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Abstract: For r = 1,2,...,6, we obtain generating functions F ,((r)(y) for words over the alphabet
[k], where y tracks the number of parts and [y"] is the total number of distinct adjacent r-tuples in
words with n parts. In order to develop these generating functions for 1 < r < 3, we make use
of intuitive decompositions but for larger values of r, we switch to the cluster analysis method for
decorated texts that was introduced by Bassino et al. Finally, we account for the coefficients of these
generating functions in terms of Stirling set numbers. This is done by putting forward the full triangle
of coefficients for all the sub-cases where r = 5 and 6. This latter is shown to depend on both
periodicity and number of letters used in the r-tuples.
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1. Introduction

Dyck paths consist of up-steps (1, 1) and down-steps (1, —1), are not allowed to go below the x-
axis and end at the x-axis. The enumeration (path consisting of 2n steps) is via the Catalan numbers
C,= nlj(zn") Sometimes, paths that do not necessarily end at the x-axis are also called Dyck (Catalan)
paths. The ultimate reference is Stanley’s book [1]. This book offers in Exercise 26 an interesting
alternative: Maximal sequences of down-steps, when the end on the x-axis must always have odd
length. This restriction leads to smaller numbers of paths, but interestingly restricted paths consisting
of 2n + 2 steps are also enumerated by Catalan numbers C,. The 5 allowed paths of length 8 are

depicted in Figure 1:

Figure 1. Restricted Paths a la Stanley of Length 8. The Maximal Runs of Down-steps to
the x-axis are Depicted in Red
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In the first of this paper we will enumerate prefixes of restricted paths a la Stanley: they can be
completed to allowed paths. An alternative name of these combinatorial objects is partial Stanley-
Dyck paths. We might also say that a maximal down-run the x-axis of even length has never occured
in a partial Dyck path. The method of choice is generating functions (in z marking the length) but
also in u, marking the final level. The details will appear in the next section.

In the final section an additional restriction (skew Dyck paths) will be combined with the Stanley
restriction: They allow an additional type of south-west step, but no overlap is allowed to occur. As
in a previous publication [2] we prefer to draw a down-step (1, —1) but depict it with the red color.

As in various examples discussed in the past [2—4] we will use the kernel method to set up ap-
propriate generating functions. There are three bivariate generating functions F(u), G(u), H(u) (also
depending on z) related to the nature of the last step of the prefix of a Stanley-Dyck path. To solve
the system, a ‘bad’ factor u — r, must be divided out from numerator and denominator, after which
one can plug in # = 0 and identify the unknown quantities f; = F(0), hy = H(0). The function r,(z)
generates Catalan numbers.

In the final section, instead of 3 functions, we have to deal with 5 functions, but the strategy is
similar. The function that plays the role of r, now has coefficients 1, 3, 10, 36, 137, 543, 2219, 9285,
39587, 171369, 751236, which is sequence A2212 in [5]. The paper [4] contains a fair amount of
combinatorics around this sequence.

2. Prefixes of Dyck Paths with Only Maximal Down-Runs to the X-axis of Odd Length

We present a graph that allows to identify all prefixes of Stanley-Dyck path. It has 3 layers of
states, and maximal sequences of down-steps are depicted in blue. Parity plays a role: if such a
sequence would lead to the x-axis after an even number of states, this is prohibited as such a state in
the first layer is missing. Otherwise we introduce sequences f;, i > 1, g;, h;, i > 0. These quantities all
depend on the variable z and describe generating functions of paths leading to a particular state. The
state hy is special, it is related to Stanley-Dyck paths. We read off recursions and introduce bivariate

deisid

Figure 2. Three Layers of States, Labelled F, g, A, in that Order. The State H,, is Responsible
for Stanley-Dyck Paths, and all Others to Prefixes of them

generating functions
F(u) = Z fu', Gu) = Z giu', Hu) = Z hu'.
i>1 >0 i>0

The recursions are according to the last symbol read. Firstly,

fi = zfis1 + i 0dd]zgis1, i 2 1, and

Z fu' = Z Zfiit + Z[i odd]zg;, ',

i>1 i>1 i>1

uF(u) = zF(u) — zfi + 2 Z[i evenlgiu' — §

i>0
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WF(u) = 2F(u) — 2fy + ~—G(u) + —G(—u) — =
2u 2u u

