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Abstract
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1 Introduction

Difference equations or discrete systems, which are in use for the creation of models in
a variety of domains are in principle nonlinear. On the other hand, most of the existing
results refer upon linear systems and various linearization processes are in practice, not
always successfully. The reason is that the initial systems possess complexities and
due to this fact, basic characteristics do not inherit into linearization. It is therefore a
necessity to rethink about linearization processes, their tools and degrees of acceptance
for the obtained results.

Mathematical control theory provides a unifying framework for posing and studying
such problems [5]. In this respect, we treat in this manuscript with systems known as
nonlinear discrete systems of polynomial type with two components, which have the
general form:

z(n) = Z Z ajr(n — i) - x(n —i)y(n —j1) - y(n — je) } (L)
y(n) =Y > buga(n—iy)--x(n—i)y(n = 1) --y(n —jo) | '

The coefficients a;;, byj are real numbers and the quantities x(n), y(n) real sequences.
These systems, transform a pair of sequences to another pair of sequences in a nonlin-
ear polynomial way, involving a certain number of products among different delays of
those sequences. We usually refer to these products as “cross products”. These systems
appear in many branches of dynamical systems theory, see for instance [2, 14], as well
as, in control theory and signal process Analysis, where one of the two sequences is
considered as the input. See [4].

The aim of this paper is to deal with the above nonlinearities by using mainly alge-
braic tools based upon the so called star product. The star product corresponds to the
composition of polynomial functions, in other words to the substitution of one polyno-
mial into another. This star product allows to describe the evolution of the system along
naturally defined operations, the D-operator. This operation is compatible with the cas-
cade connection of one system with another. The problems of evolution and stability
of those systems have been studied in a series of papers. See [10-12]. Particularly, in
these works, we realized (1.1) as Z(n) = AZ(n — 1), where Z(n) = [z(n),y(n)]" the
state vector and A a proper D-operator. Then we proved that the dynamic evolution of
a such system is given by Z'(k) = A¥Z(n — k), where the power A¥ has been calculated
with respect to the star product. Both results are analogous to those we have from the
classical theory of linear systems. Based on this framework stability theorems were also
established.

In the present paper, inspired by similar problems in control theory, see for instance
[5, 13], we set down the problem of equivalence of two such systems, and we look for
conditions in order to transform one system into a (sometimes given) equivalent one,
with the same future evolution. In the linear case the problem is well understood and
completely solved. Indeed, if ¥(n) = AZ(n — 1) is a linear system, A the coefficient
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matrix, Z(n) the state vector, then it is known that we can transform this system to
another linear one Z(n) = LZ(n — 1), by using the transformation ¥(n) = TZ(n)
where T is a matrix satisfying the relation: AT = TL. To extend this idea in our
case we use the aforementioned D-operators description and the star product. By their
means, we reduce the equivalence problem to the solution of the equation FxT = TG
of D-operators with respect to T, when F and G are given. For a specific system
F and when the given system G is a linear one, the equivalence problem is of prime
interest. To face it, a recursive procedure is introduced, constructing first the linear part
of T, then the quadratic, the cubic and so on. To achieve that, we solve the systems of
equations arising, by the application of the star product. The whole approach is algebraic
in nature [1, 3] and certain theorems provide us with criteria about the structure of T, if
itis a polynomial series (an infinite sum of polynomials) or a series of series (an infinite
sum of series).

It turns out that in this case a notion of complexity could be introduced, which real-
izes the intrinsic nonlinearity of the system. See [6]. As we said, the solution T may be
a polynomial operator, a series of operators, a series of series, to be invertible or not and
to converge or not. Each one of these situations determines a type of nonlinearity com-
plexity for the underlying model. A corresponding classification of different degrees of
complexity is presented. This is a little bit arbitrary and reflects the authors first attempt
to categorize the different issues of the model complexity problem.

To summarize, the advantages of this work are:

1. It is algebraic in nature and no analytical tools are used.
2. The operations can be carried out by using suitable software.

3. It can provide us with a computational tool proper to make nonlinear systems
equivalent to linear ones.

4. It can be used as a “measure” of the system complexity.

Here are the contents of this work. In the beginning, we give the preliminary notion
of a D-operator and develop the algebraic tools which allow the transformation of the
given equation in an algebraic like object. After that, we deal with the main object of
study, the Nonlinear Discrete Polynomial Systems. Initially, we define an equivalence
relation among D-operations, which turns out to be the appropriate one to characterize
the evolution of the underlying systems. This relation is used to define the notion the T-
similarity, between two pairs of sequences and reduce this algebraically to a correspond-
ing D-operators. The determination of the operator T in the equation F « T = T x G,
requires a lot of machinery in order to solve the occurring linear like systems. This is
achieved in an algorithmic manner. A main theorem ensures that under middle restric-
tion, for a given nonlinear discrete polynomial system the linear 7-similarity problem
accepts a series solution. Along same considerations, a table for the levels of model
complexity is established. All the above situations are illustrated through some indica-
tive arithmetic examples, which conclude this presentation.
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2 The Algebraic Framework

In this section, we shall describe the algebraic tools, which shall be used later for the
description of nonlinear polynomial discrete systems with two components. The cor-
nerstone of our approach is the so called D-operator. It has been introduced in [9, 11],
and transforms a pair of sequences to a pair of sequences. For the sake of completeness
of the manuscript, we shall present the basic definitions here, adding some new results.
We shall follow a constructive method, starting from simpler operators and proceeding
step by step, but let us first recall some basic notions from the indices.

2.1 The Indices
Let

U,
n=1
be the set of all the n-tuples with positive integers as elements. Any subset of it consist-
ing from n-tuples of finite length, is called a set of multiindices. We denote it by I. In
other words,
I={i=(i1,42,...,4,), n€N, i € N}.
Usually, the elements of a multiindex i are ordered in an increasing way, that is,

1 <ig <o <.

By d(i), we denote the minimum element of i, that is i; and by dim(i) the number n,
called the dimension or the length of i. By e = (), we denote the empty index, that is,
the index with no elements. Apparently, dim(e) = 0.

Let I be a set of multi-indices. We equip it with the following operations:

e Vector Addition. Let i = (i1,42,...,%,) and j = (j1, jo, - -, Jjn) be two multi-
indices, with dim(i) = dim(j) = n. Their vector addition is a new multiindex,
denoted by i + j and defined as

1+j: (Zl +]177f2 +]277Zn+]n)

e Scalar Multiplication. Let i = (i,4s,...,1%,) be a multiindex and p an integer.
The multiplication of i by p is a new multiindex, defined as

pri=(p-it,p-in,....,p-in).

e Cross Addition. Let i = (iy,4,...,4,) and j = (J1,72, .- ., jm) be two multi-
indices. Their cross addition is a new multiindex, denoted by i & j. This is done,
by putting together all the elements of i and j in an increasing order. Explicitly:

1@.] = (Zlajlvl%li’n]?v s 7Zn7]m)7
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where
11 < J1 < <3< Jo < <y < e

Pointwise Addition. Let j = (j1,J2,...,Jm) be a multiindex and ¢ an integer.
The pointwise sum is a new multiindex, denoted by j+i, and is defined as

Star product. Leti = (i1, 4, ...,4,) and j = (j1, J2, - - - , Jn) be two multiindices.
The star product, is a new multiindex, denoted by i * j, and is defined as

ixj=(j+i1) ® (+ia) ® - @ (j+in).

The Multistar Product. We introduce the multiindex k=(k1, ks, . . . , kg), and the
set of multiindices I = {ij,is,...,1p}. Each of these multiindices has different

dimension. The multistar product is a new multiindex, denoted by k * I, and is
defined as

ks« I=kx{i,lp,...,lp} = (l1+k1) ® (ia+ko) ® -+ D (ig+ke).

The General Star product. Let K = {k;, ko, ..., k¢}, be the set of multiindices
and J be a collection of multiindices, that is, J = {I;,Is,... I}, where I, =
(ig1,1¢2,...,1s,), t = 1,2,..., f. The general star product is a new multiindex,
denoted by K * 7, and is defined as

Order. Let I be a set of multiindices. It may be ordered in a lexicographical
way as follows: The multi-index i = (i1, is, . .., iy) is “less” than the multi-index
i= (1,72, - - jm), and we write

i<j,
if

n<m orn=m,

and the right-most nonzero entry of the vector j — i, is positive.

Example 2.1. To clarify how the above operations work in practise, let us take the
indices

Then

i=(-1,0,2) and j=(—1,1,3).

i+j=(-2,1,5), 5i=(-5,0,10), i®j=(-1,-1,0,1,2,3), j+2=(1,3,5),
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and
ixj=(J+(=1)) @ (+0) ® (j+2)
=(-2,0,2)®(-1,1,3)® (1,3,5) = (—2,—1,0,1,1,2,3,3,5).

Furthermore, if
I={(2,3),(1,1,2)} and k= (0,2,3),

then
ExI=(k=(2,3))® (k=*(1,1,2)).
However,
kx(2,3)=(2,4,5) @ (3,5,6) = (2,3,4,5,5,6)
and
kx(1,1,2) = (1,3,4) & (1,3,4) ® (2,4,5) = (1,1,2,3,3,4,4,5).
Thus,

kxl=(1,1,2,2,3,3,3,4,4,4,55,5,6).

Finally, if
K = {(0),(0,3)} and J = {I,1,},

where
I, = {(17 1)’ (_1’ 172)} and I = {(0)7 (_17 _1)7 (Oa L, 1)}7
then
KxJ = ((0)*I; @ ((0,3) * I))
= [(1,)+0] @ [(-1,1,2)4+0] & [(-1,—-1)40] & [(0,1,1)+3]
= (—1,-1,-1,1,1,1,2,3,4,4).

Proposition 2.2. The next relations are valid.

(A)
e®j=e, eti=c¢, ixe=c.
(B)
i®j=jdi
(C) . . .
(J@k)+r=(+r) @ (k+r).
(D)
ixj=jxi
(E)

i*x(jxh)=(ixj)«h.
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(G)
ix(jok)=(1xj) ®({xk).

