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Dedicated to the memory of Renzo Sprugnoli

Abstract

We define a group of lower-triangular matrices whose columns are defined by power
series. This group can be seen as a generalization of the (ordinary) Riordan group and
the double Riordan group. Elements of this group are defined by three power series.
Sequence bisections and vertically stretched Riordan arrays play an important role in
the formulation of this group. We give a production matrix characterization of this
new group. We have chosen to name this group in memory of Renzo Sprugnoli, who
was a pioneer in the application of the Riordan group to combinatorial problems as
well as contributing to an understanding of the rich structure of Riordan arrays. We
indicate how higher order groups can be defined, based on n-tuples of power series and
n-sections of sequences that they operate on.

Mathematics Subject Classifications: 15B36, 05A15, 11B83, 15A30, 20H25

1 Introduction

The Riordan group was first described by Shapiro, Getu, Woan, and Woodson [18] in 1991.
Since then, it has played an important role at the interface of algebra, linear algebra and
combinatorics. This connection across three domains occurs because the Riordan group has
a linear representation by lower-triangular matrices. The operation of these matrices on
vectors, whose elements arise from sequences, describe in linear fashion the operation of the
group elements on power series, where these power series are the generating functions of the
sequences in question. The group operation on power series is given by a weighted composi-
tion. Such weighted compositions play a role in all the generalizations of the Riordan group
[6, 2, 17]. The weighted composition in the Riordan group has acquired the name of “the
fundamental theorem” of Riordan arrays. Maintaining this tradition, for each generalization
of the Riordan group, the relevant weighted composition that describes the group action on
power series is called “the fundamental theorem” of the group.
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The goal of this paper is to introduce a new group whose group action on power series
is again given by weighted compositions, but in this case this will involve a sum of weighted
compositions involving the bisections of the power series acted upon. The group elements
will be triples of power series, and each such triple will have a lower-triangular matrix
representation. We note that the previously defined double Riordan group also consists of
triples of power series, so we use a special notation (detailed below) to distinguish the double
Riordan group from the new group introduced here.

In this paper, we shall use the usual notation (g, f) to denote an element of the (ordinary)
Riordan group [1, 17, 18], the (non-standard) notation ((g, f1, f2)) to denote an element of the
double Riordan group [6], and (g, f1, f2) to denote an element of the set of Sprugnoli arrays
(defined hereafter). Note that integer sequences that occur in this note, where known, will
be referred to by their On-Line Encyclopedia of Integer Sequences (OEIS) reference [19, 20].

We recall that Fo = {>° 7 a,z™|ag # 0} and that F; = {d 7 jana™|ag = 0,a; # 0}

and in general
Fr = {Z apx” |a, # 0}.

Elements of Fy are multiplicatively invertible, and elements of F; are compositionally in-

vertible. For simplicity, we assume that the coefficients a,, are elements of a field F, usually

R or C. Note that in our examples, coefficients will be drawn from the set of integers Z.
The Riordan group is then the group of pairs (g(z), f(x)) € Fo x Fy with the following

product rule
(9(2), f(2)) - (u(x), v(z)) = (9(x)u(f(2)), v(f(z)) (1)

and inverse )
(). £0) ™ = (7 F)).
9(f(x))
where f(x) is the compositional inverse of f(x) € F; (that is, f is the solution u of the
equation f(u) = z for which u(0) = 0). The identity of this group is (1, x). To each element
of this group we can associate in a unique way a lower-triangular matrix (¢, ) with entries
in the ground ring R by means of

tge = [2"]g(2) f(2)",

where [2"] is the functional on F[[z]] that extracts the coefficient of 2. Under this corre-
spondence, the product (1) corresponds to ordinary matrix multiplication. Note that we
have

tg = [u"]g(u) f ()",

so we often write (g, f) for this array, and use an explicit argument for the power series
involved when it helps comprehension.

The columns of (g, f) have their generating functions given by the geometric series of
power series

g.9f, 9% 93, gf%, ...

The bi-variate generating function of the Riordan array (g(z), f(z)) is given by

g(z)
1-yf(z)"
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Example 1. The Riordan array (g(x), f(z)) = <% L ) begins

—x? (1—3))2

10 0 0 0 0 O
110 0 0 0 O
1 3 1.0 0 0 0
1 6 5 1 0 0 0
110 15 7 1 0 O
115 35 28 9 1 0
1 21 70 8 45 11 1

We have t,,, = (";;k) The bi-variate generating function of this array is given by

1
o _ l—x
1 _y(ljw)z 1—z(y+2) + 2%

When y = 1, we obtain the generating function l_égﬁ of the row sums of this matrix. Thus
the row sums begin

1,2,5,13,34, 89, 233,610, 1597, 4181, 10946, . . .,
or Fy, i1 A122367.

The product law follows from the following result, called the “fundamental theorem of
Riordan arrays”, which details how a Riordan array operates on a power series. We have

(9(x), f(x)) - h(zx) = g(x)h(f (2))-

This is sometimes called a weighted composition.

A similar law holds for so-called “vertically stretched” Riordan arrays [5]. These are
matrices corresponding to pairs of power series of the form (g, x f(x)) where as usual, f(x) €
Fi, and so zf(x) € Fo. Again, we have a weighted composition action on power series given
by

(9(a), 2f(x)) - hlw) = g(x)h(wf()).

The bi-variate generating function of the stretched Riordan array (g, zf(z)) is given by

L[ C))
l—ay 1-yaf(z)
In particular, the generating function of the row sums of the stretched Riordan array (g, zf)

9(x)
1—zf(z)"

(9(x), 2 f(x)) -

will have generating function
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Example 2. The stretched Riordan array (ﬁ, 1_5_1,2) begins

10 0 0 00O0O0O0

1 0 0 0 00O0O0O0

11 0 0 00O0O0O

12 0 0 00O0O0O0

14 1 0 00000

1 7 3 0 00O0O0O0

112 8 1 00 0 0 O

1 20 18 4 0 0 0 0 O

1 33 38 13 1. 0 0 0 O

We have, for instance,

1 0 0 0 00O0O0TO 1 1
1 0 0 0 0O0O0O0O 1 1
1 1 0 0 00O0O0O 2 2
1 2 0 0 0O0O0O0O0 3 3
1 4 1 0 00O0O0O 5 = 7 ,
1 7 3 0 00O0O0O0 8 14
112 8 1 00 0 0 O 13 32
1 20 18 4 0 0 0 0 O 21 69
1 33 38 13 1 0 0 0 O 34 159

where the last sequence has generating function

1 z? ‘ 1 _ ye
l—g'l—z—2%?) 1l—z—2® -2 (2 )2

which is equal to

(1 -z — 2?)?
(1—2)(1 — 2z + 323 + 2*)

The double Riordan group [6] is a generalization of the checkerboard subgroup of the
Riordan group [1, 17, 18]. It has as its elements 3-tuples of power series ((g, f1, f2)) where
g € F[[z%], g0 # 0, and fi, fo € 2F|[[2?]], (fi)1 # 0, where F is an appropriate field such
as R or C. The element ((g, f1, f2)) of the double Riordan group is then represented by the
lower-triangular matrix (a, ) whose (n, k)-th element is given by

e = [2"]g(x) fi(2) 5 fo() 3, (2)

Thus the columns of this matrix have generating functions given by

9,9f1,9f1f2. 9fL for gfifas - ..

