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1 General Information

Doctoral thesis contains 95 pages, 102 references, 123 figures, 6 tables.

Keywords and phrases: gene regulatory networks, mathematical modeling, phase por-
trait, periodic solutions, attractors, chaos.

Doctoral thesis

Object of research: a system of ordinary differential equations of the second and higher
orders, used in models of gene regulatory networks.

Aims of research: to obtain results on properties of a special system of ordinary dif-
ferential equations, making emphasis on attracting sets, their locations, dependence on
built-in parameters and types of interrelation between elements. Special attention is paid
to evolution of the system and prediction of its future behaviours.

The research tasks:

e overview of low-dimensional systems of ordinary differential equations (ODE), used
in models of genetic regulatory networks (GRN);

e collecting information on equilibria (critical points) of attracting nature in low-
dimensional systems;

e studying the nature of attractive equilibria in two-dimensional (2D) and three-
dimensional (3D) systems;

e derivation of formulas for calculating the characteristic numbers of critical points in
2D and 3D systems;

e finding attractors, other than equilibria, in three-dimensional (3D) systems;

e considering examples of 3D systems, which have attractors in the form of stable
periodic trajectories;

e considering examples of 3D systems, which exhibit chaotic behaviour of solutions;

e work with programs, detecting chaotic behavior on the basis of analysis of the
Lyapunov exponents;

e considering systems of order four (4D), formulas for characteristic numbers of critical
points;

e constructing examples of 4D systems, which have attractors in the form of stable
equilibria;

e constructing examples of 4D systems, which have attractors in the form of stable
periodic trajectories;



considering examples of 4D systems, which exhibit chaotic behaviour of solutions;

visualization of 4D attractors by projecting them on low-dimensional subspaces of
the 4D phase space;

considering examples of neuronal networks and detecting similarity in the corre-
sponding ODE-type models;

construction of examples of 5D and 6D systems which possess periodic attractors;
considering examples of 6D systems, which exhibit irregular behaviour of solutions;

visualization of attractors of 5D and 6D systems by projecting them into a lower
dimension subspaces and considering graphs of components of solutions;

overview of the results and outlining directions of future research.

Methods of research:

classical techniques of mathematical analysis;
comparison method;

phase plane and phase space method;

method of linearization around the trivial solution;

perturbation method.

Main results: the results of the work were published in 23 scientific papers ([4], [48],
[57]-[77]). Six of them ([4], [59], [67], [68], [69], [70]) have been published in the journals
indexed in SCOPUS, three of them ([57], [66], [65]) were submitted to publish in the
journals indexed in SCOPUS and two ([58], [71]) were submitted to publish in Web of
Science journals. The results were communicated at several conferences of different levels:

1.

Inna Samuilik, Nullcline method for research of GRN system critical points, The
78th Scientific Conference of the University of Latvia, (Riga, Latvia, February 28,
2020)

. Felix Sadyrbaev, Svetlana Atslega, Inna Samuilik, On Controllability in Models

of Biological Networks, VIII International Conference on Science and Technology,
(Belgorod, Russia, September 24-25, 2020).

. Inna Samuilik, Remark on four dimensional system arising in applications, The 79th

Scientific Conference of the University of Latvia, (Riga, Latvia, February 26, 2021).

. Felix Sadyrbaev, Inna Samuilik, Mathematical modelling of genetic regulatory net-

works, 2. International Baku Scientific Research Conference, (Baku, Azerbaijan,
April 28-30, 2021).
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2 Preface

The Theory of ordinary differential equations (ODE in short) has emerged from appli-
cations and serves applications. First, problems of mechanical motion have led to the
second-order ODE. Recall Isaac Newton’s second law: force is equal to the product of
mass and acceleration. After that investigations by several renowned scientists yielded
the linear theory, stability theory, theory of periodic motions, etc. Closer to our times,
new branches of the theory have appeared. Among them, the theory of boundary value
problems (BVP) for ODE took a significant place. Riga and its universities have strong
traditions in this field. Pierce Bohl is known for the creation of fixed point theorems for
integral and differential equations. In the middle of the 20th century, Anatoliy Myshkis
had arrived in Riga to teach students, among them were Yurii Klokov and Arnol’d Lepin.
Y. Klokov went to Moscow State University, where he finished his doctoral studies under
the supervision of Professor Vladimir Nemyckii. His dissertation was devoted to BVP at
infinite intervals. Y. Klokov started to work in Riga Civil Aviation Engineers Institute
and was recognized by students as the best teacher. After some time he was invited to
join the new-born Computational center of Latvian State University, where he worked
for a long time. A. Lepin was conducting his research under the supervision of Professor
Anatoliy Myshkis. His dissertation also was devoted to BVP for nonlinear differential
equations. Y. Klokov and A. Lepin headed the scientific division which studied BVP and
related problems. This research is continued now in the Institute of Mathematics and
Computer Science of the University of Latvia. Y. Klokov and A. Lepin had many doc-
torate students and descendants. Some of them are still actively working in the field of
differential equations, applications, and mathematical modeling. Another direction in the
theory of differential equations was established by Professor Linard Reizins. This direc-
tion was aimed at the qualitative studies of ordinary differential equations. The problems
of structural stability and classification of critical points for higher order equations were
at the center of his and his student’s studies. It appears that Riga and Latvia had and
still have long-standing traditions in the field of the theory of ODE.

