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Abstract

Our main focus in this research is to compute formulae for the generating function
of lattice paths. We will only concentrate on two types of lattice paths, Dyck
paths and Motzkin paths. We investigate different ways to enumerate these paths
according to various parameters. We start off by studying the relationship between
the Catalan numbers C),, Fine numbers F), and the Narayana numbers v,, ;, together
with their corresponding generating functions. It is here where we see how the the
Lagrange Inversion Formula is applied to complex generating functions to simplify
computations. We then study the enumeration of Dyck paths according to the
semilength and parameters such as, number of peaks, height of first peak, number
of return steps, e.t.c. We also show how some of these Dyck paths are related.
We then make use of Krattenhaler’s bijection between 123-avoiding permutations of
length n, denoted by S,,(123), and Dyck paths of semilength n. Using this bijective
relationship over S,(123) with & descents and Dyck paths of semilength n with
sum of valleys and triple falls equal to k, we get recurrence relationships between
ordinary Dyck paths of semilength n and primitive Dyck paths of the same length.
From these relationships, we get the generating function for Dyck paths according
to semilength, number of valleys and number of triple falls. A plateau in a Motzkin
path is the occurrence of a sequence of an up step (1, 1) a horizontal step (1,0) and
a down step (1, —1) in that order. We find different forms of the generating function
for Motzkin paths according to length and number of plateaus with one horizontal
step, then extend the discussion to the case where we have more than one horizontal
step. We also study Motzkin paths where the horizontal steps have different colours,
called the k-coloured Motzkin paths and then the k-coloured Motzkin paths which
don’t have any of their horizontal steps lying on the z-axis, called the k-coloured
c-Motzkin paths. We find that these two types of paths have a special relationship
which can be seen from their generating functions. We use this relationship to

simplify our enumeration problems.
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Chapter 1

INTRODUCTION

In our research, we try to understand different relationships between the Catalan
numbers, Fine numbers and Motzkin numbers. To do this, we rely heavily on gener-
ating functions and the different techniques used in the enumeration of lattice paths.
We will also make use of the Binomial Coefficients because they are easy to use and

have important applications.

Below is a list of some of the important binomial identities we will apply when

solving the enumeration problems. These expressions hold for n, k,m,r € {0} UN

i (n) Y = (r+y)t = zn: (?) piyn

1=0

n
n—=k

-1 —1
(Z):<nk: >+<Z_1> where n > k > 1,
" (k+1 n+k+1
S(0)-()
§<;>:<:1—:—1> where n > m,

1
(r) — (—1)k<k " ) where r > k with r > 1,

> where n > k,



and lastly Vandermonde identity with its many variations,

()= ()(78) weerzmzs

It should further be noted that (g) =1 and (Z) = (0 whenever n < k.

We will mainly focus on the papers [3], [7], [10] and [16]. We will start with the study
of the different relationships between generating functions for Catalan numbers, the
Narayana function and generating functions for Fine numbers. Then we will study
the different ways to enumerate Dyck paths according to various parameters. We
also investigate the bijective relationship between permutation of length n and Dyck
paths of semilength n.



Chapter 2

GENERATING FUNCTIONS

2.1 Introduction

Definition 1 A Dyck path is a lattice path in the first quadrant which begins at the
origin and has up steps, (1,1) denoted by u, and down steps, (1, —1) denoted by d
and ends at the point (2n,0). It never goes below the x—axis and n is the semilength

of the path (i.e the number of up steps).

e.g. The Dyck path below can be represented by uuduuuddddudud

Figure 1.

Definition 2 A generating function is a formal power series in one indeterminate



whose coefficients encode information about a sequence of numbers (ay,).

Following the dictum by Herbert Wilf [18], ” A generating function is a clothesline
on which we hang up a sequence of numbers for display”. We will use sequences and
their generating functions interchangeably. For example, the generating function
for the sequence (1,1,1,--+)is A(x) =1+ x + 2% + 23+ ---. Here we see that the
coefficient of ", where n > 0, represents a corresponding element in our sequence.
The multivariate generating functions of a sequence are the formal power series in
multiple variables. If A(z) is a generating function then we use [2"]A(z) to represent
the coefficient of 2" in the power series expansion of A(z). From our generating
function above we get [2"|A(z) = 1.

We begin by reading E. Deutsch’s paper, Dyck path enumeration [7].

2.2 The Lagrange Inversion Formula

The Lagrange Inversion Formula (LIF) is a remarkable tool for solving functional
equations and can sometimes give explicit formulas. To apply LIF, our functional

equation must be of the form,
F = pd(F).
Here ® is a function of F' and we are solving for F' in terms of p.

Theorem 1 Let A(z) be a generating function satisfying the equation
A(z) =1+ zH(A(2)) (2.2.1)

where H(X) is a polynomial in X, then (2.2.1) has a unique solution A(z). Further-
more, if G(\) is a polynomial in X\, then

GA(2)) = ;w—l]afa FNHAAN for n>1. (222)

As an example, consider the functional equation



If we let A(z) = D(z), H(z) = ¢* and G(z) = 2°, then applying the LIF to get the

coefficient of 2™ in D*(z) gives,

[2"]|D%(2) = —[A" s AT e

o, )

P (1 +nA+ o 3l

S
3
.

Sl I|lw 3|

—~
N
|
V)
~—

2.3 The Catalan Numbers

These numbers form a sequence of natural numbers that appear frequently in com-
binatorics. The first few Catalan numbers are 1,1,2,5, 14,42, ---. We will often use
them in our study of lattice paths. The Catalan numbers have a functional equation
given by

2C%(2) = C(2)+1=0, C(0)=1. (2.3.1)

Making C'(z) the subject of the formula we get

ZC’NZ" = 1+zZC’nZ”Zan”

n>0 n>0 n>0
n
=142z Z Z CkC’n_kz”.
n>0 k=0

Equating the coefficient of the equation above we get, Cy = 1,

n—1
Cn = Z Ckcnflfk

k=0
=CoCro1 +C1Chg -+ C,1Cy

= n_1+Clcn_2"'—|—Cn_1, for nZl



Solving the quadratic equation (2.3.1), we get

Now

Thus,

o) = VIt
EOL AR
il VITE
e 2@02(%) (—42)"
_ gy e <22><—4z>"

_§[zn+l] 2 22n=Ipl(n — 1)!

1 (=D i2n =2
1 (—1)(2n —2)!

47"
n>1

(2n)! gl

1
~ 220 (n + 1)l

B 1 2n
n+1\n )

n

o 1 <2n>
n+1\n

(2.3.2)

(2.3.3)

(2.3.4)

Making C(z) the subject of the formula in (2.3.1) and raising it to the exponent s

we get

C*(2) = (1+2C%(2))".

Applying the LIF to the equation above, with A(z) being C(z), H(A(2)) being
(C(2))? and G(A(z)) being (C(2))* gives,

2710 () = N1+ AP (1 4+ AP)"
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[/\n—l]8<1 + /\)2n+s—1

e sl MOp4+s—1
e (T e

k=0
_s(2n+s—1
—n< n—1 >
s (2n+s—1)!
T n(n—1)!(n+s)
5 (2n+5s)!
~ 2n+snl(n+s)!
s 2n+s
_2n+s(

S|lw 3|+~

where n, s are not both equal to 0.  (2.3.5)

n

If s = 1, we see that [2"]C(z) = (*") as expected and if s = 2, [2"]C?(z) =

1 (2(n+1)
n+2\ n+l1

n+1
) which is equal to Ci,41.

2.4 The Fine Numbers

There are many combinatorial interpretations of these numbers. Some of them are:
i.) The number of Dyck paths where no u step starting at the z-axis is immediately
followed by a d step.

ii.) The number of Dyck paths where the first ud occurs such that the vertex be-

tween the two steps corresponds to a y coordinate that is even in the Cartesian plane.

The first few Fine numbers are 1,0,1,2,6,18,57,---. The Fine function is defined

by
1 - yI—4
© (2.4.1)

P& = o=

From the equation above we get

1—+1—-14z

F(z) = 1 1%2\/@
L)

T 142C(2) (242)
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_ C(2)(1 —2C(z))
(14 2C0(2))(1 — 2C(2))
_ C(z) — 2C%(2)
1 —22C%(z2)
1

= T 2020) from (2.3.1). (2.4.3)

From (2.4.2) we get
F(2) = O(2) Zo20(—1)°2°C"(2) = Lno(—1)72°C*H(2).

Applying (2.3.5) on C**! in the equation above gives,

F(Z) :Z(_l)szsz%s—:‘sl—i_l<2n+8+1>zn

5>0 n>0 n
1 2 1
=y Z(_1)8H< n+s+ >Zn+s'
250 530 2n+s+1 n

Extracting the coefficient of F'(z) from the above equation we get,

["F(2) = B = 3 (-1)°; st 1 (2(n—s)+s+1>

= (n—s)+s+1 n—s
s+1 (2n — s+ 1)!

=2 (=1 —, +1

=0 (n—s)l(n+1)!

5>0 n

- e ).

s=0 n

The upper limit in the last step follows since (2";5) =0 for s > n+1. From (2.4.3)
we have,

F(z) =Y 2*C*(z)

s>0

2 2 2
=32y i ( nt S) 2", using (2.3.5)

=0 S0 2n + 2s n
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s (2n+2s)! .
E z )
Sosonts nl(n + 2s)!

Thus,

I

522% <(n - 285) + s> ((n —(22(57;(_(38—) ;Lsii)!zs)J
3 s <2n —2s

n—s

>, for n > 2. (2.4.4)
n

2.5 The Narayana numbers

The generating functions associated with these numbers will be used extensively
in our enumeration problems. The bivariate generating function for the Narayana

numbers, p(t, z), has implicit formula

(14 p)(1+tp)z = p, where p(t,0) = 0. (2.5.1)

To get the explicit formula we multiply out the brackets to get,
2tp*+p(zt+2—1)+2=0, where p=p(t,2).

Using the quadratic formula and then simplifying we get,

L—z—zt—/(st+2—1)2 — 422
2zt
1—2—tz—1—22+422 — 2tz — 222 + 1222
2tz '

p(t, z) =

(2.5.2)

We then extract the coefficients of t*2" in p™, (1 + p)™, and (1 + tp)™ using LIF

and then simplify the expressions.
If m>1andn>1, then

#hm]pm — [tk]i[)\”l]m)\ml (14 N1+ £0)"
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_ 7:(7711 k) (Z) (2.5.3)

Thus,
if%(mik)(z) if n>1and m> 1,
[tkzn]pm:11 ifn=m=k=0,
io otherwise.
If n> 1, then

Z‘?( ! ) <i,>tjzi using (2.5.3)

-1
_m (n (m o ) after using Vandermonde’s identity.
n \k m+k
(2.5.4)
Thus,
fm n n+m—1 :
i;(m+k)( :’L+k ) ifn > 1,
)+ = {1 itn— k=0,
i() otherwise.

If n > 1, then
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> S( ' ) <Z.>tj+szi using (2.5.3)
=150 s+ \U

S
_mmy s (oo
oo \k —\m-—s n—k+s
-1
_mn ntm after using Vandermonde’s identity
n\k/)\n+m-—%k
m(n\ [ n+m-—1
_m ' 2.5.5
) 29

Thus,
(2D ez,
[t"fz"](1+tp)’”:{1 if n=Fk=0,
tO otherwise.