(H)
Kx*J = (i11+ki1) ® (i1o+Hkio) @ - @ (115, Hh1s,) © (lo1+k21)

@(i2,2+/€22) BB (12,324‘]?252) b---D (it,l‘i‘kﬂ) S (it,2‘i’kt2)
BB (g, this,) ® (p1+ks) @ (ipatkp) @ & (if,sfﬂLk’fsf)-

Proof. Relations in (A) are a straightforward result of the emptiness of the index e.
Since, i & j is an index consisting from all the elements of i and j, in an increasing
order, it is uniquely determined. Whence, we immediately conclude thati & j = j & i.
Relation (B) has been proved. For the relation (C), in view of the assumption,

g1 <k < <k, < Jn,

we have
(j@k)—i_r:(jl+T)k1+7ﬂ7"')kn+rvjn+r)'

Since, j, < k;, implies that j, + r < k, + r, we easily conclude that
(i+rki+7r,. k100 +7) = (+r) & (k+7),
which proves (C). For proving relation (D), let us consider two indices
i= (i,19,...,1,) and j = (j1,J2,-- -, jm)-

Successively, we have

where
Jan tig < Jap +ip, < - < Jag 18,
Similarly,
jri=(i+j) ® (i+s) @ - @ (i+j,) = (ig, + Jag)é=1,..nm>»
where

g+ Jar S8y T Jag S Siﬂqa—i_jo%-

In view of the commutative property of the common addition, the proof of (D) follows.
For the proof of (G), we have successively

ix(jok) =[jok+ile[(ok)tile o[k til,
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which, in view of (C), becomes
(j+i1) ® (k+iy) @ (j+ia) @ (ktiz) @ -+ & (j+in) ® (kK +1iy).
Using property (B), we may rewrite the last expression as
(i) @ (i) © -+ @ (Hin) © (ki) @ (kiiz) © - - - @ (kin),

which is equal with,
(ixj) @ (ixk).
This proves (G). Next, we prove (E). Suppose that a third index h = (hy, ho, ..., h,) is
available. Using (G), we get
(ixj)*h=(hy, + ja, +i,), @=12,...,nmv,
where
hPl +ja1 +iﬁ1 < hpz +ja2 +iﬁ2 <---< hp¢ +ja¢> +i5¢'

Analogously, we have

(G*h) = (hy, +Ja,), ¢=1,...,mv.

Thus,
ix(j*h)=(hy, +Ja, +is,), ¢=12,...,nmy,

from which the proof of (E) follows. Finally, we establish (H). We have
K+«J=((k L) ® koxIL)®- & (kf*1Iy)
— (kl * {il,l) i1,27 o )il,sl}) EB (kQ * {12,17 i2,2a s 7i2,52})
DD (kt *x {it,la it,Q, ey it,st}) &) (kf * {if,la if,Q, e 7if,8f})
= (i11+k1) D (A1 otk12) @ - D (i1,5, Fh1s,) D (a1 ko1 ) B (22 Fh2o) D - - B (1,5, +kas,)
B D (ig1t+kn) & (iatke)
®--- D (it,st—i-ktst) S¥ (if,1—i-]€f1) S¥ (if,Q—i-k?fz) &---P (if,sf-i—k‘fsf).

The proof is complete. ]

Proposition 2.3. Let us suppose that the next indices and sets are as in the afore-
mentioned definitions. Then the following relations hold:

dim(i + j) = dim(i) = dim(j).

dim(p - i) = dim(i).
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(1i1)
dim(i® j) = dim(i) + dim(j).
(iv)
dim(j+i) = dim(j).

dim(i * j) = dim(i) - dim(j).

dim(k + I) = (Z dim(i“)> .
(vid) For
dim(K x J) = Z [Z dim(ipu)] )

=1

where f is the amount of the sets 1, contained into the collection [J, which is
equal to the amount of multiindices contained into the set K. Also, s, is the
amount of multiindices, contained into the sets 1,

Proof. The proof in each case, follows easily by using the definitions. 0

2.2 The )-Operator and the J-Polynomials

In this section, we correspond to each index i an operator d; which acts, as we shall see
in the next section, on sequences. We define the set of symbols

A= {5i,i e O (N)"}.

The members of this set are called §-operators. We correspond to the empty set I = {},
the operator 6.. If I = N, the operators ¢;, ¢ € I are called linear. A special case is the
identity operator .

Among the -operators, we define two internal operations: The dot product and the
star product. The dot product is defined as

5i . 5j = (Si@j

and the star product as
5i * 5j = 5i*j-

Proposition 2.4. The following properties are valid:
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(i)
56 * (Si = 6e~
(iii)
5i * (5J . 51{) = ((51 * (SJ) : ((51 * (Sk)

Proof. The proofs are straightforward applications of the relations A, B and E of the
Proposition 2.2. O

Expressions of the form

Azzzaiéi: Z aiéi, CLiER,

n=01iel, ieU,In

are called 9-polynomials, where by I,,, we denote the set of multiindices with dimension
n. By convention,
IO = {6}

For each polynomial A, we define d(A) as
d(A) = min{d(i), a; # 0}.

We define as degree of A, and we denote it by deg(A), the maximum dim(i) with J;
appeared in A. The maximum term of a nonlinear polynomial A, denoted by max(A),
is the quantity a;0; , where i is the largest index according to the lexicographical order
defined in the previous section. An expression of the form Z a;0; is called a linear
i€Z

polynomial.
Definition 2.5. Two J-polynomials,

A= Z aiéi and B = Z bj(Sj,

ieU,In jelU,,Im

are equal, if
I,=Jm, nnm=0,1,...,v and a; = b;.

Definition 2.6. Let
A= ) @b and B= ) b,
iel,In jeU,, Im
be two d-polynomials. Their dot product is defined as

A-B= > > abiies.

ieU,InjielU,,Im



The Systems Complexity Problem 65

Definition 2.7. Let us suppose that we have the d-polynomials
A= Z aiéi and B = Z bj(Sj.
icelU,In jeUnIm

Their star product is defined by the relation

Ax B = Z Z CLibjlij s bjn(Si*J.

ie Un In J:(jlva 77777 Jn) S (U'm Jm)n

Many times, for the calculation of simple star-products, we use the properties pre-
sented in the next proposition.

Proposition 2.8. Let A and B be §-polynomials, defined as before. Then the following

are valid:
(1)
§;xB= Y by, i€Z
jEUme
(2)
61*32(511*3)(512*B)(5Zn*B>7 i:(ihi%”'uin)'
(3)

Proof. (1) In this case, the polynomial A has the trivial form A = ¢, thatis I = {i}
and a; = 1. Applying the formula of Definition 2.7, we get

(51' * B = Z Z aibjlij ce bjnéi*J.

i€l Je(e(UmdIm)?t

Using the previous data this expression becomes

> byl

J€EUmIm)

In view of,
i*j=j+i,
the result follows.
(2) For the sake of presentation, we shall prove the relation for n = 2, that is, we

shall prove
di*x B=(;, * B) - (04 x B), 1= (i1,12).
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The generalization for arbitrary n, comes straightforward. By applying the formula of
Definition 2.7, with A = Z i, I = {(i1,42)}, and a; = 1, we get

ieIZ
0;x B = Z bjlbjz(si*J'
J:(jl,jQ)e(Ume)z
But,
ixJ=(ixj)®(@ix*j2)
and
i1 = (itin) @ (uFia), i % Jo = (Jotin) @ (joia),

and so,

0% B = Z b b 5J1+11)€B (G1+i2)®(Go+i1)D(2+iz)

J=(j1,j2)€(UmIm)?
In view of the fact that
(5(j14-i1)@(.il-i-i2)€9(j2-i-il)®(j2—5-i2) = 5(j1-H'l)®(j2-i-i1)®(J'14-i2)@(j2+i2)’

the relations

Z bJ(SJJrh ) 12 Z bJ53+z2a

j€UmIm j€UmIm
and the formula of Definition 2.6, we may easily see that
di* B = (d;, * B) - (0;, *x B).
(3) First, we show that
d,*(A-B)=(0,%A)-(0,+*B), pelZ.
Indeed,

i€eUnIyn j€Umdm

- Z Z aibj5(i@j)+p‘

ieUnIn jeUmdm

Using Proposition 2.2 (C), the latter becomes

Z Z aibj(;(ﬂ-p)@(jjrp) = <Z aj 1+p> : (J Z b35J+p>

ieUnIy jeUmIm ieUnI, EUmdm

= (0,%A)(6,*B).
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By using Part (2) of Proposition 2.8 twice, we get

oix (A-B) = [6;,* (A B)]- [0 (A-B)]---[0;, x (A- B)]
= (0% A)-(0;y xB)- (0, * A) - (83, * B) -+ (0;, x A) - (9;, * B)
= (65, *A) (0, %« A)--- (05, x A) - (63, * B) - (05, x B) -+ - (0;, * B)
= (0% A)-(0;% B).
The proof is complete. 0

The following proposition is stated without a proof. For the proof, see [7,8,11].

Proposition 2.9. The following statements hold.

(1)
A-B=DB-A.
(2)
Ax B # Bx A.
(3)
(AxB)*I'=Ax (B=xTI).
(4)
d(Ax B) =d(A)+d(B)
(3)
deg(A x B) = deg(A) - deg(B).
(6)

(A-B)«C=(AxC)-(Bx*C).
Example 2.10. Let
A - (Si - (5153 - (5(1’2’2)

and
B - 2(51 + 352(53 == 2(51 + 35(2,3).

Then
AxB=10q29*B=(01%B)(62%B)-(62%B)
(202 4 3d(3,4)) - (203 + 36(a,5)) - (205 + 30(4,5))

= 120(33)0(3,4) + 240(2,3.4,5) + 360(33.4,45) + 182,455 + 2703444555 + 80(2,3,3)

= 120504 + 2485630405 + 36020505 + 18056763 + 27630502 + 85263
From this and

BxA = (201+30@23)) *(1,22) = 201 * d(1,2.2) + 30(2,3) * I(1,2,2)
= 20503 + 303050%,

we see that A x B # B x A.
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2.3 The )e-Operators and the je-Polynomials

The J-operator will be used later in order to cope with the delays of one sequence
and hence with one dimension dynamical systems. Nevertheless, when we focus our
attention to two dimensional dynamical systems or to input-output control systems, see
[11], we have to work with two sequences. Therefore, we need one operator devoted to
the first sequence and another one, devoted to the second sequence. To achieve that, we
extend the above introduced notion in a direct way, by considering the set

A X A.
A member of the set D = A x A, is called de-operator and it is denoted by
5i X 5j.

Sometimes, for the sake of appearance, it is more convenient to use the following nota-
tion:
(51 X (Sj = 5i€j-

Therefore, the e-operator is just a second operator with properties identical similar to
the properties of d-operator. Obviously,

(5i><(5@:5i and 56X5j:€j.

A Je-operator,
5 i€ 3o

with the property that
d(i) =d(j) =0,
is called a zero de-operator. A special case of a zero de-operator is the operator

5060.

If
i= (ilai% s 72-01) and .] = <j17j27 s >jb)7
the number a + b is called degree of d;¢; and it is denoted by deg(di€;). The pair

(a,b) = (dim(i), dim(j)),
is called multidegree of d;¢; and it is denoted by deg,, (d;¢;). We say that
di€; = Oyey,
if
either i <i or (i=1 and j<j'),

with respect to the lexicographical order, defined previously, among multiindices. Now
we are ready to extend the two operations defined previously, in the case of de-operators.
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Definition 2.11. Let
(51 X 5J = (5i€j and 5i’ X 5J' = 5i’€j’

be two de-operators. As their dot product, denoted by d;¢; - dy €5, we define the operator
5i€j . 5i’€j’ = 5i@i’€j@j’-

The star product cannot be determined between two de-operators, but between a de-
operator and a pair of de-operators. The reason for that will be clear later, when we
study the action of these operators to a pair of sequences.