In 2015, when joining the group of Professor Alexander Shostak for the studies in the
field of telecommunication networks in the framework of a Europen project, the group of
mathematicians from Riga and Daugavpils was attracted by a new kind of problems, where
ordinary differential equations were involved. In the theory of telecommunication networks
very active group of Japanese mathematicians, among them, Yuki Koizumi, Masayuki
Murata, and others, proposed to use in the design of telecommunication networks the
principles of self-organization, that could be found in Nature. It was pointed out, that
in living organisms in any cell there exists a genetic regulatory network (GRN in short),
responsible, among others, for reactions to changes in the environment. It was emphasized,
that the mathematical model for GRN, which uses a system of ODE, can be used also
for the management and control of telecommunication networks. The so-called Virtual
Network Topology was proposed for the organization of a set of lightpaths, to establish a
mechanism for quick response and rearrangement of a telecommunication network in bad
conditions. A system of ODE, governing this process of rearrangement, had attracted the
attention of researchers in Institute of Mathematics and Computer Science, University of
Latvia and Daugavpils University. It appears that accumulated previous knowledge in
the theory of ODE and experience in the studies of ODE can be applied to new kind of
problems. It was the starting point of research in this direction.



The system in the center of these studies is not easy, but it is in some sense symmet-
rical. It contains n ordinary differential equations of the form X' = F(WX —6) - VX,
where the vector X is for unknowns, F'is a vector of the so-called sigmoidal functions, W
is n X n matrix (it is called regulatory one), § and V are the parameters. This system will
be denoted by S in this preface. It appeared first in the paper by Cowan-Vilson in the
study of neuronal networks of the human brain. It was used to model genetic networks,
and the meaning of X was different. It was associated with the protein expression of any
gene. By protein expression genes communicate with each other. Affecting a single gene
can affect the whole network. In system S the linear part describes the natural decay of
a network, where there is no interrelation between genes. Some authors introduce in this
model also other factors, such as stress. Generally speaking, the object of investigation
is a multi-parameter autonomous quasi-linear system of ordinary differential equations.
To the best of the author’s knowledge, this system was not studied sufficiently for dimen-
sions three and higher. One of the possible reasons is the lacking of theoretical results for
systems of this kind. In the last decade, many papers had appeared, interpreting system
S specifically. In the remarkable papers [10], [89] by Cornelius et al and Le-Zhi Wang et
al. the X vector was interpreted as the state vector for the genetic network. This vector
is time-dependent, X (), and it goes to its limiting set or point. It is to be mentioned,
that the phase space for the system S has a time-invariant set Q with the property: any
trajectory of the system S which enters (Q never escapes it. The existence of attracting
sets in Q follows. In the above interpretation, some diseases can be treated having in mind
that the respective state-vector X (t), therefore, is forced to go to the “wrong” attractor.
Since system S contains a lot of parameters, some of them are adjustable and can be used
to manage and control a network. Treatment of a disease then means redirecting of “bad”
trajectory to a “normal” attractor.

The above considerations were good motivations for the study of system S and its
attractor. The proposed promotional work contains achievements in this direction. Let
us list them.

1. The 2-dimensional systems were studied, using the nullclines method;

2. The 3-dimensional systems were studied, using the nullcline method and extensive
computational research; the main results are a) formulas for critical points of a 3D
system; b) multiple examples of periodic attractors;

3. The 4-dimensional systems were studied, using previously obtained results for 2-
dimensional systems; uncoupled 4D systems were constructed of two independent
2D-systems and various resulting combinations of attractors were studied; the main
results are a) formulas for critical points; b) periodic attractors for uncoupled 4D
systems; ¢) examples of periodic attractors; d) examples of perturbed 4D systems,
which are no longer uncoupled; some conclusions were made about attractors in
perturbed systems; d) an irregular behavior of solutions, tending to a 4D attractor,
was observed;

4. Some examples of the 5-dimensional systems were examined;

5. The 6-dimensional systems were studied; the main results are a) examples of 6D-
systems which were constructed of previously investigated three 2D systems; the
resulting system can have attractors of periodic nature; b) examples of 6D-systems



which were constructed of previously investigated two 3D systems; the resulting sys-
tem can have attractors of periodic nature; ¢) examples of perturbed, and therefore
coupled, 6D systems were examined; some observations on the behavior of solutions
were made;

6. The 60-dimensional system was considered.

Generally, the work contains mainly computationally obtained results concerning systems
of the form S, their phase space, examples of attractors and many related facts. The
collection obtained results lay the foundation for further research into gene network models
to understand them and develop methods of management and control.
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3 Gene regulatory network

Gene regulatory networks (GRN in short) exist in any cell of any living organism. GRN
regulates reactions to changes in the environment, controls the development of a cell, and
manages the functioning of any kind. Elements of GRN, called genes, can influence other
genes by sending proteins [43]. As a result of such influence, other genes can be activated
or inhibited.

Attempts to mathematically model the functioning of GRN are multiple, using various
mathematical objects and tools [26],[87]. To describe the evolution of a network, the most
appropriate approach is using differential equations.

The typical system is of the form
X' =FWX —0) —vX,

where X is the network state vector, F'is a sigmoid nonlinearity with argument, trans-
formed by multiplication with the regulatory matrix W, vX is a natural decay in absence
of F.

Definition 3.1. A sigmoid function is a mathematical continuous function with the do-
main over all R having a characteristic “S-shaped” curve or sigmoid curve. The range of
a sigmoid function is (0,1).