The Narayana numbers v, are defined by v, = [t*2"]p(t,z). If in (2.5.3) we let

m = 1 then we find that the Narayana numbers are given by

1 n n
— f > 1.
AN IHEEE

From (2.5.1) and (2.5.2) we then derive some relationships satisfied by the Narayana

function.
We have
(1 tz) = 1— (t2) — (3)(tz) — /1 —2(tz) + (t2)2 — 2(3)(tz) — 2(3)(t2)% + (1)2(tz)?
te 2(5)(12)
B 1—z—tz—\/l—2tz+(tz)2_2z_2t22+22
B 2z

_t<1—Z—tz—\/1—2tz+(tz)2—22—2t22+22>
B 2tz
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= tp(t, z). (2.5.6)
Also
1_2,0(1?,2) _1-z <1—z—tz—\/1—2tz+(tz)2—2z—2tz2+22>
z z 2tz
1—2)2 —tz+t22 — (1 —2)\/1 =2tz + (t2)2 — 22 — 2t22 + 22
_
N 2t22
1 2 2
:1+ﬁ((1—z) —tz—tz
—(1 = 2)y/1 =2tz + (t2)? — 22 — 2t22 4 22)
:1+(1—z)2<1_ tz a2
2t22 (1—-2)2 (1—2)2
i 2tz 22tz N (t2)%(1 — 2)?
(1—-2) (1-2) (1—2)*
1 tz tz
=1 1-— —
e ( -2 0 —z)2>
2 2
o tz _ tz tz 2 tz 2 tz
B Vi 20 — 2o + ()~ 2 (o) + 2 (o)
tz
22(1_Z)2
m < tz >
= z,—— .
Thus,
z tz
t,z) = 1 . 2.5.7
plt.2) = 2 (1 0te o) 25)
Now

1+p C (12:222)2> =1+2zp (z, (1?2')2) by (2.5.6)
=142 <p(t, eIt 1) by (2.5.7)

=1—z+4+2zp(t,2)(1 — 2)
=(1-=2)(p(t,z) +1). (2.5.8)
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2.6 Terminology and notations

A peak, valley and doublerise in a Dyck path is the occurrence of ud, du and uu
respectively. A triple fall is the occurrence of three consecutive down steps ddd.
The level of a vertex in a Dyck path is the y coordinate corresponding to that vertex.
Thus, if a vertex of a Dyck path has coordinates (n, k) then, we say it is at level k.
A step of a Dyck path having extremeties of co-ordinates (n, k—1) and (s, k), where
n, s are natural numbers and |n — s| = 1 with & > 1, is said to be at level k. The
level of a peak, valley or doublerise is the level of the vertex between its two steps.
A low peak is a peak at level 1 and a high peak is a peak at a level greater than 1.
A low wvalley is a valley at level 0 and a high valley is one at level 1 or greater.

A return step is a d step that touches the x-axis. If a Dyck path only has one return
step, we say the Dyck path is primitive. In a Dyck path, we call a maximal string of
u’s an ascent and a maximal string of d’s a descent. If a descent ends on the z-axis,

it is called a return descent.

Examples: We consider the diagram below to explain some of the definitions above.

— N W o Ot

012345678 91011121314151617181920 212223242526
Figure 2.

In this diagram, the vertices (4,4), (10,2), (13,3) and (21,5) are the peaks and the
vertices (8,0),(11,1) and (16,0) are the valleys of the path. The doublerises in this
diagram are the subpaths that are formed by any combination of two consecutive u
steps in (0,0) — (4,4), (8,0) — (10,2), (11, 1) — (13,3) and (16,0) — (21,5). Likewise,
the triple falls are any three consecutive d steps in (4,4) — (8,0), (13,3) — (16,0)
and (21,5) —(26,0). This Dyck path has return steps at (8,0), (16,0) and (26,0). If
we cut off our path at the point (8,0), then the left part becomes a primitive Dyck
path. The ascents of this path are (0,0) — (4,4), (8,0) — (10,2),(11,1) — (13,3) and
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(16,0) — (21,5). Similarly, the descents are (4,4) — (8,0), (10,2) — (11,1),(13,3) —
(16,0) and (21,5) — (26,0).

We define a3 to be the concatenation of two Dyck paths a and § and & = uad to be
the elevation of the Dyck path a. From these definitions, it is clear that all elevated
paths are primitive and non-empty since they always start with an u step and end
with a d step. We also note that the concatenation of two non-empty paths cannot
give a primitive path since the two paths will be joined on the z-axis which means
the path will have more than one return step. The empty path is denoted by e.

Let’s consider the two diagrams below.

4 4
3 3
2 2
1 1
0123456738 012345678 9101112
Figure 3(a). Figure 3(b).
4
3
2
1

0123456 7891011121314
Figure 3(c).

To elevate the Dyck path in figure 3(b), we prepend a u step and append a d step.
This leads to the primitive Dyck path in figure 3(¢) with the semilength increased
by one.

For concatenation, we must first relax the condition that all Dyck paths must start
at the origin and end at the vertex (2n,0). Essentially, we shift the Dyck path which
will appear on the right of the concatenation to the right by the number of steps in
the Dyck path on the left of the concatenation. After this shift, we insert the left
Dyck path on the left of the shifted Dyck path such that the terminal vertex of the
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left path joins the initial vertex of the shifted path. The concatenation of path 3(a)
and 3(b) gives either one of the paths below, depending on which of the two was
shifted,

— N W

01 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20
Figure 4(a).

— N W

01 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Figure 4(b).

If A and B are finite sets of Dyck paths, then we define the concatenation of A and
B by
AB:={af:a€ A € B}

and the elevation of A by
A:={a,ac A}

We will denote the set of all Dyck paths of semilength n by D,,. The set containing
the empty path is Dy = {e}. The set of elevated Dyck paths of semilength n will be
represented by D,.

Every nonempty Dyck path a can be uniquely decomposed into the form

a=ubfidy, ie «a= Blfyl, (2.6.1)
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where 3 and ~; are Dyck paths that can be empty. This is called the first return
decomposition, since the d step in uf3;d is the first return step of a. We also note that
both Bl and v; must be shorter that a. Alternatively, we can uniquely decompose

« into
a = Bouyed  ie. o= (oY (2.6.2)

where 5 and 7, are Dyck paths that can be empty.
From (2.6.1) we get

Dn = DODn—l U _Dan_Q J---u ﬁn—lDOy n Z 1. (263)

This is because the concatenation of DaDn_l_a, where n — 1 > a > 0, gives a Dyck
path with semilength equal to a + 1 (due to elevation) before the first return and
n — 1 — a after the first return which makes the total semilength of the path equal
to n . If we take the union of all such sets we get all the paths in D,, except for
the empty path when n = 0. From (2.6.2) and using a similar argument to the one

above we get
D, = DyD, 1 UDD,,_yU---D,_1UD,y, n>1. (2.6.4)

These are both unions of disjoint sets because if we consider the paths in ﬁaDn_l_a
and 151+aDn_2_a, where n — 1 > a > 0, we have:

a € f?aDn_l_a = «a = uajday where oy € D, 1 (for the case when a = 0, o is
the empty path ) with ay € D,,_1_, and 8 € ﬁa+1Dn,2,a = [ = uf1dfy; where
p1 € D, with B € Dy, _o_,.

This shows that o # [ because «a; # f; since they have unequal semilengths and
hence « is not an element of 151+aDn_2_a which means D,D,_1_, #* 151+aDn_2_a,
so the unions must be disjoint which makes the sets in (2.6.3) and (2.6.4) mutually

exclusive.
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Example: Let’s consider the paths in D3, these are,

AMA&

0123456 0123456 0123456
Figure 5(a Figure 5(b) Figure 5(c)

0123456 0123456
Figure 5(d) Figure 5(e)

From (2.6.3), we have
D3 = DyDy U Dy Dy U Dy Dy,

We then look at the Dyck paths that are in each of the sets in the union. The
elements of DyD, are Figure 5(a) and Figure 5(d), those for DyDy are Figure 5(c)
and Figure 5(e), and finally, the element of Dy Dy is Figure 5(b). From this, we see
that the sets DODQ, 151 D; and ﬁgDO are mutually exclusive and if we take the union

of these sets we get exactly the elements in Ds.

We have that |D,| = |D,| since D, is the set of the Dyck paths in D, raised by one
level.

Now

|Dn| = |D0Dn—1 U Dan_g U---u ﬁn_1D0|, n 2 1
= |lA)0Dn,1| + |D1Dn,2| ++ \bn,lDo\, n > 1 by mutual exclusivity
= [Do||Dn-1] + [D1||Dn2| + -+ - + [ Dn—1[| Dol.

Since | Dy| = 1, it follows that |D,,| satisfies the same recurrence and initial condition
as the Catalan numbers. This shows that |D,| = C,, for n > 0.
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2.7 Enumeration and special types of parameters

Let p be a fixed non-negative integer-valued parameter of Dyck paths , i.e. a mapping
from U,>oD,, into {0,1,2,---}. We can use p to represent the number of peaks,
valleys, doublerises etc.

If A is a finite set of Dyck paths, then P4(t) denotes the enumerating polynomial of

A relative to parameter p and

Pa(t) :== Y "),

T€EA

If A and B are disjoint finite sets of Dyck paths, then

PAUB(t): Z 7

r€AUB

_ p(x) p()
PR AE PR

T€EA z€EB

= Pa(t) + Py(t). (2.7.1)

We denote Pp, (t) as P,(t) and Pp (t) as P, (t) for simplicity. The generating func-
tion for the enumeration of Dyck paths according to semilength (coded by z) and

the parameter p (coded by t) is

D(t,z) ==Y P,2" (2.7.2)

n>0
and the generating function for the enumeration of elevated Dyck paths according

to semilength (coded by z) and the parameter p (coded by t) is

D(t,2) =Y B,2". (2.7.3)
n>0
For any given parameter p, we will denote the sum of all the values of the parameter

p on all the Dyck paths of semilength n by o,.
Now we have, P,(t) = Y,cp, t*@, so PL(t) = X ,ep, p(@)tP@~1 hence

Pr(t)]=1 = Z p(x)(l)p(l“)*l

€D,

= > plx)

CEEDn
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= Op.

We also have

0
thZ|t1 Zat |t1Z

n>0

—Zan

0
The above implies that —tD(t, z)|t=1 is the generating function of the sequence (o)
for n > 0. If we assume that the Dyck paths are equally likely to occur then the

expected value of the parameter p is

A parameter p is said to be additive if p(af) = p(a) + p(5) for all Dyck paths
a and B. The number of peaks, number of doublerises are examples of additive
parameters since the concatenation of two Dyck paths does not add or remove a
peak or doublerise in the new path. The parameter number of valleys (du) is not
additive because the concatenation of two non-empty Dyck paths will give one more
du.

If the parameter p is additive, then

Pap(t)= Y "%

afeAB

_ Z p(a)+p(B)
acAUBEB

— Pi(t)Pg(t).

Using this result and (2.6.3) with an additive parameter p we get

Pn<t) _ Z p(@)

r€Dp

— Z tp(l’)

Z‘EboDn_1UD1Dn_QUmUDn_lDo
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— Z P(a) + Z P(B) + .. 4 Z ) where r = af -y
a€DoDy—1 BeD1D,y—2 y€Dyp_1Do

= Pp,p, () + Ppp, &)+ +Pp _ pt)
= Pp,(t)Pp,_,(t) + Pp (£)Pp,_,(t) + -+ Pp__ (£)Pp,(t)
= Py(t) Py (t) + Pi(t) Py _o(t) + -+ P_1(t) Po(t). (2.7.4)

Multiplying the above expression by 2" and summing over n where n > 1 we get

~ A ~

Y Pu(t)z" = Y [Po(t) Paci(t) + Pr(t) Paa(t) + -+ Poca (1) Po()]2"

n—1
YN PP

n>1 k=0

=2z Z Z kakPn_l_an_l_k

k>on>1+k

=z Z Bp2* Z P.z", by making the substitution r =n—1—k

k>o r>0

= zD(t, 2)D(t, 2).

