Proceedings of the Estonian Academy of Sciences,
2024, 73, 4, 366-378
https://doi.org/10.3176/proc.2024.4.06
Available online at www.eap.ee/proceedings

CONTROL
THEORY

Computation of nonlinear eigenvalues based on the Ore determinant:
preliminary results

Miroslav Halds?, Arvo KaldmieP*, Ulle Kotta® and J uraj Slacka®

4 Institute of Robotics and Cybernetics, Faculty of Electrical Engineering and Information Technology, Slovak University of
Technology, Ilkovi¢ova 3, 812 19 Bratislava, Slovakia
b Department of Software Science, Tallinn University of Technology, Akadeemia tee 21, 12618 Tallinn, Estonia

Received 19 January 2024, accepted 28 May 2024, available online 24 October 2024

© 2024 Authors. This is an Open Access article distributed under the terms and conditions of the Creative Commons Attribution
4.0 International License CC BY 4.0 (http://creativecommons.org/licenses/by/4.0).

Abstract. The concept of eigenvalues has recently been generalized for nonlinear systems, but the method to find them is missing.
Unlike the linear case, now one has to deal with non-commutative polynomials from the Ore ring. In the paper, the Ore determinant
of a polynomial matrix, describing generic linearization of the state equations, is used instead of the standard definition of deter-
minant of the polynomial matrix with real coefficients. It is shown how to compute the Ore determinant of a polynomial matrix
associated with the nonlinear system and conjectured that the eigenvalues can be found from factorization of the Ore determinants
of the corresponding system matrix. Moreover, it is proved that such factorization into the first-order polynomials can always be
done. Many examples illustrate the computations and concepts throughout the paper.
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1. INTRODUCTION

The concept of eigenvalues plays an important role in linear systems theory. It is well known that eigenvalues
characterize the stability of a linear system and are also useful for finding various state transformations, for
instance, state equations into the diagonal form. The notion of eigenvalues has recently been extended
to nonlinear systems [5], and it was shown that such a concept provides generalization of the one known
from linear theory. The concept of eigenvalues of the nonlinear system was actually already introduced in
[14] under the name of characteristic function. The concept may also be viewed as a direct extension of
that from [21], which addresses the linear time-varying systems. The extension becomes obvious once the
tangent linear system is associated with the nonlinear system. Similar to the linear case, the eigenvalues
of the nonlinear system can be used for various state transformations (see [5]), and recently it was shown
in [7] that they play a similar role in the characterization of the stability of nonlinear systems. Moreover,
in the papers [13,18], eigenvalues were used to address the structural accessibility problem, and in [6,8],
eigenvalues were used in the development of an accessibility/observability criterion. A different (geometric)
extension of the eigenvalue was considered in [17] that is useful in model reduction problems.
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However, the open problem is the computation of the eigenvalues of a nonlinear system. In the linear
case, eigenvalues can be found as the roots of the characteristic polynomial of a linear control system, that
is, the determinant of the matrix A/ — A, if we consider a linear system x = Ax. In this paper, we propose that
the eigenvalues of a nonlinear system can be found in a similar way if non-commutative generalization of the
determinant is applied. In more detail, consider an autonomous nonlinear system x = f(x) with which we
associate the tangent linear system dx = Adx, where A = d f/dx, and then employ its polynomial description
sI —A. The polynomials in such a description belong, however, into the (non-commutative) skew polynomial
ring, often called the Ore ring. The paper suggests the idea that the eigenvalues of a nonlinear system can
be found from factorization of the Ore determinants' of the matrix s/ — A. The claim is not formally proven
in the paper but presented as a conjecture. However, the numerous examples run by us support the idea,
and one such example is also presented in the paper. Moreover, a novel method for computation of the Ore
determinants of the matrix s/ —A is given, and it is also proven that the Ore determinants of s/ — A are always
factorizable into factors of degree one over the corresponding skew polynomial ring.

For the sake of simplicity, we restrict the attention to the second-order systems. Such simplification
allows to focus on the presented ideas. The general case can be handled, in principle, analogously, but is
technically much more involved and requires the help of symbolic computation tools like Mathematica or
Maple to complete the computations.