The name “Sigmoid” comes from the Greek letter Sigma, and when graphed, appears
as a sloping “S” across the y-axis. In general, a sigmoid function is monotonic and has a
first derivative.

Sigmoid function’s examples.

1
function was introduced in a series of three papers by Pierre Francois Verhulst
between 1838 and 1847, who devised it as a model of population growth by adjusting
the exponential growth model.

e The logistic function or logistic curve f(z) = The sigmoid logistic

e Gompertz curve or Gompertz function f(z) = e """ The Gompertz model is

well known and widely used in many aspects of biology. It has been frequently used
to describe the growth of animals and plants, as well as the number or volume of
bacteria and cancer cells.

2
e The inverse trigonometric functions f(z) = —arctan[u(z + #)]. The inverse trigono-
T

metric functions are widely used in engineering, navigation, physics, and geometry.

1 1
e The hyperbolic tangent function f(z) = 3 tanh[z — 1] + 5 The hyperbolic tangent
function is used in Artificial Neural networks.

i

e Hill function f(z) = Gﬂj— — was introduced by Archibald Hill in 1910 to describe
z
the binding of oxygen to hemoglobin. Hill function is widely used in pharmacology,

biochemistry and physiology.
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Figure 1: The sigmoid logistic function.

Definition 3.2. A dynamical system is a system of equations describing the time evolution
of one or more dependent variables. Equations of motion can be modelled as differential
equations and difference equations [34].

Consider the n-dimensional dynamical system

( d.ﬁ[l 1
- = — U1
dt 1+ e—H1(wiiz1twizTe+...+winn—01) 141,
dl’Q 1
— = — Va2
< dt 1 4+ e—m2(warz1+worzs+...fwann—02) 20 (1)
dx,, 1
- — UnZn,
\ dt 1 4+ e—#n(wnzi+wn2m2+.. .+ Wnn®n—0n)

where p,, > 0, 6, and v,, > 0 are parameters and the coefficients w;; are entries of the
so-called regulatory matrix

w11 W2 ... Wip
Wo1 W22 ... W2

W = " (2)
Wp1 Wp2 ... Wpp

The parameters of the GRN have the following biological interpretations:
e v; - degradation of the i-th gene expression product;

e w;; - the connection weight or strength of control of gene j on gene i. Positive
values of w;; indicate activating influences while negative values define repressing
influences;

e 0, - influence of external input on gene 7, which modulates the gene’s sensitivity of
response to activating or repressing influences.

dz:
Definition 3.3. The j'th nullcline is the geometric shape for which % = 0. The critical

points of the system are located where all of the nullclines intersect. In a two-dimensional
linear system, the nullclines can be represented by two lines on a two-dimensional plot; in
a general two-dimensional system they are arbitrary curves.

12



The nullclines for the system (1) are

(

\

1 1

Ty = — )
v 1+ e—H1(wiizitwizZe+...+Wi1nTn—01)
1 1

T9 = — )
Vs 1+ e—H2(w21z1twaza+... + W2 Tn—02)
1 1

Ty =

E 1 4 e—#n(wnzitwnam2+.. A Wnnon—0n) °

The linearized system for analyzing critical points is

Uy = =1y + w1 g1y + i wiagius + ..+ W1 g1 Un,
Uy = —Vals + [oWa1 Goltly + UoWanGolls + ... + Lol Golln,
U{n = —UpUp + HnWp1GnUi + HnWn2gnU2 + ...+ HnWppngnUn,

where

*

* *
and (z7, 25, ..., 2}

"

e—ul(wnac’l‘+w12x§+...+w1nac;—91)

9= 1+ e—m(w11x’{+w12z;‘+---+w1nz;§—91)]2’
e H2(wn T +wrrl+.. Fwane;, —02)
92 = [1 + e—uz(w21w’{+wzzx§+...+w2nw;—92)]2’

) is a critical point.

One has
HiWi1g1 — V1 — A H1W1291 H1W1ing1
HaW21 92 HoWaaGs — Vo — A ... H2Wan g2
A=) =
HUnWn1G9n UnWn2Gn v UpWp3Gn — Up — )\

The characteristic values of a given critical point can be found by solving the equation

A — A\l with respect to A.

3.1 The parameter u

Depending on the value of the parameter p, the form of the sigmoid function changes. For
very small p values the sigmoid function has a characteristic “S-shaped” curve or sigmoid
curve (see Figure 2). The parameter p increases and the graph of the sigmoid function
changes from “S-shaped” curve to a piecewise linear curve (see Figure 3). Further, the
parameter p continues to increase, but the graph of the sigmoid function is also the
piecewise linear curve (see Figure 4). Large values of p make nullcline the piecewise

linear.
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Figure 2: p = 2,0 = 0.5; Figure 3: p = 15,0 = 0.5; Figure 4: p = 100,60 = 0.5;
w11 = O,w12 = —5, Wo1 = wi1 = 0711)12 = —5, Wo1 — w11 = 0,11)12 = —5, Wo1 =
3,way =0 3, way =0 3,way =0

4 Two-dimensional (2D) systems

Consider the system

( dl’l . 1
E N 1 —+ e_ﬂl(w11x1+w12x2_91) — U127,
dt 1 + e—m2(w21z1+wozs—02) — U2Z2,

\

where p; and v; are positive.