Now

n>1 n>0
=> P,(t)z" —1
n>0
=D(t,z) — L

Combining the two we get
D(t,z) —1 = zD(t, z)D(t, z). (2.7.5)

We say a parameter p is quasiadditive when for any two Dyck paths a and 3, «
contributes p(«) and [ contributes p(f) to p(af) and due to concatenation, for
some « and § we get p(af) > p(a) + p(f). The number of valleys and the number
of duu’s are examples of quasiadditive parameters. A parameter p is said to be a
left parameter if for any two Dyck paths o and g we have
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{ .

pla),  if ae
af) =

B =1 o i ace

The number of peaks before the first return and the height of the first valley are
examples of such parameters. In the case of a left parameter for two finite sets A

and B of Dyck paths such that € is not in A, we have

Pag(t)= Y (s
aBeEAB

— Z tp(a)

aBEAB

=B Y p(a)

a€A

— |B|Pa(t). (2.7.6)

From (2.6.3) and considering a left parameter p we get

T ) = ) ()

a€Dy, aEﬁoDn,1Uﬁ1Dn,2U~~~Ubn,1D0

Now, we have that the elevated sets do not contain the empty path and the unions

are disjoint so the equation above becomes

P,(t) = Z plenfn) o Z plozBa) oo Z p(anfBn)
a181€DoDy—1 @2B2€D1 Dy anfn€Dpn_1Do
= |D,_1| Z plon) 4 | Dy, o] Z ploz) oo | Dy Z plan)
Otléﬁo OtQGﬁl aneﬁn,1

= nflp()(t) + Cn72p2<t> + -+ Copnq(t), n>1,
multiplying this by 2" and summing over n for n > 1 we get

S P2 = Y [Coi Po(t) + CraPo(t) + - -+ + Co P (1)) 2"

n>1 n>1

n—1
=z Z Z Ckzk]an,l,kz”’kk

n>1 k=0
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=z Z Z Crp2*P, 2"k
k>0n>k+1

=zy > Cyz"P.z" by making the substitution r =n — 1 — k
k>0 120

=z Z 2" Z Przr
k>0 >0

A

= zC(2)D(t, z). (2.7.7)



Chapter 3

ENUMERATION OF DYCK
PATHS ACCORDING TO
DIFFERENT PARAMETERS

In this chapter, we continue with E. Deutsch’s paper were we will derive generating
functions for Dyck paths according to semilength and various other parameters.
We will then extract the coefficient of these generating functions to get the total
number of ways to enumerate the associated Dyck paths according to the relevant

parameters.

3.1 Enumeration of Dyck paths according to semilength

and number of peaks

The parameter number of peaks is additive, since the concatenation of two Dyck
paths does not affect the total number of peaks.

If we elevate an empty Dyck path, this contributes one peak to the elevated path
and if we elevate a nonempty path we see that the number of peaks remains the
same. Thus, if we let p(x) be the number of peaks in a Dyck path z with length n

and p;(z) be the number of peaks in the same path after elevation, we get

Bt)y= Y @ =3 t=t,

xeﬁo xEDg

26
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and
Bt)y= > @ =% @ =p (1), n>1.

J:Ef)n xebn
Multiplying the P, by 2" and summing over n > 0 we get

> P (t)2" =t + > P(t)z",

n>0 n>1

which becomes

A

D(t,z) =t+D(t,z) — 1. (3.1.1)

By dividing both sides of (2.7.5) by zD(t,z) and substituting what we get into

(3.1.1) we find that
D(t,z)—1
————— =D -1

which simplifies to
2D*(t,z) — (1 —tz+ 2)D(t,2) + 1 =0.

Using the quadratic formula to solve for D(t, z) gives

l—tz+z+/(1—tz+2)2 -4z
D(t,z) = \/22

-tz 2zt V1 —224 22 — 2z — 222 41222
== 22 b

we know D(0,0) = 1, so from the expression above we only consider the negative

sign since it gives an indeterminate form D(0,0) = 3. Thus,

1—tz+2—+1—22+ 22— 2tz — 222 + 1222
2z

D(t,z) =

_ 2257z+t1—tz—z—\/1—22+z2—2tz—2t22+t222
2z 2tz
=1+tp(t,z) from (2.5.2). (3.1.2)
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We then extract the coefficient of D(t,2) by making use of (2.5.5) with m =1 to
get the number of Dyck paths with k& peaks and semilength n.

[t*2"D(t, 2) = [t"2"](1 + tp(t, 2))

= 65)

We know that P,(t) is the generating function for the number of Dyck paths ac-
cording to peaks which have fixed semilength n and D(t,2) = 32,50 P, (t)2". 1If we
let D(t,2) = Yps0 Gr(2)tF, then we see Gy (z) is the generating function for Dyck
paths according to semilength, which have a fixed number of peaks equal to k. Now,
we also know that the empty path is the only Dyck path that has number of peaks
equal to 0, so Gp(z) = 1. We see that

D(t,z) =1+tp(t,z) from (3.1.2)

:1+t<1iz <1+p<z, <1i’2z)2>>> from (2.5.7)

=1+ T 1+ . from (3.1.2)
tD <z, te >
(1—2)?
1—-1+
1—2z
= (=) from (2.7.2).
% n>0 (1- 2)2n
Thus,
ntn—i-l
ZGk( —1—’5+Z 2n+1'
k>0 n>0

z

When k£ = 0, the right hand side of this equation is 1 and when k = 1 it is 1
—z

For k > 2, the summands have the same coefficient of t. So we can write this as,
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(1 if k=0
1z .
Gk(z):{l_z()kl if k=1
1 Peq(2)2" .
ti(l—z)%_l if k> 2.

If we look at a Dyck path we notice that each u step is followed by either another
u step or a d step. This tells us that for each u step, we either have a double rise
or a peak. Since a Dyck path with semilength n has n number of u steps, it follows
that the sum of peaks and double rises in a Dyck path should equal the semilength
of the path. We also have that in a Dyck path every peak is followed by a descent
and every descent leads to either a valley or ends with a return step that is not
followed by a u step i.e, the last step of the path. Thus, every peak except the last
one produces a valley. This implies that the number of valleys is one less than the

number of peaks.

3.2 Enumeration of Dyck paths according to num-

ber of low peaks and number of high peaks

Both these parameters are additive. Let’s consider the Dyck path below,

Figure 6.
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We see that in Figure 6, our path has two low peaks (1,1) and (3, 1) and three high
peaks (7,3) , (10,2) and (12, 2). If we prepend a u step and then append a d step,
we get the Dyck path below,

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Figure 7.

the low peaks will be raised to level two, thus, all the peaks become high peaks.
More generally, if we elevate a nonempty Dyck path we get a primitive Dyck path
with no low peaks.

Let s be the variable coding the parameter number of low peaks and t be the variable
coding the parameter number of high peaks. If we elevate an empty path we get
a primitive path with one low peak and if we elevate a nonempty path we get
a primitive Dyck path with no low peaks because all the low peaks become high

peaks, i.e.,

(
P.(s,t) = i

s if n=0

P,(t,1) if n>1.

Multiplying P, by 2" and summing over n > 0 we get

Z f’n(s, t)2" = s+ Z P.(t, t)z"

n>0 n>1
which becomes

A

D(s,t,z) =s—1+D(t,t,z) =s— 1+ D(t,2). (3.2.1)

Substituting this into (2.7.5), we obtain
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D(s,t,z) —1=2zD(s,t,z)(s — 1+ D(t, 2)),

solving for D(s,t, z), we get

1

D(s,t,z) = 1—z(s— 1+ D(t,2))

= from (3.1.2)

'y > — (l +u> <m>t“z“+ms“—iz“ from (2.5.6)

m>0u>0 m

a\ v [ m m o
()( )( >tu+zsa zza—i-m'
S0a—iz0m>0us0 \¢/ M\t +u/\u

To get the number of Dyck paths of length n with j low peaks and k high peaks,
we extract the coefficient of s/t*2™ in D(s,t,2) above. Thus, by making the sub-
stitutions w +4 = k, a —i = j and a + m = n in the coefficient of sa-ifutizatm

gives

D) = 3 i (z +]> (n - (;' +j)> (n —k(i;r j))

Sin—0@+5)\ J

h—'(h)(n—h)( n—h > here i+ 75 =nh
— , , W = h,
h2j+1n_h J k j+k—nh

withn—h>k=mn—k>hand j+ k > h. It must be the case that in the above
equality, n > h and n — k > h implies that k > 0andn > h+k=i+7+k > j+k.
When j =n or k£ = 0, we either have an empty path or the trivial path which only
has low peaks, so [tFs/2"]D(s,t, z) = 1.
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3.3 Enumeration of Dyck paths according to semilength

and number of high peaks

From above we know that the parameter number of high peaks is additive and that
the generating function for Dyck paths according to semilength, number of low peaks

and number of high peaks is

1
1—z(s+tp(t,2))

D(t, s, z) =

Since we just want the generating function for Dyck paths according to semilength

and number of high peaks, we let s = 1 in the equation above. This gives

1
D(t,z) = 1—2(1+1tp(t, 2))
1
B 1—2( p(t, z) ) o
2p(t, 2)
=1+p(t,2).

To get the number of Dyck paths with semilength n and k high peaks, we make use
of (2.5.4) with m = 1 to get

o) a1
[t*2"]D(t, z) = { 1 if n=Fk=0
:(0 otherwise.

3.4 Enumeration of Dyck paths according to semilength

and number of low peaks

This case is similar to the one in section 3.3 above, however, instead of letting s = 1

we let t = 1 in our generating function. Thus,

1

Dls2) = TG =13 D)
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Z
0izr

r 2520\ ting i
gg()%%( e

J

To get the number of Dyck paths with semilength n and k& low peaks, we extract
the coefficient of D(s, z) to get

27106 2) = 32 — <r ! k) <2T<L”__2: B Z)) ,

with 2(n — r — k) > n — k, that is, 25* > r. So for n > k

e L’gJ % <r + k:) <2(nn—_7"k— k)).

r—0 n—r— T

If we let k = 0 in our expression above, we see that it is the same as that of the Fine
numbers (2.4.4). This shows that the number of Dyck paths with no low peaks has
the same distribution as the Fine numbers.

3.5 Enumeration of Dyck paths according to semilength
and height of first peak

The parameter height of first peak is a left parameter. Let ¢t be the variable coding
the number of peaks and s be the variable coding the height of the first peak.

If we elevate an empty path, this contributes a peak and the height of the first peak
will be one. If we elevate a nonempty path, we will have the same number of peaks
but the height of the first peak increases by one.

Thus, if we let ¢(z) (p(x)) be the height of the first peak (number of peaks) in a
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Dyck path x with semilength n, then

~

P( Z tp (uzd) Sq (uzd) Z ts = tS

z€Dg z€Dog

and forn > 1

P, (t,s) = > tpluzd) ga(ued) > tr@ @+ — 5P (¢ s).

{L’EDn iEEDn
Multiplying Pn(t, s) by 2™ and summing over n > 0 gives
D(t,s,z) = ts — s+ sD(t,s, z). (3.5.1)

Since we have an additive parameter and a left parameter, we combine (2.7.5) and

(2.7.7). Let p be an additive parameter and ¢ a left parameter then

Pn(t, S) — Z tP(JC)SQ(I)

[L'EDn

_ 3 (@) ga()

rEboDn,1Uﬁan,QUmUbn,lDo
— Z plaaf) galenfn) 4 o0 4 Z P(anfn) ga(anfn)

a181€DoDy—q onBn€Dyp—1Dy
=Y Y ¢ gplan)gp(Br) galan) 4 oo 4 >y P(an)yp(Bn) ga(an)
(XIEDO B1E€Dp -1 anebn71 Bn€Do

= Py(t,8) Py s(t) + -+ + Pu_1(t, 8) Po(t).