The identity of this group is (1, z, x)). The product rule for this group is given by first letting
h(z) =/ f1f2, and then we have
J1 e

(g9, f1, f2) - (G, F1, Fy)) = (9G(h), EFl(h)a EF2(h))) (3)
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Again, under the association of the triple ((g, f1, f2)) with the matrix (a, ) given by (2), the
product in the group coincides with ordinary matrix multiplication. With regard to inverses
in the group, we have ~ -
1 xh  zh
(9. f1. )" = e 7 )
g(h)" fi(h)" f2(h)
where h is the compositional inverse of h. Note that h(x) € Fy, since both fi, fo € F; and

s f1(2) fa(w) € Fo = h(z) = / fi(@) fa(2) € Fr.

2 The Sprugnoli set

Definition 3. The Sprugnoli set is the set with elements (g, f1, f2) with g(z) € Fo, fi(z) €
Fi, and fo(x) € Fy and fo € 2F[[2?%]] (thus f is an odd power series). The element (g, fi, f2)
of this set has the matrix representation

k

tos = [2"]g(x) fi(x) ™2 (z fo(z))L2).

Thus we have
o {[x”]g(x)(azfm))m, k=2m,
’ [z"]g(2) fu(x) (@ fo(2))™, Kk =2m+1.
The columns of this matrix then have generating functions given by the following products
of generating functions

9(), 9(x) fi(x), 9(2) (@ fo(2)), g(2) fr(2) (2 fo(2)), () (2 fo(2))?,
9(@) fi(@)(xf2(2))*, g(@) (2 fo(@))*, g(@) fu(@) (@ (@), - .

We can represent this sequence by the following schema.

g g9 g g g g g
i 1 i 1 fi 1 f
L fo fo 3 3 5 F
1 =z x 22 22 22 28

I e

01 2 3 4 5 6 7

Here, the final row gives the order of the product of the terms above it, showing that this
associated matrix is lower-triangular. We see that f; occurs only for alternated columns, and
only to the first power. The power series g(x) is present for each column, while x appears
to the same power as fo where these elements occur.

We can represent this array as the sum of two matrices as follows. The first matrix is
the matrix whose columns are generated by the power series

9(2),0, g(z) (2 f2()), 0, g(x) (z fo(2))%, ...,

which is a horizontal aeration of the stretched Riordan array (g(z),zf2(z)), and the second
matrix is the matrix whose columns are generated by the power series

0, 9(x) f1(2),0,9(x) fi(2) (2 f2(2)), 0, g(2) fr(2) (2 fo(2))*, 0, ...,

ot
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which is the horizontal aeration of the stretched Riordan array (g(x)fi(z), x f2(z)) (but note
that this matrix starts with a zero row, due to the fact that f; € Fy).

1 z(14z) T
1-z7 1—-z 7 1—22

Example 4. We consider the Sprugnoli array ( ) This array begins

10 0000 0O0DO

1 1.0 0 0 0 0O00O0

1 3 1.0 0 0 0O00O0

1 5 1 1 0 0 000

1 7 2 3 1 0 000

19 2 6 1 1 000

1 11 3 10 3 3 1 0 0

1 13 3 153 7 1 10

1 15 4 21 6 13 4 3 1

This is the sum of the matrices
100 0 0O0O0O0O0 O 00 0O0O0O 0O0O
1000 0O0O0O0ODO 0O 100 0 0 0O0OFO
101 0000O0O00O0 0O 3 0 0 00 0O0O
1010 000O0O00O0 0O 5 0 1 0 0 0O0O0
1020100001 +]10 7 03 0O0O0O00O0
102010000 09 06 01 0O0FO
103 030100 0O 11 0 10 0 3 0 0 O
103 030100 0 130150 7 010
10406 0401 0 15 0 21 0 13 0 3 O
T ), while the second

The first is a horizontal aeration of the stretched Riordan array (L L
(

one is a horizontal aeration of the stretched Riordan array (ﬁ =, 1_x2> = <f1(1_2§2 , 1fx2>

with an extra initial column of zeros.

A special element of this set is given by (1,z,z). Its columns are generated by the
sequence 1, z, 22, 2, ... and so its matrix representation is given by the usual identity matrix.

Elements of this set will be referred to as Sprugnoli arrays, in reference to their matrix
representation.

Proposition 5. The bi-variate generating function of the Sprugnoli array (g, f1, f2) is given

b
' o0, w@hE) _ @ +yi)

1 —y2xfo(x) 1 —yxfo(x) 1 —y2xfo(x)
Proof. The array is given by the sum of the horizontal aeration of the stretched Riordan array

(g9(x), zfa(x)) and the horizontal aeration of the stretched Riordan array (g(x)fi(x), x fo(z)).
Interpreting this in terms of bi-variate generating functions gives the result. O]

Corollary 6. The row sums of the Sprugnoli array (g, f1, f2) have generating function
g(x) (14 f1(x))
1—zfo(z) -~
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Proof. This results by setting y = 1 in the generating function of the array. O]

Corollary 7. The diagonal sums of the Sprugnoli array (g, f1, f2) have generating function
9(@)(1+zf1(z))
1—z3 fo(z) -~

Proof. This results by setting y = = in the generating function of the array. m

We wish to show that this set is a group. Thus we need first to state what the product
in the group is. For this, we need to show how the elements of this set operate on power
series. As with the Riordan group, this will then be translated in matrix terms into how
the associated matrix operates (by matrix multiplication) on the vector whose elements are
the coefficients of the given power series. This will give us the “fundamental theorem of
Sprugnoli arrays”.

3 The “fundamental theorem” of Sprugnoli arrays

The following example illustrates the result that follows.

Example 8. We consider the Sprugnoli array (L zlte) o

11—z’ 1—xz 7 1—22

> acting on the positive

Fibonacci numbers. We have

10 0 00 0 000 1
1 1.0 0 0 0 00O 1
1 3 1.0 0 0 000 2
1 51 1 0 0 000 3
1 72 3 1 0 000 ) =
19 2 6 1.1 000 8
111 3 10 3 3 1 0 0 13
1 13 3 153 7 110 21
1 15 4 21 6 13 4 3 1 34
10 000O0O0O0O 1 0 0 0 000 0O0GO 0
100 00O0O0O0O 0 0 1.0 0 0 0 O0O0OO 1
101 00O0O0O0O0 2 0 30 0 0 0 0O0O 0
101 00O0O0O0O0 0 0 5 01 0 0 0O0O 3
102010000 5 +]10 7 0 3 0 0 00O 0 =
102010000 0 0 9 0 6 01 0O0O 8
103030100 13 0 11 0 10 0 3 0 0 O 0
103 030100 0 0 13 0 15 0 7 0 1 O 21
10406 0401 34 0 15 0 21 0 13 0 3 O 0
10 00 0O0O0O00O0 1 0 0 0 0 O0O0O0OO0OO 1
100 00O0O0O0O0 2 1 0 0 00 O0O0O0OTO 3
110000000 5) 3 0 0 0O0O0O0O0O0 8
110000000 13 5 1 0 000 O0O0O0 21
121000000 34 + 7T 3 0 00O0O0O00O0 95
121000000 89 9 6 1 000O0O0O0 144
133100000 233 1 10 3 0 0 0 0 0 O 377
133100000 610 1315 7 1.0 0 0 0 O 987
146 410000 1597 1521 13 3 0 0 0 0 O 2584
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Here, the sequences 1,2,5,... and 1,3,8,... are the even and odd bisections (see Ap-
pendix) of the positive Fibonacci numbers. The resulting sequence

1,2,6,11, 26, 45,100, 170, 370, . . .

is the expansion of

1 z(14+2) =z 1 (4 2) 1+ +a%)
l—2" 1—2 "1—22) 1—x—22  1-—D5a2+45z%
The general result is as follows.