Secondly,
h; = zh;;, + [i even]zg,;1, 1 >0, and
H(u) = <H(u) — ~ho + = Y [i odd]gu’
u u U4
Hw) = SHw) - Zho + 2Gw) — = G(~u).
u u 2u 2u
Thirdly

givi =2fitzgi+zhi, i>1, gy =z+zhy, go=1, and

ngui = sziui + Zzgiui + Zzhiui, g1 =2+zhy, go=1,

i1 i1 i1 i1
1 1
-G(u) — — = zuF(u) + zG(u) + zH(u).
u u

The 3 equations can be solved: We start with the simplest function

zzuzfl + Z2uhy — u + Zu + zZ

b

G =
@) 7 —u + zu?

to get a form that leads to further developments, we factorize the denominator:

_1+\/1—4z2 1- V1 -4z
B 2z ’ 27 '

z—u+zut =zu—-r)u-r), r ry =

Dividing out the factor u — r, from numerator and denominator, we find*

fi+hg-1+22+2
Gy =22l r -1t v Tuh -y Goy=1=

rzZZfl +Z2h0 - 1+7
rnz—1+zu '

rz—1

Using this for G(u) and G(—u), we get

—
—
—

F(u) =

2u(z —u + zu?)(u — 2)

with 2 = z(=2zfiu’ + 22> fi + 2 G(—u) — 2zu? + 2u> fi + Z2uhy + 22u— 2z fiu — uG(—u) + u+zG(—u) — 7).
Dividing out the factor u(u — z)(u — r,) we find an attractive answer

21 +ufy) F(O) = f = z 1-222 - V1 -42
=f =

Fu) =

1 =22 —zr - 22u?

= =r -2z
1-22-2zn 2z

7‘2Z2f1 + Zzl’lo -1+ Z2

I’2Z—1

- VI-4z2
hO = fz =zr) = Z2 ZCnZZn — chz2n+2’

From the equation G(0) = 1 =

, with the already known f;, we conclude

n>0 n>0
as predicted by Stanley [1]. Further simplifications include

B 2(Z = D +zu(Z - 1)) (I +uzr)r;

F - ’
@) - (Z - -2

*This is in accordance with the kernel method.
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2(1 — 22 + uzhy — zf))

H =
w0 1 =22 —rz-22u?
21 -2 +uPry — 2 —2)) 1 I+ uzry)zr,
- 1-22-r2z 1—(%—1)u2_ 1 - rju?
and .
I —uz'r;
Gu) = 2,
1- ru

This allows the following expansions

(1+ uzrz)rg

_ 2 k+2 42k 2htd 2kt

Flw) = -2z +ZZ

2 k>0 k>0
1 —uz*r’
G(u) = 1—2 :Zrzu . Z,Jc+3 1
i =0
(1 + uzrd)zr,
H(u) = 1 22 — = ZZ r§k+lu2k + 7 Z r§k+3u2k+l.
R k=0 k=0

Classically, we know that

oY jen+j-1!,,

"2 ! N
~ nl(n+ j)!
Then
. P jodd,
f; = W F) = { 2
r, j even.
Further, go = 1 and for j > 1
_ j 2 J+2
gj = —Z r2 .