Multiplying by 2" and summing over n for n > 1 gives

D(t,s,z) =1+ ni:l Py(t, ) Po_1_i(t)2"

n>1 k=0
=1+2) Py(t,s)z" S Paig(t)"F
k>0 n>1+k

=1+ 2D(t,s,2)D(t, ).
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Substituting (3.5.1) into the equation above gives

D(t,s,2) =1+ szD(t,2)(t — 1+ D(t, s, 2))
1+ szD(t, s)t — szD(t, s)
1—s2D(t, z)
1+ tsz(1+tp(t,z)) — sz(1 4+ tp(t, 2))
= 1= 52(1 + ip(t, 2)) from (3.1.2)
tsp(t,z)  sp(t,2)
1+p(t,z) 14 p(t, 2)
_sp(t,2)
1+ p(t,2)
tsp(t, z)
14 (1 —s)p(t,2)
=1+ tsp(t,2) Y (1 —s)'(=p(t, 2))’

1>0

=1+tsp(t,2) Y Z <Z> (=5)"(=p(t, 2))’

i>07=0 \T

=1+tsp(t,z) > s"p'(t,2) ) (z ! )(—p(t, 2)T

>0 i>r \L T

1) X () ot o

>0 a>0 \ @

1
=145 ptit, 2 ts
20 ey

=1+ 21 +tp(t, 2)) s from (2.5.1).
r>0

=1+

r+1

To get the number of Dyck paths of semilength n with ¢ peaks and height of first
peak k, we must extract the coefficient of D(t, s, z) above. For 4,7, n not all equal

to zero, this gives
£ D(t, s, 2) = [ 241+ t(t, 2)*
k (n—k\(n-1
S n—k\i—-1)\i—-2)
withn—1>¢—2and n—k > 0, and thus, 0 < i <n and 0 < k£ < n. We note that

[tisk2"|D(t,s,2) = 1if j = k = n since this implies that we either have an empty
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path or the trivial path with heights of all peaks equal to one. Now, if we let t =1

in our trivariate generating function above, we get

D(s,z) =1+ s2D(2)D(t,s, z)
B 1
1 —520(2)
_ (2T oy
_2227;4—7"( _ >sz from (2.3.5).

>0 i>0 !

Thus, to get the number of Dyck paths with semilength n and height of first peak

k, we extract the coefficient of s¥2" to get
k 2n — k
2n—k\n—k)
3.6 Enumeration of Dyck paths according to semilength

and number of return steps

The parameters number of peaks and number of return steps are additive. Let ¢t be
the variable coding the number of peaks and s be the variable coding the number
of return steps. If we elevate an empty path, this contributes one peak and one
return step to the elevated path and if we elevate a nonempty Dyck path, we get
a primitive Dyck path with the same number of peaks and one return step. Thus,
if we let p(z) (¢(z)) be the number of peaks (return steps) in Dyck path z, with

semilength n, then

Py(t,s) = 3 pplurd) galurd) — N s = ¢,

x€Dy €Dy

and forn > 1

P,(t,s) = S ppluadgaluad) — N gp(n) g = 5P, ().

CCEDn xEDn

Multiplying f’n(t, s) by z" and summing over n > 0 gives

> P, (t,s)2" = ts + > sP,(t)z"

n>0 n>1
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=ts—s+sD(t,z).
Substituting this into (2.7.5) gives

D(t,s,z) =1+ szD(t,s,2)(t — 1+ D(t, z))
=1+4tszD(t,s,2)(1+ p(t,z)) from (3.1.2)
1
T 1- tsz(1+ p(t, 2))
(s (1 + plt, )’

>0

N EAWEE RN A
— M . Szt2+azz+l.
ZEZil) ()

To get the number of Dyck paths with semilength n, j peaks and k returns, we
extract the coefficient of D(t, s, z) to get

e
=S50

with 7 > 0 and n > k. We note that [t/s¥2"]D(t,s,z) = 1 if j = k = n since this
implies that we either have an empty path or the trivial path with heights of all

peaks equal to one. Now, if we let t = 1 in our trivariate generating function above,

we get

1 1

D 2) = T i ) ~ 1= 500

from (3.1.2).

This shows that the number of Dyck paths with semilength n and height of first
peak k has the same distribution as the number of Dyck paths of the same length

with k return steps.



Chapter 4

A BIJECTIVE MAPPING FROM
PERMUTATIONS TO DYCK
PATHS

We now look at a paper by M. Barnabei, F. Bonetti and M Silimbani, The descent
statistic over (123)-avoiding permutations [3], on the relationship between (123)-

avoiding permutations and Dyck paths.

4.1 Introduction

We say a permutation o € S, avoids a pattern 7 € S if it does not contain
a subsequence that is order-isomorphic to 7. For example, a permutation ¢ =
Uy - - - Uy, avoids a pattern (123) if there does not exist a subsequence in o such
that u; < u; < wuy and 7 < j < k. From here onwards, a set of all permutations with
n elements avoiding a pattern 7 will be denoted by S, (7).

As an example, consider the permutation
c=71059836421. (4.1.1)

This permutation is in S19(123) since you cannot find a subsequence of three or more
strictly increasing numbers. The only increasing subsequences in this permutation
are, 78,7 10,79,59,58,56,3 4 and 3 6.

A reverse permutation is one where the last term becomes the first, the second last

38
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term becomes the second and continuing the process until we get to the first term.
For example, the reverse of the permutation 1234 is 4321 and we denote it by rev.
To get the complement of a permutation with length n, we add 1 to its length and
then from n 4+ 1 we subtract each element in the permutation. This operation is
denoted by c. For example, from the permutation 4213, we see that it has length 4,
adding 1 to 4 and subtracting each element of 4213 from 5 gives 1342.

We say a permutation o = o(1)0(2)---0(n) has a descent at i if o(i) > o(i + 1).

We know that S3 has six elements and their relationships are as follows:

o 123 = 321"
o 132 = (213rv)°
o 132 = 231"

o 132 = 312°

where rev and c respectively denote the reverse and complement operations. This
shows that in order to determine the distribution of the descent statistic over S, (7)
for every 7 € Ss, it is sufficient to look at the distribution of descents over the sets
Sn(132) and S,,(123). We will investigate the case 7 = 123.

4.2 Relationship between Dyck paths and permu-

tations

The generating function for Dyck paths according to semilength, number of valleys
v(D) and triple falls tf(D) is

D(z,y,2) =Y. Y amy’ P D)

n>0DeD,

- Z o2y’ 2"

n,v,t>0

where d,, ,,; represents the number of Dyck paths with semilength n, v valleys and

t triple falls.
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Let 0 = 0(1)o(2) - - - o(n) be a (123)-avoiding permutation. A left-to-right minimum
of ¢ is an element o(7) which is smaller than o(j), with i > j. It is further assumed
that the first element in a permutation is a left-to-right minimum. In the permu-
tation c = 710598 36 4 2 1, we find that 7, 5, 3, 2, and 1 are the left-to-right
minima. Thus, with the exception of the first element, for an element to be a left-
to-right minimum in a permutation, it must be smaller than all the element to its

left. If we let x1, x5 - - - ) be the left-to-right minima in o, then, we can write
O = T1W1T2W2 * + - TsWg

where w; represents the elements between the left-to-right minima x; and x;.

Now, we note that the elements in w; must be decreasing. To see this, let’s con-
sider w;, obviously all elements in w; must be greater than x; otherwise w; has a
left-to-right minimum, which is impossible since w; is all the elements between two
consecutive left-to-right minima. If we assume that w; has a subsequence of two
or more increasing elements, then, z;w; will have a subsequence of at least three
strictly increasing elements. This contradicts o being a (123)-avoiding permutation.

So clearly all the elements in w; must be decreasing.

We will construct a Dyck path from a permutation o. To do this we let x; represent
a left-to-right minimum where o = n+1 and w; be a word representing the elements
between x; and z;,1. Starting from the left and going to the right of a permutation
whenever there is left-to-right minimum, x;, we will translate this to x;_1 — z; up
steps denoted by u®-1=%9) in our Dyck path and any word w; is translated to [; + 1

down steps denoted by d%+1) where [; is the number of elements in w;.

Example: Let’s consider our permutation ¢ = 7 10598 36 4 2 1. This is a
(123)-avoiding permutation of length 10, so we can construct a Dyck path from it.
The left-to-right minima of this permutation are 7, 5, 3, 2, 1. To construct the
corresponding Dyck path, we need to translate xo —x; = 11 —7 = 4 into 4 up steps,
then translate [ +1 = 1+ 1 = 2 into 2 down steps, repeating the same process every

time we have a left-to-right minimum. This procedure yields the Dyck path below,
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N W

01 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Figure 8.

Proposition 1 Let o be a permutation in S, (123), and D be a Dyck path created
from o.

The number of descents of o is
des(0) = v(D) + tf(D),

where des(o) is the number of descents in o, v(D) is the number of valleys in D
and tf (D) is the number of triple falls in D.

Proof 2 Let 0 = zyw; - - - 5w be a (123)-avoiding permutation.

To find the descents of o we note the following:

i) since w; has l; elements and it is decreasing, it must have l; — 1 descents,

it) whenever we make a transition from w; to x;.1 we get another descent.
Now, to see the bijective mapping, we also note the following:

i) for every nonempty w;, we get l; + 1 consecutive down steps in our created Dyck
path; these [;+1 down steps translate to l[; — 1 triple falls which are in bijection with
the descents in w,

i1) with the exception of the first left-to-right minimum, every x; results in up steps
immediately after a descent, whenever this happens, we get a valley.

This shows that descents in o can be translated into valleys and triple falls in D(o),

where D(o) is the Dyck path built from the (123 )-avoiding permutation o.
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The above proposition allows us to switch our attention from permutations in
S, (123) with &k descents to Dyck paths of semilength n where k is the sum of valleys
and triple falls. We will focus on generating functions of Dyck paths according to
semilength, valleys and triple falls.

Let the generating function for primitive paths according to semilength, valleys and
triple falls be,

PD(z,y,2z)=>, > z"y? (D) D)

n>0 DePD,,
n, vt
= Z pdn,v,tx yz,

n,v,t>0

where PD, is the set of primitive Dyck paths.

To see the relationship between Dyck paths and primitive Dyck paths, we look at
the propositions below.

Proposition 2 Let n > 3, then,
pdn,v,t - dn—l,v,t—l - dn—2,v—1,t—1 + dn—2,’u—1,t' (421>

Proof 3 A primitive Dyck path of semilength n, with v valleys and t triple falls can
be obtained in two ways.

i) By elevating a Dyck path of semilength n — 1 with v valleys and t triple falls that
ends with a ud. FElevating this path gives a primitive Dyck path with v valleys and t
triple falls. We also note that this path is in bijection with Dyck paths of semilength
n — 2, with v — 1 valleys and t triple falls, dy,—2 -1+

it) By elevating a Dyck path of semilength n — 1 with v valleys and t — 1 triple falls
that does not end with ud. In order to get these paths, we must remove, from the
number counting Dyck paths of semilength n — 1 with v valleys and t — 1 triple falls,
dp—1,1-1, all those paths that end with ud. These paths that end with ud are in
bijection with Dyck paths of semilength n — 2 with v—1 valleys and t — 1 triple falls,
dn—20-11-1-

Combining these two cases, we get (4.2.1).
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We also note that Dyck paths and primitive Dyck paths satisfy the proposition

below.

Proposition 3 For every n > 1, we have

n—1

dn,v,t = pdn,v,t + Z Z pdi,j,kdn—i,v—j—l,t—k- (422>

i=0 5,k>0

Proof 4 Let D be a Dyck path of semilength n and let’s consider its last return
decomposition, D = aff where a € D,, and € PD,,.

If « is the empty path, then D is primitive, otherwise,

v(D) = v(a) +v(B) +1

and

D(x,y,z szyD)tf)

n>0 DeED,,
=3 T @) 40
n>0 BEPD,,
n—1
Ly S T eyt @) S gkyl®) )
n>0 k=1 a€D,,_y BEPDy,
= PD(z,y,2) +yY S S an k@t @) 5 k8 t6)
k>1n—k>1 aGDn k BEPDy,
k>1 BEPDk n—k>1a€D,, _§
= PD(x,y, 2)

+y<2 T gk @0 ><Z ) Inkyv(a)ztf(a)_1>

k>0 BEPDy, n—k>0a€D,, i

= PD(z,y,2) +y(PD(z,y,2) — 1) (D(z,y,2) — 1). (4.2.3)

Eztracting the coefficient of D(z,y, z) in this functional equation gives us the desired
result.
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Multiplying proposition (2) by 2™y"z" and summing over v,¢ > 0 and n > 3, we get

Z Z pdn,v,txnyvzt

n>3 v,t>0
n, vt n, vt n, vt
= Z Z dn—1p4-12"Y" 2" — Z Z dn—2.v-1,4-12"Yy" 2" + Z Z dn—20-1,:2"Y"2
n>3 v,t>0 n>3 v,t>0 n>3 v,t>0
n—1, v _t—1
=z Z ZZdn_17v7t_1a: Y2 —1—x
n>1v>0¢>1

n>2v,t>1

- l'2y2 <Z Z dn—?,v—l,t—lxn_2yv_lzt_1 - 1)
+ xzy <Z Z Z dn—2,v—1,txn_2yv_1zt - 1)

n>2v>11t>0
vz(D(,y,2) = 1 — x) — 2®yz(D(z,y,2) — 1) + 2*y(D(x,y, 2) — 1)
D(x,y,2) — 1)(zz + 2%y — 2°yz) — 2°2.