Proposition 9. Let (g, f1, f2) be a Sprugnoli array, and let h(zx) be a power series h(x) =
Yo ganx™. We let

hé(z) = Z agp,x”  and h°(x) = Za2n+1x”
n=0 n=0

be the even and odd bisections of h(x). Then we have

(9(x), fi(2), fa(2)) - W) = g(2)h" (2 f2(x)) + g(2) f(2)h° (2 f2(x)).

Proof. We partition the matrix representing (g, f1, f2) as

(gu 0,g($f2),0,g(17f2)2, 0,g(:17f2)3,0, - ) + (O7gf17O>gf1(xf2>707gfl(xf2)07 - )

These matrices operate, respectively, on (ag, 0, as, 0, a4, 0, ...) and (0, a1, 0, a3, 0, as,0,...). In
terms of Riordan arrays, this is equivalent, after compression, to the stretched Riordan array
(g, x f2) operating on h¢, and the stretched Riordan array (gfi, z f2) operating on h°(x). The
result follows from this. O

Note that we can write this operation in the symbolic notation

(et (ahat)) (o)

reminiscent of a scalar product.

Example 10. We have

(1,2, ) - h(z) = 1L.h%(2?) + 1.2.h°(z?)
= h®(2?) + zh°(2?)
= h(x).
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4 The product rule

We are now in a position to say what we mean by the product of two Sprugnoli arrays. We
note that the product rule in the Riordan group may be written

(9(a), J(@)) - (ula), vl)) = (g(@)u(F(@)), vl F())
_ <<g<x>,f<x>> -,

This is so because

(9(x), f(2)) - u(z) = g(z)u(f(x)),
(9(x), f(x)) -u@)o(x)  g(@)ulf(x)v(f(x)
(

(9(x), f(@)) -u(z) — gl@)u(f(z))
Note that u(x) and w(z)v(z) are the generating functions of the first two columns of

(u(z),v(x)). We can generalize this to give the following definition, using the first three
columns of the second array.

Definition 11. We define the product of two Sprugnoli arrays (g, f1, fo) and (u, vy, v2) as
follows.

(9, f1, [2) - (w,v1,02) = ((ga fi, f2) - u

(9.f1,f2) -y 1 <9’f1’f2)'um)- ()

’ (g7f17f2)'u r <g7f17f2)'u

Theorem 12. The product (4) is well defined and for this product (g, f1, f2) - (u,v1,v9) is a
Sprugnoli array.

Proof. To show that this is well defined and again a Sprugnoli array, we must show that

* (9, /1, f2) ~u € Fo,

(g,f1,f2)-uv1
* “ohu €1

1 (g,/1,f2) uzvs
i € JF1 and is odd.

We have
(g, f1, f2) - u = gu(zf2) + gfru’(x fo).

Since g(z) € Fo and u®(z) € Fo, we obtain that (g, fi1, f2)-u € Fo. In particular, (g, f1, f2)-u
is invertible so we have m € Fo. Thus we must now show that (g, fi, f2) - uvy € Fi.
We have

(9, f1, f2) - uor = g() (uor) (2 fa(2)) + g(x) fr(2) (wor)® (2 fo(2)).
We let u(r) =3 -a,2" and vy(z) = > - b,2". Then uv; expands as

aobo, a061 + albo, aobg + a1b1 + (lgbo, [

Now by = 0, so (uvy)® expands as 0, agba+a1b1+asby, . .. = 0, agba+a1by, . ... Thus (uvy)¢(x) €
Fi. Similarly, we have that (uvy)°(x) expands as agb; +a1bo, . .. = aghy, . .. and so (uvy)°(z) €
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Fo. This implies that g(x)(uvy)¢(z fo(z)) € Fi, and that g(z) f1(x)(uvy)°(z f2(x)) € Fi (since

fi(x) € F1). We conclude that (g, f1, f2) - uv; € Fi, and hence so is %.

Applying similar reasoning to the previous paragraph, we can show that
1
E(gv f1, f2) - uzvs € Fy,

1 (g9,f1,f2)uzvo
and hence we have s € Fi.

Lemma 13. Let m € Z,m > 0. We have
(u(@)(zv2(2))™) = u(2) (Vava(Va))™.
Proof. We have

u(v/@) (Vava(V (@)™ + u(= V) (=vav (= /()"
2

= VO (Vavs(y/ (@)™ V) (Vs (v/(@)" (v is odd)
2

U(\/E) —|-2U(—\/§) (\/Ev2(\/5))m
— uf(z) (Vavs(va))™. =

In a similar way we have the following.

Lemma 14. We have

(u(@)vr(z)(2va2(2))™)* = (uv1)*(2)(Vava(Va))™.
Proposition 15. We have
(9, 1, fo) - u(@) (@oa(2)™ = (g, f1, f2) - W) (Vx fo(w)va(y/ 2 fo()))
Proof. We have
(9, f1, f2) - u(@)(zv2(2))™ =

(u(@)(zva(2))™)"(x) =

8
o

ﬁ
o

: z)(Vava (Va)™ + (gf1, 2 f2) - u’(2) (Vrva (vVa))™
g(w)ug(wh)(\/xizvz Vafa))™ + g(@) fi(@)u® (@ fo) (Vo fova(V fa))™

) + (@) fr(@)u’ (2 f2)) (V@ frva(Va f2))™

(9, f1, f2) - u)( \/9072112 \/7 . O

Corollary 16. We have

(g; fi, o) ~uavg 1
(g, fi, fa) - u x\/x_f?W(\/w_ﬁ)

Proof. We set m =1 in the above result. O]

SR

Proposition 17. 1. %}3‘?2 is odd.
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Proof. We have

1(g, f1, f2) ~uzvy 1
T Gl ya =~ zVelue(Vel).

Changing = to —z, we get

RV R 0) = — e R (V) =~ (V)

since fo(z) is odd. O

We are now in a position to conclude that the product (4) is well defined and returns a
Sprugnoli array. m

Thus the set of Sprugnoli arrays is closed under multiplication. Note that we now have

(0.1 fo) - (wonn) = ()0 BB PL 2 AR AR)

Furthermore, the product rule (5), when we look to the matrix representation of Sprugnoli
arrays, coincides with matrix multiplication.

Proposition 18. In the matriz representation of Sprugnoli arrays, the product rule (5)
corresponds to ordinary matrix multiplication.

Proof. To see this, we take the case of k = 2m. In terms of matrix multiplication, the k-th
column of the product of (g, fi1, f2) and (u,v;,v9) will have generating function given by
(9, f1, f2) acting on the generating function of the k-th column of (u,v;,ve). This is given

by
(9. f1. f2) - (u(@)(@va(@)™ = (g, 1. f2) - W) (V/xfova( /3 f2))™

Now the k-th column of the product (5) is given by ((g, f1, f2) - u)(#2v/2 fova(v/2 f2))™. Thus
these coincide. A similar argument can be made for & odd. O

We conclude that in the matrix representation, the product (5) is given by ordinary
matrix multiplication. Associativity of the product now follows from this.

5 The inverse of a Sprugnoli array

Our quest now is to define the inverse of a Sprugnoli array. For this, we first look at
connections to the Riordan group and the double Riordan group.

Lemma 19. If fi = \/x fs, then the Sprugnoli array (g, f1, f2) is given by the Riordan array

(9, f1) = (9. Vz fo).

