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An modeling attempt of behavior process of brain electric impulses for some patient
by the solutions of 3D system of quadratic differential equations is undertaken. (This
system of differential equations was got from a multivariate times series with the
help of polynomial averages and least square method.) Transition conditions from
a chaotic attractor to a limit cycle (and vice versa) of the system of differential
equations are found. Exactly these conditions characterize beginning of process of

disease by Parkinson’s illness at the patient.
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1. Introduction

Last years theory of chaos, a nonlinear dynamics, and sciences about compli-
cation of one or another processes began to act important role in biology, medicine
and row of contiguous fields. Application of chaos in medicine does not allow to do
prognoses and decide some private tasks. Nevertheless, the theory of chaos allows
rather to describe some aspects of behavior of the complex biological systems by
certain numerical descriptions, such as the Lyapunov exponent, fractal dimension,
multiplicity of limit cycle etc. By other words, the theory of chaos can be used
for classification of the states of organism. Thus, most valuable achievement will
be not got some numerical values, but description and reformulation medical
problems in terms of simulation tasks and measurement of signals [8].

One of important examples of such approach are epileptology methods. These
methods being based on the study of brain electrical activity with the help of
electroencephalograms (EEG). From the experimental point of view a problem
consists in that on the basis of time series of the measured values of rhythms of
brain activity to recreate development of the dynamic system (it is a brain) in
phase space. Further with the help of the got dynamic system it is necessary to
study processes resulting in appearance epilepsy or Parkinson’s illness [6,10].
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Parkinson’s illness is characterized by a recurrent and sudden malfunction
of the brain that is termed seizure. Sickly seizures reflect the clinical signs of
an excessive and hypersynchronous activity of neurons in the cerebral cortex.
Depending on the extent of involvement of other brain areas during the course
of the seizure, types Parkinson’s illness can be divided into two main classes.
Generalized seizures involve almost the entire brain while focal (or partial) seizures
originate from a circumscribed region of the brain and remain restricted to this
region [10].

In the present paper we consider the problem of reconstructing dynamical
system (it is a system of differential equations describing impulses of brain activity)
from multivariate time series.

2. Mathematical statement of problem and its discussion

We will assume that we can measure the rhythms z;(¢;), ..., 2, (t;),1 = 1,2,
..., N, of cerebral activity in n points of cerebral cortex with the help of EEG. We
also suppose that these measurements are noisy. Thus, we have multivariate time
series

21(t;) = x1(t;) + 01(t0), ..., 2n(ti) = xn(ts) + On(ts), (2.1)

which defined for Vt; € (t1,ty). Here Vi = 1,2,..., N, we have t; = iAt and
At = (ty — t1)/N. In addition, we suppose that 6(t;), ..., 0n(t;) are Gaussian
(white) noises, unable by definition to produce statistically systematical errors
[7,11].

Finally, we assume that x(;),...,x,(t;) is a discrete approximation of some
n-dimensional curve x(t) = (z1(t), ..., z,(t))T € R™ [5].

Principal problem. Construct the quadratic system of differential equations

i1 (t) = Zaljxj(t) + xT(t)B1x(t) + 1 = f1(x(2)),
. , (2.2)

in(t) = Zanjxj () +x" () Bux(t) + e = fa(x(t))

\

such that there exists bounded solution x(t) (lim;_, ||x(2)|| < 00) of this system,
which approzimates the time-variate series (2.1) with given accuracy in the set
points t1,...,tx at any choice of the vector of initial values x(0) = (19, ..., Tno) "

In connection with the indicated principal problem there is the following
question: whether or not there exists an n-th order (n > 1) dynamical system
(2.2) having as solution the bounded function x(¢)?

Introduce a few definitions.

Definition 2.1. The trajectory x(t) is called simple if there are no points trans-
versal or tangential self-intersection on it.
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Definition 2.2. The trajectory x(¢) is called regular if V¢ € (¢1,tn) %x(t) # 0.

Definition 2.3. The trajectory x(¢) is called elementary if it is one-to-one function
and one-to-one continuous. The trajectory x(t) is called an embedding if it is both
elementary and regular.

Theorem 2.1. [7,11] Let x(t) be a real-valued and analytic function defined on
the interval (t1,tn) such that the curve x(t) is simple and regular. Then there
exists a real-valued analytic function F(x) € R™ such that x(t) is a solution of
system x(t) = F(x).

Theorem 2.2. [7,11] Let F(x) € R" be the function defined in Theorem (2.1).
Then every solution of the system %(t) = F(x) is either an equilibrium point or
closed tragectory (it may be a limit cycle or torus) or an embedding (elementary
and regular) one.

The practical procedure for determining the elementary and regularity of the
function x(t) is given in |7,11|. However, it should be noted that if ¢y — oo, then
theorems (2.1),(2.2) are not applicable. Thus, an application of these theorems
for the prediction tasks becomes problematical.

Further, we use the procedure for determining unknown quadratic right sides
of the system of differential equations (2.2), which was suggested in [7,11]. This
procedure is based on the least square method and the fact that we know sufficient
precision the components of x(¢) and its derivative x(t).