Now, on the left hand side we have,

Z Z pdy 1"y 2t = Z Z pdposa™y’2 —1—x —2* = PD(x,y,2) —1—x—2°

n>3 v,t>0 n>0v,t>0

Note, we do not subtract 2%y because the path is primitive. Equating the two sides

gives
PD(z,y,2) = (D(z,y,2) — 1)(2z + 2%y — 2%y2) + 1 + o + 2% — 2°2. (4.2.4)

We then solve (4.2.3) and (4.2.4) simultaneously to make D(x,y, z) the subject of
the formula as follows:

Let D = D(z,y,2), PD = PD(z,y,2), a = 1+x+2*—2%2 and b = 22+ 2%y — 2%yz2.
Substituting (4.2.4) into (4.2.3) gives

D=D-1)b+a+y(D-1)b+a—-1)(D—-1)
=bD — b+ a+ ybD? — 2ybD + 2yb+ y(a — 1)D — y(a — 1),
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which leads to the quadratic equation
ybD* +(b—1—2yb+y(a—1))D+a—b+2yb—y(a—1) = 0.

Using the quadratic formula, we get

—b+1+2yb—y(a—1)
B 2yb
Vb—1=2yb+y(a—1))2 —dybla — b+ 2yb — y(a — 1))
2yb
—1+ 22 + 2y + 22%y — 2w2y — 22%y* — 22y + 22%y*2
- 2xy(zyz — xy — 2)
+ (1 — 22z + 2% — 22y — daPy + 2%y? — day?2? — 8%y 2 — da'y?

D

+

+ 223922 + 83327 + Satytz + aty2? — datyP 2 + 22%yr — 22372

4,2 2\1 1
—xty°z7)2 .
y'Z) 2xy(zyz — xy — 2)



Chapter 5

MOTZKIN PATHS

We now start with the study of Motzkin paths. These are lattice paths constructed
from the same step set as the Dyck paths, {u, d}, but might also have the horizon-
tal step h. We give a sketch of the Motzkin paths below followed by the formal

definition.

Figure 9.

Definition 3 A Motzkin path is a lattice path in the first quadrant which begins at
the origin and has up steps, (1,1), horizontal steps, (1,0), and down steps, (1,—1),
respectively denoted by u,h and d, that ends at the point (n,0).

At any point in the path, the number of down steps is at most equal to the number

of up steps. Hence, the steps of a Motzkin path never go below the z-axis. Using

46
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the symbolic method, we note that Motzkin paths are of the form
M =¢e¢+hM +uMdM,

where € denotes the empty path and h, u, d represent the horizontal, up and down
steps respectively, in a Motzkin path. Thus, a Motzkin path is either empty or a
horizontal step followed by a Motzkin path or an up step followed by a Motzkin
path then a down step and then another Motzkin path.

Translating the equation above to generating functions, we get

M(z) =1+ xM(z) + 2°M?*(z).

This is a quadratic equation which we solve to get,

B 1—x+/(z— 1) — 4a?

M(z) 212

Since the limit of M(z) as x goes to 0 is 1, and we get M(0) = 2 only when we take

the negative solution, then we discard the positive solution since it gives M (0) = %.
We now study the paper by D. Drake and R. Gantner, Generating functions for

plateaus in Motzkin paths [10].

Definition 4 A plateau in a Motzkin path is any part of the Motzkin path that has
the subsequence uhd, thus, a u step immediately followed by an h step immediately

followed by a d step.

5.1 Generating functions for Motzkin paths

Let MP be the number of Motzkin paths of length n with p plateaus and

L5
M(z,y) =3 Y Myz"yp,
n>0 p=0
be the generating function for Motzkin paths according to length and number of
plateaus. In this generating function, p has an upper limit of [%] because each

plateau has three steps and if all steps of the Motzkin path form part of a plateau,
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then we see that the total number plateaus is | % |.

We state and prove some theorems related to generating functions for Motzkin paths
according to length and number of plateaus.

Our plateau-counting formulae depend on a recursion among the MP?. To get these

generating functions we will first prove the following lemmas:

Lemma 1 If we set MP = 0 when p is negative or n is negative, then the M? satisfy

Mp:n—2p

n

MPZL +2M?_, (5.1.1)

for all n, and for all p > 0.

Proof 5 To get a path with p plateaus and length n, we can do one of two things:

i) We start with a Motzkin path of length n —3 with p—1 plateaus. We then insert a
plateau in the path at a vertex that is not adjacent to a horizontal step in a plateau.
There are 2(p — 1) wvertices which are adjacent to the horizontal step in the plateaus
of the path and the total number of vertices in the path isn—3+1=n—2. So, we
choose one vertex frommn —2 —2(p — 1) = n — 2p and insert a plateau.

it) Secondly, we take a path of length n — 3 with p plateaus and insert a plateau at
one of the vertices adjacent to the horizontal step in a plateau. This destroys one
plateau and creates a new one. Thus, we choose one vertex from one of the 2p and

isert a plateau.

If we insert a plateau in a path of length n — 3 and p — 1 plateaus we get a specific
path with length n and p plateaus. However, we get the same path by removing and
then reinserting any of the other p — 1 plateaus. Thus, the two procedures create

each path p times.

Therefore,
pM} = (n = 2p) M}~5 + 2pM;5,

n

dividing both sides by p gives the result.

Let f,(x) be the generating function for Motzkin paths with p plateaus.
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Thus,
fol@) = > Mpa™.

n>0

Lemma 2 The generating function for Motzkin paths with no plateaus is

Cl—zta®— (1 -z +a?)? - da?
B 222 ’

fo(z)

and the number of Motzkin paths with no plateaus satisfy the recurrence

n—2
Mr? = Mr?fl + Mr?fz + Z M,?,k,QM,S.
k=2

Proof 6 To get a Motzkin path with no plateaus, the path must be one of the fol-

lowing:

i) An empty path, this contributes a 1 to the generating function.

i1) A horizontal step followed by a zero plateau Motzkin path, this contributes x fo(x)
to the generating function.

ii1) An up step, followed by a zero plateau Motzkin path excluding the case of a single
horizontal step, then a down step followed by a zero plateau Motzkin path.

This contributes x(fo(x) — x)x fo(x) to the generating function.
Thus,

fo(z) =1+ zfo(x) + 2*(fo(z) — ) fo(x)
=1+ (z —2°) fo(x) + 2* f3 (2).

Solving the quadratic equation we get

Cl-z4at (1 -2 +a3)? - da?
B 222 '

fo(z)

Now, from our functional equation for fo(x), the limit of fo(x) as x tends to 0 is 1.

So, from the solutions above we will only consider the negative sign case since it is
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the one that gives us 8, which s what we want.

To get the recurrence relationship we first note that,

folx) =3 Mpa" 3 Mpa"

n>0 n>0
n
— 0p7s0 n
=S MOMO
n>0 k=0

Now, extracting coefficients

[ fo(x) = [2"] (1 + xfo(x) — 2° fo(x) + 22 f3(x))
N ifn=0
i[w”‘l]fo(fv) — [2" 7 fo() + [2" 2] f5 (2) if n > 1.

Thus, if n > 1, then

n—2
Mg = Mg—l - MS—?, + Z MISMT?—k—2
k=0
n—2
= M3—1 - Mg—?) + M(())MS—Q + M{)MS—:?, + Z MlgMT(L)—k—Q
k=2
n—2
=M, + M) ,+ > MM, .
k=2

We then use these properties of fy(z) to get a general expression of M (z,y).

Theorem 7 The generating function of Motzkin paths according to length and num-

ber of plateaus is given by,

1—22° x 0 4 (Y
1—223(1—y) <f0(:c) * 1— 20301 /0 M(z, 8)d5> ’

where, fo(x) is as defined above.

M(z,y) =




o1

Proof 8 We know that

n

—9
Mp ="y o
P

Multiplying this equation by x™ and summing over n > 0 we get,

x) = MPa"

n>0
P 1 n 2
n>0 nz>:0
E T[;?l’xnl 21:32 p1n3+2x32
n>0 n>0 n>0
Z MY~ ;—x 2x3fp_1(x) + 2x3fp(x)
n>0 a
_z 0 MNPl n=3 3 3
=5 Z b — 227 fp_1(x) + 227 f,p ()
p n>0
oz 0

= gz @ hn(@) =20 (@) + 207y ).

By making f,(x) the subject of the formula in the above equation, we get

s (B2 @) 20

Multiplying this equation by yP and summing over p > 1 we get

fo(T) =

S5ty = Y s (S (@) - 20 al) )

p=1n>0 p>1 p Oz
thus,
M — — 3 f 2
(2,9) = folw) 2$32pax< fra @) ¥ — s 3 26
223y
_ 3
o 1- 1:3856 Zzlpfpl 1—232:]0}71
T .3 v 21:33/
= ds — M
2903895 ;fp ! AS ST o (z.9)
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T 0
= —x
1 — 223 0x

5 [V 223y
/0 M(.I',S)dS — WM(ZE,?J)

By making M(x,y) the subject of the formula, we get,

223y x 0 4 (v
M(z,y) (1 + 7 —2:c3> = fo(x) + 992" A M (x,s)ds
thus,
1—2:1:3(1—1/) B xT 0 3 [Y
M(z,y) < 2.3 > = fo(z) + 93957 A M(z, s)ds.
1—223(1 —y)

Dividing both sides by gives us the desired form.

1 —2a3

This generating function can be written in different forms:

Theorem 9 The bivariate generating function M (x,y) has a differential form given

by,
;x <:1cM <x, %)) =(1—z— 2x3)iM(x —).

) :L’g
Proof 10 Let d,, = M3, ., and

hi(z) = O dn2™.

m>0
So, we have
m m m 1
ho(z) = Y Mpiz" =Y 2" = :

m>0 m>0 l—=z

Since all the steps in M3 are inside some plateau, then there is only one path of
this kind.
From (5.1.1), for m > 1 we have,

m dm+k—-2m "
My = TM3m+1k—3 +2M3 ks
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m—l—k 1l
- ——— M3 3 T 2Ma s

Substituting this into the generating function hg(z), and then expanding, we get,

Y dp2™ =M+ > M 2"

m>0 m>1
= M} + Z Mm 1 +k2 + Z ]\/[m 11)+kz +2 Z My 4 k-3
m21 m>1 m>1
= Ml? + th;(Z) + 2hk,3( ) 2Ml~c 5+ k Z Mmml 1)+k/ m_ldS

m>1
= MP + 2hy(2) + 2hy_s(2) — 2M°_, + k A hi(s)ds
Thus,
hi(2) = MO + 2hy(2) + 2hp_s(2) — 2M0_4 + k A hi(s)ds

Differentiating this equation with respect to z we get,
hi(2) = hi(2) + zhi(2) 4+ 2h;_5(2) + khi(2),
which simplifies to,
(k+ Dhi(z) = (1 — 2)h(2) — 2h;_4(2). (5.1.2)

Now, replacing z with 3y in hy(z) then multiplying by 2* and summing over k > 0,

we get,

> hya? yat = => > M ey

k>0 k>0m>0

_ Z Z m+kx3m+kym

k>0 m>0

L3]
5 S

n>0 p=0

= M(z,y).
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So,
7IM(J; Z) Zaszk<x3z>xk+l
or a3 or >0 3
=" hi(2)(k + 1)2*,
k>0
and

Multiplying (5.1.2) by ™ and summing over k > 0 we find,

> (k+ Dhp(2)z" = (1 = 2) > hy(2)x" — 2 > Ry, s(2)z",

k>0 k>0 k>0

which leads to,

2 (ot (e 2)) =19 2 0. 5) -2 ()

We also find that the generating function for Motzkin paths has an explicit form

given by the theorem below.