Definition 2.12. The star product of the operator d;¢; and the pair of operators [d;, €5, 05,
€j,] is defined as

0i€5 * [0, €51 03 €55 ] = Ginfin in} €+ {jn da}-
By using the null operators d., €., we can include the star product among simple
d-operators and de-operators into the above definition. For instance,

6i * 5i1€j1 = (5166 * {5i16j17 5666] = 5i*i1€i*j1-

Definition 2.13. Let I,,, J,,, be sets of multiindices with dimensions n and m respec-
tively. An expression of the form

v I
A= Z Z Z Cij5i€j7

n=0 m=0 (i,j)€l, xIm
where ¢;; are real numbers. By convention, Iy = J, = {e}, is called a de-polynomial.

Sometimes, for the sake of abbreviation, we write

A= Z Cij5i€j;

(1,j)eIxJ

where I and J are sets containing multiindices of any dimension, not of a constant one.
Actually, they contain multiindices of dimensions from O up to v and p, respectively.

As in the case of J-polynomials, we can extend this notion to de-series, in a natural
manner. Indeed, if both v and p tend to infinity or if I,,,J,, are infinite sets of multi-
indices, or if both are true, then we have a de-series. Specifically,

[SSINe'S)
A= E E E Cij5i€j~
n=0 m=0 (i,j)€l, xIm

By means of the null index e, we can decompose a de-polynomial into its pure J-part,
e-part and de-part. Indeed,
A:A§+A€+A5€a
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where
14 14 14

A5 = Z Z CijgiEj = Z Z Ciediﬁe = Z Z ci(Si

n=0 (i,j)€l, xJo n=0 icl, n=0 i€l,

is the pure d-part of A,

7 7 7
Ae = Z Z cijoi€5 = Z Z Cejlc€j = Z Z Cj€j

m=0 (i,j)€loxIm m=0jeJn, m=0jEIm

is the pure e-part, and A, is the pure de-part. Expressions of the form

Z cijéiej = Zczdz + Z Cj€; (21)

(1,5)€(X1xJ0)U(ToxJT1) i€y jedy
Z Cie(szfe: E Ciéi,
(4,5)€(T1xJo) i€l
and
§ Cejéeej: E Cj€;
(4,5)€(ToxJ1) JE€I

are called linear de, 9, and e-polynomials, respectively. The term, which according to the
order defined previously, is ordered highly among the terms of A, is called the maximum
term of A. By d(A), we denote the minimum delay of A. In other words,

d(A) = min(min(i), min(j)), (1,j) €L, xJpn, n=0,...,v, m=0,...,u.

The highest degree of the terms of A is called degree of A, denoted by deg(A). If all the
terms of a de-polynomial or a de-series A have the same multidegree (a, b), then we call
it homogeneous, and we usually write A(“?. Obviously A% is a §-polynomial of lin-
ear 6-terms only and A(*V) is an e-polynomial of linear e-terms only. Any de-polynomial
or de-series can be considered as sum of homogeneous de-polynomials (series) of an in-

creasing degree. That is,

A — A(lvo) _I_ A(Ovl) +A(270) _I_ A(lvl) _|_ A(072)

~
linear—part quadratic—part

+A(3?0) _|_ A(271) + A(LZ) + A(0’31_|_ o6 — Z Z A(a’b)‘

cubic—part n=1 a+b=n

The equality of two de-polynomials is defined in the same manner as it is defined for
the d-polynomials. Now, working analogously with the case of d-polynomials, we are
going to define the two internal operations, the dot product and the star product for
de-polynomials.
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Definition 2.14. Let
A= Z aijdiej and B = Z bsréser,
(1,J)eIxJT (s,r)eSXR

be two de-polynomials, where I, J, S, R are sets of multiindices of various dimensions.
Their dot product is a new de-polynomial, denoted by A - B, and defined as

A-B= Z Z aijbsréi@sej@s.
(i,J)€IxJT (s,r)eSXR

This dot product corresponds to the usual product among polynomials of many vari-
ables.

Definition 2.15. We introduce the de-polynomials

A= Z aijéiej, B = Z bsr556r7

(i,J)eIxJT (s,r)eSXR

C= Z ChwOh€w,

(h,w)eHxXW

and

where I, J, S, R, H, W are sets of multiindices of various dimensions. The star product
operation A x [B, C| produces a de-polynomial, which is defined as

Ax[B,C]

= 2 2 2.

K=(1,j)€IxJ  S=(s1,52,.-,sn)€S™®  H=(hq,hg,....hm)cH™
i=(i1,i9,...,in) R=(r1,rg,....,rm)ER"” W=(wq,wg,...,wm)EW™
J=01,325+dm)
aijbslrl b52r2 T bsnrnchlwl Chowg * " ° Chmwm5K*{S,H}6K*{R,W}7
where by K * {.S, H}, we mean the general star product among the set of multiindices
K = {i,j} and the collection {S, H}.

The next propositions are devoted to how the multidegree is handled through the
star product. Their proofs arise easily from the definitions of the star product and the
multidegree.

Proposition 2.16. We introduce the following homogeneous de-polynomials T, G, G5
with multidegrees

deg,,(T) = (k,A), deg,,(G1) = (v, ), deg,,(G2) = (p,w).

Then the following relation holds:

deg,, (T % [G1,Ga]) = (K, \) ( ; 5 ) .
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Proof. We suppose that the polynomials G1, G5 and T" have the next construction:
T= Z tij6i€j7 Gl = Z bsrésera
(1,J) €L x T (s,r)€S, xRy

and
G2 = Z Chw 5h€w .

(h,w)eH,x W,
Using Definition 2.15, we get

T+[GnGl= Y 3 3

—(3 3 — K
k=(1J)€LsxTy  S=(s1,52,--,8x)€ESY  H=(hy hg,....hy)€H}

i=(i1,i9,...,ix) R=(ry,ro,..., PK)GRE A
3=(11,3253)) (Wy W, W) EWE

bslrl T bsﬂrﬂchlwl e ChAwA(sK*{S,H}EK*{R,W}-

Clearly, all terms of T"* [G, G2] have the same multidegree (a, b). We know that in this
case
(a,b) = (dim(K x {S, H},dim(K * {R,W})).

Let us calculate the first dimension. Using Proposition 2.3 successively, we get

dim(K « {S, H}) =dim(i*x S ®j* H) = dim(i * S) + dim(j =« H)

= dim(s,) + > _dim(h,,).

But we know from the homogeneity of the series that
dim(s,) = v and dim(h,) = ¢,
for all values of p, and so,
dim(K x {S, H}) = kv + Ap.

Similarly, we prove the corresponding relation for the second dimension. Using matrix
formation, we can rewrite the above equalities in the requested expression. The proof is
complete. U

Proposition 2.17. We introduce the de-series T', G, Go. Also, let W be the star product,
that is
W =T % [Gl, GQ]

Note that, W'Y which is the homogeneous part of W, of multidegree (a,b), satisfies
the relation

W(aab) — Z Z T(A) 4 [GgV»H)7 Gg%w)]’

xk=0
A=0 (V7/'L7<p7w)es
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where S is the solution set of the equations
KU+ Ap=a, kpu+Iw="> v, upweNU{0},

and
T(Iﬁ,/\)’ Ggu,u)’ Ggsovw)’

are the homogeneous parts of the de-series T, Gy, Gy of multidegrees (K, \), (v, i), and
(¢, w) respectively.

Proof. It comes straightforward from Proposition 2.16 together with the fact that the

homogeneous part W (@) of W is consisting from all the parts of 7" « [G*) G{F)]

with multidegree (a, b). The proof is complete. O

Example 2.18. Let us give now a more complicated example, describing the general
case. Let
A =25,0563, B= (5361 + (5%62, and C = 40,65 + 536§.

We want to calculate the product A x [B, C]. We shall work by using the formula of the
Definition 2.15. First we have to determine the indices sets of the above polynomials.

We see that
I= {(1’ 2)}’ J = {(47474)}7 S = {(272)7 (17 1)}7
R = {(1>7 (2)}7 H= {(1)7 (3)}7 and W = {(27 2)7 (37 3>}

For the coefficients, we have
ag2),444) = 2, b2, =1, bui,e =1,

C(1)7(272) = 4, and 0(3)7(373) =1.

Proceeding with the formula, first we calculate the quantity
Ix J=1xJ={((12),(444))

This set contains only one element, a pair with first element the index i = (1,2) and
second element the index j = (4,4, 4). Thus n = 2 and m = 3. Then,

S?=8SxS= {<<27 2)7 ( ) )) (( )7 (17 1))7 ((17 1)7 (27 2))7 ((17 1)? (17 1))}7
H® = H x Hx H = {((1), (1), (1)), ((1),(1),(3)), (1), (3), (1)), (1), (3), (3)),
((3), ( ) (1)), ((3),(1),(3)), ((3), (3), (1)), ((3), (3), (3))},

={(1),(2)} x{(1), @)} ={((1),(1)),.. .},

and

W = {(2,2),(3,3)} x{(2,2),(3,3)} x {(2,2), (3,3)}
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We shall calculate the first term of the star-product. It has a ¢ part and an € one. For the
0 part, we have
5=10(22),(22) and H = ((1),(1),(1)).

Let K = ((1,2),(4,4,4)). Then,
Kx{S Hy = (ix5) @ H)=(1,2)%((2,2),(2,2) © (4,4,4)  ((1), (1), (1))

=(2,29+) & (2,2)+2) & (D+4) @ (1)+4) & ((1)+4) = (3,3,4,4,5,5,5),
corresponds to the part §30;0:. Moreover,

K« {R,W}=Kx*{((1),(1)),((2,2),(2,2),(2,2))}
=)+l ()4i2e(2,2)+H4 @ (2,2)+4 @ (2,2)+4
= (2,3,6,6,6,6,6,6).

This corresponds to the ¢ part exezes. Let us see now the coefficient

a(1,2),4,4,4) - b2,2),(1) - C1),2,2) - C1),22)  C)22) =2-1-4-4-4 =128

Thus, the first term is 1285%525?626362. Similarly, we calculate the next terms, and
finally, we get

Ax[B,C] = 12853512;52626362 + 1285363526368—128535?626462 + ...
= 2((5362 + (5%63)(542163 + 6%64)(4556% + (576?)3.

2.4 The D-Operators

The scope of this section is to extend the previous notions in the case of two Je-
polynomials. Actually, as we showed in the last section, a de-polynomial can act, by
means of the star product, on a pair of de-polynomials, producing one de-polynomial.
Now, we want to act on a pair of de-polynomials, getting a pair of de-polynomials. We
present now the D-operators. This is achieved by the so called D-operator This is the
main tool we shall use later in order to describe nonlinear transformations of pair of
sequences. The D-operator is nothing else, than a pair of de-polynomials. In other

words:
Z aijéiej
D_ [ A } _ | Gelaxda
Z bij(siej
(1.§)€lp x Ty,
If the above de-polynomials are linear, then we speak about a linear D-operator. It has

the form
k1

Z(alifsz‘ + byi€;)
L — 1'1?20 7
Z(a2i5i + bas€;)

=0
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where some of the coefficients a;, bs;, s = 1,2, may be equal to zero. If instead of the
de-polynomials A and B we have the de-series A and B, then the D-operator is called a
D-series. The notion of D-operators has been studied exhaustively in the past, see [11],
where a matrix like description has been used. We repeat here the main terminology.

