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Abstract

Here presented a generalization of Catalan numbers and Cata-
lan triangles associated with two parameters based on the se-
quence characterization of Bell-type Riordan arrays. Among
the generalized Catalan numbers, a class of large generalized
Catalan numbers and a class of small generalized Catalan num-
bers are defined, which can be considered as an extension of
large Schréder numbers and small Schroder numbers, respec-
tively. Using the characterization sequences of Bell-type Rior-
dan arrays, some properties and expressions including the Tay-
lor expansions of generalized Catalan numbers are given. A few
combinatorial interpretations of the generalized Catalan num-
bers are also provided. Finally, a generalized Motzkin numbers
and Motzkin triangles are defined similarly. An interrelation-
ship among parametrical Catalan triangle, Pascal triangle, and
Motzkin triangle is presented based on the sequence characteri-
zation of Bell-type Riordan arrays.
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1 Introduction

Catalan numbers, C,, = (*")/(n + 1), form a sequence of integers that

occur in the solutions of many counting problems. The book Enu-
merative Combinatorics: Volume 2 [27] by Stanley contains a set of
exercises of Chapter 6 which describe 66 different interpretations of
the Catalan numbers. A complementary materials of the exercises of
chapter 6 are collected in [28]. The small and large Schroder num-
bers are defined by {1, 1,3,11,45,197,...} and {1, 2,6, 22,90,39, ...},
respectively. A survey regarding those numbers can be found in [29]
by Stanley. Like Catalan numbers, Schroder numbers occur in various
counting problems, often involving recursively defined objects, such as
dissections of a convex polygon, certain polyominoes, various lattice
paths, Lukasiewicz words, permutations avoiding given patterns, and,
in particular, plane trees (see, for example, [9, 20]). Our intention is
to consider the Catalan numbers and Schroder numbers not only as
sequences, but also as belonging to infinite (lower) triangles, called the
Riordan arrays, in which they form the first columns. Then, we use the
sequence characterization of the arrays to extend the Catalan numbers,
Schroder numbers, and Motzkin numbers in a more general setting as-
sociate with parameters and to present some expressions and properties
of those numbers.

Riordan arrays are infinite, lower triangular matrices defined by the
generating functions of their columns. They form a group, called the
Riordan group (see Shapiro et al. [24]). Some of the main results on the
Riordan group and its application to combinatorial sums and identities
can be found in Sprugnoli[25, 26], on subgroups of the Riordan group
in Peart and Woan [18] and Shapiro [21], on some characterizations of
Riordan matrices in Rogers [19], Merlini et al. [16], and He et al. [15],
and on many interesting related results in Cheon et al. [2, 3], Gould et
al. [10], He [12, 11], He et al. [14, 13|, Nkwanta [17], Shapiro [22, 23],
and so forth.

More formally, let us consider the set of formal power series (f.p.s.)
F = R[t]; the order of f(t) € F, f(t) = Y opey fut® (fe € R), is the
minimal number 7 € N such that f, # 0; F, is the set of formal power
series of order r. It is known that F is the set of invertible f.p.s.
and F is the set of compositionally invertible f.p.s., that is, the f.p.s.
f(t) for which the compositional inverse f(t) exists such that f(f(t)) =
f(f(#)) =t. Let d(t) € Fo and h(t) € Fy; the pair (d(t), h(t)) defines
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the (proper) Riordan array D = (dpx)nreny = (d(t), h(t)) having
dn . = [t"]d(t) ()" (1)

or, in other words, having d(t)h(t)* as the generating function whose
coefficients make-up the entries of column k.

It is immediate to show that the usual row-by-column product of
two Riordan arrays is also a Riordan array:

(di(t), ha(2)) * (da(t), ha(t)) = (di(t)da(ha(t)), ha(ha(t))).  (2)

The Riordan array I = (1, t) is everywhere 0 except that it contains
all 1’s on the main diagonal; it is easily seen that [ acts as an identity
for this product, that is, (1, t) x (d(t), h(t)) = (d(t), h(t)) * (1,t) =
(d(t), h(t)). From these facts, we deduce a formula for the inverse
Riordan array:

(d(t). h(e) " = (m h<t>) 3)

where h(t) is the compositional inverse of h(t). In this way, the set R
of proper Riordan arrays is a group.