Theorem 11 The generating function for Motzkin paths according to length and

number of plateaus has explicit form

1— a4 2% — 2%y — /(1 — 32+ 2% — 23y) (1 + 2 + 23 — 23y)

M -

Proof 12 To get a Motzkin path, it must be one of the following forms:
i) An empty path, this contributes a 1 to the generating function.
it) A horizontal step followed by a Motzkin path, this contributes M (x,y) to the

generating function.
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iii) An up step, followed by a Motzkin path, followed by a down step, followed by a
Motzkin path. In this case, if an up step is followed by a single step Motzkin path,
1.e., a Motzkin path that is just a horizontal step, then we have a plateau that will not
be counted in our generating function. To solve this problem, we subtract the case
where M (x,y) is a horizontal step, x, and add xy to put back the horizontal step and
count plateau that will be formed. This contributes x (M (x,y) — x + xy) M (z,y).
Combining these three forms we get

M(z,y) = 14 (z — 2 + °y) M (z,y) + 2> M>(z, y).
Thus,
M (x,y) = (1 =z +2° —2’y)M(z,y) + 1= 0.

We note that this is a quadratic equation in M (z,y); using the quadratic formula
we get

(1—a+a2%—a2%) £/(1 —x + 23 — 23y)2 — 42

M(z,y) = 52
(-2 +2°—2%y)
212
N V1 =22 — 322 + 223 — 22 + 26 — 223y (1 — x + 23) + (23y)?
222
 (I—z+2°—2%)
222
N V1 =22 — 322 + 223 — 22* + 26 — 223y (1 — z + 23) + (23y)?
222
=z +a2°—a'y)
222
N VL + 2 +23)(1 = 3z + 23) — 223y(1 — 2 + 23) + (23y)?
222
(I—a+a2%—2%) £ /(1 + 2+ 23 — 23y)(1 — 3z + 23 — 23y)
222 '

Now, the limit as x tends to 0 of M(x,y) is 1 from our functional equation. In our
equation above, only the negative sign leads to the same answer when we take limits.
Hence, we get the result we require.
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5.2 Generating functions for Motzkin paths with
plateaus of length r > 1

We now generalize our generating functions to cases where the plateaus are longer,
that is, of length greater than 1. In the previous section we considered the case
r=1.

Definition 5 A plateau of length r in a Motzkin path is any part of the Motzkin
path that has the subword uh™d where r > 1, thus, a u step immediately followed by
r h steps immediately followed by a d step.

From this definition, we see that the number of horizontal steps in each plateau of
length r is r. Let .MP be the number of Motzkin paths of length n with p plateaus
of length r and

L 2«7:7‘

M(zoy) =Y Y JMEa™yP,

n>0 p=0

be the generating function for Motzkin paths according to length and number of
plateaus of length . In this generating function, p has an upper limit of Lz%rj
because each plateau is made up of 2 + r steps and if all steps of the Motzkin path

form part of a plateau, then we see that the total number of plateaus is |57-]. To

get the generating functions, we must first prove recursions for ,M?.

Lemma 3 If we set ,M? = 0 when p is negative or n is negative, then the ,MP?
satisfy

n—(r+1)p

TMS =
p

Mg:(lﬂr) +(r+1)  My_ny0 (5.2.1)

for all n, and for all p > 0.

Proof 13 To get a path of length n with p plateaus of length r, we can do one of

two things:

i) We start with a Motzkin path of length n — (2+r) with p— 1 plateaus of length r.

We then insert a plateau of length r in the path at a vertex that is not adjacent to
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any horizontal step in a plateau of length r. There are (14 r)(p — 1) vertices which
are adjacent to the horizontal steps in the plateaus of length r in the path and the
total number of vertices in the path isn — (2+7r)+1=n—1r —1. So, we choose
one vertex fromn — (1 +r)— (1 +7)(p— 1) and insert a plateau.

i1) Secondly, we take a path of length n — (2 4+ r) with p plateaus of length r and
wsert a plateau of length r at one of the vertices adjacent to the horizontal step in
a plateau of length r. This destroys one plateau of length r and creates a new one.

Thus, we choose one vertex from one of the (1 +r)p and insert a plateau.

If we insert a plateau of length r in a path of length n— (1+7) and p—1 plateaus of
length r we get a specific path with length n and p plateaus of length r. However, we
get the same path by removing and then reinserting any of the other p — 1 plateaus.

Thus, the two procedures create each path p times.

Therefore,

prME=(n—(L4r) = (L47)(p = 1) oMy + (L )p MY (5.

Dividing both sides by p gives the result.

Let ,f,(x) be the generating function for Motzkin paths with p plateaus of length
T.
Thus,

wfp(z) = Z MPa™.

n>0

Lemma 4 The generating function for Motzkin paths with no plateaus of length r

18

1—x+ 2% — /(1 — o+ 22t7)2 — 422
TfO(x) = \/ )

212

and the number of Motzkin paths with no plateaus of length r satisfy the recurrence

n—2
TMS = TMT?—l - TMT?—(2+T) + Z TMT(L)—k—Q rM;8~
k=0

Proof 14 To get a Motzkin path with no plateaus of length r, it must be one of the
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following:

i) An empty path, this contributes a 1 to the generating function.

it) A horizontal step followed by a Motzkin path with no plateaus of length r, this
contributes x .. fo(x) to the generating function.

ii1) An up step, followed by a Motzkin path with no plateaus of length r excluding the
case counted by x”, then a down step followed by a Motzkin path with no plateaus of
length r. This contributes x( ,fo(x) — a")x . fo(x) to the generating function.

Thus,

rJo(x) =1+, folx) + x2( rfo(z) —2") + fo()
=1+ (x — 22 fo(x) + 22 f3 (2).

Solving the quadratic equation we get

1—z+ 2 £,/(1 — 2+ 22t7)2 — 422
212 '

rjb(x)::

Discarding the spurious solution, we get the desired result.

To get the recurrence relationship we first note that,

fo(x) = Z ~MOx" Z ~MOx"

n>0 n>0
n
_ 0 0 n
=YY MM
n>0 k=0

Now,

"] fo(x) = [2") (1 + @ o fo(w) — 27, fo(w) + 2* , f3 ()
B {1 ifn=0
U1 o) — 01 o) 4 20 im0
Thus, if n > 1, then

TMnO = TMg—l - er?—(2+r) + Z TMIS TMnO—k—2-
k=0
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We then use these properties of . f,(z) to get a general expression of M (z,y).

Theorem 15 The generating function of Motzkin paths according to length and
number of plateaus of length r is given by,

1 — 222t x 0

24r Y
r e rM(z,s)ds |,
1 — 222+ (1 —y) < folz) + 1— 2227 0z [) () S>

where . fo(z) is as defined above.

PM(z,y) =

Proof 16 We know that

n—(r+1)p _
SMP = — PME i+ (1) MY

Multiplying this equation by x™ and summing over n > 0 we get,

Syl = 5 Mz
n>0
n—(r+ 1) b1 " » "
=y ——= 5 WMy "+ > (r+1) WMy
n>0 n>0
- Z n M£—12+r " (L)t Z MS—(12+7~) )
n>0 n>0
+ (1 +r)z*r > TMSf(QH)x"’(Q”)
n>0
0 n 24r 241
- Z nggt T (L +r)z*t"  fooi(z) + (L4 7)™, f(x)
n>0
z 0
" pou ( Y M " ‘“”) — (L )2 fya (@) + (L )2 fy(w)
n>0

_v9

T (x2+r Tfp_l(m)) — (14 7r)2*" L fyi (@) + (L+ 1)z, fo(2).

By making ., f,(z) the subject of the formula in the above equation, we get

. 24r
o) = 1 (g 5 @) = (L0 ().
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Multiplying this equation by yP and summing over p > 1 we get

S5 MY = Y e (S (B @) = (L 0 () ) o

p>1n>0 p>1 (1 +r)a2tr \pox
Thus,
1 x 0
TM - = - 2+r o p
(:U,y) fo(x) 1 _ (1 + T)QJ2+T pg:l pax (‘T fp 1(1')) y

1
- (L+7)a®" , for(z)y?
1— (1+T)$2+Tp22:1 b

x 0 1
2 Z - rfp—l(x)yp

= —
1— (14 r)a?tr ox SiP

(14 r)z*try 1
- rf —l(x)yp
1— (14 r)a2tr }; P

o 8 24+ Y p—1

_ R A d

e z foa(a) [ 57 ds
(1+T)[E2+ry
1— (1 +7)x2tr’

x O o [V
— 2 M ds —
1— (14 r)a?tr oz A Mz, 5)ds

M(z,y)

(1+r)z*try
1—(14r)z>r’

M(z,y).

By making .M (z,y) the subject of the formula, we get,

(1—|—T’)$2+ry ) B T g
rM(iU,y) <1 + 11— (1 T T).CC2+T - T‘fo(x) + 1 — (1 +T)x2+r 85656

Thus,

2t Ay M (z, s)ds.

1—(147r)2*"(1—y) 9 orp [V
Mie.y) < 1— (ff'r’):c“?“ : > = @)+ 1Z (1 —f r)a2tr %xH l) P Mz, 5)ds.

— (4721 —y)

1
Dividing both sides by 1= (1 e
— )T

gives us the desired form.

This generating function can be written in different forms.

Theorem 17 The bivariate generating function .M (x,y) has a differential form
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given by,
gx <x M (J;7 %)) =1-2z—-(1+ T)gg2+r)aaz M (x, #) )

Proof 18 Let .d, = .M}, ., and

So, we have

Z M2+rm EZ

m>0 m>0

Since all the steps in My, are inside some plateau, then there is only one path
of this kind.
From (5.2.1), for m > 1 we have,

2+r)m+k—(1+rm

m m—1 m
TM(2+T)m+k = TM(2+r)m+k‘f(2+r) +(1+7) TM(2+r)m+k7(2+r)

m + k m—1 m
= Mgk T (L) ME k4

Substituting this into the generating function ,.hg(z), and then expanding, we get,

S = MY M

m>0 m>1
= M+ Z M2+r)(m—1)+kzm + Z m M(Zl—i-rl)(m—l)—i-kzm
m>1 m>1
+(147) 2 MGy my -2 ?
m>1

= M)+ 2z hi(2) + (L +7) hg—@in(2) — (1 +7) TM,S,(M)

i m—1
+ k Z M2+r)(m_1)+k%) s ds

m>1

= MO+ 2 o hi(2) + (14 7) phy oy (2) — (14 7) TM,S_(MH% () ds.

Thus,
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he(2) = M+ 2 hi(2) + (1 7) hyany (2) — (14 7) MOy + & A © hi(s)ds.
Differentiating this equation with respect to z we get,
P (2) = phie(2) + 2 ol (2) + (L4 7) phy940(2) + K hi(2),
which simplifies to
(k4 1) (=) = (1= 2) i (2) = (14 7) R (2). (5.2.2)

Now, replacing z with 23y in .hy(2) then multiplying by x* and summing over k > 0,

we get,

Z rhk(xQ—‘rry)xk = Z Z TM$+r)m+kx(2+r)mymxk

k>0 k>0 m>0

= Z Z TM$+r)m+kx(2+r)m+kym

k>0 m>0
2]

— Z Z P MPx"™yP

n>0 p=0

= M(z,y).