We will use the following designations: x(t;) = (z1(t;), z2(ti), ..., zp(t;))T =
(3312', Ty veny l’m')T, X(tl) = (CC] (ti), x.g(ti), N ﬂ?n(tl))T = (Cbliv igi, ceey i‘m)T, where
jfk:i = (l‘]m.ﬂ - x/ﬂ')/At; k= 1, ceey TS 1= 0, 1, ...,N.

Introduce the matrix of unknown coefficients of system (2.2):

1 1 1 1
¢t an o oa, bl oo DL, 2bly oo 201
o . . nxm
Y = : : : e R™™™,
Co Gpl 0 Gun DYy oo bR, 20, oo 200
where m =1+ 2n+n(n—1)/2.
Introduce also (N x m)-matrix
2 2
1 11 - Tp1 Ty o Tpp T11T2A 0 Tp—1,1Tn1
X = : :
2 2
I o1y -+ TpNy XNy 0 XToy TINT2N 0 Tp_1,NTp,N
and (N X n)-matrix
T o Tpl
X = T )
TIN -+ TpN

elements of which are known. Then by the least square method [7,11], we have
YT = (XTX)"'XTXT. Further, the following is said in work [7]: In view of the



24 V. YE. BELOZYOROV, V. G. ZAYTSEV

fact that number N may be chosen arbitrary large, a high precision reconstruction
may be achieved. Thus, we can expected that the solution of reconstructed system
will be near the purified solution x(t).

However, it should be said that one important circumstance, which can arise
up at a reconstruction, remained outside attention of authors of article [7]. The
point is that in [7] it is assumed that the interval (¢1,¢y) is finite. If the problem
of long-term prediction is considered, it is necessary to assume that ty — oo. In
this case a reconstruction must be fulfilled so that system (2.2) had the bounded
solutions. Exactly to the question of existence of the bounded solutions in the
system (2.2) the next section will be devoted.

3. Existence conditions of bounded solutions in 3D systems of
quadratic differential equations

Introduce the Cartesian product of the real linear spaces by the following
formula:

RE = R? x RV 5 RMHD/2 5 RUD2 DK — 402 + (0 + 1) n?/2.

n

Thus, RY is a real linear space, elements of which are K-dimensional vectors
of coefficients (c, A, By, ..., By) of system (2.2).

Let V C R be an arbitrary nonempty open set. (Thus, we have V = R¥,
where V is the closure of V.)

Definition 3.1. . System (2.2) is called a generic system if the vector (c, 4, By, ...,
B,)eV.

Let W C C" be an algebraic variety of all complex solutions of the following
system of algebraic equations: fi(x) = 0,..., fo(x) = 0 [9]. (By virtue of the
definition of the functions fi(x), ..., fn(x) the variety W is a finite nonzero point
set [9].)

Definition 3.2. . If the variety W contains even one real point, then system (2.2)
is called a system with equilibriums; otherwise system (2.2) is called a system
without equilibriums.

Define by Clg (Clc) all systems of type (2.2) with equilibriums (without
equilibriums). It is clear that REX = Clg UCl¢ and Clg NCle = @.

3.1. Invariants of 2D Autonomous Quadratic Systems

In this section, we suppose that the generic system (2.2) is a system of the
class Clg. In addition, we put that n = 2. (By suitable replacements of variables
it is always possible to obtain that in system (2.2) ¢ = (cy, ...c,)? = 0. Therefore,
we will consider that ¢ = 0.)
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Consider the following 2D autonomous quadratic system:

{ i(t) = ana(t) + a2y (t) + bria?(t) + 2b12x(t)y(t) + bagy?(t),

y(t) = anx(t) + asy(t) + cna?(t) + 2c122(t)y(t) + caoy?(t), (3:1)

where a1, ...,a922,b11, ..., b22, €11, ..., 22 are real numbers. (A multiplier 2b;2 (or
2¢12) before x(t)y(t) is represented in such form with the purpose of simplification
of calculations of invariants. If there is no necessity in such calculations, we will
write big (or c12).)

Introduce the following real (2 x 2)-matrices:

A:<a11 (112>7T1:(511 b12>,T2:<512 bzz>‘ (3.2)
a1 a2 €11 €12 c12 €22

Replace variables z, y in system (3.1) by new variables x1, y; under the formula

()5 ()

where S is a linear transformation from the group GL(2,R) of all linear inverse
transformations of the space R? [1]. In this case the triple of matrices (A, T, T%)
transforms into triple

So (AT, Ty) = (STTAS, (S7ITy,S71Ty) - (S ® S)) = (As, Ths, Ths).

Remember that a scalar polynomial f(A, T, T5) is called an invariant of weight
[ of the group GL(2,R), if VS € GL(2,R) and V(A,T1,T2) f(So (A, T1,T»)) =
f(Ag, T1s, Tos) = (det S)! x f(A,T1,T3)), where I > 0 is some integer [1].