System (3) contains ten parameters w;j, f;, 6;, v;. Changing any of these parameters
can essentially affect the properties of the system and solutions. The construction of the
characteristic equation is a nontrivial task.

The argument z of the sigmoid function is transformed by the regulatory (coefficient)
matrix
W:(wn wu)‘ (4)
W21 Wa2

This matrix describes the interrelation of elements z; of a network. The structure of W
affects the properties of the system and its solutions.

The nullclines are given by the equations
1 1

= ’U_ll —|— e H1 (w11$1+w12:172—01)7
(5)
_ 1 1
T2 = 11_2 1 + e H2 (w21117w22x2—92) :
The function f(z) = TTem is a sigmoid and it has the range of values (0,1).
e~ z

Therefore the first nullcline is in the strip {(z1,22) : 0 < 21 < i, x9 € R} and the second
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one is in the strip {(x1,22) 1 21 € R,0 < 25 < %} Therefore all critical points are located
in the rectangle @ := {(z1,22) : 0 <21 < ;-,0 <2 < -}

Proposition 4.1. There ezists at least one critical point for the system (3).

Proposition 4.2. The vector field (x,x4) defined by (3) is directed inward on the border
of the rectangle Q).

Proof. By inspection of the right-hand sides in (3), taking into account (5) and the range
of values of the functions fi(z) and fo(2). O

Corollary 4.1. Any trajectory of the system (3), entering QQ will stay there for t > 0.

4.1 Linearized system

For the analysis of critical points, we need the linearized system. It takes the form

/
{ U = —V1U1 + W11 91U + 1 W1291U2,

/
Uy = —ValUg + [laW21g2U1 + [laWa2GaUs,
where
e—H1(wnzi+wiaz;—01)
g1 = [1 + 6—#1(w119ﬂ’{+w12$§—91)]2’
e—MQ(wzle-i-szwE—@z)

go = [1 T e,m(wmxﬁwmx;f@)P

and (z7,x3) is a critical point under consideration. Notice that 0 < g; < 0.25 for ¢ = 1, 2.

A= H1W1191 — V1 H1W1291
H2W21 92 H2Wa2g2 — V2
A\ = |[Fr1ngr — U1 — A H1Wi291
H2Wa1 G2 [oWafa — Vg — A

and the characteristic equation is

det]A - )\[\ = (M1w1191 — U1 — )\)(M2w2292 — U2 — >\) - (M2w2192)(ulw1291) =
P1fl2W11Wa2g1Ge — H1W11G1V2 — 1W11J1A — [aW2Ga¥1 + V1V + V1A — flaWaaga A+
VoA + A% — L pawiawa1 9192 = A2 + (V1 + Vg — pwi1g1 — poWazga) A+

1 W11 Wa2g1g2 — H1W11g1V2 — HalWoaGall — i1 faWi2W21g1ge + V1v2 = 0.

To simplify we can write the characteristic equation as
N+ B N+C =0,

where
B = vy + vy — w191 — fowa2gs,

C = U1 fhoW11W22G1 G2 — H1W1191V2 — MUoW2GaU1 — [l UoW12Wa1G1g2 + V1Vs.
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4.2 Critical points

An attractor is a set of points in phase space that represent a stable set of final dynamics
for the system [81]. These dynamics are final in three senses. First, once the state of
the system or model is in this set, it does not leave this set. Second, all points of the
set are reached. Finally, any trajectory starting near enough to the attractor approaches
the attractor. For a simple continuous-time model, depending on the parameters, the
attractor can be a single point (a critical point), two points (a two-point cycle), four,
eight, or a larger finite number of points (a more complex cycle), a closed curve, or a
chaotic attractor [23].

Definition 4.1. An attractor is the limiting trajectory of the representing point in the
phase space, to which all initial modes tend [3].

Each attractor has a basin of attraction that contains all the initial conditions which
will generate trajectories joining asymptotically this attractor [2].

Definition 4.2. A self-excited attractor has a basin of attraction that is associated with
an unstable critical point [36].

Self-excited attractors can be localized numerically by the standard computational
procedure: after a transient process, a trajectory that starts in the neighborhood of an
unstable critical point (from a point on its unstable manifold) is attracted to the attractor
and traces it [36]. Classical attractors in Van der Pol, Rossler, Chua dynamical systems
are self-excited.

Definition 4.3. An attractor is called a self-excited attractor if its basin of attraction
intersects an open neighborhood of a critical point, otherwise it is called a hidden attractor

[11].
For a hidden attractor, its attraction basin is not connected with an unstable critical

point. For example, hidden attractors can be found in systems without equilibria or with
stable equilibria [11].

Definition 4.4. A limit cycle is a closed trajectory in phase space having the property
that at least one other trajectory spirals into it, either as time approaches to infinity or
as time approaches to negative infinity [17].

Proposition 4.3. A limit cycle can exist in nonlinear systems of ODE, the number of
equations in which is n > 2.

Proposition 4.4. A closed trajectory has a critical point in its interior in space R?.

If it is a stable state of equilibrium (critical point), the attractor of the system will
be just a fixed point. If it is a stable periodic motion, then the attractor will be a closed
curve, called the limit cycle [3].

Set wy; = weg = 0. The regulatory matrix is

o 0 W12
=L )
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and the system of differential equations takes the form

1

- 1 + e+ (wizzz2—01)
1
/
Ty = — VoX9.
2 1+ e—H2(w21z1—02) 242

T — U171,

—_~

The characteristic equation is
N+ BA+C =0,

where
B = V1 + V2,

C' = — 1 fow12W21G1G2 + V1V2.

