3
E(z) ~ —Elog(l —3z)+ .

Traditional singularity analysis [11] leads to
33"
n —_——
[Z"E(z) ~ 4

This has to be divided by the total number of closed Deutsch paths, with generating function

140402 9
~3— Vv1-—3z,
1+v 4/3

so that

[z”]l +v+40? N 9 1,372,
1+0o 8v3m

The quotients is the average height of closed Deutsch paths (leading term only):

33"

4n -9 mn

9 an,—3/2 3
8\/3713 n

In the classical case of Motzkin paths [7], this height is , / 5", so Deutsch paths are about twice as high.
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Figure 3. 9 open Deutsch paths of length 4

Figure 4. 9 Motzkin paths of length 4

We would also like to do this type of analysis for open Deutsch paths, as they are exactly enumerated by Motzkin
numbers. Recall the generating function

h 21*’0]“_1
Zqoi:(1+v+v )m

i=0

of open Deutsch paths, with height < h. Taking differences, we get the generating function of open Deutsch paths,

with height > h:

o

(1+v+0?)(1 —vz)m.

This has to be summed:

ol

(1+v+02)(1—02)2m

h>1

~ —6log(1 —v) ~ —3log(1 —3z),

. . . . +1
with coefficients asymptotic to =,

n
This has to be divided by

9
[2"|M(z) ~ ——=3"n"%/%;
2/ 3m

which leads again to the average height

mn
24—
3

So open versus closed does not influence the (leading term of the) average height.
5. The LU-decomposition

We compute the LU-decomposition of the Deutsch matrix, where indices run from 1 to n. This isn’t strictly
necessary, but always interesting, and leads to the determinant as a by-product.

Lij=1,

v 1— o
b = T T

other values 0.

. 1to 1-o7
144021 — oitl’

140 1-7¢
ui’j:_vl—i-v—i-vzl—viH'
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For the conformation, we make this computation:

v 1-7
Ll =Uy — —0— —— Y,
; ik=k,j W lypl—gitl Tl
_ 140 1-7 L 1—viv 140 1-—o1
1+ o+021-0tl 140l -0t 140402 10
v
14o+0r

Now let us consider the special cases, where U; ; appears:

140 1-0'F2
1+v+0v21—0itl

Y LixUi; = Uy
k

14w 1—0’”“2+ v 1—viv 140 1-—0o1
1404921 —9tl 14091 —0vitl 14+0+02 1—0f

7

v 1—0!
;Li,kuk,i—l =Ujj1— mmui—l,i—l
_ 140 1-7 v 1—9 140 1-—09t!
1404?21 —0tl 140l —ovitll40v4+02 1—0
v
14o+02

In particular, we get for the determinant

(1+0)" 1—o"!

U],l--.un,n: (1+U+Uz)n 1_02 s

which checks with our previous observation.
Very briefly, we only cite the results of the transposed matrix (related to reversed Deutsch paths):

Lij=1
and for j < i
1—of
Lij= —071 i
Furthermore .
140 102
"1+ o+021 — ot
v
Uit = =15 507

and zero for all other values of the U-matrix.

6. The total area

The area of a closed Deutsch path agay ...a, with ag = a, = 0 is defined to be ay + - - - + a,. With the
generating functions that we worked out, the generating function of the total area, summed over all Deutsch paths
of length 7, can be computed:

e w1 +o+?) 5 Lo P(1+v+02)
A&)—g;p¢,¢r—g?—ﬁjzyﬂ—va+v+v)u+v) = Tropa oy

=22 4322 +122* +392° +1292° + 41127 + 130028 + 40652° + 12633210 + - - - .
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We can also compute that

so that 3
[z"|A(z) ~ §3”.

Dividing this by the total number of closed Deutsch paths

9
8v3m

[T 3/2
371 .

One might even divide this by #, the length of the Deutsch paths, and can interpret ,/ 75" as the average elevation

3nn73/2

leads to

of a random closed Deutsch path of length 7. Notice that the average height is about twice this quantity.

7. A bijection

The generating function of Motzkin paths satisfies M = 1 4 zM + z2M?, which is based on a first return
decomposition. We will now derive the same recursion for open Deutsch paths, which leads to a recursively defined
bijection.

We will define a map 1 in a recursive way, mapping an open Deutsch path to a Motzkin path; it is easily seen to
be reversible. Of course the empty path is mapped to the empty path. Now, if the open Deutsch path never returns to
the x-axis, it can be described by w = Uw, where U describes an up-step, and w is itself an open Deutsch path. Then
we map it to Fi(@), where F is a flat step. Otherwise, if the open Deutsch path returns to the x-axis for the first
time, it may be written as w = UwDx, where D is a down-step of any size. Note that both, @ and x are themselves
open Deutsch paths. Then we map this to Uy (w)D(x), which is a Motzkin path (here, D is just a down-step of
one unit).
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