With the help of matrices 17, T, we construct the auxiliary not depending on
A invariants of weight 2 [1]:

(tI‘ Tl, tr TQ) . T1

Iy = det ( (tI‘Tl,tl“ TQ) - Ty

) 5 JQ = det(TlTQ — TQTl),

Kg — det < tI‘Tl,tTTQ ) ’

(tr Th,tr TQ) . (TlTQ — TQTl)

where tr P is a trace of the square matrix P.
Now we can introduce the main invariants of the present paper:

L=1L—-J,— K3, D=1, +27Jy —5K3 (33)
of weight 2 [1]. (It is easy to check that deg L = deg D = 4.)
3.2. Case L <0, D <O.

By suitable linear replacements of the variables z and y system (3.1) can be
resulted to the following aspect:

{ i(t) = an@(t) + aray(t) + b1z (t) + baoy?(t),

§(8) = ama(t) + amy(t) + 202 (D)y(t) + c202(1). (3.4)
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(For simplicity we have left the former designations of variables z and y, and
corresponding coefficients.)
Compute the invariants L and D for system (3.4). Then we have:

L = by1(b11¢3g + 4byacly), D = —(b11 — 2¢12)?(4b11bog — c39 — 8baocya).  (3.5)

Let the conditions L < 0 and D < 0 be satisfied. Then from (3.5) it follows
that b11b92 < 0 and bgscia < 0.

Without loss of generality, we will consider that b;; < 0, beg > 0, c12 < 0.
In this case, we can do the replacements of variables x — z/(—2¢12) and y —
y/+/—2c12b22. Then system (3.4) can be represented in the form:

{ z(t) = anx(t) + ary(t) + b11x2(t) + y2(t), —0.5 < b1 <0,

§(t) = an(t) + asy(t) — 2(Oy(t) +eap?(0), el < V2. (36)

(Here the conditions L < 0, D < 0 were used. For simplicity, we again have left
the former designations of variables z and y, and corresponding coefficients.)
Further, we will use the following theorem.

Theorem 3.1. [1] Let L < 0, D < 0, and the point (0,0) be stable or saddle.
Suppose also that there doesn’t exist a real eigenvector (vy,ve)” of the matriz A

such that
b11v] + 2b1av1vg + baovd = kv,
0111}% + 2c19v1 00 + CQQU% = kuvg; k € R.

Then there exists an open domain W C R? such that ¥(zo,y0) € W the solutions
z(t) = x(xo,yo0,t), y(t) = y(zo, yo,t) of system (3.1) (or (3.4)) are bounded.

Note that if L - D < 0, then there doesn’t exist initial values xg, yg such that
the solutions z(t) = z(xo,yo0,t), y(t) = y(xo,y0,t) of system (3.1) (or (3.4)) are
bounded. (The case L = 0 considered in [3]. However at the modeling of the real
processes situation L < 0 more widespread. Therefore, we suppose that L < 0.)

3.3. Existence Conditions of Chaos in System (2.2)

In this section we will consider that the system of algebraic equations fi(x) =
... = fn(x) = 0 has a real solution £ = (&1, ...,&,)T. (The point ¢ is an equilibrium
point of system (2.2).)

Introduce a new vector variable y = (y1, ..., y,)?, which is given by the formula
x =y + & Then system (2.2) can be represented in the form

[(a11, ..., a1n) + 26T Biy(t) + y* (t)Biy (),
................ , (3.7)

In(t) = [(an1s - ann) + 26" Buly (8) + 7 (8) Buy (t).
Having fulfilled the change of variables we can return to previous variable x.

Let n = 3. Then instead of system (3.7), we will consider the following 3D
real autonomous system

<.
)
—~
~
N
Il

x(t) = Hx + f(x), (3.8)
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where x = (z,y, 2)7; H = {hy;}, i,j = 1,...,3, is a real (3 x 3)-matrix;
f(X) = (fl(x,y,z),fQ(x,y,z),fg(m,y,z))T = RS

and
fi(z,y,2) = apz® + a12ry + a22y2 + a13xz + ag3yz + aszz?,
fo(,y,2) = b11a? + bioxy + baoy® + b1z + bagyz + bszz?,
f3(x,y,2) = e + crory + 022y2 + ci13xz + co3yz + c332”

are real quadratic polynomials.
Introduce into system (3.8) new variables p and ¢ under the formulas: y =

pcosp, z = psing, where p > 0. Then, after replacement of variables and
multiplication of the second and third equations of system (3.8) on the matrix
< cos ¢(t) sin ¢(t) >
—(sing(t))/p(t) (cos(t))/p(t) )’

we get

#(t) = hi1x(t) + [h12 cos ¢(t) + hassin ¢(t)]p(t) + ar123(t)
+[a12 cos ¢(t) + arz sin ¢(1)]z(t)p(t)
¢

+[aga cos? ¢(t) + ags cos ¢(t) sin ¢(t) + asz sin? ()] p? (t),
p(t) = [ha1 cos @(t) + hg1 sin @(t)]z(t) + [hag cos? G(t) + haz sin? ¢(t)
+(hs2 + h23) cos (t) sin ¢(t)] p(t) + [br1 cos ¢(t) + c11 sin ¢(t)]2> ()
+[b12 cos? ¢(t) + (b13 + c12) cos B(t) sin ¢(t) + c13 sin? ¢(t)]x(t) p(t)