Several subgroups of R are important: (1) the set A of Appell
arrays, that is the set of Riordan arrays D = (d(t), h(t)) for which
h(t) = t; it is an invariant subgroup and is isomorphic to the group of
f.p.s.’s of order 0, with the usual product as group operation; (2) the set
L of Lagrange arrays, that is the set of Riordan arrays D = (d(t), h(t))
for which d(t) = 1; it is also called the associated subgroup; it is isomor-
phic with the group of f.p.s.’s of order 1, with composition as group op-
eration. In particular, a subgroup denoted by B is the set of of Bell-type
arrays or renewal arrays, that is the Riordan arrays D = (d(z), h(z))
for which h(z) = zd(z), which was considered in the literature [19]. It is
clear that there exists a semidirect product decomposition for Riordan
group R.

R =~ A x Bsince (d(t), h(t)) = (t:((;),t> (hff) , h(t)) |

From [19], an infinite lower triangular array [d, i|n.xen, = (d(t), h(t))
is a Riordan array if and only if a sequence A = (ag # 0, a4, as,...)
exists such that for every n, k € Ny there holds



dn+1,k+1 = aan,k + aldmk—i-l + a'ndn,na (4)

which is shown to be equivalent to

h(t) = tA(h(t)) ()

in [15], by He and Sprugnoli. Here, A(t) is the generating function of A-
sequence. [15, 16] also show that a unique sequence Z = (zg, 21, 22, - - -)
exists such that every element in column 0 can be expressed as the
linear combination

dn—l—l,O - ZOdn,O + Zldn,l + -+ ann,nu (6)
or equivalently,
diq
d(t) = ———. 7
®) 1 —tZ(h(t)) (7)

From Theorem 2.5 of [15], a Riordan array is a Bell-type Riordan arrays;
i.e., h(t) = td(t), if and only if its A-sequence and Z-sequence satisfy
A(t) = doo +tZ(t). Thus, a sequence characterization of the numbers
of Lukasiewicz path (or abbreviated as L-path) including the Catalan
and Motzkin numbers is obtained by using the characterization of Bell-
type Riordan arrays. Here, a L-path is a lattice path that starts at the
origin with steps (1,a) (a < 1) that can not go below the z-axis. It is
known (see, for example, [4]) that the number of L-paths from (0, 0) to
(n, k) is the quasi-Catalan number

_k:—l—l(Qn—k

k= L 0<k<n, 8
1 G T Y ®)

n
which is the (n,k)-entry of a Bell-type Riordan array (C(t),tC(t))
shown in Table 1, where

1—+v1—-4t
2t '

Formula (7) will be extended to a parametric form in Corollary 3.6.
Since the sum of nth row is nth Catalan number ¢, and the first

column of the Catalan triangle is Catalan number sequence, from the

sequence characterization of Bell-type Riordan array (C(t),tC(t)), we

C(t) =
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k| 0 1 2 3456
0 | 1

11 1

2 |2 2 1

315 5 3 1

4 |14 14 9 41

5 (42 42 28 14 5 1

Table 1: The Catalan triangle C' of L-path

have Z(t) = 1/(1—t). Thus, the relation A(t) = doo+tZ(t) = 1+tZ(t)
implies A(t) = 1/(1 —¢t).
From Theorems 2.3 and 2.5 of [15], we immediately obtain

Proposition 1.1 Let (d(t), h(t)) be a Bell-type Riordan array satisfy-
ing h(t) = td(t), where d(0) # 0. Denote the compositional inverse
of h(t) by h(t). If one of d(t) and h(t), i.e., the A- and Z-sequence
characterizations of (d(t), h(t)), is given, then other three among d(t),
h(t), A(t), and Z(t) can be determined uniquely from the relations
h(t) = td(t),

d(h(t)) — d(0)
Z(t) = —=———, and A(t) =d(0)+tZ(t).
h(t)d(h(t))
In particular, for any given d(t), there exist unique h(t), Z(t), and A(t)
shown above such that (d(t),td(t)) is a Bell-type triangle.

Proof. One may gives a proof based on the definition of Bell-type
Riordan arrays, Theorems 2.1, 2.3, and 2.5 of [15]. Here, we omitted
the details.