Proof. The columns of (g, v/ fa, f2) are generated by the sequence

G, 9V 2 fo, g fa), g/ xfolafo), gz fo)?, . ...

Clearly, this is
gagflvgffvgfl?)agffa"-)
as required. 0
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Note that from f; = afo, we get zfy = f2 and fo = %ff Thus we can write
(g, Vafa, f2) = (g, \/IL’fg) . Now we have the Riordan array inverse

o ; zfa(x) | .
(o V2%) _<g<¢m—ﬁ>’ ! ”)

Re-interpreting this in terms of Sprugnoli arrays, we then have

= ; a:gl :U22 .
03T = (e VR L (V0T

We now look at a situation where there is a link between Sprugnoli arrays and double Riordan
arrays.

Lemma 20. If g(z) € F[[2?]], f1 € 2F|[[2?]], and we set Fy = f1, F> = %, then
(9. f1, f2) = (9. F1, F)).
Proof. The double Riordan array ((g, F1, F3)) is defined by its column defining sequence
g,9F\, gF\Fy, gFFy, gF2Fy . ...
But by definition, this is the same as

9,911, 9(xf2), gfi(xf2), gz fa)?, .. ..

By matching terms we obtain the result. O]

Thus under the conditions of the last lemma we have

0.1 2” = oo ™ = (S iy i)

where H = | F, = fl% = /zf2, and so H = /zf,. Then under the conditions of the

lemma, we have
1 2 xH
oo™ = (i 7 F2<H>>)
( H xH 1)

g(H)' fi(H) Fy(H) Fi(H) =
1

=\ ff (ff;[( ) vhere Rt =

1 cH 7 <\/x_fQ>2
g(H)" fi(H) (xf,)(VZ o)
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:< 1 zH 1(\/:5_]”2)2).

g(H)' fi(H)

We have now seen two special cases in which the inverse of (g, f1, f2) satisfies

(0.5 = (we) i), 3 (VoR) ).

x
where w(z) and s;(z) are as yet undetermined elements of the inverse. To progress our

search for an inverse in the general case, we have the following lemma concerning a canonical
factorization of Sprugnoli arrays.

Lemma 21. We have

(g,l‘,l‘) ' (17f1af2) = (g7f17f2)-

Proof. We have
(g,z,2)-1=g- 16(I2) +g- 10(172) =g,

since 1° = 1 and 1° = 0. Now

_ (g,l’,ZL’)'fl 1(9,%,1’)'1‘.](2
(gw%'ax) ' (17f1>f2) - ((g,x,x) : 17 (g,.l’,&l) 1 75 (g,x,x) 1 ) .
We have
(9,2,2) - [y = g.f (%) + ga f{ (2?)
= g(fi(2®) + 27 (2?))
=g/
Then

(gvxwr)'fl _ g_fl

(g,l’,l‘)'l g :fl.
The third element of (g, x,z) - (1, f1, f2) is given by
l(g,x,x) 'fo _ l(g,l‘,ﬁ) 'fo
T (gaxwr) -1 T g .

This is equal to

lg-(iﬂfﬂe(l’z) +xg.(2f2)°(2?) 1 222 4 ol £)° (22
- : = (@) (@) + 2(zh) (@)
= i(flﬁ(ﬁ)e(xz) +2%(f2)"(2%) = (f2)°(2*) + 2(f2)"(2?)
= fao(x). O

Corollary 22.
(g9, f1, ) =1, fi, o)t (g, m,2) 7t
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Proof. This is so since the product in the set of Sprugnoli arrays is given by matrix multi-
plication in the matrix representation. Thus the inverse of a product is given in the usual
way. ]

Now (g,z,z) = (g, z) so we have

(g, 2,2)"" = (g,2)" = Gx) - (;xx) .

(gafhf?)_l:(l’flan)_l' (é?xvx) . (6)
We now let (1,7,72) = (1, f1, f2)~'. We have

(1,7“1,7”2) : (]_7f1,f2) = (]_,.T,l’)

Thus we have

which gives us that
(17T17T2) : fl =7,

or
L fi(xrg) + Ly fy(arg) = .

Solving for r, we obtain

z — fi(ars)

fi(zrs)

We are now in a position to say what the inverse of (g, fi1, f2) in the Sprugnoli group is.

(7)

r =

Definition 23. The inverse of the Sprugnoli group element (g, f1, f2) is given by

where

== (Vah) )
Letting (g, f1, f2) ™' = (w(x), s1(x), s2(x)) we then have

1
w(x) = (1,7r1,79) - 5

THE ELECTRONIC JOURNAL OF COMBINATORICS 33(4) (2026), #P4.29 14



(x (1/9)")(wro) +11(1/9)" (272)
(1/g) (wrg) + 71 (1/9)° (wra)
ara(z). (1/9)° (xr2) + 11 (1/9) (2712)
w(x) ‘

(1’ 71, TQ)(:EQ/Q)
(17 T'1, T2>($2/g)
1. (2%/9)" (wrg) + L.y (2°/9)° (wry)

So(z) =

L.(1/g)" (zr2) + 1.1 (1/9)° (272)
() (5)(zr2) + ri((2)(5)°(272))

(D)e(ars) + ri(2)(ers)

1
z
1
T
1
z
1

= x:vrg(x)

= ry(x).

6 The Sprugnoli matrix group

We have the following result.
Theorem 24. The set of Sprugnoli arrays is a group.

Proof. The set of Sprugnoli arrays is closed under the product (4) that we have defined.
Moreover, this product, in the matrix representation, coincides with matrix multiplication.
The product is therefore associative. We have also defined an identity element (1, z,z) and
have demonstrated that each element has an inverse. Thus the set is a group. O]

To honour the memory of Renzo Sprugnoli, we call this group the Sprugnoli group.
We now study some simple subgroups of the Sprugnoli group.

Proposition 25. The set of Sprugnoli arrays of the form (g, z,x) for g € Fo is a subgroup
of the Sprugnoli group.

Proof. The identity for this subgroup is (1,z,x). The inverse of (g,z,z) is (é,x,x). We
have

(9,z,2) - (h,z,z) = ((g,x,:p) - h, (9, 2) - ha 1@:10(\/;)) :

(g,x,x) “h ’E
We have 1v/22z(v2?) = x.

z) + (g, 2*)h%(x) see Appendix
2

Thus (g, z,x) - (h,z,2) = (9,2, 2)h, z, 7). O
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Proposition 26. The set of Sprugnoli arrays of the form (1, f1, f2) is a subgroup of the
Sprugnoli group.

Proof. We have

(Lflv.fQ) ! l(]-aflafZ) 'l’?}g)
(17f1af2) -1 7ZL' (17f1af2) -1

= (17 (17f17f2> U1, %(17f17f2> ’ :L’Ug)

(17f17f2) ) (17U17U2) = ((1>f17f2) -1,

Also, (1, f1, fo) ' = (1,7r1,72) as calculated above. O

Proposition 27. The set of Sprugnoli arrays of the form (1,z, fa) is a subgroup of the
Sprugnoli group.

Proof. We have (1,z, f5)7! = (1,95, %(\/:vfg)Q). Also,

(Lx, fo) - lL.x )
(17m7f2) ' ]' T

(L xfo) - xf(x) + (z, 2 fo)x(x),. . .)

O+, .. O

(L,z, fo) - (L, u9) = | (1,2, fo) - 1,

Proposition 28. The set of Sprugnoli arrays of the form (1, f1,x) is a subgroup of the
Sprugnoli group.