4.2.1 Casel

B | B?
BZ>4C,)\1,2:—§ZE Z—C>0

B<0=XA>0=X>0.
Proposition 4.5. If B> > 4C, A1 5 > 0. The case stable node is impossible.

Consider
Wi = way = 0, B =01 4+ v, C = 0102 — i1 loW12W21 91 G2.
4.2.2 Case 2
B B2
BQ>4C,B>0,)\1’2:—§:|: I—C
Case 2.1.

B? B? B [P
C>O’O<Z_C<I:>>\2__E+ I—C<O,
B | B2
:>)\1:—5— I_C<O

Proposition 4.6. If B> > 4C, C > 0 = A5 < 0, then only stable node is possible.

Consider
w11:w22:0, B2>4C,C>0

(V1 +v2)? > 4(V1v9 — pyHoW1pWa1 G1Ga),  V1Va — fi1flaWiaWa1g1ga > 0,

vy =ve =1, 4> 4(1 — p1pewi2W191G2).

Example 1. Consider pu; = 5,43 = 10, v1 = v = 1 and 6, = 0.2,60, = 0.25.

regulatory matrix is
0 —4
W = ( 9 0 ) .

17
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The characteristic equation for the critical point (0.2674;0.0004) is (6), where B = 2,
C' = 0.969076.

Solving the equation we have Ay = —1.17585 and Ay = —0.824148. The type of the critical
point is a stable node.

x1

Figure 5: The phase portrait for the system (3) with
the regulatory matrix (7).

B | B2
C<0,)\1<0,)\2:—5+ I—C>0.

Proposition 4.7. If B2 > 4C,C < 0= )\ < 0,y > 0, then only saddle is possible.

Case 2.2.

Consider
wit =wey =0, v1 =02 =1, py = po = p,

4> 4(1 — pPwpwangigs), 0> —p*wiawarg1ga.

Example 2. Consider p; = pus =5, v1 = v = 1 and 0; = 1.2,6, = 0.8. The regulatory

matrix is
0 4
w=(14)- ®

The characteristic equation for the critical point (0.66;0.33) is (6), where B = 2, C' =
—3.98.

Solving the equation we have \; = —3.23 and Ay = 1.23. The type of the critical point is
a saddle.

18



Figure 6: The phase portrait for the system (3) with
the regulatory matrix (8).

4.2.3 Case 3

B | B2
B2<4C,)\1’2:—§:|: Z—CEC

wip = wee =0, (v + v2)2 < 4(v1vy — p1 poW12W219192),

Consider

vf + 2v1v9 + v% < 4v1v9 — 4piq flow12Wa1 G1 G,

(v — Uz)2 < —4pg pow12W21 91 9a-

Proposition 4.8. If (v; — v9)? < —4py powiawa1g1ge, then all critical points are focuses.

Corollary 4.2. The necessary condition for all critical points to be focuses is wyawa; < 0.

4.2.4 Case 4

B
B2<4C,—§>O¢B<O.

Proposition 4.9. If w;; = wyy = 0, then B > 0 and no critical point is an unstable

focus.

B? —4C = (v1 +vg — w191 — M2w22g2>2—

—4(H1M2w11w229192 — H1W11G1V2 — UoWa202V1 — U1 MaW12W21G1G2 + 0102) =

= 0] + 20103 — 201 W11 g1 — 201 faWanga + Vs — 2UafiWi1G1 — 2VaflapWaaga+

FUTWT T + 2pw11 g1 HaWanga + H3W35G5 — A P11 W1 ga + dpwi1 giva+

19



+4p19waag2v1 + 4pi1 flaWi2W21 g1 G2 — 4V1V9 =
= (—v1 + v 4+ prwi191)” + 2waaga(pta(v1 — V2 — pwi1g1) + 2 W12W 1) + HEWH G5

Example 3. Consider p; = pus = 10, vy = v9 = 1 and 6; = 1.2, 8y = —0.7. The

regulatory matrix is
0.5 2
W‘(—z 0.5>' )

The characteristic equation for the critical point (0.47;0.47) is (6), where B = —0.48,
C = 24.66.

Solving the equation we have A\; = 0.2474 — 4.96¢ and Ay = 0.2474 4 4.96:. The type of
the critical point is an unstable focus. The periodic solution emerges.

Figure 7: The phase portrait for the system

(3) with the regulatory matrix (9). The  Figure 8: Solutions (x1(t),x2(t)) for the
type of the critical point is an unstable fo-  system (3) with the regulatory matrix (9).
cus.

Proposition 4.10. Two-dimensional system of differential equations (3) can have nine
critical points if wi + w3, > 0.

The respective example is on page 24.
Proposition 4.11. Suppose that elements wy; and wys of the requlatory matriz (4) are

zeros. Then the maximal number of equilibria in system (3) is three. Ezactly one and
exactly two critical points are possible.

Proposition 4.12. Suppose that elements wy; and wey of the requlatory matriz (4) are
not zeros and elements wyo and wey are of opposite signs. Then the Hopf bifurcation may
occur and the system (3) may have a limit cycle.

In the case where a stable limit cycle surrounds an unstable critical point, Hopfs
bifurcation is called supercritical, and when an unstable limit cycle surrounds a stable
critical point, Hopfs bifurcation is called subcritical [21].