2. ALGEBRAIC SETTING

In this paper, we will use the algebraic setting of [2,3,22] adapted to nonlinear autonomous systems, defined
by the differential equations of the form

X = f(x), (1
where the state x(z) € R” and the components of f are assumed to be from the field %" of meromorphic
functions in variables from the set {xi,...,x,}. Define the derivative operator d/dt that acts on functions
o(x1,...,x,) € X as follows:

O = Z aix,x”

where we substitute x; from (1).

Let & denote the vector space of differential one-forms defined as & = span ,, {d§;& € "}, where d is
the standard differential operator. The operator d/dr induces the derivative operator that acts on &, and it is
denoted by the same symbol. Let @ = }; o;d&; be in &, then

@ = Z(aidé,- + oyd&).

The operator d/dr also induces the left skew polynomial ring % [s] of the polynomials in s (interpreted
as d/dr) over 2% with the standard addition and the non-commutative multiplication defined by the commu-
tation rule

s& =Es+E, 2)

where & € #". The ring % [s] represents the ring of the derivative operators that act on any @ € & as

follows:
ko k .
Yas'|o=Y oo,
i=0 i=0

where 0 :=d/dr(@V) fori > 1.

I Note that the Ore determinant is not unique unlike the classical determinant.
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Lemma 1 (Ore condition [15,16]). For all non-zero a,b € ¥ '[s|, there exist non-zero ai,b; € J'[s] such
that a1b = bja.

The tangent linear system, associated with the nonlinear system (1), is given by
dx = Adx, 3)

where A = (d f/dx) € #"™". Using the tangent linear system description (3), one can now associate with
the state equations (1) their polynomial system description

(sl —A)dx=0.
Example 1 ([5]). Consider the system
X o= xitxx, =3 “)

The polynomial description of this system can be found as
s—1—-x —x dag \ _ (0
(o) ()= (6) ®

3. EIGENVALUES OF THE NONLINEAR SYSTEM

Definition 1 ([5]). A function A € £ is said to be an eigenvalue and a non-zero vector e € ™" an eigen-
vector of system (1) if they satisfy
de+é=Ae, (6)

where A = d f/dx.

Example 2 (continuation of Example 1). In order to find eigenvalues and eigenvectors for the system (4),
we are looking for & € ¢ and a non-zero vector (ey,e2)" € 2 such that

el €1 N l+x xi €1
f(a)+ ()= ) (2)
Table 1 shows various solutions for A, e1 and e, that can be checked by direct substitution.

Table 1. Possible eigenvalues and various eigenvectors for the system in

Example 2
A el ey A (4] ey
0 X1 0 1+x 1 0
XX x5 2 0
1 X2 0 2)62 X1 /XZ 1
ZXZ 0 2)6] /X2 2
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3.1. Equivalence of eigenvalues

Example 2 demonstrates that, unlike the linear case, there may be more than n eigenvalues for the nth order
nonlinear system. Hence, a natural question to be asked is this: in what sense is Definition 1 a generalization
of the results from the linear theory, where the nth order system has exactly n eigenvalues (counted with
multiplicity)? We will answer this question below.

First, recall the notion of the so-called d/d¢-conjugacy [11,12], adapted in this paper from pseudo-
derivation to standard derivation as a special case. The d/df-conjugacy can be understood as an equivalence
relation under which the possible eigenvalues of a nonlinear system split into at most n equivalence classes.
Let A and A be two eigenvalues for the system (1) with the eigenvectors e and ¢, respectively. Assume that
e and ¢ are dependent, that is, &€ = ce for some non-zero ¢ € J#". From (6), one has

Aé+é=Aé & Acetcetcé=Ace = (A+icVe+eé=Ae,
which implies the relation A = A +¢c!. The above motivates the following definition.