Two D-operators are equal if and only if, their corresponding components are equal
as de-polynomials. In other words, they have the same sets of multiindices and the same
coefficients.

We introduce two D-operators

Dlz[gi] and Dzz[gz].

Their dot product and star product are defined as

A - Ay

b=k

:| and Dl*Dgzl:Al*[AQ’BQ]}.

B1 * [AQ, BQ]

We can extend all of the above to the case of de-series, in a similar way.

2.5 Operators and Sequences

As we mentioned in the introduction, the D-operators are used for the description of
polynomial discrete systems in a compact way. Before we present that explicitly, we
show how the ¢ and de-operators and the § and de-polynomials act on sequences produc-
ing new sequences. We shall proceed gradually, starting from J-operators and arriving
at the D-operators.

Consider the set of sequences

F ={2(t): N — R, where x(t) =0, fort <0} C RY,

a set arising from the sampling of continuous functions. Let us further consider a ¢;
operator, i = (4,142, ..,i,) be a given multiindex. This operator defines a function
®: F — Fas

O(x(t)) = 6ix(t) = x(t —iy)x(t —ig) - - - x(t — iy).

Many times, we shall use for this function the same symbol, as the one we used for the
operator, that is 6;. If i = 4, is just a positive integer, then 6,2 (t) = x(t—1), which means
that §; coincides with the well-known shift operator. A special case is the operator d,
which leaves a sequence unchanged, that is, doz(t) = z(t). It is called the identity
operator. For the sake of completeness, we define by convention that, j.z(t) = 1.
Using this type of action of the J-operators upon sequences, we can define an external
operation among d-operators, namely addition, as

(6 + 6;)a(t) = 8i(t) + S (t).

The next proposition, which we state without a proof, will be useful in the sequel.
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Proposition 2.19. The following are true:

a)

(8; + 95) - 0k = 05 - Ok + Jj - O
b)

(5i+5j)*5k:5i*5k+5j*5k-
c)

5k*(5i+5j)7£5k*5i+5k*5i~

The latter relation indicates that the set (A, +, %) of the d-operators, equipped with
the operations of addition and the star-product, is not a ring. The next theorem is a
crucial one, since it reveals the role of the star product. Actually, it makes clear that it
corresponds to the operation of composition among sequences.

Theorem 2.20. Let 6; and §5 be §-operators and i = (iy, ..., i,) and j = (j1, ..., Jm)
multi-indices. Consider the functions

O F 5 F, ®(a(t) = di(t),

Oy F— F,  Dy(x(t)) = 652(t),
and
(I)g ZF—)F, (I)g(af(t)) :51*5Jl‘(t)
Then, &3 = &, o ,.
Proof. Let
i=(i1,09,...,4,) and j = (J1,72, -+, Jm)-

Set

w(t) = Co(x(t) = 052(t) = x(t — ji)z(t — j2) -+ 2(t — Jm)-
Then,

Dy 0 Py(z(t)) = Py (w(t)) = w(t — iy )w(t —ig) - w(t — iy).

Substituting w(t) by its equal, we take
Pi(w(t)) =a(t—j—i)z(t —joa—ir) -zt —jJm—11) - 2(t = J1 —ir)z(t — Jo —in)

w2t — i — in) = 0514, 2(1)0555,2(E) - - 0544, 2(1). (2.2)
Taking into account that some of the delays may be equal, we finally get that (2.2)
becomes
Oin)@(itin)e@(itin () = Oixz (L)

The proof is complete. ]
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The -polynomials work also as functions transforming sequences to sequences as

follows. Let y
A= Z Z ai5i,

be a J-polynomial and x(t) a sequence. Then

Ar(t) =) Y aw(t—ina(t —iy) -t — ).

n=0 i:(zl ----- in)eln

The star product corresponds to the composition as before. In other words, to the substi-
tution of one polynomial into another. Indeed, if A,B are two J-polynomials, defining
the maps

A:F — F, with w(t) — Aw(t)

and
B:F — F, with y(t) — By(t).

Then, the polynomial which corresponds to the map Ao B : F — F, Ao By(t) =
A(B(y(t)) is the A x* B. An addition of §-polynomials is defined as (A + B)xz(t) =
Ax(t) + Bz(t).

Proposition 2.21. The following hold.

(1)
[A+ B]|«C=AxC+ B=xC.

(2)
Cx[A+B]#CxA+Cx*B.

Remark 2.22. The latter property means that the set of d-polynomials equipped with the
operation of the addition, is not a ring.

All the above are applied straightforward in the case of d-series, too. We can extend
the methodology so that to act not to a single sequence but to a pair of sequences.
We can achieve that by means of the de-operator. Indeed, let d;¢; be a de-operator,
i = (i1,92,...,0), J = (1,42, -+, Jm) two multi-indices. This operator defines a
function ® : F' x F' — F as

lx(t), y(t)] = digglx(t), y(t)] = x(t —ix) - - x(t — in)y(t — j1) - Yt — Jim)-

Therefore, the d-part of the de-operator acts exclusively on the first sequence and the
e-part on the second. If
either j = {e} or i= {e},
then
diee[z(t),y(t)] = dix(t) and d.¢)x(t),y(t)] = €x(t).
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We can define the addition as

(die5 + dwey)[2(1), y(1)] = diesl(t), ()] + dwey[a(t), y (1))

As in the case of simple J-operators, we can prove here as well, that the distributive
property does not hold. That is,

5k6h *x (5iej + 5i’€j’) 7é 5k€h * 5i€j + 5k€h x 5i’€j’~

Let A = Z Z Z c;;0i€; be a de-polynomial. This polynomial acts on a pair
n=0 m= 0 1J EInXJm
of sequences as

Z Z Z ciir(t — i) - x(t — i)yt — j1) - y(t — m)-
n=0 m=0 (i,j)€L, xJ

If A is a de-series, then A[z(t),y(t)] is a Volterra series, containing products among
delays of x(t) and y(t). In the case of linear polynomials (or linear series) A[z(t), y(¢)]
is a linear polynomial (or a linear series) of delays of z(¢) and y(¢). The star product
among de-operators (or de-polynomials or de-series) corresponds to the composition
among maps. Indeed, let B, C, A be de-polynomials. We define the maps

B:FxF—F, [wt),v(t)] — y(t) = Blw),v),
C:FXF—F, [wt),vt)—ut)=Clw(t),v(t),

A:FxXF — Fy(t),ut) — z(t) = Aly(t), u(t)].

The de-polynomial, which corresponds to the composition
Ao [B,C]: Fx F —F, [w(t),v(t)] — z(t),

is called the star product of the polynomials A, B, C' and it is denoted by A * [B, C].

Now, let
A
o1

be a D-operator and A, B, de-polynomials. This operator defines a function
Z:FxF — F XF,

acting on a pair of sequences and producing pair of sequences as
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The star-product, between two D-operators corresponds, as before, to the composi-
tion of maps. Indeed, let us have two D-operators, D1, D,. We define the maps

Zy:FXF—FxF, [w(t),r(t)]— [z(t),y(t)], with [x(t),y(t)] = Dy[w(t),r(t)]
and

Zy: FXF —FxF, [u(t),v(t)] = [w(t),r(t)],with [w(t),r(t)] = Defw(t),r(t)].
Then, the D-operator which corresponds to the map

ZioZy: FXF — FXF, [u(t),v(t)] = [x(t),y(t)],
is the Dy x D5. The proof of this fact is a direct result of the definition of the star product.
Example 2.23. We introduce the discrete polynomial relations
w(t) =u?(t — 1) + ot — Du(t —2), y(t) =ut —2)+ 20*(t — 1),

and
w(t) =x(t —1) = bz(t — Dy(t — 2).

Using the de-polynomials notation, we rewrite them as
x(t) = Au,v], where A = 07+ dyey,

y(t) = Blu,v], where B =y + 2637

w(t) = Clz,y], where C' = 6§, — 5des.

w(t) = C=x[A, B]lu,v] = [0 * A—5(51 % A)(ez * B)][u, v]
= [05 + 03ey — 5(85 4 3€2) (04 + 2€2)][u, v]
= (63 4 6360 — 56304 — 1003¢2 — 5530465 — 1003€9¢2) [, 1]
= u?(t—2) +u(t —3)v(t —2) — 5u*(t — 2)u(t — 4) — 10u*(t — 2)v*(t — 3)
—5u(t — 3)u(t — 4)v(t — 2) — 10u(t — 3)v(t — 2)v*(t — 3).

3 Nonlinear Discrete Polynomial Systems

In this section, we present how we can use the operators, developed previously, in order
to describe nonlinear polynomial discrete systems. Let us start with polynomial discrete
systems involving only one sequence. They have the form

0

x(n) :Z Z cr(n—1—id))z(n—1—1d9) - x(n—1—1), 3.1

k=1 iel,,
i=(i1,09,...,if)
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with ¢; € R and I, a finite set of multiindices of dimension k. To this system, we
assign a set of initial conditions, C' = {70, 71, -..,7s—1} C R, if and only if,

$(O) = "0, 37(1) =Yy ,l’(S - ]-) = Ys—1,

where s is the maximum delay appeared in (3.1). Starting from these initial conditions
and by using (3.1), we can calculate all the future evolution of the system, that is the
quantities

z(s),z(s+1),x(s+2),... .

Now, by using the d-polynomial

0
A= kz: Z ciéi,
=1

icl,
i=(i1,09,...,i})
we can rewrite the above system, shortly as z(n) = Axz(n — 1). By means of this
notation the evolution of the system is described through the star product. Indeed, it can
be proved, as the next theorem states. For the proof see [11].

Theorem 3.1. The quantity x(t + n), n > t, is given by the relation

xt4+n)=AxAx---x Ax(t—1)= A"z(t — 1)
—_—

n—times

or equivalently x(t) = Ax Ax---x Ax(t —n).
—_—

n—times

Note that the same set of initial conditions C, has been used.

To this end, let us come to polynomial discrete systems with two components, that
is, systems transforming a pair of sequences to a pair of sequences in a nonlinear poly-
nomial way. We introduce the sequences z1(n), x2(n) and the system

’

o B
nm) =33 > dlnm—i)ain—iza(n i) wa2(n - je)

’
a=1p=1 (i,j)€Elaxdg

i= (i1, ip)

3.2)
a// ﬂ// 2

xg(n)zz Z ci(,j),xl(n—i’l)-~-x1(n—i;,)x2(n—ji)---xg(n—jé,)
a=1f=1 (".i")el axd'g

i/:(i/l,...,i/T)
I

where 1,,15,J/, /6 sets of multiindices of dimensions a and [ respectively. To this

system, we assign the following sets of initial values

Cl = {ag,al, e ,Clp_l} and Cz = {bo,bl, .. .,bg_l}.
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In fact, we have

21(0) = ag,z1(1) = a1,...,z1(p— 1) = a, 1

and
1’2(0) = b07$2(1) = bla s 7x2(0 - 1) = ba—1>

where p and o are the maximum delays of {z1(n)} and {z2(n)}, respectively. If

the quantities o/, 3, ", 3" are not concrete numbers but equal to infinity or the sets

I, Jg, 1), J ;3 have an infinite number of elements, then (3.2) becomes a Volterra series.
By means of the D-operators, we can rewrite (3.2) as

x(n) = Gx(n—1), x(n) = [2% } G- [gl }

where G, GG, are proper de-polynomials and G the corresponding D-operator.
The next theorem, which lies in the same path with Theorem 3.1, describes the
dynamic evolution of the afore mentioned polynomial systems.

