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Abstract

Based on the multiple binomial transforms introduced in this paper, the n-fold
generating and generated sequences of a given integer sequence can be defined and a
family of this integer sequence can be constructed. The family sets form a partition of
the set of integer sequences. Special attention is paid to the recurrent integer sequences,
which are produced by some linear and homogeneous recurrence relations or difference
equations. For the recurrent integer sequences, a distinct rule to construct their families
is obtained based on the linear difference calculus.

1 Introduction

We know that if for an integer sequence a(t), t € Ny ={0,1,2,...}, a function g(z), z € R,
has a power series form: g(x) = Z;’ioa(j)gj—;, then g(x) is called ezponential generating
function of the integer sequence a(t) (see [1]). However, the generating function is a real
function defined on real numbers R, not another integer sequence. If the generating function
itself still is an integer sequence, then we can continuously repeat such operation on the new
integer sequence and generate a series of integer sequences, one after another.

In fact, we can accomplish this thinking, for we know that in sense of the calculus on
time scales, the binomial coefficients {(;) ,7=0,1,2,...}, are just the “polynomials on time
scale Ny,”, like ?—j,j = 0,1,2,...}, which are the polynomials on time scale R (see [2]).
Any integer sequence can be expanded to be a “binomial coefficient series” with integer
coefficients (called the discrete Taylor series, or the inverse binomial transform [1, 2]), and
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on the other hand, any integer sequence also always can be “binomial expansion” coefficients
of another integer sequence (called the binomial transform [3]). In this way, we tie one given
integer sequence in with others by using successive binomial transforms or inverse binomial
transforms (we call it the Multiple Binomial Transform), which form a series of new integer
sequences and naturally compose a large family of the given integer sequence.

The successive binomial transforms or inverse binomial transforms have been used in
some authors” work. For example, Spivey and Steil [5] used successive binomial transforms
or inverse binomial transforms to prove the invariance of the Hankel transform of integer
sequences under the falling k-binomial transform when £ is an integer. The falling k-binomial
transform is a new variation of the binomial transform introduced in [5].

In this paper, we give a special attention to the recurrent integer sequences (The integer
geometric sequence, the Fibonacci sequence, and the Tribonacci sequence are some exam-
ples), and describe a distinct rule to construct their families based on the linear difference
calculus. By the way, please note that in the text of this paper, for any integer sequence
a(t), we always regard ¢t € Ny.

2 Multiple binomial transforms

Definition 1.  [Multiple binomial transform| Let a(t) be an integer sequence. Then we
define the following transform ¢, (a) to be the n-fold binomial transform of a(t): for n =
1,2,

o=aw=33 3 3t () () () o

kn=0kp_1=0  ka—=0 k1=0 n—1

The integer sequence b(t) is called the image sequence of a(t) with respect to the n-fold
binomial transform, denoted by b = ¢, (a). Conversely, the integer sequence a(t) is called
the inverse image sequence of b(t), and can be denoted by a = ¢_,,(b). For the case of n =0,
define ¢g = 1 (the identity transform).

Remark 2. We can see from (1), the ¢1(a) (¢_1(a)) is just well-known binomial (inverse

binomial) transform of a(t) (see [3]). ¢,(a) can be considered as n successive binomial trans-

form ¢1 on a(t): én(a) = ¢1(d1(-- - (d1(a))), and ¢_,(a) can be considered as n successive
—_———

n—fold
inverse binomial transform ¢y on a(t): ¢—n(a) = ¢-1(¢-1(- - (¢-1(a)))

n—fold

Proposition 3. If defining successive two multiple binomial transforms on an integer se-
quence as a transform multiplication, then the set of the multiple binomial transform on in-
teger sequences, ®(a) = {¢p,(a),n =0,£1,4+2,...} (a is any integer sequence) is an Abelian
transformation group. We can call it the binomial transformation group.