Example 1.1 Let

1—v1—-4t
2t

be the generating function of Catalan numbers {c, = (*')/(n+1)},0.
Considering the Bell-type Riordan array (d(t),h(t)) := (C(t),tC(t)),
the Catalan triangle, we find the compositional inverse of h(t) := tC(t)

1S

O(t) =



n\k| 0 1 2 3 45 6
0 | 1

11 1

2 |2 2 1
304 5 3 1
41912 9 4 1

5 (21 30 25 14 5 1
6 |51 76 69 44 20 6 1

Table 2: The Motzkin triangle M

h(t) = t(1 —1t),

which, from Proposition 1.1, implies the generating functions of A- and
Z-sequences of (C(t),tC(t)) are

1 1
Z(t)=——, A(t)=-—.
()=1t0r A=
Similarly, for Motzkin function
1—t—+1—2t— 3¢t
M(t) =
®) 2t2 ’

the generating function of Motzkin numbers {1,1,2,4,9,21,51,...}, we
can find the Motzkin triangle (M (t),tM (t)) with characterization

Z{t)=1+t, Alt)=1+t+1t%

by using the compositional inverse of tM(t) as t/(1+t+t*) and Propo-
sition 1.1. Hence, we may evaluate the first few entries of the Motzkin
triangle shown in the first column of Table 2.

As for the large Schroder numbers {1,2,6,22,90,...}, we have its
generating function

1t —T—6l+ 2
- % .

Thus, the Schroder triangle (G(t),tG(t)) has the generating functions
of its A- and Z-sequences

G(1)
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n\k| 0 1 2 3 45 6
0 | 1

1| 2 1

2 | 6 4 1

312 16 6 1

4190 68 30 8 1

5 (394 304 146 48 10 1

Table 3: The Schroder triangle S

respectively, since the compositional inverse of tG(t) is t(1 —t)/(1+1).
Therefore Z = {2,2,2,...} and A ={1,2,2,...}. We may evaluate the
first few entries of the large Schroder triangle as those shown in the
first column of Table 3.

It is known that Catalan numbers and Motzkin numbers have the
generating equations

Ct)=1+tC(t)* and M(t)=1+tM(t) +t>M(t)?,

respectively.

In the next section, we will use the sequence characterization of Bell-
type Riordan array shown in Proposition 1.1 to define (c, e)-(generalized
or parametric) Catalan numbers with a parameters ¢ and e, and we
call such Bell-type Riordan arrays the (c,e)-(generalized or paramet-
ric) Catalan triangles. The Taylor expansion and some properties of
the generalized Catalan numbers and generalized Catalan triangles will
be presented. In addition, we will give some combinatorial interpreta-
tions for the Bell-type Riordan arrays including the generalized Catalan
triangles. Furthermore, a similar argument is used to extend classical
Motzkin numbers to a parametrical Motzkin numbers. In Section 3,
we shall discuss the inverse of the generalized Catalan triangles and
inverse Motzkin triangles, from which the expressions of the paramet-
ric Catalan numbers and triangles and parametric Motzkin numbers in
terms of classical Catalan numbers are given .
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2 Generalized Catalan numbers and their
Taylor expansion

In this section, we will develop a type of numbers that generates Catalan
numbers and Schroder numbers. We will also give their generating
functions and present the matrices related to the numbers.

Let d(t) be the generating function of a type of numbers {d, },>0
defined by

B 1
1 —tZ(td(t))’

where Z(t) = ¢} . €"t" is an infinite series ¢/(1 — et) or Z(t) =
¢/(1 — et), we obtain the corresponding d(t) as

d(t)

1 — etd,(t)
deo(t) = k
ce(t) 1 —ct — etd..(t)’
or equivalently,
dee(t) = 14 tdee(t)(c — € + edee(t)), (9)

which is the generating equation of d..(¢). From the above equation
we solve

dee(t) = 1—(c—e)t—+/1 —262t(c +e)t+ (c— 6)2752' o

In particular, when (c,e) = (1,1),(2,1), and (1,2), we obtain d ;(t) =
C(t), the classical Catalan function, dy(t) = G(t), the large Schroder
function, and

14+t—+1—06t+¢2
dio(t) = 1 ;

the small Schroder function, respectively. From Proposition 1.1, the
generating function of A-sequence of (d..(t),td..(t)) is A(t) = 1 +
tZ(t) =1+ ct/(1 —et).