Proof. We have

(Lflax) * U1 1(1,f1,l') '12)

(o) () = ()1, e LR

Now (1, f1,x) -1 =1, and

(1, f1,2) - 2% = (1,23 (2*)(z) + (f1,27) - (2°)°(2) = (1,2?) - = 2°.

Hence
1(1, fr,z)-2®
x (1, f,x) -1 -
We have v fe(a?)
~1 1
A O
which finishes the proof. O
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7 Examples of inverse calculations

Example 29. We consider the Sprugnoli array A051159 which is ( L & =@ ) We have

T2 Tra’ Toa®
zfo(z) = % We seek the reversion of \/x fa(x). Thus we wish to1 solvlethhe1 equation
u

e "
for the solution u(x) with «(0) = 0. We have

2 2

1—u 14+
. 2 . .
Now for the inverse, we have s, =1y = %= = 1+2:T We are now in a position to solve for ry.
We have
e
x — fi(wry)
r = T ol N
fr(xrs)

e () (&)
() (:52)

—a?/(1+a?)

T T 12 (e

- 1
1—22/(14x2)

x? 2
— (1=
x( 1+a:2)+1+x2

z(1+x)
1+a2

We have %} =1 — 2 and so we have

B ()

1 1 1 1 —
w(:r)z(l,rl,m)._zl_u_lzl_x( +x) x
g

Then

1+ 22 1+22 1422

Now £ = z(l —x) = x — 2%, which gives us (%)e = —z, and (5)0 = 1. Using these values
and the equation

L. (z/9)" (wra) + 1.r1 (x/9)" (wr2)

1.(1/g)" (xr2) + L.r1 (1/9)° (ar2)

we find that

Thus we have

1 T T _1_ 1—2z T T
l1—2'1+2"1—2? S\l 4a22 11— 1+22)
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We note that the rows of this matrix are palindromic (the matrix is “Pascal-like”).
1 0000O0O0O0O0
110000000
101000000
111100000
102010000
112211000
103030100
113333110
1 04060401

Example 30. We take the example of the Sprugnoli array

g 1+2z z(1+3z) x(1+2?)
C\l-4z” 1-22 " 1-2a% )’

. . . 2 .
We wish to find its inverse. In order to find s; = ro, we have sy = “; were u satisfies the

equation
/14 u?
u =x.
1 —u?

ut + (1 +2%)u? — 2 =0

Squaring this equation, we get

from which we deduce that

7”2:82:—_
T 2x

W 146224+t —2?—1

To calculate r1, we must first get the even and odd bisections of fi(z) = x(ll;ix) For this,

we have )
@)+ (=) e
2 1 — 422’
and so we have
(@) =
! 1 —dx’
Then )
fi(z) — fi(—x) _ 1+ 6x
2x 1 — 422’
and so we have
o= 1+ 6z
V1 —4a

Thus we get

T __( 5z ) <Vq;EE§;;Z—$2—1>

1-4x 2

r =

(1+6w) V14622 fat—22-1
1—4x 2
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This give us
~ 5(142x)V1 + 622 + 2t — 462 — 652> — 5
B 2(5 4 42a2) '

™
We now have the components of

(]_, fl, fg)_l = (]_, T, 7’2).

1 1—4x
—,r,x | = T, T .
g(z) 1+ 2z

1\ 1+8z 1\° —6
-] = and -] = .
g 1 —4x g 1 —4x

We must apply this array to

We have

We get

=1. Gjii) (27ra) + 1.y (1 :ix) (21s).

Using the values for r; and r, already calculated, we find that

3(5 — 30z 4 204x2 + 7223)v/1 + 622 + 2% + 21625 + 1620x* + 5423 + 54322 — 60z + 10

w(z) = (5 — 1222)(5 + 4222)

To calculate sy, we first calculate the numerator of the required quotient, to obtain the
generating function of the second column of the inverse. This is given by

(1__6L> (wrs) + 11 G i ii) (wra).

Expanding this last expression, we obtain the generating function of the second column of
the inverse to be

(2423 — 49222 — 10z — 65)/T + 622 + 27 — 13202° — 36842* + 4062* + 13722 + 60z + 65
2(5 — 1222)(5 + 4222) ‘

Then s; is this generating function divided by w(x). This gives us that s; is equal to

(2423 — 4922% — 10x — 65)V/1 + 622 + z* — 13202° — 3684x* + 4062 + 13722 + 60z + 65
2(3(5 — 30z + 20422 + 72x3)V/1 + 622 + x* 4+ 21625 + 16202* + 5422 — 60z + 10) '

Finally we have sy(x) = ro(z) to obtain the inverse (w(z), s1(z), s2(z)).
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8 Production matrix and linear recurrences

A defining feature of Riordan arrays is that they have a sequence characterization. For
instance, in a Riordan array M = (g, f), any matrix element ¢, ; not in the first column
will obey a linear recurrence equation involving the elements in the row above it, starting
with the element ¢,_; ;1 above and to the left of it. The same recurrence coefficients are
valid for each such element, irrespective of the row it is in. This means that the production
matrix P of a Riordan array has a special simple structure, where P = M~'M, where M is
the matrix M with its top row removed [7]. The elements in the first column of M normally
follow a distinct recurrence. This results in two sequences of recurrence coefficients, the Z
sequence (for the first column elements) and the A sequence, for all the other elements [8].
The production array will then have a structure as in the following matrix, where the obvious
pattern continues.

Z0 Qo 0 0
Z1 ay Qo 0
Z9 QA Q1 Qo
Z3 az Qo a1 Qg
Z4 Qg4 Q3 a2 a1 Qo
Zy A5 Q4 a3z Qa2 Qi

o O O
o O O O

For Sprugnoli arrays, a similar situation arises, but this time, we have two A-sequences (we
designate them the A sequence and the B-sequence), one for elements in even columns, and
one for elements in odd columns. Thus the form of the production array for a Sprugnoli
array is given by

Z0 Qo 0 0 0 0
Z1 ap bg 0 0 0
Z9 a9 bl Qo 0 0
P=| 2z a3 by a; by 0O --- 7 (10)

zg ag by ay by ap
25 as by as by a;

giving it a “striped” appearance. We let A(x) be the generating function of the second column
of the production matrix (beginning ag, a1, as, ...). If the third column of the production
matrix begins 0,bg, by, bo, ..., the we let B(z) be the generating function of the sequence
bo, b1, b, . ... We have the following result.