Finally,
2 j+2 .
h; = MJ]ZE 2k 2k 4 10122 Z §k+3 2kl _ {Z r Jjodd,

k=0 =0 ary o jeven.
An interesting quantity is F(1) + G(1) + H(1), which is the generating function of all prefixes of
Stanley-Dyck paths, regardless of where they end;

-7 11+
F()+G(1) + H(1) = 2Z+§1_2ZZ\/1—412

=1+2+222 432 +574 +92 + 162° + 307" + 5528 + 10577 + 196z'° + 378z + ... .

Remark. Stanley’s [1] exercise 31 is a variation due to Callan [6]. The last run to the x-axis must
have even length, all others (if any) odd length.

This can be found by zf;, since the factor z stands for an extra down-step, making the final number
of down-steps even. But zf; = zr, — z2 and hy = zr», so these series coincide except for a Dyck-path
of length 2, as predicted and proved by Callan.

3. Skew Dyck Paths and the Stanley Restriction

Skew Dyck paths are augmented Dyck paths with additional south-west steps (—1,—1), but no
overlaps. In [2] we preferred to replace these extra steps by red down-steps; red-up resp. up-red are
forbidden because of overlaps. The graph Figure 2 describes the allowed paths. If they end on level

0, they are skew Dyck paths, otherwise just prefixes of them.
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Figure 3. Three Layers of States according to Skew Dyck Paths

Figure 4. Graph to Recognize Skew Stanley-Dyck Paths

The relevant recursions can be read off, again by considering a last step of a partial path

e =ze +2fis1,i 21
Ji = zein + 2fiq + [P 0dd]zgirr, i > 1
g =zfitzgi+zh, i 21, g1 =2+ zho, go =1
h; = zhiyy + [i even]zgiyy + zkiy1, 120
ki = zhiy1 + zkisy, i 2 0.

Summing,
Z u'e; = Z u'zei; + Z u'zfin1
i1 i1 i1

EE(M) =E) —e + F(u) — fi;

Z u'f; = Z u'zej, + Z Uzfis + Z u'[i odd]zg;si

i>1 i>1 i>1 i>1

|«
SF(u) = Eu) - ey + F(u)— fy + — » wilieven ]g,
2 u i>2

“ Py = Eu) — ey + F) — fy + —Gu) + o= Gl—tt) — -
z 2u 2u u

g+ Z U'gi = Z u'zf; + Z u'zg; + Z u'zh; + 7 + zho

i>1 i>1 i>1 i>1
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D g = Y wzfi+ Y wzgi+ Yy u'zh

i20 i>1 i>0 i>0

w = uzF(u) + zG(u) + zH(u);

Z U h; = Z Uz + Z Ui even|zgi,1 + Z Ut zkip

i>0 i>0 i>0 i>0

uH(u) = 2(H(u) = ho) + 2 ) u'li oddlg; + 2(K (1) = ko)

i>1

wH ) = Z(H(u) — ho) + %G(u) - %G(—u) + 2(K(u) — ko)

Z I/ll+1kl' — Z ul+1Zhi+1 + Z l/tl+1Zk,'+1

i20 i20 i>0

uK(u) = z(H(u) — ho) + z(K(u) — ko).
For convenience, we repeat the system that needs to be solved:

gE(u) =Ew) — e, + Fuw) - fi,
1

Yy = E@) - ey + Ft) — fi + ~-G(u) + —G(—u) — .
z 2u 2u u

%_1 = uzF(u) + zG(u) + zH),
wH ) = Z(H(u) — hy) + %G(u) - %G(—u) + 2(K(u) — ko),
uK(u) = z(H(u) — hy) + z(K(u) — ko).