Proposition 4.13. Periodic solutions in system (4) cannot exist if g—£ + g—ﬁ =0, where
fi and fo are the right sides of the equations in (4).

20



Proof. w13 = a and wy; = S has not closed orbits in @ if wi; = wyy = 0.

1 1
g <1+e‘“1(‘“2_91) a lel) 0 <1+e—#2(ﬁ21—92) - UQx?)
+ = —UV1 — Uy 7é 0.
014 0o

System (3) cannot have periodic orbits if wy; = wey = 0, since the Bendixson criterium
for non-existence (of periodic orbits) is fulfilled. [

4.3 The behavior of the sigmoid function

Proposition 4.14. The 6 and p values do not change significantly the behavior of the
sigmotd function.

The case of wis > 0, we; > 0 is attributed to activation, the case of wy < 0, wo < 0
is interpreted as inhibition. Attractors in these cases typically are stable equilibria of the
type nodes. If wisws; < 0, attracting sets in the form of stable focuses can appear. Even
limit cycles are possible, but only if w?, + w3, > 0.

Proposition 4.15. The parameters wyo and wyy change the behavior of the sigmoid func-
tions from activation to inhibition.

Changing wo and ws; to the opposite numbers, the functions’ behavior changes from
activation-activation to inhibition-inhibition. Let us consider p = 2, § = 0.1 and we will
change the entries of matrix W.

e In Figure 9 the entries of matrix W are wy; = 4, w12 = 2, w9 = 3, w9 = 5. It is an
activation - activation.

e In Figure 10 the entries of matrix W are wi; = —4, wip = 2, w9 = 3, wo = 5. It is
an activation - activation.

e In Figure 11 the entries of matrix W are w1 = 4, w12 = —2, w9 = 3, woy = 5. It is
an inhibition - activation.

e In Figure 12 the entries of matrix W are wy; = 4, wis = 2, w9 = —3,woy = 5. It is
an activation - inhibition.

e In Figure 13 the entries of matrix W are wy; = 4, wis = 2, w9 = 3, W = —5. It is
an activation - activation.

Figure 9: Figure 10: Figure 11: Figure 12: Figure 13:
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4.3.1 Activation-activation

Consider py = ps = 2, v1 = vy, = 1 and 6, = 0.3, 83 = 0.5. The regulatory matrix is

W:<100 S)' (10)

Figure 14: The phase portrait for the system (3)
with the regulatory matrix (10). One critical point.

Proposition 4.16. Three critical points are possible in the system (3).

Consider py = ps = 5, v1 = v, = 1 and 6, = 6, = 3. The regulatory matrix is

W:(loo g) (11)

12 \\ \\»7 ‘—\ T~
NN ——
N\ \

m\ § \\\A; e =

Figure 15: The phase portrait for the system (3) with
the regulatory matrix (11). Three critical points.

The types of critical points in Figure 15 are: the stable node, the saddle and the stable
node.

Proposition 4.17. Five critical points are possible in the system (3).
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Consider =40, v; = vy = 1 and 0 = 0y = 2.5. The regulatory matrix is

w-(33)

x2
1.2
R e — N [
G Gl e e i
10 _—

Figure 16: The phase portrait for the system (3) with
the regulatory matrix (12). Five critical points.

The types of critical points in Figure 16 are: 3 stable nodes and 2 saddles.

Proposition 4.18. Seven critical points are possible in the system (3).

Consider = 40,v; = vy = 1 and 6, = 05 = 2.5. The regulatory matrix is

5 2.5
w=(5 %)

Figure 17: The phase portrait for the system (3) with
the regulatory matrix (13). Seven critical points.

The types of critical points in Figure 17 are: 3 stable nodes and 4 saddles.

Proposition 4.19. In the system (3) the mazximal number of critical points is nine.
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Consider =40, v; = vy = 1 and 0 = 0y = 2.5. The regulatory matrix is

W:(i 232). (14)

Figure 18: The phase portrait for the system (3) with
the regulatory matrix (14). Nine critical points.

The types of critical points in Figure 18 are: 4 stable nodes and 5 saddles.
4.3.2 Activation-inhibition

Proposition 4.20. The type of critical point in the system (3) is the stable focus.
Consider 7 = ps = 2,v7 = v = 1 and 6; = 2,0y = —1.5. The regulatory matrix is

W:(_O7g>. (15)

Figure 19: The phase portrait for the system (3) with
the regulatory matrix (15). The type of the critical
point is a stable focus.

24



Consider 1y = ps = 40, v1 = v9 =1 and 6; = 3,0y = 1. The regulatory matrix is

w= (2% (16)

¥ x1

/////5\ L NS RN
PV E A NCNRNI LR RN

Figure 20: The phase portrait for the system (3) with
the regulatory matrix (16).

The types of critical points in Figure 20 are: 3 stable nodes and 2 saddles.
4.3.3 Inhibition-activation
Consider = 2,v; = vy = 1 and 6; = 05 = 0.1. The regulatory matrix is
0 -8
=53, @

In the system (3) with the regulatory matrix (17) there exists only one critical point.

Figure 21: The phase portrait for the system (3) with
the regulatory matrix (17). The type of the critical
point is a stable focus.