Definition 2.1 For any (c,e) € 7%, c,e # 0, we call the coefficients,
{cn}n>0, of dc.(t) defined by (9) or (10) the generalized Catalan num-
bers associated with (c,e), or simply, (¢,e)— Catalan numbers. In par-
ticular, (c,1) and (1, e)-Catalan numbers are called the large and small
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n\k 0 1 2 3 4
0 1

1 c 1

2 A+ec 2c 1

3 A+3t+c 3c? + 2c 3¢ 1
4 | 46c3+6c¢2+c 4 +8c2+2¢ 62 +3c 4c 1

Table 4: The (¢, 1)—Catalan number triangle C'

generalized Catalan numbers, respectively. The corresponding Bell-type
Riordan arrays, from which the generalized Catalan numbers are de-
fined, are called the generalized Catalan triangles, or (c, e)-Catalan tri-
angles.

Remark 2.1 The series inverse of d.;(t), ¢ € bN, is studied in [1]
using a different approach. Constants ¢ and e in Definition 2.1 can
be extended to non-zero real numbers. In that setting, (c,e)-Catalan
numbers become functions, which will be studied in another paper.

From Proposition 1.1, we obtain the following recurrence relations
of entries d,, j; of generalized Catalan triangle (d..(t),td..(t)) by using
its Z and A—sequences.

n—1
dpo=c Z ekdn_Lk (11)
k=0
and for k > 1
n—k—1
dpj = dp_1 -1 +c Z e dy_1 k4 (12)
§=0

Based on (11) and (12), the first few (¢, 1), (1,€), and (¢, e)-Catalan
numbers are shown in the first column of the (¢, 1), (1,e), and (c,e)-
Catalan triangle in Tables 4, 5, and 6, respectively.

(¢, e)-Catalan triangles can bring many properties of (c, e)-Catalan
numbers and functions. In the following, we will present an expansion
and a combinatorial interpretation of (¢, e)-Catalan numbers.

Generating equation (9) can be considered as the zeroth order Tay-
lor expansion of d..(t), i.e., the generalized Catalan numbers {c;, },>0-
We now give the nth Taylor expansion of generalized Catalan numbers
using Riordan arrays.
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n\k 0 1 2 3 4
0 1

1 1 1

2 e+ 1 2 1

3 e2+3e+1 2e+3 3 1
4 |e2+6e2+6e+1 22+8+4 3e+6 4 1

Table 5: The (1, e)—Catalan number triangle C'

n\k 0 1 2 34
0 1
1 c 1
2 A+ ce 2c 1
3 3+ 3c%e + ce? 3¢ + 2ce 3¢ 1
4 |t 463+ 6c%e? +ce® 4c® + 8c?e + 2ce? 6¢2 4 3ce 4c 1

Table 6: The (¢, e)—Catalan number triangle C'

Theorem 2.2 Let ce # 0. Denote by (dni)n>k>0 the Riordan array
of (dee(t),tdee(t)) and {c, = dyo}n>o the coefficients of d..(t). Then
there holds the following Taylor’s expansion of the generating function
of (¢, e)-Catalan numbers, {c,}n>0,

n+1

n—1
doe(t) =Y djot! + ") e (dnpo1 — edni)(dee(t))”, (13)
j=0 k=1

where djo = c;.

Proof. We prove (13) by using the sequence characterization of Riordan
array C' . First, we establish an expression of power of d..(t),

k
(dee(t) =141 <(c — €)deo(t) + ¢ (dee(t)) + e(dc,e<t))’f“> (14)

J=2

for k > 2. (14) is obvious for k£ = 2. In deed, from (9), we have

(dee(1))? = dee(t) (1 +tdeo(t)(c — e+ ed.o(t))
= 1+tdo(t)(c—e+ed.o(t)) +t(deo(t))?(c — e+ ed.o(t))
= 1+t ((C - e)dc,e(t) + C(dc,e(t))2 + e(dc,e(t))g) :
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Assume (14) holds for & — 1. Then

Secondly, we prove (13) using mathematical induction. Noting
doo = 1, dip = ¢, diy = 1 and d,,, = 0 for all & > n, we know
(13) holds for n = 1. To prove the induction step, we need to show

n

Z " (dp 1 k1 —edn_1 k) = dn1p- (15)

k=1

In fact, from the recurrence relations (11) and (12) we obtain

dn—l,O - 6dn—1,1 = (C - €)dn—2,0

and

dn—1—1 — €dp_1 = dp_oj—2+ (c — €)dp_2 -1

for all £ > 2. Thus
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n

et ! (dyp—1k-1 — edpn_11)
k=1

= (c—e)dy_gp+ Z el (dn—1k-1 — edp_14)
k=2

3
—

n
k—1 k—1
= E e dy_gp—2+ (c—e) e dp_o k1
k=2

1
n—1
k—1
= CE € dn72,k717
k=1

T

which implies (15).
Substituting (14) into the (n — 1)th remainder of (13) and noting
(15), we obtain