Proof. From (1) we can see that for any two transforms, ¢,, and ¢, (¢ -@dn)(a) = o (Pn(a)) =
Gnrm(a), and (¢ dm)(a) = Gn(dm(a)) = Gman(a), that is, ¢, dpm = G- dpn (the commutative



law). For three successive transforms ¢,,, ¢,,, and ¢,, we have that (¢, - ¢n,) - Op = Gpin - Op =
¢p+m+na and ¢y, - (Cbm : pr) = On - ¢p+m = ¢p+m+m that is, (¢n : Cbm) : Cbp = Qp - (¢m : ¢p) (the
associative law). Besides for any n, noticing ¢y = 1, we have that ¢,, - p9 = ¢¢ - ¢, = ¢, and
G_nPn = Ond_n, = ¢o. Hence, (P(a), ) is an Abelian transformation group. O

Proposition 4. Let a(t) be an integer sequence. Then the terms of the inverse image
sequence of a(t) with respect to the binomial transform, a\=Y(t) = ¢_i(a), are the discrete
Taylor expansion coefficients of a(t), that is,

t t
_ [t , 1 .
a0 = £'a(0) = 3 (-1Y ( ‘)a<t —j) =2 (=1 ( .)am. (2)
=0 J =0 J
The inverse image sequence of a(t) with respect to the n-fold binomial transform, denoted by
a="(t) = ¢_,(a), can be calculated by n successive ¢_1 transforms.

Proof. From Definition 1, we have that a(t) = >, _,a"V (k) (;). On the other hand, the
discrete Taylor expansion of a(t) is that a(t) = >,_, AFa(0) (1) (see [2]). Hence, integer
sequence al~V(t) — Ala(0) is the 1-generated sequences of the zero sequence w(t) = 0,t =
0,1,2,... (A000004 in [3]), that is, w(t) itself. Therefore, a'=Y(t) = Ata(0). For a(=(t) =
¢—n(a), from Definition 1 and Remark 2, we have that ¢_,(a) = ¢_1(¢_1(- - (¢-1(a))). [

n—fold

3 Families of integer sequences

Definition 5. [Generating and generated sequences| Let a(t) be an integer sequence.
Define the image sequence of the n-fold binomial transform of a(t), denoted by a™(t),
as the n-fold generating sequence of a(t), and the inverse image sequence of the n-fold
binomial transform of a(t), denoted by a{=™(t), as the n-fold generated sequence of a(t),
where n =1,2,.... In case n = 0, a9 (¢) = a(t).

From Definition 1 and 5, and Proposition 4, we can get the following two Corollaries.

Corollary 6. If integer sequence a(t) is the n-fold generating (n-fold generated) sequence of
integer sequence b(t), then b(t) is the n-fold generated (n-fold generating) sequence of a(t).

Corollary 7. The terms of the n-fold generated integer sequence of an integer sequence a(t)
can be calculated as follows,

a=V(t) = Ata(0),a "2 () = AaTY(0), ..,V (t) = AtaD)(0). (3)
Remark 8.  For the zero sequence w(t), obviously, each of its n-generating and n-generated
sequences (n = 1,2,...) is still the zero sequence itself.

Remark 9. For the unit pulse sequence 6(t): 6(0) = 1, and 6(¢t) = 0 for t = 1,2,...
(A000007 in [3]). 6™ (t) = n* (n = 41,42,...). Hence, we may obtain some interesting
identities, such as forn =1,2,...,

3 3 () () () () =

kn=0kn_1=0 k=0 k1—=0 n—l
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and

2 X B ae()() () () -

kn=0kn,_1=0 k2=0k1=0

Furthermore, because the identical sequence b(t) = 1 (A000012 in [3]) is the 1-generating

sequence of d(t), from the above identity we have that for n = 1,2,.. .,

23 a0 (0)(L) =

n+1 kn=0

Definition 10.  [Family of integer sequences| Let a(t) be an integer sequence, and a™ (1),
n = +1,42, ... be respectively the n-fold generating and nfold -generated sequences of a(t).
Then we define the set {a™(¢), n = 0,£1,+2,...} to be the family of a(t), and denote it
by Flal.