Definition 2. Elements o and B in & are said to be d/dt-conjugate if there exists a non-zero element c in
J such that

a=pB+c
Example 3 (continuation of Example 2). Consider the eigenvalues listed in Table 1. One can show that, for
instance, A = 1 and A = 1+ x; are d/dt-conjugate. Indeed, for c = 1/x3, A = A +¢cL. Also, A =0 and
A = 1+ x; are d/dt-conjugate, since A = A +c¢c™! for ¢ = x;.
Proposition 1. Let A be an eigenvalue of the nonlinear system (1). Then

A=A+cc, cex (7)

is also an eigenvalue of the nonlinear system (1).
Proof. Observe that A being an eigenvalue of the nonlinear system (1) implies

Aé+é=Ae. (8)
From (7), we have A =A—ccl. After substituting it into (8), we get

A—ccNoré=Ae & 25-S45-4% & le+<6):Ae,
C C C C C C C

resulting in Ae + é = Ae, where e = é/c. O

Proposition 2. The d/dt-conjugacy is an equivalence relation.

Proof. One has to show that the d/ds-conjugacy is reflexive, symmetric, and transitive.

» Reflexivity: one has to prove that any « € % is d/d¢-conjugate to itself. Indeed, a = o +da~' for
any non-zero a € R.

* Symmetry: one has to prove that @ € J# is d/d¢-conjugate to B € £ if and only if B is d/dt-
conjugate to o. That is, for &, 3 € %", we have « = 8 +da~! for some non-zero a € ¥ if and only
if B = a+bb~! for some non-zero b € # . Set b= 1/a, then B = a —a(a~")?a = a —aa~"', which
implies o« = B +aa~'.

* Transitivity: one has to prove that if & € %" is d/d¢-conjugate to B € # and B € ¢ is d/dt-conjugate
toy € #, then a € % is d/dr-conjugate to y € ¢ . That is, if

a=p+aa! 9)
for some non-zero a € J# and '

B=y+bb! (10)
for some non-zero b € %, then & = y+ ¢c~! for some non-zero ¢ € % . After substituting (10) into

(9), we get o = y+bb~' 4+ da~" = y+ (ba)(ba)~'. Set ¢ = ba, and the result follows.
O
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4. EIGENVALUES AND ORE DETERMINANTS

In this section, in subsection 4.1, we give the definition of the Ore determinant of a matrix with elements
from the ring .# [s]. Then, in subsection 4.2, we propose an alternative way of computing the Ore determi-
nants of the matrix s/ — A, which describes the tangent linear system (3) of the nonlinear state equations (1).
It is shown in subsection 4.3 that the Ore determinants of the matrix s/ — A, associated with the nonlinear
system, can always be factorized into the first-order polynomials. Finally, in subsection 4.4, we suggest
to compute the nonlinear eigenvalues of the system (1) from the factorization of the Ore determinant of
the matrix s/ —A. The latter is given as a conjecture (i.e. without a proof), and the example supports this
hypothesis.

Unlike the classical case, the entries of the matrix s/ — A are now not polynomials with real coefficients
but non-commutative polynomials from the skew polynomial ring % [s]. Therefore, one has to use non-
commutative determinants. To define a ‘good’ non-commutative notion of a determinant is not a trivial task.
Some definitions have been introduced in [15,20]. Since we use the Ore (skew) polynomial ring, the natural
choice is to use the concept of the Ore determinant, although in the literature, the Dieudonne determinant
has also been introduced and applied [9,20] for nonlinear systems.

4.1. Computation of the Ore determinant by definition

For the sake of simplicity and clarity of presentation, we will consider below only the case of 2 x 2 matrices.
The notion of the Ore determinant is closely related to the problem of finding the solution of the set of linear
equations, defined over a non-commutative polynomial ring % [s]:

kiixi +kixo =10, kaxi+kpxo =10 (11)

or given in a matrix form as

X1 o I8 B ki1 ko -
K< X ) B < ) )’ k= ( ko ko ) € H[s]7, lL,h e As).

To eliminate the variable x,, we multiply the first equation by k», € .#[s] and the second equation by
K12 € [s] and require that Kx2kj2 = Ki2kzo, which is the Ore condition from Lemma 1:

Knkiix1 + Knkipxo = Knli,  Kika1x1 + Kiokooxo = Ki2b.