ek_l (dn—l,k—l - edn—l,k) (dc,e(t))k

\E

k=1
= ek_1<dn_1’]€_1 — edn_Lk) []. + t (_edc,e(t)
k=1
k .
e s
j=1
n k '
= dnfl,O + t _ednfl,odc,e(t) +c Z Z ekil(dnfl,kfl - ednfl,k>(dc,e (t))J
k=1 j=1
+ Z €k<dn71,k71 - ednl,k)(dc,e(t>)k+1]
k=1
= dn—l,O +1 _edn—l,OdC,e(t) + CZ (Z @k_l(dn—l,k—l - @dn—l,k)) (dqe(t))j
j=1 \k=j

n+1
+ Z ekil (dnfl,ka - ednfl,k71> (dc,e (t))k]
k=2
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n

- dn—l,O +t _edn—l,Odc,e (t) +c Z ek_ldn—l,k—l(dc,e(t))k

k=1
n+1

+ Z o pa — edn_m—l)(dc,e(t))k]
k=2

= dp10+1t|(c—e)dp_10dce(t +Z€ dp—1 k2

—|—(C — e)dnq,kq) (dc,e<t>) +e (dc,e@))nﬂ}

n+1
= dn—1,0+t (d O_anl) +Zek 1 nk 1_€dnk’>(dce<t))k]7

k=2

where the last step is due to the following facts coming from the se-
quence characterization of (¢, e)-Catalan triangle.

n—1 n—1
. i1
dnyo—edn’l =C E €jdn,17j—€ dnfl,O +c E e’ dnfl,j = (c—e)dn,w.
=0 j=1

Similarly, there hold

dn,kfl - edn,k
n—1 n—1
— j—k+1 i—k
= dp_1k-2+C g e’ dp1;—€| dp—1 -1 +cC E e? " d,
j=k—1 Jj=k
= dy_1p-2+ (c—e)dp_145-1

forn >k >2and d, ;-1 —d,r =1 for k =n+ 1, which completes the
proof of the theorem.

n
For the case of ¢ = e = 1, the Taylor expansion of d; ;(¢) is given in
[8] using a sequence approach.

Remark 2.2 Equation (13) gives a sequence of identities of d..(t) in
terms of n.

Inspired by [4], we give a combinatorial interpretation of the entries
dn g Of (dee(t),td.o(t)), the c-(generalized) Catalan triangle. First, we
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consider a lattice path that starts at the origin, can not go below the
x—axis and above y = z, and has a possible steps S, = (1,r) with
r < —1, which is called a Lukasiewicz path (or simply L-path). The
numbers of L-paths from (0,0) to (n, k) is (k+ 1)(2"7;16)/(71 +1), which
is the entry of the Catalan triangle shown in Table 1. Secondly, we
associate a weight to each step S, of an L-path, which is denoted by
w(Sy). The weight of an L-path, denoted by w(S,), is defined as the

product of weights of its steps.

Theorem 2.3 (d(t),h(t)) = {dnito<k<n, d(0) =1, is a Riordan array
with sequence characterizations Z = (zo, 21, -+ ,) and A = (1, 21,29+ ,)
if and only if d,,  is the sum of weights of weighted L-paths from the
origin to the point (n, k) using the weights

w(S,) = { Zrs if S, touches the x — axis, (16)

Zry1, Otherwise,

where v > 0 and w(S_1) = 1.

Theorem ?7? is exactly the same as Theorem 2.2 of [4] when ag = 1,
a; = z; for i« > 1, and k = zy — 1. Hence, its proof is omitted.

From Theorem 2.3 we obtain a combinatorial interpretation of the
entries of the generalized Catalan triangles.

Corollary 2.4 Let ce # 0. The entry d, i of a (c,e)-Catalan triangle
(dee(t), tdee(t)) is the sum of weights of weighted L-paths from the
origin to the point (n, k) with the weights defined in Theorem 2.3, where
zj = cel for all j > 0.