Theorem 3.2. The output, x(n), of a system x(n) = Gx(n — 1), at any time instant
t+n, n > t, is given by the relation

xX(t+n)=G+xGx---xGx(t—1)=G"x(t — 1)

n—times

Proof. Straightforward from the definitions. 0

The issue of the same dynamic behavior must be now under consideration. We have
two nonlinear discrete systems

x(n) = Gx(n—1) and z(n) = Fz(n — 1),
where G, F are D-operators,

x(n) = (r1(n), z2(n)), z(n) = (21(n), 22(n)),
and
[g,l = {(10, at, ... ,Clp_l}, Ig’g = {bo, bl, N ,bg_l},
two sets of initial conditions. Let

m(G) = max{m(Gy),m(G2)}, m(F) = max{m(Fy), m(Fy)},

and
¢ = min{m(G), m(F)}.

We say that the two systems operate under identical initial conditions if

21(1) = y1(1) = ai, 22(i) = ya(i) = b, 1=0,...,&,
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provided that & appears in the first system (correspondingly to the second one). We use
this system to produce the quantities

x(7), 7=¢&+1,...,max{m(G), m(F)}.

We set z(j) = x(j) and then we use these values as initial conditions for the second
system (correspondingly for the first one).

Definition 3.3. We say that two systems x(n) = Gx(n — 1) and z(n) = Fz(n — 1),
F, G, D-operators, are equivalent, if x(n) = z(n), n = 1,2, ..., whenever they operate
under identical initial conditions.

In this case, we write G ~ F. Itis trivial to be seen that this notion is an equivalence
relation. The next theorem combines equivalence of dynamical systems with equality
of D-operators.

Theorem 3.4. We introduce the systems x(n) = Gx(n — 1) and y(n) = Fy(n — 1).
These systems are equivalent if and only if G = F.

Proof. It G = F, then the systems are equivalent in a trivial way. The converse now.
Let us suppose that the systems are equivalent. This means that x(n) = y(n), whenever
they operate under identical initial conditions. Let us suppose that

Iy #1,4,

where I ;,1, are the multiindices sets. This implies that the de-polynomial

Fr= ) f<(i1,})5iei’
(13)€Tf1xT 1
has at least one term namely, f((al’)b) 0a€bs f((;)b) # 0, which does not exist in G;. The
equality x(n) = y(n) gives 1(n) = y1(n) or Giz(n—1) = Fiy(n—1), Giz(n—1) —
Fiy(n —1) =0, (Gy — F1)x(n — 1) = 0. Since this equality is valid for any sequence
x(n), we conclude that the coefficients of the polynomial G; — F; must be equal to
zero, and thus f((al’)b) = 0, a contradiction. Thus, the polynomials GG1, F; do not contain

isolated terms. Arguing then in a similar way, we conclude that all the coefficients f((ilj))

and 9((11 .)i) are equal. Repeating this procedure for the second pair of polynomials, we

finally get that G = F. O

3.1 Linear Systems

A special class of § or e-polynomials are the so-called linear polynomials. We present
them here briefly, just to indicate that in the linear case the algebraic tools, presented
in this manuscript, coincide with the classical ones. To avoid strong complexity of the
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presentation, we shall be restricted here only to simple d-operators. All the results can
be extended to all the other cases (e and D operators) in a straightforward way. Besides,
we notice that a pure de-polynomial, that is a de-polynomial without § or € terms is
nonlinear in nature.

Let A be a linear -polynomial, that is

[4
A= Zai&, a; € R.
=0

The expression

z(t) = Az(t—1)=apx(t—1)+az(t —2)+ - -+ apx(t—1—10)
0
= Zaiaj(t—i—l)

accompanied by a set of initial conditions, is a linear discrete dynamical system with
maximum delay equal to 6.

The following property is very useful. It says that working with linear §-polynomials
and the star product is like working with polynomials of a single variable and the clas-
sical product among them.

Proposition 3.5. Let F be the set of linear d-polynomials. Then the set (F,*,+) is a
commutative ring, and it is isomorphic to the ring (Rz|,-, +), where R|[z] is the set of
real polynomials of a single variable and - the operation of the polynomial product.

Proof. That (F,x,+) is a commutative ring comes as a straightforward result from
k

Proposition 2.9. To any linear J-polynomial M = Z m;d;, we correspond a real poly-
i=0
nomial

defining hence the map
o: (F,*,+) = (Rlz],-,+),p(M) = M.
It can be easily proved that
(M + N) = o(M) + ¢(N),

where NV is another linear d-polynomial and that ¢ is one-to-one and onto. Now, let

h
N = Z ’I’Ljéj.
7=0
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Then
M« N = szzn] itj.
=0 7=0

This means that

ko h ke+h
SURVIED $ WIS ol ot B
i=0 j=0 6=0
k h
= (Z mixz> . <Z njxj> = (M) - p(N).
=0 j=0
This relation ensures that ¢ is an isomorphism. The proof is complete. 0

The next lemma ensures that in the case of simple linear systems the description of
the dynamic evolution of the system by means of §-polynomials and the star product,
coincides with the well-known state space description of the literature. See [2].

Lemma 3.6. We introduce the linear discrete dynamical system x(t) = Ax(t—1), where

A is the d-polynomial A = Z a;0;. If we define x(t) to be the vector
i=0

x(t) = [z(t),z(t = 1),...,2(t — )],

then x(t) = Ax(t — 1), where A is the matrix

_ao a; asg ag—1 ae-

1 0 0 0 0

A= 0 1 0 0 0
000 0 -~ 1 0

This vector, x(t), is called the state and the above description, the state space descrip-
tion.

Proof. The proof can be found in any classical textbook of discrete dynamical systems,
see for instance [2]. L]

Theorem 3.7. We introduce the linear discrete dynamical system x(t) = Ax(t — 1),

)
where A is the d-polynomial A = Z a;0; and x(t) = Ax(t — 1) its state-space expres-
i=0
sion, A and x(t) the matrix and the state vector of Lemma 3.6. Then,
x(t) = A"x(t —n), forall n>0,

where A" has been calculated with respect to the classical matrix product.



The Systems Complexity Problem 85

Proof. We shall work by induction. Let us start with n = 2, we have to prove that
x(t) = A*x(t — 2). We know that z(t) = Ax(t — 1) and thus z(t) = A(Ax(t — 2))=
Ax Ax(t — 2). But,

0
Ax Ax(t — 2) = agAx(t — 2) + Z a;(0; x A)x(t — 2).

i=1

(3.3)

Since z(t — 1) = Ax(t — 2), we conclude that

(0; %« A)x(t —2) =6 xx(t—1)=z(t — 1 —1).

Thus, (3.3) becomes

0
x(t) apAx(t — 2) +Za1xt—z—1
=1
0
ag (Z(zl&)xt—Q —i—Z a;x(t—i—1)
i i=1

6—1
> (a0t + ai)x(t — 2 — i) + agagr(t — 2 — 6)
=0

z(t —2).

0—1
[ (CL()CLZ' + CLi_;,_l)(si + CLQCL959
=0

Going into state-space expression, we get x(t) = Cx(t — 2), with

[ ag + a1 aga; +as agas + as aple
ag ai (b ag
1 0 0 0
C= 0 1 0 0
i 0 0 0 10 0 ]

Some simple manipulations can prove that C = A - A = A? and the theorem has been

proved for n = 2. Let us now examine the case where, n = 3. Obviously,

w(t) = Ax Ax Av(t — 3) = A A%z(t — 3).
But,
0
Ax Ax(t—3) = (Z ai(;i) * A%z (t — 3)
i=0

= agA*x(t —

i=1

3)+ > a0+ A%)a(t — 3).
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Furthermore, in view of the fact that,

and

z(t — 2) = Ax(t — 3)

ag09 * A x Ax(t — 3) = agdoAx(t — 2) = agdex(t — 1) = aga(t — 3),

we find that

9
apA x Ax(t — 3) = ag (Z ai(Si) « Ax(t — 3)
i=0

and

a161 * A%2(t — 3) = a1 A x 61 Ax(t — 3) = a1 Ax(t — 3).

Substituting these results and executing the operations, (3.4) becomes

x(t) = (aj + 2apa; + az)x(t — 3) + (aga; + apa — 2 + a3 + az)x(t — 4)

+(adag + ajas + agas + ag)wv(t — 5) + - - + (ajag + ayag)x(t — 3 — ).

So, going into state-space expression, we get x(¢) = Cx(t — 3), with

bo
5+
Qo

C = 1
0

where

by

by bo N
apaq1 + ao agag +as . . . apQy
aq a9 o . Qg
0 0 N 7
1 0 S 0
0 0 10 0

3
ay + 2apa;1 + az,
2 2
Qa1 + apas + aj + ag,
2
Qo + a1ao + apas + ag,

2
Qg + a1ag.

By executing the operations, we deduce easily that C = A® and the result is valid
for n = 3. Working similarly, we can prove the theorem for any n. The proof is

complete.

]
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4 Series-Similarity

In this section, we examine how a nonlinear system is similar (equivalent) to another
one. This can be achieved by transforming the dynamic behavior of the given dynami-
cal system, so that its output to be identical equal with the output of another dynamical
system, called the desired one, under the same initial conditions (Section 3). It is of
prime interest to work with linear desired systems since this will determine how com-
plicated the original system is, defining henceforth its complexity level. Indeed, a non-
linear system equivalent to a linear one, can be considered as less complex than another
one which is not. The whole approach will be relied on a proper transformation of the
system, obtained by means of the star product and the D-series. We present now the
relevant definitions.

Definition 4.1. A D-series T is called invertible if we can find another D-series T’,
such that T/ * T = { % ]

€0

Definition 4.2. Two pairs of sequences

are called Series Similar, or briefly S-similar, if there exists a nontrivial invertible D-

series T = [ ? } such that y(t) = Tx(¢).
2

The meaning of the above definition is that, by means of 7', we can go from x(¢) to
y(t) and vice-versa. Let us now see how we can extend this notion in order D-operators
to be involved.

Definition 4.3. Let

be two D-operators. They are called S-similar, if we can find a D-series, T = { ? ] ,
2

such that
Fy« [T, 1] =Ty % [G1, Ga], Fyx [T, Ts] =Ty % [Gy, Gal,

or shortly
F+T=T=xG.

Theorem 4.4. Let x(n) = Gx(n—1), y(n) = Fy(n—1) be two systems. The sequences
x(n),y(n) are S-similar, if and only if, the D-operators G, ¥ are S-similar.
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Proof. Let us suppose that x(n) and y (n) are S-similar. This means that y(n) = Tx(n)
for some invertible D-series T. Hence,

Fy(n—1) =T Gx(n —1),

but
y(n—1)=Tx(n—1),

and so,
FxTx(n—1)=Tx*xGx(n—1).