Now, subtracting the second equation from the first yields (kxoki; — Ki2ka1 )x1 = Knoly — Ki2lp. Since J#[s]
is the Ore ring, then it can be embedded into a skew field .# (s), called the field of left fractions. Thus, in
7 (s) there exists (kxki — Kioka1) ™!, which results in

x1 = (Kaok11 — Kiaka1) ™ (knaly — K12la).

The expression Kyykj1 — Kj2kp; is called the Ore determinant. Similarly, one can find x»; and k7 such that
K21k11 = Ki1k21, which is again the Ore condition. Now, multiplying the first equation of (11) by k»; and
the second equation by kj; gives us

K2 1k11x1 + Korkioxo = Ko1l1,  Kiikorxr + Kirkooxo = Ki1l2.

This time, we subtract the first equation from the second to get (kj1k2 — Ka1ki2)x2 = Ki1lo — k2111, resulting
in

x = (Kirkoa — Karki2) ' (ki1la — ka1 ly).
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The expression K» k1 — K2k is the second Ore determinant. In general, for a p X p matrix with entries in
 [s], there are p different Ore determinants. Without additional restrictions, the determinants may be even
polynomials of different degrees (see [10]). Since we want the Ore determinant to be the generalization of
the standard commutative determinant, we have to specify the definition of the Ore determinant further by
introducing additional restrictions. Sometimes the result is called the restricted Ore determinant. Note that
the definition of the Ore determinant relies on the Ore condition from Lemma 1. In fact, the Ore condition
is just a way to overcome the problems caused by non-commutativity. If the elements @ and b in Lemma 1
commute, one can take a; = a and b; = b. Moreover, if one of them, let us say a, would be zero, then it
is natural to take a; = 0 and by = b. Therefore, from now on, we restrict the Ore condition in Lemma 1 as
follows:

¢if a # 0 and b # 0, then choose a; # 0 and b; # 0 such that a;b = bja and dega; = dega and

degb; = degb;

*ifa=0, b # 0, then choose a; = 0 and b| = b;

eif a #0, b =0, then choose a; = a and b = 0;

e if a = b =0, then choose a; = b; = 0.

Example 4 (continuation of Example 1). Recall the polynomial description (5) and denote
(ki kY [ s—1-x —X1
SI_A_<k21 k22>_< 0 s—2x2>'

Ore det) (sI —A) = knki1 — K12ka1,

Then,

where Kxkiy = Kiokap, that is, K (—x1) = Ki2(s — 2x2) and Ky and Ky, can be found as Ky = s — 1 — 3xy,
K12 = —x1. Therefore,

Oredet;(sI —A) = (s — 1 —3x3) (s — 1 —x3) = s> — (4 +2)s + 203 + dxp + 1. (12)

The second Ore determinant is
Ore detz(SI—A) = Ki1kyp — K21k12,

where Ky1k11 = Ki1ka, that is, k31(s — 1 —xp) = k11 - 0. Hence, kp1 =0, K11 = s — 1 —xp, and one gets the
second Ore determinant as
Oredety(sI —A) = (s — 1 —x2)(s —2x2). (13)

4.2. Alternative computation of the Ore determinant

There is an alternative way to compute the Ore determinants of the matrix s/ —A corresponding to the
system of the form (1). Note that there exists an output function for the system (1) such that the polynomial
description of the corresponding output differential equation equals the Ore determinant of the matrix s/ — A
for this system. First, we demonstrate this fact by an example.