Again we start with the solution of the middle (simplest) function:

G 2utfi + 22ue) + 22u — u + Puhy + uky + 27 — 2
u) = .
wWz—u—2u+2z7-73

The denominator is of interest, as one of the factor is ‘bad’:
2 2 3
uz—u—zu+2z—z =z(u—r)u—-ry),

with

_1+22+ V1-622+57 1422 - V1-62+57

r = 2Z ) ) 22

Dividing out the factor u — r,,

nZ2fi + e + 22 — 1+ 22hy + ko + uz fy + uz’e,
rnz—1-22+zu

Gu) =

2

which is what we need. Dividing out (u — r,)(u — 2z)u* from the first two functions,

(fi + ez (u+22)

Ew) =-
rnZ+3m +22ur—-1-27

and 5
(ufy +uey + 1 + fiz+e12)

Fu) =- .
i+ 23 + 2u? —1-27
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Dividing out (1 — r;)(u — 2z)u from the last two functions,

(—uzky — uzhy + ey + 22 fi — 22hy — 22ko + 22 — 1 + fiz + €12)
i+ 22+ 22u?—-1-22

Hu) =

and
2 (ko + ho)(u + 2z)

K(u) = - .
rnz+P3m+72ur—-1-27

Now we can insert # = 0 and solve:

2 =32 4+2rn+27-1n

B G Y, W 2
Az 2n + rzt + 27
"= or
hy = — (z3 —2z+2m)z
-2+ + 2%’
(=2 + 12 + 22— 1)z
ko =

(=2+22)(1 +2)
This leads eventually to

(rp —22)2° (u+2z2)

Ew) = (1 +22)(1 +2z* — roz — 2°ry — 22u?)’
. (2= 22) (roz + 2rw = Zu — 1)
u = _(1 +22) (1 +22* — ryz — 231y — 22u?)’

(r, —22) (r2z5 2 —Pu-nrnz-22+ 1)
G = - B0 +22)(rnz—1-22+zu)

(rzz +22rm - 2u-— 1)z(—3z +2r)
H(u) = (1 +2) (1 +224 — 1z —2r - 2u?)
K(u) = (=32+2r) (u+22) 2"

(1+22)(1 +272* = rz = 22y — Z220?)
and, which is useful for expansion,

1 (r, —22)z(u + 22)

E(u) = —,
@20 (1+2)(1- 525
Fu) 1 (2 —ZZ)(l —rzz—z3r2 +Z3u)
u)=
2= 1+ - 5%
G (r, —22) (rzz5 —22 -Pu-rnz-7+ 1)
u) =
Z2(1+22)(1 —rz+22—zu)
(1 — 1z —2°r + z3u) (=3z+2rp)
H(u) = ,
Q-2 (41— 52
K@) 1 (=32+2r) (u+22)7

T _2y PN
Q-2 (1+2)(1 - 22)

For the simplest function G(u) we show the decomposition in detail:

zu(l + 322 — zry)

Gu) =1+ A 2012 )
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u(l +3z2% —zr)r
2 =221 +2)(1 - 5u)

_ ) kk(1+3zz—zr2)
_1+;(2_Z2)u i+

=1+

Again we can compute the total generating function of paths, regardless where they end:

E(D)+F(1)+G1) + H() + K(1)
222 +922+4z -1+ (z+2)2z+ DV — 622 + 57

2(1 +22)(1 =2z -22)
1 +z+272 432 +57° + 102 +20z° + 387" + 7528 + 1502 + ... .

The Coefficients of r,

We report here briefly how to compute the coefficients of

1+Z—- V1 -6Z+52%\
r§=zf(2)[:z€( * i )

Z 27

with Z = 2. Asin [4], we set Z = so that 2 = 2 +v. Then

1+3v+v?’
1 dZ
VALE 77 P @ V)
1 dv(l1 —v») (1 +3v+v2)”+1(2+ ){,
- — 1%
2ri J (1 + 3v +12)? yntl
4
= V10 =D+ 3v )Y (Z)z“‘vk
k=0
=) ( )2"-k[v"-’<](1 — (1 +3v+1)"!
k
k=0
:i ¢ 2€_k[n—1;1,3,1 C(n-1:13.1 ]
k=0 k n—k n—-k=2JI

:1,3,1
with weighted trinomial coefficients (n r ) =[] + 3t + ).
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