The type is the stable focus.
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Consider py = ps = 40,v; = vy =1 and 6, = 0.5, 5 = 0.1. The regulatory matrix is

W:(S ‘05> (18)

The types of critical points in Figure 22 are: 2 stable nodes and one saddle.

Figure 22: The phase portrait for the system (3) with
the regulatory matrix (18).

4.4 Conclusions for two-dimensional systems

The following are true for the system (3):
e there is always an equilibrium state;

e the maximum number of equilibrium states (critical points), except for degenerate
cases, is nine;

e the structure of the set of critical points with their maximum number is the same
for all considered cases - four stable nodes, four saddles, and an unstable node in
center;

e any number of critical points from one to nine is possible;
e periodic solution of the system is possible;

e it is possible to control the system by changing the parameter values.
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5 Three-dimensional (3D) systems

Let us consider the system

( dl’l 1
- = — 01T
dt 1 + e—m(wnzitwizra+wizen—061) 11
— = — UV
dt 1 4 e—#2(w2iz1+w2zs w2z, —02) 25
dl’g 1
— = — V3T
\ (¢t 1+ e—H3(w31z1twsaT2 w333 —0s) 3435

where p;, 0; and v; are the parameters, w;; are the coefficients of the so-called regulatory
matrix
w11 Wiz Wiz
W= | wa wya ws |. (20)
W31 W32 Wsz

The nullclines and the critical points for the system are defined by the relations

( 1 1
Ir1 =

U_l 1 4+ e—#1 (wnzitwizza+wizzz—01)’

1 1

To = — 3
Uy 1 + e k2 (wo121—wa2z2+wazx3—02)
1 1

I3 =

L v_3 1 + e—H2 (warz1+waze+wszw3—03)

5.1 Linearized system

The linearized system for any critical point (z7, 23, 2%) is

Uy = —V1U1 + U1W111U1 + U1Wi2g1Ue + U1W13G1U3,
/
Uy = —VolUg + UoW21GoU1 + UoWa2Gole + UoW23GalUs,
/
Uz = —V3Uz + U3W31g3U1 + U3W32g3U2 + U3W33G3U3,
where
e—ul(w11$f+w12$§+w13$§—91)
= 21
91 [1 + e*#l(w11x’f+w12x§+w13$§*91)]2’ ( )
e*,uz(w212{+w22w§+w23$§*92)
92 — _ * * *_9 b (22)
[1 + e~ H2(wa1a] +warxs +wazay 2)]2
e~ 3 (w312} +ws2ai+wszr—03)
= ) 23
93 [1 + e—u3(w31x’1‘+w32x3+w33x§—93)]2 ( )
One has
piwii g — v — A H1W1291 H1W13G1
A=A = HoWa1G2 [oWaGa — Uy — A H2Wa3 G2
H3Ws31 93 HU3Ws32g3 H3Ws33gs — V3 — A
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and the characteristic equation is
det|A — M| = =N + N*(—v1 — v2 — v3 + twi1g1 + poWangs + fswssgs) + A(grospwi+

TH2W22G2U3 + g1g2W21 i fl2aWi2 — G1G2W11 Wz 1 fh2 + §193W31W13 [0 f3—
—g193W11W33 41 3 + G23W3aWazflafls — J2g3WaWssfiafls — V1 (Ve + U3 — GaWafly — G3W33fi3)+
+vo(—v3tgrwn pi1+gzwsspiz) ) +1 (Va( —v3+g3wsspiz) +go iz (Vawaz+gawaawas iz — gawaaWss pis) )+

+g13(v2(vawin + ga(wa1wiz — wirwsz) pa) + Gopio(Va(Warwiz — Wirwa2)+

+93(— W31 W13+ W21 W3g W13 +W31W1aWa3 — W11 W32 Wa3 —Wa1 W12W33+W11Wag W33)3)) = 0.

The characteristic equation can be rewritten as
—N + AN+ BA+C =0, (24)
where
A= —(v +v2 4+ v3) + L1t + GoWasla + g3wss s,

B = ppawsiwizgigs — paflsWsaWesGags + fi1 oW Wi2G192
—(#2102292 - U2)(M37~U3393 - U3) - (,u1w1191 - Ul)(ﬂ3w3393 - U3)
— (w1191 — v1)(powsags — v2),

C = (M1w11g1 - Ul)(ﬂ2w22g2 - U2)(M3w3393 - 713) + f1 Mo h3W21W32W23G1 G273
+ 41 fho fU3W31 W12W23G1 G293 — M1N3w31w1391g3(,u2w2292 - U2)
—M2/~L3w32w2392g3(ﬂ1w11g1 - Ul) - M1M2w21w129192(M3w3393 - 03)‘

5.1.1 Facts

Proposition 5.1. The vector field (fi(x1,xe,x3), fo(1, 2, x3), f3(1, T2, x3)), where fi,
fo and f5 are the right sides of the equations in (19), is directed inward on the boundary
of the domain Q3 = {(x1, 72, 23) : 0 < 21 < i,O < Ty < %,0 <3< %}

Proof. Take one of faces of the parallelepiped ()3, for example, 1 = 0. The vector field

there in the x; direction is f; — vy, 1 = f > 0. Take face x1 = —. The vector field there
U1
1
in the xy direction is f; —vy, 1 = f1 —v;, — = f1 — 1 < 0. In both cases, the vector field
U1
along the z; axis is directed inside (J3. Similarly, other faces of ()3 can be considered.[]