Example 5 (continuation of Example 1). Consider the output function y = x,. Note that y = x| + x1x3.
Using the state elimination algorithm from [2], one can find the output differential equation of the system

N S
y= o —2y+y. (14)

The polynomial description of this equation can be found as follows. First, we apply the differential operator
to the equation (14) and express the time derivatives of dy as dj = s>dy, dy = sdy to get

(B
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Then, substituting y = x| and y = x| + x1x, gives, after rearrangement,
[s* = (4x2+2)s+2x5 +4x, + 1] dy = 0. (15)

Observe that the polynomial in (15) is the Ore determinant (12) of the system. Our final observation is
related to the fact that to get the polynomial description (15) of the system, we do not have to find the output
differential equation explicitly, as this may not always be a trivial task. One can instead work with the
tangent linear system and with the differentials of the system variables. Apply the differential operator to
4) to get
dx; = (1+X2)dX1+X1dX2, dxp = 2xodxs, dy:dxl,

which results in

dy = dxl 3

dy = (1+x2)dx;+x1dxa,

dj = ((1+x2)%+x3)dx; + (2x1 +4x1x2)dxs.

From the first two equations, being a set of linear equations in dx; and dx;, we get dx; = dy, dx; =
1/x1 [dy — (14 x2)dy]|, which, after substituting into the last equation, results in

dj = (24 4x3)dy — (2x3 + 4xy + 1)dy.

From the above, we get
[sz — (24 4x2)s+2x5 +4xy + 1]dy =0,

which is the polynomial description (15).

The ideas depicted in the above example can be generalized as follows. Consider the system (1), where
x = (x1,x2), and choose the output function y = x;. The tangent linear system reads

déy = andx) +apdxy, dixy = andx) +axndxy, dy=dx, (16)

where a;; = 8f,-/(9xj, i,j=1,2. If ajp = 0, meaning that the system is not observable from y = x;, then one
can easily find the Ore determinant of the matrix s/ — A from the definition as

Ore det; (SI—A) = (s—azz)(s—all).

If aj» # 0, meaning that the system is observable from y = x, then the polynomial description of the output
differential equation can be found as follows:

dy = dX1,
dy = andx;+apdx,
dy = (an +a%1 +apaz )dxy + (di2 + arair +anaz)dx;.

From the first two equations, we have dx; = dy and dx, = a%(dy —ay1dy), which, after substituting into

the last equation and using dj = s>dy and dy = sdy, results in the polynomial description of the output
differential equation of the system

[s* = (@11 +axn +anayy )s — (a1 +anax —arjan —andpay, )| dy = 0. (17)

In what follows, we will show that the polynomial in (17) is the Ore determinant of the matrix s/ — A, defined
by the system (1) for n = 2. The polynomial description of the system (1) reads forn =2 as

kit k2 dx; s—an  —ap dxy 0
(s ) <k21 k22><dx2 ) < —ay  s—axn >(dxz > <0>
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Then,
Ore det; (SI—A) = Knki1 — Ki2ka1,

where K22ki» = Ki2kpo, that is, K22(—a12) = K12(S — azz) and x>, and K> can be found as Ky, =5 —ayy —
d12“1_21, K12 = —ajz. Hence,
Ore det; (SI —A) = (S —ay — d]zaﬁl)(s — a11) — (—6112)(—6121)

= - (a11+axn —i—dual}l)s — (a11 +apaz —aaxn —alldual}l)-
Similarly, it can be shown that Ore det, (s —A) is either
Oredety(sI —A) = (s —a1)(s — axn)

if ap; =0, or, if ap; # 0, it can be found from the polynomial description of the output differential equation
of the system for the output function y = x;, from which the system is observable.

Example 6. Consider the system
X|=X1Xx2, X2=Xx1—X2

with its polynomial description as

e (8)= (e ) (8) - (0)

Then Ore det; (sI — A) can be found from the polynomial description of the output differential equation of
the system for the output function y = x;. We get

2.,.2
y=Xi, Y=X1X2, YV=X1X3+X] XX,
From the first two equations, we have x| =y and x, = y/y, which we substitute into the last equation:
2

y=2 (18)

The polynomial description of the output differential equation (18) can be found as follows:

2y %)
dy = (y—l)dy’+ (Zy—y2> dy,
y y
o %)
[sz— (y—1>s— <2y—y2>]dy:0.
y y

After substituting y = x1 and y = x1x», we get [52 + (1 —2x2)s +x5 — 2x1] dy = 0. Therefore,

which can be rewritten as

Ore det; (sI —A) = s> + (1 — 2x3)s + x5 — 2x]. (19)