Proposition 31. We have

Aw) = (L) - 22

B(z) = é(l,ﬁﬂé) - fa(a).
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Proof. A(zx) is the generating function obtained by applying the inverse array (g, fi, f2) ™' =
(1,71,72) - (%, x, x) to the second column of (g, f1, fo). This gives that

hiz)

T

Alz) = (1,71,75) - (éxx) g(x)

= (1,7r,79) - L x i)
- (17 1 2) g(l‘)g( ) T
= (1,7r1,72) - flix)-

Similarly, by applying the inverse matrix to the third column of (g, fi, f2), we get

zB(x) = (1,71, 72) - (;xJ) “9f2

= (L,r1,12) - ﬁgfz
= (1,r1,72) - fo.
Thus B(x) = %(1,7“177“2) - fa. ]
Corollary 32. We have .
Alw) = fotary) + DL,

Proof. We have

fi()

(1,r1,1) flf;”) _ (fl(x)y (wrs(2)) + 11 (x) (

T

) st

= fiens(a)) + @) (L) era(a)

= ftlonaa)) + no) ) =

We note that Z(z), the generating function of the first column of the production matrix,
is given by

260 = (ALY o) + i) (LAY o

= (1- 2 enaen + 2 (1 2

In the expression B(z) = L(1,r1,75) - fo, we recall that fo(x) is an odd power series, and
thus fs5 is zero. Hence we have

wB(x) = ri(2)(f2)° (wra(2))
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oz — fi(ary(

fP(zra ()

?%ﬁf@mu»

5 (ars(x))
— (& fi(ars(a)) - 2 .
! fi(ars(x))
Proposition 33. The fourth column of the production matriz has generating function

22 A(x).

Proof. The fourth column of (g, f1, f2) has generating function g f;(z f2). Thus the generating
function of the fourth column of (g, f1, f2) is given by gfi fo. It follows that the generating
function of the fourth column of the production matrix is given by

(1,71,732) - (;%f) gfifo = (1,r1,m2) - fufo = (fufo) (wra) + ri(@) (fif2) (zr2).

Now

).f2(
= (h(V2) (Vz) = il =V2) fo(V)) /2
:fQ(\/E)(fl(\/5 f1<_\/§>)/2
= fo(Vx)

Also we have

Then
(Lrra) - fufo = (ufe) (@rs) + ra(@) (fufo) (ars)
= (zfo)(Vare) [{ (x73) 4+ 71 () (é

X

) Wamsitar)

:zwﬁXv@ENﬂ@w%+ﬁ@ﬂ<é>(wzﬁﬁﬁww

X

= 2% f2(ry) + 71 () (xx—?) (Vafo) fi(zrs)
= 2% f2(2ry) + 71 () T fi(ars)

(Vaf)?
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=" f(zre) + Tl(ﬂf)mﬁ (z7)

(Y

= 2?A(z). O

Subsequent odd indexed columns involve terms f; f2™, and thus will yield 2™ A(zx) as
their generating function. This explains the A-stripes. A similar argument holds for the
B-stripes. In order to see what the relationship between A(x) and B(x) is, we shall need
the following lemma.

Lemma 34. We have .

~ flars(a))

ra()
Proof. We have

f(Ve) = fo(=vr) _ L(Vr)+ L(VE) _ f(VT)
2V 2V Vi
x) is odd. Now

f3(x) =

where we have used the fact that f,

—~

ea) = a2 (Vik@) = (Veh@) |
and so
o(rry(z)) = f0 ZE—MQ :f2( z f2)
fitana) = g1 ((Vori) ) = o2
Then
x _ @ xf?
f5(ara(2)) £V f)
__a(Vaf)
Vafafa(Vafa)
r(Vx fp)?

= 7”2( ]
This leads us to the following characterization of A(x) and B(x) for Sprugnoli arrays.

Proposition 35. Let A(z) and xB(x) correspond to the generating functions of the second
and third columns of the production array of the Sprugnoli array (g, fi1, f2). Then A(x)+ B(x)
1S an even pPower Series.
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Proof. We have

Now <f1;x)>o: J;_l
Thus
A0+t = S S iy ot
Gathering terms, we find that
A(x) + B(x) = x%zg)) _ % Fo(wra(@)) f(xrs(x)) + even terms in zro()
— fo(ara()) <%@) -2 f;mz(x))) + even terms

= 0 + even terms.

O

1 r(l+z) o
z—x2) 1l—z O’ 1—a?

Example 36. We consider the Sprugnoli array (17 ) This matrix begins

1 0 0 0 0 0 0O0O

1 1.0 0 0 0 00O

2 3 1 0 0 0 00O

36 1 1 0 0 00O

5 11 3 3 1 0 000

8 19 4 7 1 1 000

13 32 8 14 4 3 1 0 0

21 53 12 26 5 8 1 1 0

34 87 21 46 12 17 5 3 1

The production matrix for this array is as follows.

1 1 0 O O 0O 0O 0 O
1 2 1 0 0O 0 0 0 O
-2 -2 -2 1 0 0 0 0 0
-2 -2 -1 2 1 0 0 0 0
4 4 2 =2 =2 1 0 0 O
4 4 2 =2 -1 2 1 0 O
-8 -8 —4 4 2 =2 =2 1 0
-8 -8 4 —4 2 -2 -1 2 1

16 16 8 -8 —4 4 2

|
[\

-2
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Thus we have

Z: 1,1,-2,-2,4,4,—8,-8,16, ...
A: 1,2,-2,-24,4,—8, 8,16, ...
B: 1,-2,-1,2,2,—4,-4,88,...

Taking the first column term ¢5 0 = 13, we have (using dot-product notation)
13=(8,19,4,7,1,1,...) - (1,1,—2,—2,4,4,...).
Taking the term ¢7; = 53 in the second column, we have
53 =(13,32,8,14,4,3,1,...) - (1,2, —-2,—2,4,4,-8,...).

Note that the index of the column is odd, so we use the A sequence as coefficients. Now
taking the term #52 = 8, we have

8 =(19,4,7,1,1,...) - (1,—2,—-1,2,2,...).
In general, we have

tno =1th—1020 tth_1121 +tp_1220+ -
tok = tn—1k—100 + tp—1 k01 + Lyt py102 + - - - for k odd

tn,k = tn—l,k—lbO + tn—l,kbl + tn_Lk_HbQ + .- for k even.

Example 37. We consider the family of polynomials P, (x) defined by

Po(z) = (x+1)P,_1(x) — Py—a(x), ifnis even,
(@ = DPaa(2) = Paca(x), if nis odd,

with P,(z) =0 for n < 0 and Py(z) = 1. These polynomials begin
Le—1,2°—22°—2*—30 43,21 — 52> +5,....

The coefficient array of this sequence of polynomials is given by the Sprugnoli array

1—z+4 22 T T
14322+ 1—ao+22" 1+ 322+ 24

which begins

21 =21 =25 25 9 -9 -1
34 0 —-65 0 42 0 -—-11

1 0 0 0 0 O 0 00
-1 1 0 0 0 O 0 00
-2 0 1 0 0 O 0 00
3 -3 -1 1 0 O 0 00
3 o -5 0 1 0 0 00
-8 8 6 -6 -1 1 0 00
=13 0 19 0 -8 0 1 00

10
01
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We recognize a signed version of the Fibonacci numbers A000045 in the first column. The
inverse of this matrix begins

1 0 0 0 0 0 0 00O
1 1.0 0 0 0 0 00O
2 0 1 0 0 0 0 00
2 3 1.1 0 0 0 00
5 0 5 0 1 0 0 00
5 10 5 6 1 1 0 00
15 0 21 0 8 0 1 00
153 21 29 8 9 1 1 0
51 0 8 0 46 0 11 0 1
and its production matrix begins
11 0 0 0 0O O 0 O
1 -11 0 0 0 0 0 O
o 1 1 1 0 0 0 0 O
0o 0 1 -11 0 0 0 O
o 0 0 1 1 1 0 0 O
o 0 0 01 —-11 0 O
0o 0o 000 1 1 1 0
o 0 0 0 0 0 1 —-11
o 0 0 0 0 0 0 1 1

For this matrix, we have

1+ [1—522) 1—a®—+/(1—a?)(1—ba?)
9(x) = 272 (1 SV 1—a? ) B 222(1 — x) ’

z(l—ux) [1—522) 1—a®—/(1—a?)(1—52?)
Silw) = 212 (1 SV 1—a2? ) B 22(1 + x) ’

1
o) = 55 (1 = 307 = /T = ) (1~ 5%)).
x
The first column of this inverse matrix, which begins

1,1,2,2,5,5,15,15,51,51,. . .,

or A055879 can be regarded as moments of the family of (generalized) orthogonal polynomials
P,(z). This sequence is a doubling of the binomial transform of the Catalan numbers

C, = HLH (27?) A000108. The generating function of this moment sequence can be expressed
as the Jacobi continued fraction
1
72
1l—2— o
1+x— 1 3
_r—
14+x— x—Z
14+ —---
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We have shown that having a two-striped production matrix of the form (10) is a necessary
condition for an array to be a Sprugnoli array. This author has not be able to demonstrate
its sufficiency. Thus we leave this as a conjecture.