( c
+[b22 cos® B(t) + (bas + caz) cos® P(t) sin ¢(t)
+ (b33 + c23) cos (1) sin® G(t) + c33 sin® p(t)]p?(t),

0(t) = [~har sin §(t) + hay cos ¢(t)]p8 + [haz cos” §(t) — hagsin® ¢(t)
+(hss — hag) cos ¢(t) sin ¢(t)] + [c11 cos @(t) — by sin ¢(¢)] qj((tt)
-

)
b3 sin? ¢( )+ (b12 — c13) sin ¢(t) cos ¢(t) — c12 cos? p(t)]x(t)

—[—ca2 cos® (1) + (baa — ca3) cos® (1) sin ¢(t)
+(bas — c33) cos B(t) sin® B() + baz sin® p(t)] p(1).

Consider the system

%(t) = s11(cos ¢, sin @)z + s12(cos ¢, sin @) p
+p1(€08 6,50 0)2° + pra(cos b, sin G)ap + pas(cosd.sim )t o
p(t) = s91(cos ¢, sin @)z + s22(cos ¢, sin @) p '
+q11(cos ¢, sin ¢)x* + q12(cos ¢, sin @)xp + gaz(cos ¢, sin ¢) p?

where ¢ is a real parameter and
s11(cos ¢, sin @) = hi1, s12(cos @, sin @) = hia cos ¢ + hi3sin ¢,
$91(cos ¢, sin ¢) = hoy cos ¢ + hay sin ¢,
59208 ¢, sin ) = hag cos? ¢ + hazsin® ¢ + (hsa + ha3) cos ¢sin ¢,
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p11(cos ¢, sin @) = a1y, p12(cos ¢, sin @) = a2 cos ¢ + aizsin ¢,
P22(COS ¢, sin ) = aga cos? ¢ + an3 cos P sin ¢ + asz sin? ¢,
q11(cos ¢, sin @) = b1y cos ¢ + ¢11 sin @,
q12(cos ¢, sin ¢) = bya cos? ¢ + (b13 + c12) cos ¢ sin ¢ + c13 sin? @,
q22(cos ¢, sin @) = bag cos® ¢+ (bag + c22) cos? ¢ sin ¢+ (bgz +co3) cos ¢ sin? H+
C33 SiIl3 (;5
Notice that the replacements of cartesian coordinates by polar is needed so
that in system (3.10) both equations would be nonlinear with respect to the
unknowns z and p. (The equation ¢(¢) = ... in system (3.10) is not included.)
Let v(¢) = (v1(4),v2(¢))T be an arbitrary eigenvector of the linear operator

S(¢) = < s11(cos ¢, sin @)  s12(cos ¢, sin @) ) B2y R?

521 (COS ¢7 sin (ZS) 322(COS ¢7 sin ¢)

depending on the parameter ¢ € R.
Let pij(¢) = pij(cos ¢,sin @), ¢ij(¢) = gij(cos ¢,sin ), i, j = 1, 2. Define by

_ vi() p11(9)vi(9) + p12()v1(d)v2(9) + paz(e)v3(0) )
@) = et (1) ) Lo o) + il
the bounded real function.
For system (3.10)) we write the matrices A(¢), T1(¢) and To(¢) are given
by formulas (3.2). We also compute the invariants L(¢) and D(¢) are given by
formulas (3.3).

NN

Theorem 3.2. Suppose that V¢ € R the following conditions for system (3.10)
are fulfilled:

(i) G(u(@)) £ 0;

(ii) L(¢) < 0, D(6) < 0

(i1i) either det S(¢) < 0 or det S(¢) is a periodic alternating in sign on the
interval (—oo, 00) function.

Then there exists the open domain V C R® such that ¥(xo,%0,20) € V the

solutions z(t),y(t), z(t) of system (3.8) are bounded. In addition, there can exist
a limit cycle in system (3.8).

Proof. Tt is shown in [1] that if S(¢) = 0, then at any signs of functions L()
and D(¢) always there are unbounded solutions of system (3.10). The solutions
of system (3.10) will be also unbounded, if an fixed point of the operator of
quadratic part of system (3.10) is the eigenvector of the matrix S(¢) [1,3]. In
order to eliminate a similar situation the condition (i) was introduced.
Define by
W:={¢ € R| L(¢) <0, D(¢) <0}

a nonempty open set in R.
It is known that for arbitrary point ¢* € W the solution of system (3.10) is
bounded [1,3]. (The proof of this statement is based on Theorem (3.1).) From here
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it follows that if the statements of items (i) and (ii) will be valid for arbitrary
point of the set W, then W = R and the assertion of Theorem (3.2) is just.

Without the loss of generality it is possible to consider that by suitable
replacements of the variables y — ajx + y and z — asx + z, the functions
fa(z,y,2) and f3(z,y, z) of the right part of system (3.8) can be resulted to such
form, in which b1; = ¢11 = 0. Then, in system (3.10), we will have ¢;; = 0.

We assume that for some values of parameters system (3.8) has a periodic
solution. We also suppose that ¢(tx) = ¢(tg) + T - k, where tg > 0, a period
T < N -mand N is positive integer; k = 0,1, 2, ....