Proposition 11. Let F, and F5 be two families of integer sequences. Then F, = Fy iff set
Fi (" Fz is nonempty.

Proof. 1t F; = F;, obviously Fj [ F» is nonempty. Conversely, if F; (| F is a nonempty set
and integer sequence c(t) € Fy () Fa, then from Definition 10 and Corollary 6, an arbitrary
element of F; is a certain generation generating or generated sequence of ¢(t), and hence it
is also an element of F5. Vice versa. Hence, F; = F». O

Corollary 12. Let n be an arbitrary integer, and integer sequence a\™ be the n-generating
or n-generated sequence of integer sequence a. If Fi[a] is family of a and Fy[a™] is family

of a™, then Fi[a] = Fpla™)].

Theorem 13 (Existence and Uniqueness). Fvery integer sequence belongs to one and only
one family.

Proof. We can directly construct a family of a given sequence by using Definitions 5 and 10.
This is Existence proof. Uniqueness is a direct conclusion of Proposition 11. O

Remark 14. Theorem 13 implies that the family sets form a partition of the set of all
integer sequences.

Remark 15. Most of the families of integer sequences are infinite sets. However, the
family of zero sequence w(t) is a one element set {w(t)}.

We now give an interesting property of the families of integer sequences as follows.

Theorem 16. Let F[a] be the family of an integer sequence a(t), and a™ (t),n = 0,41, 42, ...
be all the elements of set Fla]. Then all of the sequences, a™(t), have the same Hankel
transform.

Proof. We know from [4] that the Hankel transform is invariant under the binomial trans-
form. Hence from they definitions, all of the sequences a™(t),n = 0,41,42,..., have the
same Hankel transform. O
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4 Families of recurrent integer sequences

An integer sequence a(t) is called a recurrent integer sequence, if it is produced by a linear
and homogeneous recursion formula as follows:

p
a(0) =ag,a(l) =ay,...,a(p—1) =a,_1, and a(t+p)= kaa(t+p—k), t=0,1,2,...,

k=1

(4)
where, all of a; (j =0,1,2,...,p—1) and & (k= 1,2,...,p) are integers, and &, # 0. The
positive integer p is called the recurrence order of a(t). For such a recurrent integer sequence
a(t), we know the following basic results.

The recursion formula (4) corresponds to a linear and homogeneous difference equation
for a(t). By using a basic relation in the difference equation theory (see [6]): a(t + k) =
Z) 0 ( )Ak Ja(t), k =1,2,...,pin (4), and then merging the coefficients of every identical
order dlfference of a(t), we can get that

Pa(t) + anAp_ka(t) =0, (5)

() 507

J=1

where,

Conversely, if the difference equation (5) is given, then by using another basic relation in
the difference equation theory: Ara(t) = 377 ((—1)/ (j)a(t +k—3),k=12...,p in (5),
and merging the coefficients of every identical backward term of a(t), we can obtain the
corresponding recursion formula of a(t) in the form of (4), where

= (0 (1) + S (1 (T 7)

Jj=1

In this paper, we call the characteristic values of difference equation (5), that is, the roots
M (k= 1,2,...,p) of characteristic equation N\’ + Y 7_ mA "% = 0, as A-characteristic
values of a(t), to avoid confusing with the roots of recurrence characteristic equation o? —
P &oP™F = 0. (The later is often called by some authors as characteristic values of a
recurrent sequence.)
According to the difference equation theory, the general term of a(t) is

— ch(l—l—)\k)t, (8)

where coefficients ¢y, ca, ..., ¢, are determined by the initial conditions, which lead to the
following linear algebraic equation:

Z)\kck 7a(0) :Z(—l)j_k(i>ak, j=0,1,...,p—1. (9)



For the n-generating (n-generated) sequence of a recurrent integer sequence a(t), we can
prove the following theorem.

