DEUTSCH PATHS AND THEIR ENUMERATION
HELMUT PRODINGER

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.

1. INTRODUCTION

Cameron [2] considers non-negative lattice paths with an up-step of one unit and down-
steps of 2,4,6,... 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 [1], 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.

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 + 22M?, or

1—2—+/1—2z—322
M(z) = o =14+2+2224+42°4+92*+212°+5125+--.
b4
v

Here, as first shown in [7], the substitution z = ——— is beneficial:

1+v+v2?
1—2—+v1—2z—3z2
M=1+v+v? and v= : .

2

Introducing trinomial coefficients via

(”;{3) = V(1 4+ v + v2)"

The fact that Dyck paths and Deutsch paths sound so similar is also a bonus.
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(notation is from Comtet [3]), we can compute the Motzkin numbers

n 1 dz
[#'M() = 5 — jﬂ SEME)
1 dv 5 2n
=5 v“+1(1_v JA+v+ve)

-(%)-()

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 h, 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 compution of some determinants.

We present the example of h = 4, and the generating functions ¢;(z) describe bounded

Deutsch paths ending at level i.

l —2 —2 —2 —2 Yo 1
-z 1 —z —z —z Y1 0
0O —=2 1 —z —z p, |=10
0O 0 —=2 1 -—2 Y3 0
0O 0 0 —2 1 P4 0

The n x n determinant
(1 4 v)n—l 1 _ Vn+2

S (A+v+vn 1—v
of this system is of importance. It will eventually turn out that
o (+ vt 1=yt
LT Qv vl 1y

which can be obtained from the recursion

n

(1+v+v¥)?D,,,— (1 +v+v*)(A+v)*D,,, +v(1+v)*D, =0.

Applying Cramer’s rule leads then to

. ZiDh—i B yi (1+v+ v2)h+1 1—v (1+ v)h—i—l 1 — phit2

Yi =

V(A +v+v)1-— yh=i+2
O (1+v)iHl 1 —yhe3

Dpyy  (T4+v+v2)i (IT4v)h 1—vyh#3 (1 4y 4 y2)h-i
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Of special interest is the generating function of closed bounded Deutsch paths:
C1+v+y? 1 —yht2
0T Ty 1ok

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

C1+v4y?
L P
We can read off the coefficients explicitly:

(2" g = 1 dz 1+v+v?
%_Zni gntl 14y

1 dv on
=5 vn+1(1—v)(1+v+v )

(%))

The enumeration of closed Deutsch paths of height > h

T+v+v? 1+v+121—v"1 14y +v2y" 1 (1—v)
1+v 1+v 1—vh2 14y 1—yh+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:

1— Vh+1

1 — yh+3’

M=

o;=1+v+v?)
i=0

In the limit h — oo, this leads to

14+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 Yo 1
-z 1 —2 0 O Y,
-z —z 1 —2 0 Y, | =
—2 —2 —2 1 —z||Y;
-z —z —z —z 1 Yy

oS O OO
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FIGURE 1. 4 Motzkin paths of length 3

AN

FIGURE 2. 4 open Deutsch paths of length 3

FIGURE 3. 9 open Deutsch paths of length 4

FIGURE 4. 9 Motzkin paths of length 4

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+v+1v21—yht2

Wo = 1+v 1—yh+3
and fori > 1:
- 1_vh+1—i
'l,/)i:V(1+V+V2)(1+V)l Zm
h 1—v
_ 2 h —
;wi—(1+v+v A+

and the limit of this for h — oco:
(1+v+vH)(1—v).

The enumeration in terms of trinomial coefficients:

(50)- () -(m) ()
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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

21+V+V2 Vir(1—v)

— yht2
=1 1+v 1—v

1+v+v: v(1+v+1?) (1+V+V2)(1_V)Z vh
1—vh

1+v (1+v)2 v(l+v) =

The standard procedure is to find the local behaviour of this near the singularity v =
1l ez = % A fairly detailed description of this can be found in [6]. Somewhat similar

computations will also appear in [5]. We get

2 .,h+1 _
E(Z):Zl+v+vv 1-v)

— yh+2
=1 1+v 1—v

1— log(1 —
_ 9,30 r _loglow) | v ]
4 2 1—v 1—v

3
=3 log(1—v)+const. + - --

Since 1 —v ~ /341 — 3z, this leads further to the local expansion
3
E(z)~ 2 log(1—3z)+---

Traditional singularity analysis [4] leads to

1+v 443
so that
2
[2"] A )
1+v 8431

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

33"

in nn

=2
—
Wertatl
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In the classical case of Motzkin paths [7], this height is \/?, so Deutsch paths are about
twice as high.