So,

and
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Multiplying (5.2.2) by 2* and summing over k > 0 we find,

Do (k+1) chu(2)at = (1= 2) 37 hi(2)a® — (142) 3 vhj_o i (2)a",

k>0 k>0 k>0

which leads to,

g (=M (o 32)) = 0 9% M o) = e b (o5

0 z
— PV 24ry 2 _~
=(1l—z—(1+r)z )82 M <a:, x2+7"> .

We also find that the generating function for Motzkin paths has an explicit form

given by the theorem below.

Theorem 19 The generating function for Motzkin paths according to length and

number of plateaus of length r has explicit form

1— x4+ 22 — 2?7y — /(1 — x + 2277 — 22t7y)2 — 422

212

PM(x,y) =

Proof 20 To get a Motzkin path, it must be one of the following forms:

i) An empty path, this contributes a 1 to the generating function.

it) A horizontal step followed by a Motzkin path, this contributes x .M (x,y) to the
generating function.

iii) An up step, followed by a Motzkin path, followed by a down step, followed by a
Motzkin path. In this case, if an up step is followed by a Motzkin path which is a
sequence of r horizontal steps, then we have a plateau that will not be counted in our
generating function. To solve this problem, we subtract the case where .M (x,y) is
x", and add x"y to put back the horizontal steps and count the plateau of length r
that will be formed. This contributes x ( .M (x,y) — 2" + 2"y) x .M (z,y).

Combining these three forms we get

WMz, y) =1+, M@, y)+z( M,y —z" +a"y)z ,M(z,y) (5.2.3)
=1+ (z—2*"" +2>y) M (z,y) + 2° . M*(z,7).
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Thus,
2 M (z,y) — (1 — 2+ 27 —2*y)  M(z,y) +1=0.

We note that this is a quadratic equation in .M (x,y); using the quadratic formula

we get

(1 -2+ 2> —2>y) + \/(1 — x4 22t — x2try)2 — 42

212

PM(x,y) =

Discarding the spurious solution, we get the result we require.

5.3 Continued fractions

We then generalize (5.2.3) into a continued fraction. To do this, we first replace
M (x,y) with m(z,y) and the correction we make for the plateaus, (z"y —z"), with
P, where P := P(x,y). Thus,

m(z,y) =1+ azm(z,y) + = (m(z,y) + P)zm(z,y)

= 1+m(z,y) (x + 2*m(z,y) + 2*P)
1
1—2—a2P —2?m(x,y)

If we inductively replace m(zx,y) with the right hand side of the equation, we have

1

m(ac,y)z 2
l—2—a%P — 5
x

1—2—22P — 5

x
1— 2 —22P —
T Xz 1

Now, replacing P with xy—x, we find that the generating function for Motzkin paths
according to length and number of plateaus has a continued fraction expansion form

given by,
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1
M(Iay) = IQ
l—z—2%(xy —z) — p
l—z—2%(zy —x) — 5
T
l—z—2%(zy —z) — 7
Similarly, we find
1
’I“M(xay> = LE’2
l—x—2?(a"y —a") — p
1—x—2%(a"y —27) — .

From, P. Flajolet, Combinatorial aspects of continued fractions [11], Theorem 1 ,
we see that the P appearing at the ¢th level of our continued fraction corresponds
to the correction we make at height 7. Looking at our continued fraction and taking
note of P. Flajolet, Combinatorial aspects of continued fractions [11], Theorem 1,
we see that the corrections at different heights do not have to be the same. This
allows us to write our continued fraction in the following form,
1
M(z,y) = . . (5.3.1)
1l—x—a22P — 5
1—2—22P, — v 5

1—$—$2P3—1 v

Using this information, we then look at various examples where we make adjustments
at different heights.

Example 1: The generating function for Motzkin paths with no peaks at even levels

is,

1 —20 4227 —2® — V1 — 4z + 4a? — 223 + 2f

S(@) 2(1 — x)a?

In this type of path, at each even height, we can have any nonempty Motzkin path
with no peaks at odd heights. So, the correction we make will be to exclude the
empty path, that is, —1. This leads to a path with at least one horizontal step

between any u and the corresponding d step.
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We find that our correction terms must be zero whenever we have an odd height and
—1 whenever we have an even height. That is, P, = 0 when k is odd and P, = —1

when k£ is even. Thus,

S(z) = 2

x
1 —a+22—225(2)
1—x+2*—2259(x)
1—2x+22—2%—(1—x)22S(x)’

l1—x—

which gives the quadratic equation
(1—2)2® (S(x)” — (1 —2z+222 —23)S(z) +1 -z + 2> =0.

Using the quadratic formula leads to

1—27+22% — 2% £ /(1 — 20+ 222 — 23)2 — 4(1 — 2)22(1 — z + 2?)
2(1 — z)a?
1 —20 4222 — 23 £ 1 — 4o + 422 — 223 + 26
2(1 — x)a? ’

S(z) =

discarding the spurious solution gives the desired result.

Example 2: The generating function for Motzkin paths in which the uhd’s have

weight y and no plateaus are of length greater than one is

(1—2)* — 2*(ay(l — z) — 2)
222(1 — x)
VA (= Dy + 1)1+ (2 — a4 + 2 + 2%y))
222(1 — o) '

S(z,y) =

In this type of path, at each height > 1, we must exclude the possibility of having
a Motzkin path that is just a sequence of two or more horizontal steps. So, for each

height > 1, we must have the correction term being

T

Pk::cy—(:z:+x2+x3+~--):xy—1_x.

Plugging this in our continued fraction we find
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1
S(Jf,y) = 9 x QS Y
1— 2 — _ T ) -
r—z (xy . _$> x2S(z,y)
which leads to the quadratic equation
2S%(x,y) — (1 —x— 2 (:Uy 1 * )) S(z,y)+1=0.
—

Using the quadratic formula we get

2
1—x—x2<xy— * >:|: <1—x—x2<my— * >> — 42
1—x 1l—x

S(z,y) = 503
_ (-2 —2?(@y(l—=) —7)
222(1 — x)
L VL (& —1)a2(zy + 1)1+ (2 — Da(d + 2 + 22y))
222(1 — x) ’

which gives us the solution.
In this example, setting y = 1 we get a generating function for the number of

Motzkin paths which only have plateaus of length one.

Example 3: We now find he generating function which counts Motzkin paths in
which uhd’s at height three or more have weight y and uhhd’s at heights that are a
multiple of two have weight z.

To find it, we first note that at all heights > 3 we make the correction ¥ = zy — x
and at heights > 2 which are a multiple of 2 we make the correction Z = 22z — 2.

These adjustments are shown in the table below

k1 2 3 4 5 6 7 8 9 10
P, 0O ZY Y+ZY Y+Z Y Y+Z Y YH+Z

Plugging these corrections into our continued fraction (5.3.1), we get,
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S(x,y,z) = 5 . (5.3.2)
1—2— 5
l—x—2%27 — ’ 5

x
1— 7 — 227 —
x —z?Y 1

Now, we note that from the third height upwards the corrections we make are

periodic. So, we let

S = )

T
1— o — 22y —
e l—2—a22(Y+Z)—a%s

l—xz—2*(Y +2Z)—2%s
(1l—z—22Y)1—2z—22(Y + Z) — 2%s) — 22
—2? — A(A—222) £ /(22 + A(A — 222))2 + 4(A — 222)22A
B 212 A ’

where A =1 —x — 2?Y. Substituting B = A(A — 2%Z) and discarding the solution

that does not lead to the form % we get,

B+ 1%~ /(B + 222+ 422B
222 A '

S =

Substituting the expression above into (5.3.2) gives

1
S(x7y7z): 2

1 T
— X —
1—a— 227 — a2s

1—2—2°Z — 2%
(1—2)1—x—22Z — 22s) — 2%




Chapter 6

MOTZKIN PATHS WITH
HORIZONTAL STEPS OF
DIFFERENT COLOURS

Now we move on to the paper by, A. Sapounakis and P. Tsikouras, On k-coloured
Motzkin words [16], where we investigate the k-coloured Motzkin paths. These are

Motzkin paths whose horizontal steps are coloured by means of k different colours.

Let S be a set of k + 2 different steps, where, k € N and u, the up step, and d, the
down step, are elements of S. If £ = 0 then S will be a step set for the Dyck paths,
for k # 0, then S\{u,d} = {1, p2-- - .} are the k differently coloured horizontal
steps. Let S* be the set of lattice paths created from the step set S and let €, be
the empty path, also be in S*. If ¢ is a path in S*, then |c|, denotes the number of
occurrences of the step x in ¢, where x € S.

This shows that for any path ¢ in S* to be a k-coloured Motzkin path, we must have
|s|. = |s|q and for any factorisation, s = wv, we must have |w|, > |w|s. Below is an
illustration of a 3-coloured Motzkin path of length 21, where b, r and y respectively

represent the horizontal steps of blue, red and yellow colours.

69
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) /L\/\/y
t :\:réhéyv t t ¥ t ¥ t .\:

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
Figure 10.

Looking at the diagram above, we see that it has length 21 with 9 horizontal steps
created from a set of 3-coloured horizontal steps.

We will denote the number of k-coloured Motzkin paths of length n by M, and the
number of k-coloured Motzkin paths of length n and with r number of u by M, .
If k£ =0, then we get that My, is the number of Dyck paths of semilength %, since
there won’t be any horizontal steps. We also note that if k = 0 and n = 2s + 1,
where s € N, then M, will neither be a Dyck path nor a Motzkin path since this
path will not terminate on the z-axis. If £ = 1, then we get that M, is equal to

the number of Motzkin paths of length n.

6.1 Enumeration of k-coloured Motzkin paths

Let s = s189-+-s, € S*. We say two indices, 7,5 € [n] = 1,2,---n with i < j,
are called conjugates with respect to s if and only if j is the smallest element in
{i+1,i+2,---n} for which the subpath s;s;41 - -s; is a k-coloured Motzkin path.
From this definition we see that the subpath must have horizontal step coloured by
k-colours and the conjugate steps must also be in this path.

A k-coloured Motzkin path, s € S*, is called a k-coloured c-Motzkin path if and
only if every i € [n], with s; neither a u nor a d, lies between two conjugate indices.
We will denote the number of these paths by My ,,.

Note: what the definition is saying is that all the level steps in a k-coloured Motzkin
path must lie between two conjugates. Clearly the first step cannot be a level step
because there won'’t be a step before it and hence it won’t lie between two conjugates.

From this restriction, we also have that for the first level step that lies on the z-axis,
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there must be a d before it. This d step will not have a conjugate because you
cannot have a Motzkin path which starts with a d step.
From this note, we see that the k-coloured c-Motzkin paths don’t have any level

steps on the z-axis.

Let M* be the set of k-coloured Motzkin paths and “MF* be the set of k-coloured
c-Motzkin paths. The initial rise of a nonempty path s = s189---s, € S*, with
s1 = u, is the segment s155 - - - s; where s, = w for all v € [j] and s;11 # u. If 57 # u
then the initial rise of s is the empty step, i.e., the path is either empty or it starts
with a horizontal step. We will denote the length of the initial rise of path s by i(s).
It is easy to see that i(s) > |s|4.

Let M*(z,y, ) be the generating function for k-coloured Motzkin paths and ¢M*(z,y, 2)
be the generating function for k-coloured c-Motzkin paths according to length, [,

number of u steps, r, and length of the initial rise, .
Thus,

Mk({l?,y, Z) — 2 xl(S)yr(S)Zi(S) and ch(x’%Z) _ Z {El(s)yr(s)zi(s).

sEMF s€ cMk

Proposition 4 The generating functions for M*(x,y, 2) and <M*(z,y, 2) are given

by
1+ kxM*(z,y)
M* = ’ 6.1.1
and )
M2y, 2) (6.1.2)

T 11— a2y MA(a,y)

Proof 21 For (6.1.1), there are two cases we need to consider, when k = 0 and
secondly, when k # 0.

i) In this case, any nonempty path s € M can be uniquely decomposed into the
form s = uwdv, where w,v € M°. From this decomposition, we find the following

relationships:

l(s) =l(w)+2+1(v)
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Thus,

M2,y 2) =1+ Y alyr9)i)
seMk
—1+ Y g2HE) L)) i)
w,weMF
S lpa?ye 3 2y 3 16,
weMFk vEMP
=14 2%yzM*(z,y, 2) M* (z,y)
1
1 — 22yzMF*(z,y)

ii) In this case, every nonempty s € MF can be uniquely decomposed into either
s = pww, where w € MF and p; can be any of the k-coloured horizontal steps,
ie., €S\ {u,d}, or s =wuwdv, where w,v € MF.