Using Theorem 3.4, we get
F+«xT=T=xG.

The inverse now. The relation

x(n) = Gx(n — 1),

implies
Txx(n) =T xGx(n— 1),
but
TxG=F=xT,
and so,
Txx(n) =F % Tx(n—1).
Setting,
w(n) =Tx(n—1),
we get
w(n) =Fw(n — 1),
but

y(n) = Fy(n—1),

from which it follows that,

w(n) =y(n)
Hence,
y(n) = Tx(n—1)
and the sequences are S-similar. The proof is complete. [

Theorem 4.5. S-similarity is an equivalence relation among D-operators.
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Proof. We shall prove that the three properties of an equivalence relation are satisfied.
First,
o []-[8]-
€0 €0

do
€0
that F and G are T-similar. This means that F « T = T % G. Since T~ exists, with
d(T™') =0, we get

and thus the reflexive property is satisfied, with T = { } . Secondly, let us suppose

T !'«F+«T=T"'«TxG,

or
T '«F«sT=GandT '«F«xT+«T '= G+xT'.
Finally,
T '«xF=Gxs«T!
or

G«sT'=T'«F,

and so, G is S-similar to F by means of the T~! series and the symmetric property is
valid. For the transitive property, we have

FisT —similarto G = F«T =T x G,

and if
GisT —similarto U = F X =X % U.

From the first one, we have
FxT+«X=Tx+xGxX.

The second one gives
FxTx+xX=T=xXx*U,

which means that F is S-similar to U, with respect to the series T * 3. All the above
ensure that this is an equivalence relation. The proof is complete. O

The most interesting situation is when a system is S-similar with a linear one. In this
case, we speak for the linear S-similarity. In other words, let us suppose that we have
the given nonlinear D-operator G and the linear one L. We want to find a D-series T,
such that L * T = T * G. We must note here the similarity between the latter relation
and the well-known eigenvector-eigenvalues equation of linear transformations. In what
follows, we shall work with the said problem. First we shall construct a procedure
algorithm for solving the problem and then we shall present some theoretical results.
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4.1 Computation of the Series T

In this section, we shall establish a procedure dealing with the computation of the series
T. Our manipulation philosophy is that we shall solve the problem gradually working
step by step. We shall start with the calculation of the linear part of T, working then
with the quadratic part, the cubic and so on. At each step the results of the previous step
are used in the calculation of the current part.

Let us suppose that the D-operator G is S-similar to the linear system L with respect
to the series T, i.e., L « T = T % G. In order to describe a calculation procedure for the
series T, we adopt the notations below, which have been introduced in Subsection 2.3:

| Ly | | Gy
S P FI R P

with
Ly =L + LY, L8 = Zzﬁff&z, LY = Zz“’l 6=1,2,
NN plad) pad) (a.) _
=2 2 T = ) e, 0=1.2,
a=0 b=0 (i,§)eIxJ
G- 33 G, G = Y i, 0-12
a=0 b=0 (i,j)eIxJ
THE PROCEDURE

STEP 0: After substituting the above expressions into the main relation, we succes-
sively have
BRI
Ly T T G

Ll * [Tl,TQ] = T1 * [Gl, GQ] = (LgLO) + Lg(]’l)) * [Tl,TQ] = T1 *x [Gl, GQ]

or equivalently

LQ * [Tl, TQ] = TQ * [Gl, Gg] = (LgLO) + L;O’l)) * [T], TQ] = TQ * [Gl, Gg]
and finally

and
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STEP 1 - THE LINEAR PART: The linear parts of the series Ty, § = 1,2 are
those for which a + b = 1, a, b positive integers. By equating those linear terms in the
above equation, we get the relations

Lgl,O) % Tl(l,O) + Lg(),l) % TQ(LO) _ Tl(l,()) * Ggl,O) + Tl(O,l) % Ggl,O)’
Lgl,O) % Tl(O,l) + LgO,I) % TQ(O,I) _ Tl(l,()) ” Ggo,l) + Tl(O,l) % Gg(],l)’
Lgl,O) % Tl(l,O) + Lg(),l) % TQ(LO) _ T2(1,0) » Ggl,O) + T2(0,1) % Ggl,O)’
Lgl,O) % Tl(O,l) + Lg(),l) % TZ(O,I) _ T2(1,0) » Ggo,n + T2(0,1) % Gg(],l).

4.1

This is a homogeneous system of four equations with unknowns the quantities

T1(1,0)’ T2(1’0), T1(0,1)7 T2(0,1)'

STEP 2 - THE QUADRATIC PART: Let us work now with the quadratic parts
Te(a’b) of the series Ty, # = 1,2. That is when a + b = 2, a, b positive integers. The
equations here will arise by equating the coefficients of the 0,0 ;-terms, that is when
a = 2, b = 0, the ¢;¢;-terms, that is when a = 0, b = 2 and the d;¢;-terms, that is when
a =1, b = 1. We shall first work with the 9,0 ;-terms.

Lgl,O) * T1(2,0) + LgO,l) * T2(2,0) _ Tl(l,O) % GgQ,U) + Tl(O,l) " GgZ,O)
+T1(2,0) * Ggl,O) + T1(0,2) * Gél,O) + Tl(l,l) " [Ggl,o)’ Ggl,o)]’

Lg,o) N Tl(z,o) n Lgo,n N T2(2,0) _ T2(1,0) . G§2,0) n T2(0,1) . G,g2,0) (4.2)
+T2(2,0) N GgLo) n TQ(o,z) N Ggl,o) n T2(1,1) . [GgLo)’ Gg,o)].
For the €;¢;-terms, we have
Lgl,o) N Tl(o,z) n Lgo,l) N T2(0,2) _ T1(1,o) . G§0’2) n T1(0,1) . GéO’Q)
+Tl(2,o) N Ggm) n Tl(o,z) N ng) n T1(1,1) . [Ggo,n’ Ggo,l)]’
Lgl,o) N Tl(o,z) n Lgo,l) N T2(0,2) _ T2(1,0) . G§0’2) n T2(0,1) . Géw) (4.3)
+T2(2,o) N Ggm) n T2(0,2) N Ggo,n n T2(1,1) . [Ggo,n’ Ggo,n]’
and for the 0;¢;-terms, we have
Lgo,l) N T1(1,1) n Lgo,l) N T2(1,1) _ T1(0,1) . G§1,1) . Tl(O,l) . Ggl,l)
+T1(1,1) N [Ggo,l)’ Gg,o)] n T1(1,1) . [GgLo)’ G;o,l)]’ w

Léﬂ,l) N T1(1,1) n Lgo,l) N T2(1,1) _ T2(o,1) . G§1,1) 4 T2(0,1) . Ggm)
PI 5 (GO0, G0+ T8« (G, GV
The unknown polynomials are

TI(Q,O)’ T2(270), T1(072)7 7—,2(0,2)7 7—,1(1,1)7 T2(1,1) ‘
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We transform now the above equations to relations among the coefficients of the un-

knowns polynomials. Let us start with an arbitrary term of the form §,0;. Equations
(4.2) will give

(1,0),(2,0 (0 1) (2 0)
Z <l¢7 t (bl b2) + l 2,(b1, b2)> 625]
ax(b1,b2)=(%,5)

_ (1,0) (2,0) (0,1) (2,0) (2,0) (1,0) (1,0)
- Z (t ¢a 91 (bl b2) + t¢>: 92,(1711’2)) T Z t¢>:(a1 az) J1.61 Y16y
ax(b1,b2)=(4,5) (a1,a2)%(b1,b2)=(4,7)

(2,0) (1,0) (1,0) (0,2) (1,0) (1,0
+ Z tqb (av,a2) 9161 I, T Z t¢,(a1,a2) 92,61 92,5

b=(by,bg)€(UJm)? b=(by,bp)€(UJm)?
(a1,a2)*b=(i,5) (a1,a2)¥b=(i,5)
§ : (1,1) (1,0) (1,0) _
+ t¢7(a1’a2) 9 bl 9o bo (Sidj, (b = 1, 2. (45)

b=(b1,bg)€J1 X J]
(a1,a2)*b=(i,5)

Note that, the star product operation among the indices has been defined in Section 2.
For an arbitrary term of the form ¢;¢;, (4.3) will give

(1,0),(0,2) £02)
Z <l t 1,(b1,b2) + l¢ a 2 ,(b1 bQ)) €i€;
a*(bl,bz):(i,j)

_ (1,0) (0,2) (0,1) (0,2) (2,0) (0,1) (0,1)
o Z <t¢»@ gl,(bl,ln) + t¢,a 927(171,172)) + Z t¢,(a17a2)gl,b1 91,6y
ax(b1,b2)=(4,5) (a1,a2)*(b1,b2)=(i,5)

(2,0) (0,1) (0,1) (0,2) (0,1) (0,1)
+ Z t¢7(a1,a2)gl b 91 b2 + Z tqb (al,ag)LqZ b 92 ,ba

b=(by,bg)€(UJm)? b=(by,bp)E€(UJm)?
(a1,a9)*b=(i,5) (aq,a9)*xb=(i,j)
(1,1) (0,1) (0,1) _
+ E t(}s,(ahw)g1 b Gon, | €€ o=1,2. 4.6)

b=(b1,bg)€Jq X J]
(a1,a9)*b=(i,5)
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Finally, for the arbitrary term 0;¢;, (4.4) will give

(1,0),(1,1) (0,1),(1,1)
Z <l¢,a L(b1ba) T l 2t 2,(by b2)> 0i€;
ax(b1,b2)=(%,5)

_ (1,0) (1,1) (0,1) (1,1)
- Z (tﬂia 91,(b1,b2) + t¢a 92 (b17b2)) +
ax(b1,b2)=(4,7)

(1,1) (1,0) (0,1) | ,(1,1) (0,1) (1,0)
+ Z <t¢,(a17a2)gl,b1 Y26, T t¢,(a1702)gl by 92,2 > 0s€, 4.7)
b=(b1,bg)€J1 X J]
(ay,a9)*b=(i,j)
¢ = 1,2. The above equations, despite their apparent complexity, form a system of
linear equations with unknowns the coefficients of the polynomials

2,0 2,0 0,2 0,2 1,1 1,1
7O 20 02 702 71 p,

STEP 3 — THE k-PART: Let us work with the k-degree terms of the relation
LT =T x G, that is terms of the form

0i 0 -+ 04, €, €y -~ €5y MAm =K.
In the series T they will be produced by the parts

T(k 0) T(k 1,1) T(k 2,2) Ti(k_b,b)’m,T(o,k)’ i= 1.2

g e e ey 3

These are 2(k + 1) series, which are unknown and have to be determined. For each of
them, we form an equation. Therefore, we have a system of 2(k + 1) equations, with
2(k + 1) unknowns. A such equation devoted to the term (n, m) has the form

LZ('LO) " Tl(n,m) + L7(;071) % TQ(n,m)

D R [N e e AR B

7
axy+bro=n
ay1+byg=m

n+m==k
a,b,x1,y1,z2,y2€N

Analyzing the sum on the right-hand side of the above equation, we get

1,0 s 0,1 K b ) )
Lg VT 4 LE ke TM™ = E Ti(“ ) [ngl n) Gl yZ)]
a+b<k
a(zy+y1)+b(za+yg)=Fk
a,b,xq,y1,22,y2EN
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)

D DI SR (N e S R
a+b=k

a(zy+yy)+b(wetyg)=k
a,b,x1,y1,22,Yy2EN

or

K3 3

70 Tl(n,m) i ngo,l) N TQ(n,m) _ plem) [Ggm)’ Ggo,l)]

_T.(m’n) « [GgO,l)’Ggl,O)} o Z Ti(a’b) % [Ggﬂflyyl)’Géﬂﬁzyyz)}

7

a+b=k,a#n,b#m
a(z1+y1)+b(za+yg)=Fk
a,b,x1,y1,r9,y2€N

)

_ Z T.(a,b) % [ngl’yl), Géxz@z)] : (4.8)
a+b<k
a(zy+y1)+b(z2+y2)=Fk
a,b,x1,y1,x9,y2 €N
i = 1,2. This is a pair of equations, devoted to the polynomial 7™ n + m = k.
Applying it to each one of the following cases,

(k,0), (k — 1,1),...,(0, k),

and working as in Step 2, (4.5), (4.6), (4.7), we should get a system of equations which
will help us to determine the coefficients of the series Ti(“’b), a + b = k. It is named the
basic k-degree system, which determines the requested series T.