Proof. Noting the A-sequence and Z-sequence have the generating
functions A(t) = 1+ (ct/(1 —et)) and Z(t) = ¢/(1 — et), one my use
Theorem 2.3 to establish Corollary 2.4.

|

The entries of a (¢, e)-Catalan triangle (d (), td..(t)) will be given
in Corollary 3.6.

The combinatorial interpretations of some special cases of gener-
alized Catalan numbers, i.e., the first columns of the corresponding
generalized Catalan triangle, were studied individually. For instance,
[5] presents the first column sequence {d, o} of the generalized Catalan
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triangle (dy1(t),tds 1 (t)) are the numbers of lattice paths from (0,0) to
(n+1,n+1) that consist of steps (i,0) and (0, 7) with 7,5 > 1 and that
stay strictly below the diagonal line y=x except at the endpoints.

In the beginning of this section, the sequence characteristic of the
Catalan triangle, a Bell-type Riordan array, is presented by Z(t) =
c/(1 — et). We now extend it to a more general form as follows, using
which a type of parametric Motzkin numbers and Motzkin triangles are
defined. Denote

1 — (et)"
Z(t) = c———— 17
(1) = (17)
where n € Ny. If n = 0, we have the generating function of the Z-
sequence of Catalan triangle, which has been discussed. If n = 1,

then Z(t) = ¢, and the corresponding triangle is the parametric Pascal
triangle (1/(1 — ct),t/(1 — ct)) with parameter ¢. We now consider
the case of n = 2, Z(t) = ¢(1 + et). Then the generating function
of A-sequence for Bell-type Riordan array (de(t), tde.(t)) is A(t) =
1+ ct(1 + et), where d.(t) satisfies

~ 1
dQe(t) = 3 9
1 —tZ(td..(1))
or equivalently,
deo(t) =1+ ctd, o (t)(1 + etd,.(t)). (18)
Thus
~ 1—ct — /1 —2ct + c(c— de)t?
de.(t) = 1
celt) 2cet? (19)

for ce # 0. Therefore, we have reason to establish the following defini-
tion.

Definition 2.5 The lower triangle (de..(t), tde..(t)) with ce # 0 is called
the (c, e)-Motzkin triangle, where d..(t) presented in (19) is called (c, e)-
Motzkin function. The coefficients of d,.(t) are called (c,e)-Motzkin
numbers or simply generalized Motzkin numbers.

From Definition 2.5, when (¢, e) = (1,1), dy1(t) = M(t), the generating
function of classical Motzkin numbers. The first four rows of the gen-
eralized Motzkin triangle is shown in Table 7, in which the first column
gives first four generalized Motzkin numbers.
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n\k 0 1 2 3 4
0 1
1 c 1
2 c? +ce 2c 1
3 A +3c% 3¢+ 2ce 3¢ 1
4 |46 +2c%? 4cd +8c?e 6¢? 4 3ce 4c 1

Table 7: The (¢, e)—Motzkin number triangle M

3 The inverses of Bell-type Riordan ar-
rays

It is well-known that the inverse of a Riordan array D := (d(t), h(t))

is D™' = (1/d(h(t)), h(t)), where h(t) is the compositional inverse of

h(t), i.e., h(h(t)) = h(h(t)) = t. From Theorems 4.1 and 4.2 of [15], we
have

Theorem 3.1 [15] The A— and Z—sequences, denoted by A*- and Z*,
respectively, of the inverse Riordan array D™ are

A*(y):ﬁ and Z*(y):%,

respectively, where y = t/A(t) = h(t).

(20)

From the proofs of Theorems 2.1, 2.3, 4.1, and 4.3 of [15], we also
have the following corrollary

Corollary 3.2 The A- and Z-sequences of (d(t), h(t)) and its inverse
(1/(d(h(t))), h(t)) are

_ ! _d(h(t)) —d(0)
A0 =50 Y= Rwamm)
iy = L A d(0) — d(t)
) h(t)’ () d(0)h(t) (21)
In particular, for Appell arrays (d(t),t), we have
aw=1, 2= "0 a1z =100
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For Lagrange arrays,

At) = % Z() =0, A(t) = —

For Bell-type arrays, there hold h(t) = td(t), h(t) = t/d(h(t)), and

A(t) =d(n(t), Z(t) = " :
a1 vy A(0) —d(t)
(t) a0’ Z"(t) = A0V (22)

Proof. (22) is straightforward from Theorems 4.1 and 4.2 of [15]. Others
are obvious from Theorem 3.1 and the definition of various subgroups.

|
From Corollary 3.2, we may obtain the following formula to evaluate
the entries of Bell-type Riordan arrays.