Conjecture 38. If a lower-triangular matrix has a two-striped production matrix of the
form (10), with A(z) + B(z) even, then it is a Sprugnoli matrix.

9 Further examples

The following are examples of some simple Sprugnoli arrays and their inverses.

1 T T _1_ 1+ T T
l+2’1—2"1— 22 S\l 2214214 22

(1 i —aa(l+ x2)) L (1 A G ze(=27)) , xc(—xQ))

1—=x

Here, we have ¢(z) = 1”217_4”3, the generating function of the Catalan numbers.

( L +2)2(0+28)) = (= o+ a2c(=22), 2(—1 + (2 — 2)c(—22)), ze(—22))

1—2x

( 1 z(l+x) § <1—2x+6x2 o(l—dx— 22— 62 2 )

1-22" 1—ux 1—352 14222 "(1+22)(1—2x+62%) 1+ 22
1 x(1+22) 1—2+62% z(1—4r+22—62%) =
-2 1—=x 1—$2 1+322 "(1+2?)(1 —x+622)" 1+ 22

( 1 z(l+z) =« )_1:<1—x+4x2 z(1 — 3z + 22 43;)3 T )

l—z" 1—z '1—2a? 14222 " (1+22)(1 — 2+ 422)" 1 + 22

Example 39. An involution in the Sprugnoli group. We have

1 —x —z \ " B 1 —x —x
l—a2'1+2"1— 22 C\l—z' 142" 1—2a2)"
Thus this matrix M satisfies M? = I. This is an example of an involution in the Sprugnoli

group. We note that the production matrix of this Sprugnoli array has the simple form as
follows.

1 -10 0 0 0 O
0O -1 1 0 0 0 O
0 0 1 -1 0 0 O
0 0 0-11 0 O
0 0 0 0 1 -10
0 0 0 0 0 -1 1
0 0 0 0 0 0 1
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Example 40. Given r,s,t € Z, we call the sequence s,(r, s,t) = rs" ™4 2tl2] the (r,s,t) —
Sprugnoli sequence. The generating function of the sequence s,(r, s,t) is given by

r(1+ sz)
1 —ta?

The sequence s,(1,2,3) (A038754) which begins
1,2,3.6,9,18,27,54, 81,162,243, . . .,

is then an eigensequence of the Sprugnoli array (ﬁ, (1l —x), a:) A070909. By this we mean
that we have, for instance,

10000O0O0O0O 1 1
1'1000000O0O0 1 2
1 010000O0O0O 2 3
101100000 3 6
101010000 6 =19
101011000 9 18
101010100 18 27
101010110 27 81
1010101CO0T1 81 162

10 Generalizations of the Sprugnoli group

The double Riordan array has been generalized to suitable n-tuples of power series [17].
Thus it is natural to seek to do the same for the Sprugnoli group. For instance, a “next‘”
Sprugnoli group of elements (g, f1, f2, f3) is based on f3 € zF[[z®]], and involves sequence
trisections in the corresponding fundamental theorem, and cubic roots in the construction of
the inverses. We call this group the 3-Sprugnoli group. We can consider the Riordan group
to be the 1-Sprugnoli group, the Sprugnoli group defined above to be the 2-Sprugnoli group,
and this new proposed group to be the 3-Sprugnoli group.

To define the “fundamental theorem of the 3-Sprugnoli group”, we need to calculate
the three trisections of a power series. For a generating function h(z), we can calculate
its trisections h(V)(z), h¥(x) and h®(z) using the 3 x 3 discrete Fourier transform [25] as
follows. We let w = exp(27i/3). Then

(10 0 11 1 h(z'/?) A (z)
3 0 273 0 1 v w h(wz'P) | = | AD(z
0 0 2] \1 w ) \h(w'?) h®) ()

The fundamental theorem for this group, describing how an element (g, f1, f2, f3) acts on a
power series h(z), is given by

(9: 1, Jor f3) (@) = g(2)h D (22 f3(2)) +g(2) f1(2) ) (22 3 (2)) +g () fi () fo@) B (2 fo ().
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Note that we can write this in the symbolic form

A

(g’fl’fQ’f?’)'h(x):<(9vx2f3)a (gf1,2%f3), (9f1f27$2f3)) hg
h

This allows us to define the multiplication in this group. We have

N o (g, 1,02, f3) ~uvr (g, f1, f2, f3) - uvive L(g,f17f27f3)~ux2v3)
(9, f1, f2, f3) - (u,v1,v2,v3) = ((g7f17f27f5) U o fa)u (o fafs) w2 (o hfafa)w )

The identity for this product is then given by (1, z,x,z). In order to calculate the inverse
of a group element, we look at the case of the element (1, fi, fo, f3) first. We let

(L, f1, fos f3) " = (1,1, 79, 73).

We have )

raa) = o (@ h)")

In order to calculate r; and ry, we use the following matrix formulation, where fis(x) =

fi(x) fa(z).

(ﬁ%ﬁmm> ﬁw%wm>( ri(z) )Z(x<#W%m»>.
D (22ry(x)) o f13) (@Prs(@)) Ja ) \ri(@)ra(@) v — fiy (a%rs(x)) [

This allows us to solve for ri(x) and ri(z)ra(x). Thus we can find ro(z). Finally, in the
general case, we use

(g, f1, for f3) = (1, f1, for f3) 1 (rlm),x,x,x) .

In order to guarantee that this inverse exists for every element (g, fi, fo, f3), we have the
following proposition.

Proposition 41. The determinant of the matrix

(ﬁ%ﬁmu» ﬁ%ﬁmu»>
£ (@Pry(@)) o £ (@Prs(@)) /o

1S NON-zero.

Proof. We have f1, fo € Fi, hence fifs € F;5. Then f1(2) € Fo and (f1f2)® € Fy. Also
(f1f2)® € Fy. This now ensures that

A2 (@%r3(2)) (fufe) D (2?rs(2)) — £ (@r3(2)) (fi f2) @ (a%r3(2)) £ 0.
Thus the determinant is non-zero. OJ
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Example 42. We let

(glaf17f27f3) = (1i$’x(1+x)’ 1_1.327, 1;%'2:3) .