Similarly, Ore dety (sI — A) can be found from the polynomial description of the output differential equation
of the system for the output function y = x,. This time we get

y=X2, Y=XI—X, Y=Xx— Xt
From the first two equations, we have x| = y+y and x, =y, which we substitute into the last equation:

J=yy+y*—y. (20)
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The polynomial description of the output differential equation (20) can be found as follows: dj = (y— 1)dy+
(y+2y)dy, which can be rewritten as

(= (y—1)s—y—2y)dy =0.
After substituting y = xo and y = x| — X», we get [sz + (1 —x2)s —x —xz] dy = 0. Therefore,
Ore dety (s —A) = s> + (1 —x3)s — x| — x2. (21)

This method of finding the Ore determinants of the matrix s/ — A, using the state elimination algorithm
of [2], is more straightforward and can also be applied for the higher-order systems of the form (1).

4.3. Factorization of the Ore determinant

It is commonly known that factorization into the first-order polynomials is not guaranteed even for ordinary
polynomials. However, we will prove that, for the polynomial that results from the Ore determinant of the
matrix s/ — A associated with nonlinear systems, such factorization exists. The natural question is: what
makes the Ore determinant of the matrix s/ — A so special compared to the other Ore (skew) polynomials?
The main key element is the application of the straightening-out theorem for an autonomous nonlinear
system. The Ore determinant of the matrix s/ — A associated with the transformed system is equal to s”,
which is obviously factorizable into the first-order polynomials. This determinant in the new coordinates is
related to the Ore determinant of s/ — A in the original system coordinates. The second key factor results
from the observation that the Ore determinant of s/ — A can be alternatively computed from a polynomial
description of the differential output equation of the system, associated with some output function. The third
key element is that the differential output equation can always be transformed into the feedforward form,
meaning that its polynomial description can be factorized into the first-order polynomials.

Consider the system (1), where x = (x1,x;), and its tangent linear system (16). If a;, = 0, then the first
Ore determinant of sI —A is (s —ax)(s —ajy), that is, it is factorizable into the first-order polynomials.
If ajp # 0, the first Ore determinant of s/ — A can be found from the polynomial description of the output
differential equation of the system for the output function y = x|, as described in subsection 4.2. Let us say
this output differential equation is

¥=F(,) 22)

for some F| € ¢ . Similarly, if a; = 0, then the second Ore determinant of sT —A is (s —aj1)(s — ax), that
is, it is factorizable into the first-order polynomials. If ay; # 0, the second Ore determinant can be found
from the polynomial description of the output differential equation of the system for the output function
Yy = X3, as described in subsection 4.2. Let us say this output differential equation is

y=Fh(,y) (23)

for some F, € 7.

To show that the Ore determinants of s/ — A are always factorizable into the first-order polynomials,
it remains to show that the polynomial descriptions of the output differential equations (22) and (23) are
always factorizable into the first-order polynomials. This can be shown in general for an output differential
equation

y=F(,y), (24)
where F' € JZ . The so-called straightening-out theorem plays a key role here.

Theorem 1 (straightening-out [1,19]). For a nonlinear system of the form (1), where f is analytic, there
exist local coordinates &1, ..., &, such that in the new coordinates one gets

51207”'7 571—1207 énzl

in a neighbourhood of a point where f is non-zero.
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Note that the local properties are a subset of the generic properties. In what follows, we are not interested
in the generic properties but in the local ones. Moreover, any meromorphic function is locally analytic on
some open subset of R". Of course, there may exist different factorizations of Ore determinants around
different points because the straightening-out transformation might not be the same for all points. However,
this is not an uncommon situation in nonlinear control. This also happens if one applies the Frobenius
theorem (in integrating only locally exact one-forms) or in state elimination to find the input-output equation.

An easy observation yields the following conclusion.