Corollary 3.3 Let (dnk)n>k>0 = (d(t),td(t)) be a Bell-type Riordan
array. Then its inverse is (dy \)n>k>0 = (1/d(h(t))), h(t)), where h(t)
is the compositional inverse of h(t). Their entries satisfy

ha= 2 (M) =B aaer e

o=t e (M) =R e e

where A(t) and A*(t) are defined in Theorem 3.1.

Proof. From the definition of d,, 5, we have

dpp = [tn]d(t)(h(t))’i: [tnﬂ](h(t))kﬂ
= E[tn—k] (@) ’

n—+1 t

where the last step is an application of Lagrange inversion formula
(see, for example, [8b] in [6]), which gives the first formula of (23).
The rightmost formula of (23) yields from the first formula of (21) in
Corollary 3.2. (24) can be proved similarly.
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Proposition 3.4 Let (d(t),h(t)) be a Bell-type Riordan array satisfy-
ing h(t) = td(t), where d(0) # 0. If one of d(t), h(t), the A*- and
Z*-sequence characterizations of D' is given, then other three can be
determined uniquely from the relations h(t) = td(t) and

d(0) —d(t) . 1 «
0Vt and A*(t) = a0) +tZ*(). (25)

In addition, there hold the following relationships for evaluating d(t) or
h(t) if one of them is given:

Z*(t) =

n 4+
] h(t) = =[] (d()) ™"

n

e = (M) = el
g (26

Proof. The first equation has been proved in Corollary 3.2. Comparing
two expressions of A* and Z* shown in (22), we immediately obtain the
second equation of (25). The first formula of (26) can be considered as
the case of k = 0 of (23). To prove it directly, we only need to note

h(t)
ot

and use the Lagrange inversion formula and the first formula of (21) in
Corollary 3.2. Similarly, we have the second formula of (26).

[t d(t) = [t"] —= = ["""] h(t)

n
We now use the generating function A(t) to find the expressions of
(¢, e)—Catalan numbers and the entries of (¢, e)—Catalan triangles.

Corollary 3.5 For the (c, e)-generalized Catalan number [t"] d..(t) de-
fined by (9), there holds

ﬁﬂ@Aw—ﬁf(%7”)%ﬁwﬁ@—@% (27)

=0\ 7

where ¢; = (2]3)/(] + 1) is the jth Catalan number. In particular,
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J=0 J
n 2 o
- ( C et
j=o N
and
(") die(t) = > ) enj e (1 =)
§=0 J
= ( " .])cjej(l —e)"
: n—j
7=0

Proof. Consider Bell-type Riordan array (d..(t), h(t)) = (dee(t), tde(t)),
where d..(t) is defined by (9), and find the compositional inverse of h(t)
as

_ t — et?
"= e

Thus the corresponding sequence characteristic function

t 1+ (c—e)t
h(t) l—et

By using the above expression of h(t) and the first formula of (26), (27)
can be proved as follows.
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Substituting e = 1 into the rightmost equation, we obtain the special
case, the (¢, 1)-Catalan numbers. Similarly, we have the expressions of

T. X. He

) dec(t) = —— 1" (M)

Cn+1 1 —et
n+1 .
1 n+1\/n+j 1k j n—k+j+1
[tn]ZZ( )( . )(C_e)nJr eIn +j+
n+1 == k J
1 1 AN .
SIESIEYREE
n + >0 7+ J
X)) e
j:03+ J J
~ 1 om — j . ,
St () () e ey
jZON—j-f—l J n

n

1 2n — 7\ [(2n — 27 . .
_ Z— n. j n j 6”7](6—6)3
n—j3+1 7 n—j

J=0

S (2” ,‘j>cn_jen—j(c Y

=0 N/

(1, e)-Catalan numbers.

If (e,e) = (2,1), (27) gives the well-known expression of large

Schroder numbers (see, for example, [7])

) o) = S (2" - ) j >0

=0 \ 7

Similarly, the small Schroder numbers have expression

n

"] dia(t) = Y (~1)2" (2n -_j) Cn—jr  J 2 0.

i=0 J
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A similar argument can be used to derive a formula of the entries
d, i, of the (¢, e)-Catalan triangle, i.e., the entries d,, x of (de(t), tdc.(t))
for ¢,e € N (Hence ce # 0), which can be considered as the parametric
extension of the numbers of L-paths shown in (8).