Theorem 4.6. Let us suppose that the D-operator G is S-similar to the linear system
L with respect to the series T, i.e., L x T = T x G. Then, the successive solution of the
pair of equations (4.8), k = 1,2, ..., with respect to the quantities Ti(n’m), n+m =k,
determines the series T.

Proof. Obvious. 0

4.2 The Structure of the Series T
In this section, we present two theorems dealing with the structure of the series 7y =

Z Z TP 6 = 1,2. We examine when each of the terms 7,"” is a polynomial

a=0 b=0
or a series, too. In other words, we check whether T consists either from an infinite

number of polynomials (series of polynomials), or from an infinite number of series
(series of series). In the first case, we speak for a polynomial solution, in the second
case for a series solution. Both cases will be used in the next section when the notion of
complexity level will be established.

Before we present the main theorem concerning the polynomial solution, a nomen-
clature is needed. The matrix of the polynomial coefficients of the system (4.1) is de-
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noted by (). That is,

Lﬁ“’) B Gg,o) Lgo,n —GS’O) 0
1,0 0,1 1,0 1,0
0, — L LY g 0 ~G3Y
_Ggo,l) 0 Lgl,O) B Gg)’l) Lgo,n

0,1 1,0 0,1 0,1

0 ~GPY L Lt gy

The matrix of the linear system, formed by the equations (4.5),(4.6), (4.7), is denoted by
(). The corresponding augmented matrix is denoted by Q)5 (7, (,(a’b) ), a-+b =1, or shortly
Q5(T), to indicate the dependence from the polynomials Te(l’o), Téo’l), 0 = 1,2 The
matrix of the linear system, formed by the coefficients of the equations (4.8), is denoted
by (Jx. The corresponding augmented matrix is denoted by Q,’;(Tg(a’b)), a+b <k,
0 = 1,2, or shortly Q7 (T), to indicate the dependence from the previous polynomials
73",

The solution set of the linear system (4.1), if any, is denoted by I'. The set Ss is
defined as

Sy = {Te(a’b) €l',a+b=1:rank(Q,) = rank (Q;(Téa’b)»} :
Henceforth, the set S;, is defined as
Sy = {Te(a’b) €l a+b<k:rank(Qy) = rank (QZ(TG(a’b))> =12, k‘} .

Theorem 4.7. Let G be a D-operator and L a linear one. Let T be the series which
solves the S-similarity problem, i.e., L+ T = T x G. If |Q1]| = 0 and N;2,Sk # 0, then
the series 'T is a series of polynomials.

Proof. Let us start our analysis with the case £k = 1, that is the linear case. Using
the analysis of the previous section, we see that (4.1) is a homogeneous system of
four equations with unknowns the quantities T1(1,o)7 Tél’o), T1(0,1)’ TQ(O’l). Taking under
consideration the fact that in the linear case the star product coincides with the usual
product among linear polynomials and the linear § or e-polynomials coincide with the
usual univariate polynomials (Proposition 3.5), we get that the condition |Q;| = 0,
guarantees the polynomial solvability of the above system. In fact it has an infinite
set of solutions denoted by I'. We introduce a specific T € N;2;S;. This means that
rank(Qy) = rank(Qj(T)) for each k. Let us go now to the quadratic case, that is when
k = 2. The equations (4.5), (4.6), (4.7), form a system of linear equations. The relation
rank(Q2) = rank(Q3(T)) ensures the solution of the system and thus the existence of
polynomial quadratic solutions. Using this solution, we substitute it to the equations of
the cubic terms. The assumption rank(Q3;) = rank(Q3(T)) helps us, as before, to find
a cubic polynomial solution. Working inductively, we prove the theorem. [
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o0

Remark 4.8. The assumption ﬂ Si # 0, of the previous theorem, is a theoretical one
k=2
and it cannot be easily checked. Nevertheless, when we face a concrete problem, we

have predetermined the number of terms of the series T we are going to work with and
thus, we know in advance the maximum degree term, appeared in our calculations, let
us say r. Then we construct a system of equations of the form (4.8), for k =1,2,...,r
the solvability of which can be checked with regular methods.

Remark 4.9. The equation L x T = T % G resembles with the classical equation of
Linear Algebra for finding eigenvectors and eigenvalues. Therefore, all the linear D-
polynomials L for which the condition |@;| = 0 is satisfied, form a set called the eigen-
polynomials of G. These are all the linear D-polynomials for which the S-similarity
problem may be solved for a given G. It can be calculated by computing the determinant
|@1| and working the coefficients. Analogously, the series T, is called the eigenseries
of G.

The next theorems are dealing with the series solution. The first, says that a series
solution of the linear part implies a global series solution. The second, provides us with
the proper assumptions for a series solution.

Corollary 4.10. If the linear part of the equations (4.8) accepts a series as solution,
that is the quantities
T a4+b=1,60=12,

are linear series, then no one of the quantities
T a+b=k k>16=12,
can be a polynomial.
Proof. Let us work, for the sake of simplicity, with the quadratic case
7M™ n4m=2.
We suppose that the requested quantities
7M™ 4+ m =2,

are finite polynomials but the quantity 7?), which has already been calculated, is not.

Working with relation (4.5) we see that in the right-hand side, due to the factor

(1,0) (2,0
t@ gl,(b1,b2)’

there is an infinite number of terms ¢§,0;, whilst the left hand side there is only a finite
number, due to the finiteness of the factors

(170) (270) PR
l<p,a tl,(b1,b2) +

This is a contradiction. Working in the same way, we can prove the argument for any
series T'("™). ]
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By equating the coefficients of the first terms of the equations (4.5), (4.6), (4.7), that
18 the coefficients of the terms 58, 63, do€g, we form a linear system with unknowns the

quantities

t(2:0)

20) 402 02 (11 01
ooy b t t 0y T

2,0.0) 11,000 2,000 1,0, (0,0)°

We denote it by C5. Inductively, we can define the system of the first terms for the
equations (4.8), denoted by C}.

Theorem 4.11. Let G be a given D-operator and L a linear one. We construct the

quantity
(00 —a0) L 955" 0 ]
o) 1y —gip) 0 ~g5
0% 0 o) = g5 lig
0 ~1" o) lp — 950"
h -ty g5 0
b b g0 ~g5”
A=| g R - LR
0 —gir b by = gsy
9 — g9 g5 0
by ) =g 0 ~g5.,
—g1” 0 5 g 1Y
[0 91" By b o

The entries of this matrix are the coefficients of the linear polynomials appeared in L
and the linear part of G. If rank(A) < 4 and all the “first-terms” systems C}, are
solvable, then the problem L x T = T x G accepts a series-solution.

Before we present the proof of the theorem, we need to establish the next two lem-
mas.

Lemma 4.12. We introduce a collection of 4 x 4 matrices Ay, As, . .., Ax. We construct
the block matrix with those matrices as a column. If

then
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Ay

A
1. rank | . < 4, foreach =1,2,... .k — 1.

Ay
2. The systems A1 =0, Ay =0, ..., ApZ = 0, have common nontrivial solutions.
Ay
Proof. If rank :2 = 4, then there must be at least one 4 x 4 sub-matrix, named A,
Ay

with det(A,) # 0 and thus the rank of the original matrix would be equal to 4, a con-
tradiction. Now, from the previous result, we get that rank(A;) < 4 for each j, which
means that all the systems A,Z = 0 have infinite nontrivial solutions. Furthermore, we
can rewrite all those systems to a single system of the form

Ay
A —
Clz=0
Ay
The assumption of the lemma guarantees the solution of this system, too. [
p 4
Lemma 4.13. We introduce the linear 6-polynomials Ay, = Z ai 0 By = Z b0,
i=0 i=0
p p
'y, = Z’Yk,i(si’ O = Z 01,:0i, k = 1,2,3,4. We construct the 4 x 4 matrices
i=0 i=0

AO = [ak'70’ bk,()? VE,05 91{2,0]’
Al = [ak,l’ bk,h k15 Qk,l]a

AM = [ak,ua bk,ua Vs 9’67#]’
and the matrix
Ay
A
A= |77
A
Ifrank(A) < 4, then we can find linear 0-series

X = il’i% U= iwi% Z = izidiaﬁ = iwﬂsi
i=0 i=0 i=0 i=0
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such that
Al*X—i-Bl*\Ij—i-Fl*Z—i—@l*Q:O,

Asx X + Box U+ T % Z 4+ 0y%xQ =0,
As* X + B3x U+ 3% Z+03%xQ =0,
A« X + By« U+ Ty xZ+0,%x0 =0.

Proof. By executing the star products, we get the next four equations
(ar,0%0 + bioo + Yro020 + Orowo)do

+(ag 120 + ar o1 + b 1o + beotn + V120 + Veo21 + Ok1wo + Ok owr )0y

2 2 2 2
+ <Z Qg,2—iT; + Z br2—it; + Z Vi,2—i%i + Z 9k,2iwi> P
i=0 i=0 =0 i=0

H 7 I 1
+ <Z Ak, pu—iLi + Z bk“ufiwi + Z Ve, u—i%i + Z Hk,,uiwi> )
=0 i=0 i=0 i=0
(Z Ak, p—iTi + Z bi p—ithi + Z Vie,p—iZi + Z Or.p lwl)
t # i=p—p i=p—p i=p—p
+---=0, k=1,2,3,4.