Then the matrix whose (n, k)—th term is given by

2k

b = [2"g() f1 ()3 (o CE)) () oo (E520)) (2 fy () 1),

begins
10 0 0O0O0O
11 0 0O0O00O0
12 1 0000
12 5 1000
12 17 1.1 0 0
12 53 1 210
1 2 161 2 2 5 1
The production array of this matrix will then begin
11 0 0 0 0 0
0 1 1 0 0 0 0
0 -1 3 1 0 0 0
0 4 0 -4 1 0 O ,
0 12 0 12 1 1 0
0 24 0 -23 -1 3 1
0 8 0 —-12 4 0 —4

showing three vertical stripes after the first (Z) column. The production array of the inverse

of this matrix begins

—-103 205 —-119 17 -1
=279 557 =330 49 5 3
=779 1557 =934 125 61 35 4

-1 1 0 0 0 0 0
0 -1 1 0 0 0 0
-3 ) -3 1 0 0 0
-31 61 =35 4 1 0 0
1 0

1

The triple striped nature of these production matrices is clear.
In this case, we have

D) =0,7 =1, =1,
and
14+ 9z

Wy 4 @y _ 2T @),
fio' (@) , f12' (2) f12' (2) 1 — 972

1—27x S 1-27x
With these values, we obtain

z(1 — z + 42 + 102 + 262%)
i) = 1 — 243 ’
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(1,71(2),ro(), m3(x)) =

and

This gives

and so

(g(x)vfl(x)’fZ(mLfS(z))

where
w(r) =
s1(7) =
So(z) =
s3(z) =

The general production matrix for this group on four elements will have the form

z(1 — 4z — 122% — 2623)

r2) = T A - 1047 1 2600
X
7’3(.7;) = 1 +m3'

(L, f1(@), fol), fo(2)) ",

g) (17T17T27T3) . (xz/g)

= (Lri(z), r2(z (9(35 ‘ w,m)
(1,71,72,73) - (x
((1 ri,r2,73) - (1/9), (1,71,72,73) - (1

1
= (w(), s1(x), s2(), s3(2))

1—x+ 2% — 623 —10x* —

262°

/
/

1—223

2(1 — 22 + 822 + 2223 + 522%)

1 —24 22 — 623+ 102t +

265

g)’ (1,7“171”271”3) : ($/g) '

z(1 — 5 — 122 — 2523 — 2% — 122° — 262°)

(14 23)(1 — 2z + 822 + 2223 + 52z4)

T

1+ a3

Z0 Qo 0 0 0 0
Z1 ap b() 0 0 0
Z9 Q2 bl Co 0 0
z3 as b2 C1 Qo 0

zZg ag by c2 a1 bo
Z5 Qg b4 C3 Q9 b1

The distinguishing character of these production matrices is illustrated by aligning the A,
B, and C' sequences of the above numeric example.

A B C A+B+C | A B (¢ A+B+C*
11 1 3 1 1 1 3
1 3 -4 0 | -1 -3 4 0
1 0 12 11 |5 —35 17 ~13
4 0 -23  —-19 | 61  —119 49 -9
12 0 —12 0 | 205 —350 125 0
24 0 -36  —12 | 557 —934 365 —12
8 0 —72  —64 | 1557 —2710 1125 —28
24 0 —24 0 | 4485 —7918 3433 0
48 0 —72  —24 | 13029 —23458 10393 —36
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We see an emerging pattern of zeros repeating after every third number. Here, A*, B* and
C™ refer to the inverse matrix. Matrices from this Sprugnoli group on four elements conform
to the following schema.

g g9 9 g g g g g g
I A A i A1 i S
11 fo 1 1 fo 1 1 f
1 1 1 fy fs fs f§ f3 f3
1 1 1 22 22 22 2* z* 2t

0 1 2 3 4 5 6 7 8

In a similar way, elements (g, f1, f2, f3, f1) (with f; € zF[[z%]]) in the Sprugnoli group on
five elements conform to the following schema.

g 9 9 g9 9 g g g g g g
1 i /A A Y A A A 1 A A
L 1 fo fo 1 1 fo fo 1 1 [fo
11 1 f50 1 1 1 f5 1 1 1
L 1 1 1 fu fu fu fo f§ fi [}
1 1 1 1 2% 2% 23 23 25 26 2f

01 2 3 4 5 6 7 8 9 10

In this case, the four quadrisections of a generating function g(z) are given by

1 0 0 0 1 1 1 1 g(z/*) gW ()
110 27V 0 0 1 —i =1 i g(iz*) | _ [ 9P (a)
410 0 27t 0 1 -1 1 =1||g(==) ) | ¢¥(a)
0 0 0 2%)\1 i -1 —i) \g(—iz'*) gD (z)
Setting (1,71,79,73,74) = (1, f1, fo, f3, f2) 7!, we solve for ri,ry and r3 using the matrix

formulation

12 (@%r4(x)) 1 ( ry(x)) “”( ra() ri(x)
(fif2) 2)($ ra())/z  (fuf)® (@Pra(@)/z (frf2)@ (a5 ( )/ r1(z)ra(z)
(Fifofs)@(@ra(z)) /22 (fifafs)P(aPra(z)  (fifafs) D (aPra(z)) ri(z)ra(z)rs(z)

z = {7 (@%ra(a)

=|z- (f1f2)(1 (2Pry(x)) /2
x — (fufofs) D (@ry)/a?

Here, we have
1/4
ni@) = (@nE)7)
Continuing in this fashion indicates that we can construct general n-Sprugnoli groups on
elements (g, f1, f2, ..., fn). In particular, the product in the n-Sprugnoli group is given by

(g, fis-- -, fn) - (hyr1, .., ™) =

(g7f1 7777 fn)'h’fl (gvfl 7777 f’ﬂ)'hrl'“ri+1 1 (gvfl 7777 fn)Ahxn71Tn>
(95 f1ye-es fo) b7 (95 f1yees fo) hryooerg T a1 (g, f1,. .., fn)-h '

(<g,f1 ..... fu) -,
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11 Conclusions

Matrix groups based on the idea of using generating functions to prescribe the columns of the
matrices in the group have grown in popularity since the first definition of the Riordan group
[18]. The combination of generating functions and matrices has led to many applications of
these groups in combinatorics and elsewhere, where the idea of generalized weighted compo-
sitions comes into play. This note adds to this context by defining a new group of matrices
whose columns are defined by generating functions in an original way. We have indicated
how these ideas define a hierarchy of Sprugnoli groups with elements (g, f1, fa, . .., fn) where
there is a specific prescription on the form of f,,. In the definition of the Sprugnoli group
on elements (g, f1, f2) above, there is a strong implicit role played by the (once-)stretched
Riordan arrays (g,zf2) and (gfi/z,zf,). Embedded in the inverse (g, fi, f2) ™' we can find
left-inverses [5] of these stretched Riordan arrays. Higher order Sprugnoli groups are based on
further stretchings of base Riordan arrays. In this way, the Riordan group is a fundamental
building block for the Sprugnoli family of groups.
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Appendix: Even and odd bisections

We let g(z) by a power series g(z) = > °  a,z"™. The even bisection of g(z) is the power
series

¢ (z) = Z aonx"
n=0
while the odd bisection of g(z) is the series
¢°(z) = Z Aon+12".
n=0

We then have

and
9(Vz) — g9(—=/)
2\/x '

9°(x) =

We can write this in matrix form as

171 0 11 g\ _ [(g¢°(x)
2\0 z72)\1 —1)\g(=2'?))  \¢°(x))"
Example 43. Given a power series g(x), we calculate the even and odd bisections of xg(x).

We have
(xg)e(x) _ (.CI?Q)(\/E) + (Jﬁg)(—ﬁ)

2
_ VED) — Vig(—/A)
2

Thus

Similarly, we have

(xg)o(x) _ (939)(\/5)2—\/(;9)(—\/5)
_ VAg(V/E) + v/Tg(—/A)
2V
_ 9V + 9(—VE)

N 2
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Thus

(Concerned with sequence A000045, A000108, A038754, A051159, A055879, A070909, and
A122367 ).
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