Introduce for system (3.10) the the following designations: &; = s4;(¢1(tk)),
§11 = p11(d1(te)), &12 = pra(@n(te)), 13 = pa2(P1(tr)), S22 = qr2(@1(tr)), &23 =
q22(b1(tx)), where i, = 1,2.

Since q11 = 0, then instead of system (3.10), we will consider the following
system of autonomous differential equations

{ @(t) = Ena(t) + E12p(t) + nua®(t) + max(t)p(t) + mzp?(t), (3.11)
p(t) = Enz(t) + §2p(t) + 22 (t) p(t) + 123p° (1) .

(Here system (3.11) is considering in a small neighborhood Oy of the point ¢:
t € Ok, k=0,1,2,.... As initial conditions xg, pro for system (3.11) the solutions
z(ty) and p(ty) = /23(tg) + ... + 22(t) of system (3.8) in the point t; are
appointed.)

With the purpose of simplification of further exposition, it is possible to
consider that the structure of system (3.11) (after some linear transformations)
the same just as system (3.6). Thus, we have n;; € (—0.5,0), n12 = n21 = 0,
ms =1, no2 = —1, and 123 € (—V/2,V2).

Suppose that the time #y also satisfies to the condition

i(to) = En1z(to) + E12p(to) + mrz®(to) + p?(to) = 0.

By virtue of periodicity of solutions of system (3.8), we can construct the
sequence tg, t1,..., tg,... such that for the first equation of system (3.11) the
condition &1y2(tg) + E12p(t) + mu1x(ty) + p2(tx) = 0 will be fulfilled Vi, k =
0,1,2,.... From here it follows that

_ —tut VEL — i (p2(ty) + E12p(tr)) k=012 (3.12)
2m T |

z(ty)

(Again by virtue of periodicity of solutions of system (3.8), we will have &2, —
4m1(p?(ty) + E12p(tx)) > 0.) Consequently, taking into account formula (3.12),
the second equation of system (3.11) V¢, can be transformed to the form

mip?(te) + Cp(t)) p(tr) + p(te) F(p(t)) = 0, (3.13)

where
C(p) = —2m1ne3p® — (2m1ae + &11)p + Ea1€11,
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F(p) = (1 +m1m33)p” + (2m1meséan + E11mes + &1a — 2601)p+

(M11€55 + E11€20 + €3 — 2819801 — En1&11723)p + (€1285) — E2161122).
From (3.13) we have

—C(p(tr)) £ V/C*(p) — 4nmup(ts) F(p(tr))

p(tk) = 2011 -
F2p(tx) F(p(tr)) _
VC2(p(tr)) — 4muip(te)F(p(tr)) £ C(p(tr))
F2oF (p(tr))

(3.14)

p(tr) — Ea1|VEH — dmup2(tr) — Ani&azp(ty) £ Clp(ty))

Lemma 3.1. Let L(¢p) and D(¢) be periodic nonpositive functions. Assume that
the magnitude maxy |L(¢)| # 0 is small enough. Then the periodic behavior of
solutions of system (3.8) is generated by 1D iterated process

—2F
Pk+1 :pkeXp[ (Pr) >0; k=0,1,...
Clpr) + |pr — 521\\/—47711pi — dnn&zpr + &4
(3.15)
Proof. Now we study the function
—2F
O(p) = pexp (p)2 =|: p=>0.
C(p) + |p — &/ —4m1p? — 4nui&iap + &

Since L < 0 and n;; < 0, then from (3.5), we have 1 4 17117733 > 0. Thus,

lim F(p) = oc.
p—00

(b1) The function O(p) is continuous on the interval [0, c0).

Suppose the contrary. Then from (3.14) it follows that \/C2(p) — 4n11pF (p) +
C(p) = 0. Since 111 # 0, then we have either p = pg = 0 or there exists p = p;
such that F'(p1) = 0 or there exists p = py such that C(p2) = 0.

Let p = po = 0, C(po) < 0, and F(pg) > 0. Then py = 0 is a removable
singularity and we have lim,,o©(p) = 0. If C(pp) > 0, then lim, 0 O(p) =
©(0) =0.

Let p1 # 0, C(p1) <0, and F(p1) = 0. Then p; is a removable singularity and
we have lim,_,0 ©(p1) = 0. If C(p1) > 0, then lim,_,,, ©(p) = O(p1) = 0.

Let p2 # 0, C(p2) =0, and F(p2) > 0. Then we have lim,_,,, O(p) = const #

0.
In addition, since det A # 0, we have £2, +¢32, # 0. Further, from the condition

lim L= lim —ni(1+nuns) =0

m1—0 mi—
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and formula (3.5) it follows that 1717 — 0. Therefore, the quadratic function v(p) =
—4n11p? — A1 &r2p +E3 at m1 — 0 satisfies the condition v(p) > 0. Thus, Vp > 0
the function ©(p) is continuous on the interval [0, co).