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

1 vh+1

h
=(1+v+v)——
;qﬂl ( ) —

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

Vh

2 2
(1+V+V )(1—V )m

This has to be summed:

h
Q1+v+vH)(1-— VZ)Z ﬁ ~ —6log(1—v) ~—3log(1—3z2),
—v

h>1

. . . . 3n+1
with coefficients asymptotic to =—.

This has to be divided by
2" 1M (2) ~ 332,
=" IM (=) 2v/3m
which leads again to the average height
n
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.

v 1—9!
1+v1—yiHl’

Li,i—1:
other values 0.
14y 1y
e e
1+v  1—y!
THvtvil—vitr

i,

Uyj=—
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For the conformation, we make this computation:

v o 1=

ZLi,kUk,j = Ui,j - —1 +v—1 it Ui—l,j
k
1+v 1yt LY 1—y! 1+v 1—vt
=—v 4 —V :
1+v+v21—vi*l  1+v1—v*l 1+v+v2 1—V1
v
T 14+v+rz
Now let us consider the special cases, where U, ; appears:
LU —U 1+v 1—yi*2
Zk: LREET P 4y 2 T —yit

1+v 1—vi+2+ v o 1=t 1+v 1—vyit
= : —V :
1+v+v2l—yitl  14+y1—vHl 14+v+v2 1—V

3

> LU 1 =U v 1-v
ik Ukic1 = Ujim — —— Ui
p 1+v1—vt

1+v  1—v v o 1—v 14y 1—y
= —y - — - -
1+v+v21—vitl 1+v1—vitll1+v+v2 1—vi
v
1+ v+?

In particular, we get for the determinant

U U - (1+v)r 1—y"H
PR T (L y 4 v2)n 1—v2
which checks with our previous observation.

Very briefly, we only cite the results of the transposed matrix (related to reversed Deutsch
paths):

Li,i =1
and for j <1
Lo 1—v/
Lj = —vm.
Furthermore
o 1+v 1—vyi+2
M1 v 4 v2 1 — it
U B %
=TT

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



8 HELMUT PRODINGER

6. THE TOTAL AREA

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

N N YAy +v?) ) s VA4 +v?)?
A(Z)—;l " wi_;z oy Ay 0+ =

=22 +323+122*+392° +1292° + 41127 + 130028 + 40652° + 1263320 + - - -

We can also compute that
1 1

3
(1—v)2 81-3%’

Alz) ~ g

so that 3
[z"]A(z) ~ 23"
Dividing this by the total number of closed Deutsch paths
9
8v3n

JEwr,
3

One might even divide this by n, the length of the Deutsch paths, and can interpret 1/ 75+ as
the average elevation of a random closed Deutsch path of length n. Notice that the average
height is about twice this quantity.

3nn—3/2

leads to

7. A BIJECTION

The generating function of Motzkin paths satisfies M = 1+ 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
F4(w), 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, w 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).



DEUTSCH PATHS AND THEIR ENUMERATION 9

REFERENCES

[1] Cyril Banderier and Philippe Flajolet. Basic analytic combinatorics of directed lattice paths. volume 281,
pages 37-80. 2002. Selected papers in honour of Maurice Nivat.

[2] Naiomi T. Cameron. The combinatorics of even trees. In Proceedings of the Thirty-first Southeastern Inter-
national Conference on Combinatorics, Graph Theory and Computing (Boca Raton, FL, 2000), volume 147,
pages 129-143, 2000.

[3] Louis Comtet. Advanced combinatorics. D. Reidel Publishing Co., Dordrecht, enlarged edition, 1974. The
art of finite and infinite expansions.

[4] Philippe Flajolet and Andrew Odlyzko. Singularity analysis of generating functions. SIAM J. Discrete Math.,
3(2):216-240, 1990.

[5] Benjamin Hackl, Clemens Heuberger, and Helmut Prodinger. The B-project. 2020.

[6] Clemens Heuberger, Helmut Prodinger, and Stephan Wagner. The height of multiple edge plane trees.
Aequationes Math., 90(3):625-645, 2016.

[7] Helmut Prodinger. The average height of a stack where three operations are allowed and some related
problems. J. Combin. Inform. System Sci., 5(4):287-304, 1980.

HELMUT PRODINGER, DEPARTMENT OF MATHEMATICAL SCIENCES, STELLENBOSCH UNIVERSITY, 7602 STELLEN-
BOSCH, SOUTH AFRICA
Email address: hproding@sun.ac.za