Theorem 17. Let a(t) be a recurrent integer sequence defined in (4), and Ny and ¢ (k =
1,2,...,p) be respectively the A-characteristic values and general term coefficients of a(t),
and a™(t) (a=™)(t)) be the n-fold generating (n-fold generated) sequence of a(t), n = 1,2, .. ..
Then forn = +1,42, ...,

(A1) the A-characteristic values of a™(t) are
AW = No+n, k=1,2,...,p, (10)

(A2) the general term of a™(t) is

a™(t) = ick(1+n+)\k)t, (11)

k=1

(A3) the p-th order linear and homogeneous difference equation for a'™ (t) is
p
AP (1) + Y P AP Fa™(t) = 0, (12)
k=1

with integer coefficients

k :
n p —i(P—
Y = (—n)k(k> + (—n)t ](k j,)gj, k=1,2,...,p. (13)
=1 —J
(A4) the recursion formula of a'™(t) is

p
a®(t+p) =D & a"(t+p k), (14)

k=1

with recursion coefficients

k .
40 =0 (1) e (L0)a k=2 09

J=1

Proof. Using induction we get that AJ[cg(1 + \p)f] = ck)\i(l + M) (k= 1,2,...,p), for

j =0,1,2,.... Hence, the general term of a(=V(¢) is that =V (t) = Ata(0) = SF_, cpAl.
This means that '~V (¢) has the A-characteristic values of )\2_1) = A\;—1 and the general term
coefficients are identical to the coefficients of a(t), ¢x, (k =1,2,...,p). From Corollary 6, we

see that a(t) is the 1-generated sequence of aV)(¢). Hence, \, = /\,9) —1, or )\,(fl) = \+1, (k=
1,2,...,p), and the general term coefficients are still ¢, (k = 1,2,...,p). Using induction,
we can see that for any fold generating (generated) sequence of a(t), (Al) and (A2) hold.

6



From (5), we get that the A-characteristic polynomial of a(t) is a(A\) = N 4+ Y 7 _, mA\P~F =

P (A= Xg). Hence from (Al), for n = £1,42,..., the A-characteristic polynomials of
a™(t) are al™ (X) = [Ti_; [A = (Ax+n)] = PO =) =Ml = =)+ 0 (A -,
Expanding (A —n)’ (j =1, 2, ...,p) and then merging the coefficients of the same power of
A, we get a(A) = )\p + Zk L APF which leads to (12) and (13). This is (A3). Replacing
N and & by nk ) and fk (k=1,2,...,p) in (7), we get (15), that is, (A4) holds. O

Remark 18.  For the first order recurrent integer sequence: a(0) = ag and a(t+1) = £a(t),
t=0,1,2,..., the corresponding difference equation is Aa — (£ — 1)a = 0, the A-eigenvalue
of a(t) is Ay = & — 1, the general term is a(t) = aof’. The A-eigenvalues of a™(t) are
A" = € — 1+ n, and their general terms are a™(t) = ag(€ +n)t (n = +1,+2,....). Hence,
the family of a(t) is just the set of whole integer geometric sequences with identical initial
value ag. Noticing that a=9(t) = a¢d(t), we see that the case of ag = 1, is the family of the
unit pulse sequence §(¢) (Remark 9). Obviously, the case of ag = 0, is the family of the zero
sequence w(t) (Remarks 8).

Remark 19. For the second order recurrent integer sequence, we take the Fibonacci
sequence (AOOOO45 in [3]) as an example: F'(0) =0, F'(1) =1, and F(t+2) = F(t+1)+F(t),
t=0,1,2,.... Its difference equation is A?F + AF — F = 0, and the A-eigenvalues of F(t)

are \jp = —1 =+ f, and the general term is F(t) = \/ig[(% - %g)t -(3- %g)t] The A-

eigenvalues of F™)(t) are AY‘) =l 4 f, and /\(n) = 2ol _ V5 (= 41, 42,...). The

2 2
general term of F(t) is F™(t) = \%[(2"2“ + ‘/Tg)t (2L 5)and recurrence formula
is FM(0) =0, F™(1) = 1, and