Lemma 2. For the equation (24), there exists a choice of states 7 = @(y,y), ¢ € #? that results in the state
equations
1=z, 22=0, y=h(z1,22), he.x. (25)

Proof. Define (x1,x2) = (y,y) to get x| = xp, X = F(x2,x1), y = x;. Then, applying the straightening-out
theorem, there exists a change of coordinates & = ¢ (x), ¢ € #? such that

él =0, 52: 1, y:g(g;laéZ) (26)
for some g € 7. Finally, the change of coordinates (z1,z2) = (£1&,,&;) transforms the equations (26) into
the form (25). ]

Note that the equations (25) are in the so-called feedforward form. It was shown in [4] that the polyno-
mial description of the output differential equation of such a system can be factorized over .#[s] into the
first-order polynomials.

Theorem 2. The polynomial a(s) in the polynomial description a(s)dy = 0 of the nonlinear system (24) can
always be factorized as

a(s) = (s—op)(s—au),
where i, 0 are in X .

Proof. First, observe that for every nonlinear system in the form (24), there exists, by Lemma 2, a change
of coordinates that transforms the system equations into the feedforward form (25). Then, for the equations
(25) one has

dy = ¢1dz; + c2dzp,
where ¢; = dh/dz;, i = 1,2. Next, eliminate dz;. Applying the Ore condition from Lemma 1, there exist
polynomials s — o and 9 in % [s] such that (s — oy)c; = 5. Actually, o) = élcl_1 and y; = c1, both of
which are elements of .. Therefore,

(s —ayp)dy = 71sdz; + (s — ot ) cpdza.

However, from (25), it follows that sdz; = dz; and sdz, = 0. Thus, after substitution and rearrangement, one
gets
(s —oy)dy = &dzn

for some & € .# . Finally, we eliminate dz;. Applying the Ore condition, there exist polynomials s —
and 7, in JZ[s] such that (s — 0p)& = Y»s. Actually, 0 = &€, "and » = &, both of which are elements of
. Then,

(s — ) (s— oy )dy = prsdzs.

From (25), it follows that sdzo = 0. Hence,
(s—on)(s—oy)dy =0,

which completes the proof. O
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Example 7 (continuation of Example 6). The Ore determinants of the system matrix sl — A in Example 6
are given by (19) and (21) and can be factorized as

Oredet;(sI —A) = <S+%—x2> <S+1—X2—%>,

Oredet2(SI—A) = <s+ x% ><S+I_X2_ x% )

X1 —Xx2 X1 —X2

Example 8. Consider the system
X1 =Xz, X2= —Xx].

The Ore determinants of the matrix sl — A, defined by the polynomial description of the system, are
Ore det; (s] —A) = Ore dety (s] —A) = s> + 1,

which is an irreducible polynomial over R[s|. However, it is reducible over ¥ [s| as
s+l = (s—xl> <s+xl> .
X2 X2

4.4. Computation of eigenvalues from the factorization of the Ore determinant

The definition of nonlinear eigenvalues (and eigenvectors) is not suitable for their calculation because the
definition results in a system of nonlinear partial differential equations, depending on the eigenvalue as
an unknown variable. Once the eigenvalues are known, the eigenvectors are much easier to find. How-
ever, the computation methods to find nonlinear eigenvalues are still missing. Researchers who have used
nonlinear eigenvalues in their studies have found them either by the trial-and-error method or from other
heuristic considerations. In this paper, we suggest to find nonlinear eigenvalues from the factorization of
the Ore determinant of the non-commutative polynomial matrix s/ — A, describing the system. Since we
have not succeeded in justifying our computational method formally, we present it below as a conjecture.
Although there is no formal proof, numerous examples demonstrate that the results satisfy the definition of
eigenvalues. So far, we have not come across any counterexamples.

Conjecture 1. Assume that the Ore determinant of the matrix sl — A can be factorized as

Oredet(sl —A) = (s — A1 —¢re] ) (s — Ay — éncy V) (27)
for some A; € X and non-zero ¢; € # . Then A; € X, i=1,...,n, are eigenvalues of the system (1). Note
that if 0 # ¢; € R, then (27) becomes Ore det(sI —A) = (s — A1) -+~ (s — A,).