From the first decomposition we get,

and from the second, we get,

l(s) =lw) + 2+ (v)
i(s) =1+ 1(w)
r(s) =14 r(w)+rv).

Combining these two decompositions into one generating function gives,

k
Mk(l’,y, Z) — 14+ Z Z xl(utw)yr(w) + Z xl(w)+2+l(v)y1+r(w)+r(v)Zl—i—i(w)
t=1 weMk w,vEMF
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:1+xi Z xl(w)yr(w)+x2yz Z xl(w)yr(w)zi(w) Z xl(v)y'r(v)

t=1 weMFk weMF veEMF
=14 akM*"(z,y) + 22yzM*(2,y, 2) M* (2, )
1+ zkM*(z,y)
T 1— 22z Mk(z,y)

This proves the first part of the proposition. Now for the second part, we have, every
nonempty s € “MF can be uniquely decomposed into s = vwdv, where w € M and
v E ‘MF,

From this decomposition, we find the following relationships:

l(s) =lw) + 2+ (v)
i(s) =1+ i(w)
r(s) =14+ r(w)+rv).

Thus,

CMk(x7 Y, Z) =1 -+ Z xl(s)yT(S)zi(s)

s€ cMF

=1+ Z Z xl(w)+2+l(v)yl+r(w)+r(v)zl—i—i(w)
v€ <Mk weMF

=14+ nyZ Z xl(w)yr(w)zi(w) Z xl(v)yr(v)
wEMF vE cMk

= 1+ 2?yzM"(z,y,2) “M*(z,y), (6.1.3)

substituting z = 1, we get,

1
1 — 22yM*(z,y, 2)

“M*(z,y) =

We then substitute our equation above and (6.1.1) into (6.1.3) to get

1
1 — 22yM*(z,y)
1— 2%y (M*(z,y) — 2M*(2,y,2))
1 — 22yM*(z,y)

MF(z,y,2) =1+ 2?yzM"(z,y, 2)
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1+ vkM*(z,
1 —a%y (Mk(xa y) — 2 —+x?sz’£(x,yg)/)>
1 — 22y M*(z,y)
(Mk(x, y) — zz’y (M*(x, y))2 — 2 — zka M*(x, y))
1 — x2yzM*(z,y)
B 1 — a2y M* (2, y) ’
(6.1.4)

1— 2%y

after making the substitution z = 1 and cross multiplying (6.1.1), we find that it has

the quadratic form given by,
2%y (M*(x,y))" = (1= ak)M*(z,y) +1 =0, (6.1.5)
substituting this equation into (6.1.4) gives

(M*(z,y) — 2((1 — 2k)M*(2,y,2) — 1) — z — zkaM* (2, y))
1 — 22yzM*(z,y)
1 —x2yM*(z,y)
M* (@, y) — 2M*(2,y)
1 — 22yzM*(x,y)
1 — 22y M*(z,y)
1
1 — x2yzMFb(z,y)’

1 — a2y

CMk(x,y,z) =

1 — a2y

which is what we wanted to show.

Solving the quadratic formula, (6.1.5), and discarding the spurious solution, we get,

1 —ak — /(1 — 2k)? — 422y
2x%y

M (z,y) = : (6.1.6)

In the above formula, making the substitutions £ = 0 and x = 1, we correctly get

the generating function for Dyck paths according to semilength, coded by y. Thus,

1—y1—4y
M) = L=
Yy
If we make the substitutions £ = 1 and y = 1, we correctly get the generating
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function for Motzkin paths according to length, i.e.,

M (z) = 1—x—\/(21x2—a:)2—4x2.

If we make the substitutions £ = 2 and y = 1, we correctly get the generating

function for Motzkin paths according to length, i.e.,

1—22 — /(1 —27)2 — 4a2
212
1—22—+1—4z
212
X s

M?(x) =

Thus,
[2"]M*(z) = [2"T'](D(2) = 1) = Cpar.

This shows us that the number of Motzkin paths of length n, whose horizontal steps
are coloured by means of two colours, is equal to the number of Dyck paths with
n + 1 up steps.

Now, from above, we see that

@) = PO peay = o),
x
which leads to,
c 2 _ ]'
M (z) = 1 —22C2%(x)

Thus, the generating function for 2-coloured c-Motzkin paths is equal to the gen-
erating function for Fine numbers, (2.4.3). So, we conclude that the number of
2-coloured c-Motzkin paths of length n is equal to the nth fine number, f,.

Let M* be the number of k-coloured Motzkin paths of length n and °M* be the
number of k-coloured c-Motzkin paths of length n.

Proposition 5 For every k,h,n,r € N with r <[], we have

n n
n : n ;
k+h __ k pn—j __ h pn—j
mn7r - Z < )mjvrh - Z (])m‘%rk )
Jj=2r

j=2r \J



and

n n - n n -
mith =% (j)m?h =3 (j)m?k J.

j=0 7=0

Proof 22 Considering (6.1.6), we find that for every k,h € N,

1—(k+h)z— /(1 - (k+h)z)2— 422y

Mk+h —_
(z,y) 207y
2xk 22k? — 42%y
1—ah—ak— (1 —xh)/1—
B e (1-2 )\/ 1—.1'h+ (1 —azh)?
N 222y
x x 2 r \?
1— _ _ _
l—xhk \/<1 k(l—xh)) 4<1—xh)y
= (1 —zh) . 5
2 1— 2
(1_xh> y(1—zh)
v (=)
_ 1—an?
1 —xh '
Similarly

Now, we have

v (=) :
1—{23'h7y o 1 T i) r(s)
1—zh Z Y

1—xzh

=2 LX% my,ay’ Y <_jt_ 1) (—h)'

§>0r=0 £>0

L5) :
— S Y Sk, (J ;' t) 2y R

§7>07r=0t>0

L5 n A
= Z Z Z m?r< ,)x”yrh”_] substituting j+t=mn
" \J

J>07=0n>j
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TS (1)ararre

n>07=0r=0

=2 22: Xn: m} ( >xnyhnﬂ

n>01r=0j=2r

So, extracting the coefficients of x and y we get,
k+h Z m < >hn J _ Z m < .>kn—j’
Jj=2r Jj=2r J

since mk+h = mh+k. This proves the first part of the proposition. For the second

part, we have,

k+h Z mk+h

_sz <>h”3

r=0 j=2r

n
=> <n> h"_]m;‘?
j=2r \J
n
=> ( )k‘” Iml since mit =mlth.
j =271

J

Now, we know
(c. if j=2r

mj, =
0 if j#2r
and
0 {CL%J if 7 is even
7o if 7 is odd.

So letting h = 0 in our equation above, we get

n n )
mb = > (,)m?rk”_]
; j :

Jj=2r
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n " (n .
— Tk_n—2'l’ O kn—j
(o)t 0 35 ()

J>2r
n! (2r)! kn—2r
2r)l(n—2r) (r)2r+1

_k.n—Qr n+1
Cn4+1\r+1,rn—-2r)

Now, noting that for £ = 1, then m}w, counts the number of Motzkin paths of length

n with r up steps, we have,

L3
my,, = (;) C, and mp, =Y (;) C,,

r=0
thus giving us a relationship between the enumeration of Motzkin paths and the

enumeration of Dyck paths.

6.2 Powers of generating functions for Motzkin

paths

We now turn our attention to powers of the generating functions for k-coloured

Motzkin paths and k-coloured c-Motzkin paths

Proposition 6 The coefficients of (M*(x,))?, with s € N, are given by the formula

2y (M () = B < n+s )

n+s\s+r,r,n—2r

where, n,r € N and r > [ §].

Proof 23 Define the function S(z) = xM*(x,y). From (6.1.5), we know M*(x,y) =
22y(M*(x,y))? + xkM*(x,y) + 1. By making use of our definition, this shows that

S(x) = x[yS*(z) + kS(z) + 1].

Thus, S(x) = x®(S(x)) and we can apply LIF (1), with A(z) = S(z2), H(\) =
(YA + kA + 1) and G(2) = z5. We start by finding the coefficient of x™y" in S*(z).



By applying LIF we have

2"]S* () = :L[)\”_l]s)\s_l(y)\Q FEA 1)

S ynes = () yi i
==\ ]Z(.)A(ywrk)
n i—o \?
s LR ANEAN -
_ _ )\nfs )\z+u uszu
s ()
s LAY EAT ~
= Z[\n—s )\H—u U Ji— U
B ()
s no2n n m—u
= Z [\ A ukm—Qu h : —
1 2 (1 e e
s 2n L) n m—u
= Z[)\n—s s ukmf2u
”[ ]Tn2=:0u=0<m_u>< u > ’

n—s

2

L
— i Z n yukn—s—Qu’
n = \stuun—s—2u

with n > m — u, which implies that v > max(0,n — m). Now, for the desired

coefficient,
2"y ) (M (2, y))* = [2"y ]2 5% (w)

[5]
1y z( )yk 2

n+s = \s+uumn—2u

_k”*%s n+s
 n+4s\s+rrn—2r)

When s = 1 we get m”® = as expected. To find the coefficients of ( *M*(x,y))* w

n,r

need to make use of (6.1.2) and the proposition above as can be seen below,

n_ ri/ cask s an r 1 ° rom
) M ) = ) (=) om (612)

— 13 (1 e orteay

>0

n s+1—1 y 7 a—1 a—u
S0 QMBS 5) et (NI [

i>0 a>0us0 @ T 1

a, u

Y
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-y s+1—1\ 1 n—1 jon—2r
; 1 n—i\r,r—1i,n—2r ’
with 7 < r and 2r < n.

Proposition 7 The number of all k-coloured C-Motzkin with initial rise of length i

18

kn—2rq n—1i
nrchk —
e IR

n—it —i,n —2r

where 1 < s <r <[]

Proof 24
[2"y" 2" CMF (2, y, 2) = [2"y"2") Y 2y 2 (MF (2, y))" from 6.1.2
u>0
n,r z 2u u u a u a—2v .a, v
=l"ye uz;f ;éa—l—u(”u—i—uva 2@) vy

making the substitutions u =i, r =v+1,n =a+ 2t with i > 0,n —1 > 2r —i and

n—1i>n—r gies the result.

Now, extending our study to all Motzkin paths, we get that the number of all
Motzkin paths of length n, r up steps and with initial rise of length ¢ is

[y 2| MF (2, y, 2) = [2"y"2") (“M*(z,y, 2) + kx “M*(z,y, 2) M" (2, y))

xnyrzz (Z xQu U u Mk CL' y +]€$Z$2u U u Mk: JT y))u+1>

u>0 u>0

n—i —in—2r
N ((nl{f—;(;(itﬁlﬁ <(7“+ 1)(@—_@3(12_ 2r)! )

(G (i)

kP (nd—ri4i4n—2r) n—i+1
B (n—i)(n—i+1)

kn2ri n—1 —2i—1, r—i i
- ( . )+k[x“ (M ()

r+1,r—i,n—2r)
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When n = 2r then the result becomes

7 2r —1
or —i\r—i)’

which is equal to the number of Dyck paths of semilength r with height of first peak

1 as expected. This is because if the length of our Motzkin path is n = 2r, then it
would be a Dyck path.



Chapter 7

CONCLUSION

This thesis studies various properties and parameters in Dyck and Motzkin paths
and shows their relationship to other combinatorial objects such as permutations.
This was done using the methodology of generating functions and extraction of

coefficients using various techniques. For further reading on one of these topics, one
can consult the papers (1], [2], [4], [5], [6], [8], [9], [11], (12], [13], [14], [15], [17], [18].
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