FO@#4+2)=2n+1)F™(t 4+ 1) — (n® +n — 1)FM(1), (16)
where t = 0,1,2,.... Table 1 lists some family elements of the Fibonacci sequence.
Remark 20. For the third order recurrent integer sequence, we take the Tribonacci

sequence (A000073 in [3]) as an example: T(0) = 0, T'(1) =0, T'(2) = 1, and T'(t + 3) =
Tt+2)+T(t+1)+T(t),t=0,1,2,.... Its difference equation is AT + 2A*T — 2T = 0,
and the corresponding A-eigenvalues, A\;, A9, and A3, are the roots of the A-characteristic
equation A\® 4+ 2X\? —2 =0 () is a real root, and Ay, and )3 are a pair of conjugate complex
roots). Its general term is T'(¢) = c1(1 4+ Ap)" + co(1 + A2)* + ¢3(1 + A3)t. The A-eigenvalues
of TM(t) are A,in) = M +n, k= 1,2,3, and the corresponding general term is 7 (t) =
c(1+n+ M) +e(l+n+ ) +ez(1+n+X3)t for n = £1,£2,.... All of T((¢) have the
same first three terms 0,0, 1, and the same general term coefficients ¢y, ¢o, c3. The recurrence
formula is 7" (0) = 0, T™ (1) = 0, T™(2) = 1 and

T +3) = (1+30)TMW(t+2)+ (1 —2n—3n)TW(t4+1) + (1 —n+n2+n*)TM (1), (17)

where t = 0,1,2,.... Table 2 lists some family elements of the Tribonacci sequence.
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Table 1: Elements in family of the Fibonacci sequence (F™(t), n = 0,41, 42, +£3, +4)

Sequence | Initial values | Recurrence formula Number in [3]
Fit) ]0,1 F(t+2)=F(t+1)+ F(t) A000045
FO@t) |01 FO@t+2)=3FO(t+1)— FO(1) A001906
FAt) |01 FOt+2)=5F®(t+1)—5F(t) A093131
FO@) ]0,1 FO(t4+2)=T7FO(t+1) — 11FO(t) nil
FAO@¢) |01 FOU+2)=9FD(t+1) — 19FD (1) nil
FEU@) 0,1 FEUt+2) = —FEU(E+1) + F< D(t) A039834
FEI(t) | 0,1 F( Dt +2)=-3FD(t+1) - FA(1) nil
FEI() 0,1 Dt 42) = S5FN({t+1) — 5F< () nil
FEOE) 10,1 Dt +2) = -TFE(t+1) — 11FED (1) nil

Table 2: Elements in family of the Tribonacci sequence (F™(t), n = 0,41, 4+2, 3, +4)

Sequence | Initial | Recurrence formula Number
values in [3]

T(t) 0,0,1 |T(t+3)=Tt+2)+T(t+1)+T(t) A000073

TO®) [0,0,1 [ TO+3) =4TD (¢ +2) — 4T (¢t + 1) + 27D (¢) A115390
T [0,0,1 [TOt+3) =TT (t +2) — 15T (t 4+ 1) + 11T (1) nil
TO@) 10,0,1 [T +3) =107 (t +2) — 32T (t + 1) + 34T () nil
TO#) [0,0,1 [ TW(t+3) =13T 4>( +2) = 55T W (t + 1) + 777D (t) nil
TED(@) [0,0,1 | TED(E+3) = —2TD (4 2) + 270CD(2) nil
TE2(t) 0,01 T( 2>(t +3) = 5Tt +2) =TT (t+1) — T2 (1) nil
TE3() 10,01 Dt +3) = 8T (t +2) — 20T (¢ + 1) — 14T (1) nil
TEY(@) 10,01 T( Dt +3) = 1TVt +2) — 397D (t + 1) — 437D (t) nil
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