(b2) We rewrite equation (3.14) in such aspect

—2pF(p)
(p) + |p — €|/ — dmrp® — dniap

Let p(t;) = px. From (3.16) it follows that

tg
Pk = CEXD /
to

and
e tht1 —2F(p(7)) dr .
e p</ O(p(r)) + o) — Ear[\/E — A (r) —4771151%)(7)] )

Having excluded from two last equalities the constant ¢, we get
trt1
Pk €XpP / dr |.
ty C(p(1)) + |p(7) — Ea1l\/ER — 4mup?(T) — Anuiizp(7)
(3.17)

Further, the function ©(p) is continuous on the interval [0, c0). Therefore at
p — 00, we can represent this function in the form

pt) = - AEQ k=0,1,2,... (3.16)

—2F(p(r)) ]d>
C(p(7)) + |p(7) = EnlV/EY — 4nup?(7) — dnuérap(T)

Pk+1 =

—2F(p(7))

—2(1 + nun3s)p® + ...

2/—mi1(1 — /=min2s)p? + ...

©(p) = pexp

~ pexp [a 14V =muames p] 7
v~
(318)
where o € R. Now if we take advantage of formula (3.18), then formula (3.17)
can be represented in the following form:

Kar L+ v/ —=mines
Pki1 = Pi €XP / a— —————p(71)|dr |]. 3.19
k-+1 k ( " [ Neom (1) ( )

Let the bounded positive function §(¢) be a monotone decreasing on interval
[ti,ti+1], and let it be a monotone increasing on interval [t;11,¢;12]. Then we have
(Second Theorem About Mean Value):

/t. i+2 ho(r) - B(r)dr /t i+1 h(6(r)) - 0(r)dr + / it2 h(p(T)) - 0(T)dr =

tit1

3 tit2
=60(t; +0) /t h(o(T))dT + 0(t;ir2 — 0) /C h(o(T))dT, (3.20)
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where t; < & < t;y1, tit1 < ¢ < tiy2. Hence, from (3.20) it follows that

tit2
/ ho(7)) - 0(7)dT = pibi + pit2bito, (3.21)
ti
where magnitudes p; = ftf R(p(T))dT, piva = f;’“ h(¢(7))dT can have any signs.
Now let the function p(t) = 6(t) be periodic. Then in (3.21), we will have
0; = 6;42. From here it follows that

1+ /=n11im23i
Pi+1 = P; €Xp [Oli - ¢Pz},
vV i

L+ /=m1i11m23,i41 p ]
+1 |
vV M+ o

Pi+2 = Pi+1 €XP [ai+1 -

and, therefore, we have

L+ voimitesi L+ \/—"7T¢+17723,i+1>p,]. (3.22)

where V i = 0, 1, ..., the magnitudes a = «o; + a; 41 and

5= 1+ /=n1,im23,i n T+ /=mu1it1m23,i+1

do not depend on i (they are constants).

It is clear that at 8 > 0 the function x(p) = a — Bp is decreasing on the
interval [0, 00). Consequently, for p — oo, we have exp(x(p)) — 0. Then taking
into account formula (3.22), we can derive the following formula

Pi+2 = P; €Xp [ai + g1 — (

PEk+2 = Pk €XP |:O[ - /Bpki| ) k= 07 2747 seey

where

dr > 0.

teto try2 1 —
o= / a(r)dr eR, = + N1 (7)n23(T)
* b —m1(7)

Now if we will take into consideration the equivalence (3.18), it is possible to
get conclusion of the lemma. The proof is finished. O

It is known that condition (iii) of Theorem (3.2) is necessary in order that
the solution of system (3.10) was periodic. Thus, under the conditions of Lemma
(3.1) we have periodic solution of system (3.8). In this case the boundedness of
solutions is obviously. O

Assume that for system (3.8) the conditions of Theorem (3.2) are not fulfilled.
Then by linear nonsingular replacement of variables (z,y,z) — (21,91, 21) it is
necessary to pass from system (3.8) to a new quadratic system of differential
equations. Now we apply Theorem (3.2) to the again got system.
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Theorem 3.3. Suppose that the condition (ii) of Theorem (5.2) is replaced by
more weak conditions L(¢) < 0 and D(¢) < 0. In addition, assume that under
the conditions of Theorem (3.2) the condition

htrgmf p(t)y=0 (3.23)

[e.9]

is also valid. (From this condition it follows that Ye > 0 there exists a numerical
sequence t, — 00 as k — 0o such that p(ty) < €.)
Then in system (3.8) there is a chaotic dynamic.

Proof. According to Lemma (3.1) the periodic behavior of solutions of system
(3.8) is generated by 1D iterated process (3.15). In addition, the periodicity
guarantees existence of solutions ¢ = ¢; of the equation #(t) = 0 (see the first
equation of system (3.11)). It means that the magnitude |L(¢(tx))| # 0 for such
solutions is small enough.

It is well known that the function y(p) = pexp(a — Bp) at some values a > 0
and S > 0 is chaotic |2, 3].

According to the results, which were derived in [2,3], in order that map (3.15)
was chaotic it is necessary that for the function det A(¢) the condition (iii) of
Theorem (3.2) was satisfied . Thus, if we choose ¢ = ¢(() such that det A(¢ (o)) <
0, then the condition a > 0 will be valid.