The first part is the obtained d-series and d, an arbitrary term of it with p > . To take
its coefficient, we used the fact that ay¢ = bre = Ve = Ope = 0, for any { > p. By
equating the coefficients of the terms ¢; to zero, we get

ak,0To + brotbo + Vo020 + Ok owo = 0, 4.9)

1% + Ak0T1 + b 1%o + brot1 + Vi 20 + Vo2 + O 1w + Ok owr = 0,

1 7 7 7
E A p—iTi + g e p—iti + E Vi,u—iZi + E Or,pu—iw; = 0,
=0 =0 =0 =0

p

P P P
Z A p—iTi + Z b p—iti + Z Vi,p—iZi T Z Ok, p—iw; = 0

i=p—p =p—p i=p—p 1=p—p
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Equivalently, by using the notation Z = [, 1y, zx, wa]?, A = 0,1,2, ..., p, where T
stands for transpose, we have

Aoy =0, (4.10)

Ay + Agity =0, (4.11)

A gy + Ay 1@+ Ay oy + -+ AT, + Ao, = 0, (4.12)

AT+ A, 13+ A, oTy A+ AT, =0 (4.13)

where we have used the fact that A, = 0, for p > p. System (4.10) is a homoge-
neous linear system. Since rank(A) < 4, we conclude, by means of Lemma 4.12, that
rank(4y) < 4, and thus the system (4.10) has nontrivial solutions. Let us go now to
Ao
Ay
there is at least one 2y with A7y = 0 and A7y = 0 and hence (4.11) is transformed to
A7, = 0. The condition rank(Ap) < 4 guarantees that (4.11) has nontrivial solutions
with respect to #;. We work now with (4.13). The condition rank(A) < 4 implies that
the homogeneous systems A%, = 0, k = 1,2,..., u have common solutions and
thus (4.13) is transformed to A%, = 0, which is solvable, since rank(A4y) < 4. There-
fore 7, is determined. Working inductively, we can find all the terms of the unknown
series. [

the system (4.11). By Lemma 4.12, we get that rank [ } < 4, which means that

Proof of Theorem 4.11. Working as in proof of Theorem 4.7, we take the same expan-
sive expressions for the relations L « T = T x G, as before. The D-series T is upon
request. By using Lemma 4.13, where the polynomials A, B, ', A have been replaced
by the linear parts of the above equations, the first condition of the current theorem
guarantees that the linear part accepts a series solution. The solvability of the system
C5 implies that we can solve the system of (4.5), (4.6), (4.7), with respect to the coeffi-
cients of the terms 53, 6(2), do€o. Then, after substituting the above solution, we can find
the coefficients of the terms 5%, (—:f, do€1, 01€9. Working inductively, we can define all
the terms of the quadratic series. The solvability of the system C5 provides us with the
cubic series. Continuing with the solvability of the next systems C}, we can obtain the
series of any degree and thus, the final series T can be determined. O]

Remark 4.14. The assumption about the solvability of the systems C'; cannot be checked
for an infinite number of series. Nevertheless, as before, when we face a concrete prob-
lem, we have predetermined the number of terms of the series T we are going to work
with and thus, we know in advance the maximum degree term, appeared in our calcula-
tions, let us say r. In this case, we have a finite number of systems C, k = 2, ..., r, the
solvability of which can be checked after finite steps.
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T-series Complexity Degree
L Stable | L Unstable
A polynomial 0 0+
An invertible, convergence, simple series 1 I+
A convergence simple series 1.5 1.5+
A simple series 2 2+
An invertible, convergence, series of series 3 3+
A convergence series of series 3.5 3.5+
A series of series 4 4+

Table 5.1: Complexity Degrees

5 Levels of Model Complexity

Complex systems appears in many fields of contemporary science and different com-
munities have different aspects about complexity and how they ranked it [5]. In this
section, we shall try to approach this issue for 2D-polynomial — discrete — systems,
using the mathematical tools developed previously. Specifically, we have described a
procedure for checking the equivalence of a nonlinear discrete system with a linear one.
This was achieved via a D-series, named T. The construction of T determines the kind
of the model complexity or how “hard” the nonlinearity is. If, for instance, T converges,
then we speak for a “light” complexity, otherwise for a “strong” one. If T is a simple
series or consists from an infinite sum of series (series of series), this will influence the
kind of complexity since checking convergence in the latter case, is a very difficult task.
The nature of L plays also important role. If, for instance it is stable then the level of
complexity is less than the level of complexity which corresponds to an unstable L. We
summarize the different cases of complexity degrees in Table 5.1.

It should be noted here that the above classification is arbitrary in nature and rep-
resents the authors view. It has been arisen from the way the problem is described in
this paper and it is based on the algebraic approach. Obviously, other approaches can
give other classifications by using other criteria The stability of the linear systems can
be checked by the well-known classical theory. The convergence of the series is an ana-
lytic question, depending on the values of the coefficients of the terms of the series and
it is difficult to be studied. To this purpose, we use certain theorems. To determine the
type of the series is the task of the methodology developed in this work. Sometimes,
parameters are presented in the coefficients. Various values of the parameters define
various kinds of complexity degree. Usually, we seek if there are values that give the
simplest one. Finally, we should note here, that it is sufficient to find at least one stable
linear system, equivalent with the original nonlinear one, to have complexity degree 0,
1, 1.5, etc., while we have to prove that there are no equivalent stable linear systems to
have complexity degree 0+, 14, etc. How and when this happens will be the subject of
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future research.

6 Examples

We give now two examples, the first deals with a linear system and the second with a
nonlinear one. The aim of those examples are to indicate how the previous theory works
in practise.

Example 6.1. Just to point out the compatibility of the current method with the classical
ones, we start with the linear case. We introduce the linear systems

(1) = w{t — 1) + 20t~ 2) + Ly(t — 1)
y(t) = ;x(t 1) = 2yt — 1) + 2yt — 2)
and
u(t) = —gu(t S ) 2u(t—2) = Bu(t — 1)
o(t) = —u(t — 1) + 2o(t — 1) + 20(t — 2)

2

We want to study their S-similarity. Using the algebraic tools, we have developed, they
are described as

1
|ixt):| (50+251+§€0 |:l’(t—1)}
550—2604‘261 7

3
[ u(t) ] B —550 -|—1251 — 3eo [ u(t — 1) ]
—50 + 560 + 261

and shortly x(t) = Gx(t — 1), %(t) = Lx(t — 1). We want to find linear polynomials
Ty, T, such that the following equations hold:

L1 * [Tl TQ] = Tl * [Gl GQ]
L«xT=TxG = ’ ’
{ L2 * [Tl,TQ] = TQ * [Gl,GQ].
For the sake of the simplification of the computation, we arbitrarily set
Ty = w1000 + w1101 + hipeo + b1 1€

T2 = w2,050 + w27151 + h2,0€0 + h2’161.

We could of course, take any other expression for the polynomials 77,75 with more
delays, but the computational effort would be harder. By equating the coefficients and
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Repeats G L | Transformed - G
2 7.5 -97.3 | -97.3
5 1105.625 | -1729.63 | -1729.63
10 | 110292 | 12477.2 | 12477.2

Table 6.1: Linear Systems

solving the corresponding system of equations, we get wig = hig — 6hag, w11 =
hl,l — 6h271 Wa 0 = —2h170 + 5}1270, Wa 1 = —2}1171 + 5}'&271 and thus a transformation
which solves the problem is

Ty = (hip — 6h90)do + (h11 — 6he1)d1 + higeo + b€

and

Ty = (—=2h1 + Sho)do + (—2h1,1 + 5ha1)d1 + hogeo + ho €1,
with h;; € R. To check the validity of the method let us proceed as follows: First, let us
assign some initial conditions, for instance z(0) = 3,y(0) = 1,z(1) = 2,y(1) = —1.
We find then, their transformed values with respect to the 7-polynomials, and then we
put these values as initial values to the other system, specifically, we set

u(1l) = hyo +4h1y — 12ho g — 18hy )y,

v(1) = —4hy g — 6h1,1 + Yo + 16ha 1,
37
w(2) = 5o + hiy — 45ha0 — 12ha,

0(2) = —15h170 — 4h171 + %hgp + 9h271.
By executing the operations symbolically, we see that the results are identical. Just to
take our approach one step forward, let us give the next numerical values to the free
parameters ; j,hi o = 1,h11 = —1.5,heg = 2.3,ho1 = 0.9. Then, the results we
take are presented in Table 6.1. Since the solution we found is a pure polynomial, the
complexity degree in this case is 0 or 0+, depending from the stability or not of the
linear system L.

Example 6.2. Let us consider now the nonlinear system
w(t+1) = x(t) +y(t) — 2°(t)
y(t +1) = x(t)

we want to examine if it can be S-similar, in other words equivalent, with the next linear
system ( the “ target *“ ) and thus to study its complexity degree. The linear system is

z(n+1)=2z(n) —z(n—1)+w(n) + %(1 —VBw(n —1)
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wn+1) = 2(n) + %(1 +VB)2(n — 1) + w(n — 1).

Using the D-operators, we get the next descriptions for both of them: x(t+1) = Gx(t),
x(t + 1) = Lx(t), where

1
0 50+§(1+\/5)(51+61

First of all, we see that |(Q);| = 0 and thus the problem, accordingly to Theorem 4.7, if
it has a solution, it would be a polynomial series. That is a series with a finite number
of first degree terms, a finite number of quadratic terms, cubic terms and so on. To
calculate the series 77, 75, we use the equations

L1 % [Tl,TQ] = Tl % [Gl,GQ]

L*TZT*G:>{ Ly * [T}, T3] = Ty % |Gy, Ga).

By choosing a proper T, so that the second assumption of the Theorem 4.7, to be sat-
isfied, we can calculate the series 77,75, by following the procedure of the previous
section. We finally take

1 1
Ty = (T + A)do + (—5(1+\/5)P+A— 5(1+¢5)A+B) 51 + Aeg

1 1 1
+ (1“ -5+ V5)A + B) €1+ §A53 + §Fe§ + (A4 T)doeo

1 1 1 1
—EA(Sg - Ef‘eg +5(A+ T)doeg + F(3A+ I)dgeo + -+ -

and
Tg = A50 + 351 + FEO + A€1
1

1 1 1

+%A5063 + <%A + F> Soeo -+
where A, B, T", A arbitrary parameters taking real values. The complexity degree of the
model depends from the values of those parameters. If we are able to find certain values
of these parameters which can guarantee the convergence as well as the invertibility of
the series (This means A # 0 and A +T" # 0), then, the complexity degree of the model
will be either 1 or 1+, depending from the stability or not of the linear system L. If
invertibility cannot be guaranteed but convergence is valid, then we have complexity
degree equal to 1.5 or 1.5+. In the current case, the linear system is unstable and
hence, we have complexity degree either 1+ or 1.5+. If, instead, we could prove the
S-similarity property with a stable linear system, then the complexity degree would be
lor1.5.
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7 Concluding Remark

In this paper, we presented a methodology for deciding if a nonlinear polynomial s
discrete system, with two components, is equivalent with a linear one. This equivalence
means that the two such systems have the same dynamic behavior. The solution of
the problem is achieved by the use of transformations described by proper series. The
whole approach is relied on an algebraic framework, developed by the authors and no
analytical tools are used. Finally, the entire issue is applied to the systems complexity
problem in order to provide us with different complexity levels, depending from the
structure of the transformation series and the linear systems.
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