Corollary 3.6 For the generalized Catalan triangle (dp x)n>k>0 = (dee(t),
tde(t)), where d..(t) is defined by (9), there holds

n—k

B k+1 (n\(2n—k—=7\ , x j
or equivalently,
o = (k+1) niﬁ;ﬂ£<mfd>%ﬂ€P”N0—@ﬁ (29)
— 2n—jlk\ J

J

where ¢; = (2]3)/(] + 1) is the jth Catalan number, [(]g =1, and [{], =
00=1)-(f =k +1) forall k> 1.

Proof. From (23) in Corollary 3.3, we obtain

- Bt = e (29

(A | n+1 1—et
k41 n+1 n+7J\ ek
B n+1%;(k+j+J( ji}wc 2

n—k .
k+1 , .
— ZL( n ) (n—ifj)ej(c_e)nkj
p= k+j73+1\k+ J
n—k .
kE+1 2n — k — . ,
_ ZL()( " J)enwc_ey
p= n—j+1\y n

S () ()

which implies (29).
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It can be found that
1—et t(l—et
Let (a(t), ¢(t)) and (5(t),1(t)) be a pair of inverse matrices i.e.,

(a(t), &(t)) * (B(£), (1)) = (1,1)

We denote (a(t), ¢(t)) and its inverse by (dy,x) and (d,,x), respectively.

Then a pair of inverse matrices (d, ) and (d, ) can be used to gener-
alize the combinatorial sum inversion

fn = Zdn,kgk & gn = Z dn,kfk: (31)
k=0

k=0

or equivalently,

E(t) = a(t)G(o(t) & G(t) = BE(Y(1)),
where F'(t) and G(t) are the generating functions of sequences { f,,} and
{gn}, respectively. It is known that

(dng) ™" = (d(t), h(t)) " = (d"(t), h(t)) = (du), (32)

where h(t) is the compositional inverse of h(t) and

(1) = - (B1<t))‘ (33)
As an example, for the Pascal triangle (d(t),h(t)) = (1/(1 —1¢),t/(1 —
t)) = ((})) from (33) there holds

@m0 = (171 ) = (Co(})).

which yields the well known sum inversion

n n

fa=>_ (Z)gk Sga=) (1) * (Z) Ji-

k=0 k=0

Another example can be found in Catalan matrix (C(t),tC(t)) = (dy, 1),
where
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1—+v1-—-4t
2t

and the entries of the Catalan matrix are (see, for example, [4])

O(t) =

k+1/2n—k
d;vk:[t”]tk(j(t)k“:n_il(nn ), 0<k<n.

It is easy to find

(Ct),tC1)) " = (1=t t(1 = 1)) = (dy 1),

where the matrix entries are

kE+1

E= - = (M)

), 0<k<n.
Thus we have the sum inversion
n

k+1/2n—Fk - k+1
f”:Znil<nn >gk¢>gn:2(_1>nk(ni—k>fk'

k=0 k=0

Therefore, from (30), we have the sum inversion (need d,, ; and d,, .)
A similar argument can also be applied to give an expression of
generalized Motzkin numbers in terms of Classical Catalan numbers.

Corollary 3.7 For the generalized Catalan number [t"]d,.(t) defined
by (19), there holds

[t"](jqe(t):i:( " >cnjcﬂ‘e"j, (34)

= 27 —n

where ¢; = (2;)/(] + 1) is the jth Catalan number. In particular, for
the Motzkin number M,

M, = [t")dy (1) = i (2],”_ n) Coej.
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Proof. From Corollary 3.3 and noting the generating function of A-
sequence of Motzkin triangle (d..(t),td..(t)) is A(t) = 1+ ct(1 + et),
we have

~ 1

) dualt) =
= (

1

— [t"] (1 + ct(1 + et))™ ™

[t (A" =

o
t*(1 t
| (+e)

+1
+
k
_ 1 (n+1>() ki bt
n—+1 —
1 n+1 1 o o
- +1Z<th><nj])cwj
§=0
Sl
,On—]+1 n—j3)\n—j
1 2n — 27\ . ..
e
— —J7+1\2)—n n—7

n
B ( - >%jawj,
— 27 —n

S >

+
= O

M

s N

<

3 |l

<

completing the proof.
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