Further, from the condition (ii) of Theorem (3.2) follows that in function (3.18)
the magnitude 14 /—n11723 is positive. Therefore, at p — 0o, we derive that the
function ©(p) is also chaotic.

Let M = max,c[o,oc) f(p) > 0 be a maximum of the function ©(p). The state
of chaos of the map O(p) on the interval [0,00) can be proved by the methods
offered in |2, 3].

Indeed, consider the exponential map pr+1 = O(p), pr > 0; k=0,1,2,...

Let p;. be the minimal fixed point of mapping o) (p). It is known that for
some values of parameters &> m;; the map O©(p) is chaotic and limy_,o pj, = 0.
Then from condition (3.23) of Theorem (3.3) it follows that at the parameters

jj, n;} process (3.15) generates the subsequence pj, ..., Prnys -+ for which pp, =
limt%t;nk p(ty,,) < €~ 0, k > 1. It means that the number of fixed points of

mapping ©%)(p) tends to oo as k — oo on the finite interval [0, M). In addition,
the minimal fixed point tends to 0 and the maximal fixed point tends to M. From
here it follows that in system (3.8) there is a chaotic dynamics. O

In the present article the situation, at which system (2.2) is a system without
equilibriums (see [4]), it was not considered. It is explained by two reasons: at the
study of the process Parkinson’s illness, for which the model of this process did
not have of equilibriums, it was absent; the methods of research of the systems
without equilibriums are beyond of the present paper [4].
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4. Practical applications and its analysis

In this section we show a few practical applications of the theoretical results,
which were got in previous sections. These applications are modeling the behavior
of Parkinson’s illness. An essence of researches consists in the following.

There are electroencephalograms of the patient, which were written in three
different points of the patient cerebral cortex. We consider that these three signals
represent three time series, which describe the behavior of some curve (it curve is
called a disease curve) in the 3-dimensional phase space. Further, by the methods
of described above, we construct the 3D system of quadratic differential equations,
the solutions of which design the disease curve. (This system is determined by the
coefficients of the matrix Y from Section 2.)

Now the conditions (i) and (ii) of Theorem (3.2) must be tested. In addition,
it is necessary to find the values of parameters of system (3.8), at which in this
system a transition from limit cycle to chaotic attractor and vice versa is take
places.

In standard medical practice usually select some points on the cerebral cortex
and in these points place measuring sensors. The points designate by the special
characters: Fpl, Fp2, F3,...,F81T3,...,T8,C3,...,P3,...,02. In our examples
we will measure electric impulses in the points P3, P4,01, and C3,C4,T5.

We will designate the magnitudes of electric signals in points P3, P4 and O1
(see Fig.1) by coordinates z(t), y(t), and z(¢) of Cartesian coordinate system.
(Similar denotations will be used in the points C3,C4, and T'5.) Further, with
the fixed temporal step we construct the time series x;, y;, and z; in the points
P3, P4, and O1 (in the points C3,C4, and T5); i = 1,..., N = 5100. In addition,
we also construct the time series in the points P3, P4, and O1 in the case i =
1,..., N = 3100.

60
“ ‘
2 n L

0FA
» 1
El
)

5 0 15 E

(P3) (P4) (01)

0 F3 El 0 5 i 15 2 F3 E)

Fig. 1. The rhythms of brain electrical activity measured in points P3, P4, and
O1 of the cerebral cortex.

On these time series we design 3D systems of quadratic differential equations
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by the least square method (see Section 2):

#(t) = —1.24 — 1.152(t) + 2.34y(t) — 0.832(t) — 0.0422(t)
+0.022(t)z(t) + 0.235z(t)y(t) — 0.015z(t)z(t) — 0.12y(¢)=z(t),
y(t) = +3.68 — 3.912(t) + 1.01y(t) + 2.542(t) — 0.1622(t) — 0.08y>(t)
(t)

+0.022%(¢) 4+ 0.152(¢)y(t) + 0.10x(t)2(t) — 0.04y(¢)z(¢), (4.1)
2(t) = —5.9 + 5.22x(t) — 6.15y(t) — 0.312(t) + 0.13z%(¢)
+0.022y2(t) — 0.13z(t)y(t) — 0.28x(t)z(t) + 0.05y(¢)z(t);
#(t) = =3.11 + 0.192(t) + 0.72y(t) — 1.192(¢) + 0.02222(t) — 0.04y>(2)
+0.04522 4+ 0.04x(t)y(t) — 0.012(t)2(t) — 0. 06y(t) (1),
y(t) = —4.58 — 1.69x(t) + 0.39y(t) + 1.372(t) — 0.032%(t) — 0.09y>(t)
+0.052%(¢) + 0.112(t)y(t) + 0.08x(t)2(t) — 0. OGy(t)z(t),
2(t) = —7.88 + 6.91x(t) — 5.69y(t) — 0.712(t) + 0.232%(¢)
+0.025y2(t) — 0.172(t)y(t) — 0.1z(¢)2(t) + 0.06y(t)2(t);
(4.2)

#(t) = —20.93 + 1.552(¢) + 6.20y(t) — 7.052(t) + 0.01622(t) + 0.17y>(¢)
—0.162%(t) — 0.10x(t)y(t) + 0.13x(t)2(t) — 0. 08y(t)z(t),

y(t) = +3.87 — 2.60x(t) + 2.12y(t) — 2.62z(t) — 0.012%(¢) + 0.034y>(¢)
—0.132%(¢) — 0.172(t)y(t) + 0.322(t)2(t) + 0. 025y( )z(t),

2(t) = —12.12 4 1.362(t) + 3.20y(t) — 3.562(t) + 0.03x2(t) + 0.06y>(t)
—0.1422(t) — 0.14z(t)y(t) + 0.09z(¢)z(t) + 0.08y(t)z(t).