Our idea is based on two aspects. First, in the case of linear systems, the method reduces to the well-
known result, that is, finding the roots of the ordinary determinant of the matrix of real numbers. It is,
therefore, natural to expect a certain analogy in the case of nonlinear systems. Second, since from the
definition of the eigenvalue A and the eigenvector e,

ed +é=Ae,

then the left hand side of this equation looks a lot like the commutation rule in the skew polynomial ring
H[s]:

es+é = se.
We do not suggest to say that one can replace A by s, but only point out this similarity. The similarity

suggests that there should be some relation between the factorization of the Ore determinant of the matrix
sI — A and the eigenvalues A of the system (1).
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Example 9 (continuation of Example 1). The Ore determinants of the matrix sl — A were computed in
Example 4 as (12) and (13) for the system (4). Thus, following our conjecture, the relations (12) and (13)
suggest that 1 + 3x,, 2xp and 1 + x; are the eigenvalues of the system (4). Indeed, 1+ x; and 2x, are listed
in Table 1 as eigenvalues of the system (4). Also, one can check by direct computation that 1+ 3x; is an
eigenvalue corresponding to an eigenvector (1/x3,0)T.

Moreover, one can rewrite the Ore determinants as

Oredet;(sI—A) = (s—1-3x)(s—1—x2)=(s—1-3x2—¢1c; " )(s—1—¢éac; ') and
Oredety(sI—A) = (s—1—-x2)(s—2x) = (s—1—x2— &6 )(s—&0 "),

whereci =1,cp=x2, ¢ =1,and ¢, = x%. Thus, Conjecture 1 suggests that 1 and 0 are also eigenvalues of
the system (4). Indeed, one can see that O and 1 are eigenvalues of the system (4) listed in Table 1.

5. CONCLUSIONS

This paper studies the difficult but neglected problem of computing the eigenvalues of a nonlinear system. It
was suggested that these eigenvalues can be found from the factorization of the Ore determinant of the matrix
sI — A, defined by the polynomial description of the nonlinear system. The paper presents only preliminary
ideas on computing the eigenvalues. The proof of the claim is left for future research. An alternative
method for computing the Ore determinants of the matrix s/ —A was also suggested. In particular, one
can find the Ore determinant of s/ — A by computing the polynomial description of the respective output
function (e.g. y = x1) of the nonlinear control system. Finally, it was shown that the Ore determinant
of sI — A can always be factorized into the first-order polynomials over the skew polynomial ring ¢ [s].
Another open problem is to show that all Ore determinants actually belong to the same equivalence class
and that a representative of this equivalence class is a polynomial that describes the tangent linear system
(3) from any (fully) observable output function y = h(x). This would significantly simplify computation of
the Ore determinants compared to finding them from the definition. Yet another problem worth studying is
to investigate whether the Dieudonne determinant can be of some help in finding the nonlinear eigenvalues.
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Mittelineaarsete siisteemide omavairtuste arvutamine Ore determinandi abil:
esialgsed tulemused

Miroslav Halds, Arvo Kaldmie, Ulle Kotta ja Juraj Slacka

Hiljuti iildistati siisteemi omavéirtuste moiste mittelineaarsetele siisteemidele, kuid puuduvad meetodid sel-
liste omavédrtuste arvutamiseks. Erinevalt lineaarsetest slisteemidest on mittelineaarsel juhul vaja rakendada
mittekommutatiivseid poliinoome Ore ringist. Artiklis pakutakse vélja idee omaviirtuste arvutamiseks siis-
teemi kirjeldava poliinoommaatriksi Ore determinandi abil. Erinevalt lineaarsetest siisteemidest kuuluvad
poliinoommaatriksi elemendid Ore poliinoomide ringi. Artiklis ndidatakse, kuidas arvutada siisteemi kir-
jeldava poliinoommaatriksi Ore determinanti ning demonstreeritakse, et siisteemi omavéértused saab leida
vastava Ore determinandi teguriteks lahutamisel esimest jirku poliinoomide korrutiseks. Lisaks toestatakse,
et selline teguriteks lahutus on alati vdimalik. Erinevaid moisteid ja arvutusi illustreerivad niited.
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