(4.3)
Here system (4.1) (system (4.2)) simulates the impulses in points P3, P4, and O1
at N = 3100 (at N = 5100). System (4.3) simulates the impulses in points C3,
C4, and T5 at N = 5100.
Chaotic attractors generated by systems (4.1)—(4.3) and their experimental
analogues, which were built on time series, it are represented on Fig. 2—4.

e
x(t)

50
50

x® ¥(t) 0
50
50
100”100

Fig. 2. The phase portraits of model (for system 4.1) and experimental (for the
data set, which were represented on Fig.1) attractors measured in points P3, P4,
and O1 of the cerebral cortex. The number of measurements is 3100.
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()

100

Fig. 3. The phase portraits of model (for system 4.2) and experimental (for the
data set, which were represented on Fig.1) attractors measured in points P3, P4,
and O1 of the cerebral cortex. The number of measurements is 5100.
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Fig. 4. The phase portraits of model (for system 4.3) and experimental
attractors measured in points C'3,C4, and T'5 of the cerebral cortex. The
number of measurements is 5100.

A partial verification of the conditions of Theorem (3.2) is shown on Fig.
5 and 6. It is necessary to notice that complete verification of all conditions of
Theorems (3.2) and (3.3) is an intricate enough problem. Note that the got results
show that behavior of systems (4.1), (4.2), and (4.3) generally speaking will not be
chaotic. Therefore there is no necessity to check up Theorem (3.3). (It verification
is desirable only in the case L(¢) =0.)
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Fig. 5. The behavior of invariants L(¢) and D(¢) for system (4.2).
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Fig. 6. The behavior of invariants L(¢) and D(¢) for system (4.3).

An information necessary for the prediction of development of illness is represented
on Fig. 7 - 8.
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Fig. 7. The recurrence diagrams of the process of generated by the systems (4.1)
and (4.2).
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Fig. 8. The recurrence diagrams of the process of generated by the system (4.3)
for the different time of delay 7.

The analysis of all represented results allows to do such conclusions.

1. Numerous verifications were shown that for the quadratic systems, which
describe the signals of cerebrum, the invariant L(¢) ~ 0 (see Fig. 5, 6). The same
feature is noticed at all Lorenz-like and Chen-like systems [2,3,12]. Thus, the
conditions of Theorem (3.2) are very restrictive for the simulation modeling. It
should be said that quadratic systems, for which L(¢) = 0 were studied in [2-4].
A sense of the condition L(¢) = 0 consists in that all equations of systems (4.1)
~ (4.3) do not contain some quadratic summand (for example z? or y?). If we
will take into account this circumstance, then we can derive in systems (2.2) new
models of attractors more corresponding to the experimental analogues (see Fig.
2-4).

2. Model attractors generated by systems (4.1), (4.2) differ from the attractor
of system (4.3). Indeed, attractors of systems (4.1) and (4.2) are cylindrical. (It is
explained those that both attractors got in points P3, P4, O1, but with a different
number of measurements: for Fig. 2 it is N = 3100 and for Fig. 3 it is N = 5100.)
The attractor of systems (4.3) is a torus. However, it is necessary to admit that
the experimental attractors are rather spherical. Therefore, a further corrections
of the got models are required.

3. At first sight it seems that the models of attractors of systems (4.1) and
(4.2) are chaotic; the attractor of system (4.3) is quasi-periodic (see Fig. 2-4).
However, as it show recurrence diagrams on Fig. 7-8, all model attractors are
quasi-periodic.

Important distinctions between these diagrams consist in the following: diagrams
on Fig. 8 are built for system (4.3), but with a different time of delay 7. The choice
of optimum value of the parameter 7 is instrumental in the increase of informative
of recurrence diagram. In our case it is 7 = 62. The diagram on Fig. 7 shows that
the periodic process passes to chaotic.
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4. With respect to the medical applications of the fulfilled analysis, here it is
possible to do the following conclusions. From the medical point of view complex
attractor formed by the signals of cortex testifies to the normal processes flowing in
this cortex [6,10]. On the contrary, the simplification of attractor and it transition
to the periodic structure specifies on destruction of normal processes in a brain
[6,10]. Consequently, this destruction is the reason of disease.

On Fig. 2—4 the experimental attractors are chaotic. It means that the patient
is not sick. However, the model attractors on Fig. 2—4 show that there is a progress
of disease in the region C3,C4,T5. In region P3, P4, 01 the disease begins only:
the chaotic mode will be replaced periodic.
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