Proposition 5.2. System (19) has at least one equilibrium (critical point). All equilibria
are located in the open box Q3 := {(x1,x2,23) : 0 < 21 < ﬁ,O < Ty < i,o <23 < %}
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5.2 Ceritical points

The three-dimensional system has three eigenvalues. Two main possibilities exist: either
the three eigenvalues are real or two of them are complex conjugates. A critical point is
stable if all eigenvalues have negative real parts; it is unstable if at least one eigenvalue
has positive real part.

e Node. All eigenvalues are real and have the same sign. The node is stable (unstable)
when the eigenvalues are negative (positive) [97].

e Saddle. All eigenvalues are real and at least one of them is positive and at least
one is negative. Saddles are always unstable [97].

e Focus — Node. It has one real eigenvalue and a pair of complex-conjugate eigen-
values, and all eigenvalues have real parts of the same sign. The critical point is
stable (unstable) when the sign is negative (positive) [97].

e Saddle — Focus. Negative real eigenvalue and complex eigenvalues with positive
real part (unstable focus), and positive real eigenvalue and complex eigenvalues with
negative real part (stable focus). This type of critical point is unstable [46].

5.3 Particular cases

5.3.1 Casel

Let v = vg = v3 = 1.

We have
det|A — M| = —A® + (w1191 + pawaags + pzwssgs) A’

+[N1#39193(w31w13 - w11w33) + M2M39293(w32w23 - w22w33)
11 f12G1 G2 (W1 w12 — Wiiwag)]A

— [ [ 391 9293 (W11 W3aWasg + Wa1W12Ws3 + W1 Waol13
—W11W22W33 — W12W23W31 — w13w21w32) =0,

where A = X\ + 1.
The characteristic equation is (24), where

A = =34 qrwiit1 + GoWaalts + g3Wss s,
B = i prawiawa1 g1go — (—1 + grwyipin ) (—1 4 gowaapie) + 1 f3wWisws1 193 + Moz Wessagags
—(=1+ grwiipm) (=1 + gswssps) — (—1 + gawaopro)(—1 + gswszps),

C' = g19293W12W3W31 f1 flofiz + G1G2g3W13W21 W3 fl1 [lafl3 — 9293w23w32(—1 + 91w11,L61),LL2M3
— g193w13W31 1 (—1 4 gowanfio) 13 — G1gawr2war i phe — (—1 + gswsspis)
+ (=1 4+ grwii ) (=1 + gawaapia) (—1 + gswsspus).
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5.3.2 Case 2

Let wy; = wes = w33 = 0. The regulatory matrix is

0 w2 wis
W = Wa1 0 w3 (25)
ws; wszp 0

and the system of differential equations takes the form

, 1
Ty = — 01T
L7 1 4 e—m(wizzatwiszs—01) 1
1

/
Ty = — VX
27 1x 6—#2(w211361+w23$3—92) 252

.’173_

== — V3T3.
1 + e—ms(waiz1+wsaz2—03) 33

The linearized system for a critical point (x},x3, %) is then

U = —V1U1 + U1W12g1U2 + H1W13G1U3,
/

Uy = —VoUg + oW1 GoU1 + [UoW23GaUs3,
!

Uz = —U3U3z + [13W3193U1 + [13W3203Us2,

where g1, g2, g3, given in (21) to (23), are adapted to the case of the regulatory matrix
(25).

The characteristic equation is
det| A — M| = —\* + A(gogswsowaspiafis + g1 i1 (gowawiafly + gawsiwyspis))-+

+91 9293 (Wa1 W32w13 + W31 W12Wa3 ) fi1 flofts = 0.

The characteristic equation can be rewritten as (24), where
A = —(Ul + (%) + Ug),

B = —v1v3 — 0103 — voU3 + g1Gg2W12Wa1 fh1 flo + G1G3W13W31 [ I3 + G2 G3WazWsafla i3,

C = — 110203 + G1G2U3W12Wa1 [ f2 + 1 G3V2W13 W31 1 fhg + G2g3V1 WagWsaflofls + §1G2G3WasWsaflaflis

1 Y19293W12W23W31 fh1 floft3 + §19293W13 W21 W32 L1 [2[13-
5.3.3 Case 3
Let v1 = vo = v3 = 1, wy; = wyy = w3z = 0. The regulatory matrix is
0 w2 wis

W = W21 0 was (26)
wgy wsy 0
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and the system of differential equations takes the form

; 1
Ty = — X
=14 6—#1(?11121332-1-11113963—91) b

/
Ty = — X
27 1 4 e—ne(waizitwasrz—62) >
1

/
Toq = — X3.
3 1 4+ e*#s(w31w1+w32$2*93) 3

The linearized system for a critical point (z7, 25, %) is then

U = —Up + (1W1201U2 + H1W1391U3,
!

Uy = —Ug + UoW21GoU1 + [UoW23G2U3,
!

Uz = —U3 + [U3W3193U71 + [U3W32G3U2,

where g1, g2, g3, given in (21) to (23), are adapted to the case of the regulatory matrix
(26). The characteristic equation is

—A3+BA+C =0,
where A = A + 1,
B = pp39193(wsiwiz) + popisgogs(wsawas) + f1 41291 g2 (warwe2),

C' = i piopisg19293 (WiaWazwsy + wi3wewss).

5.4 Cardano formulas

Gerolamo Cardano (1501-1576) was an Italian mathematician, engineer, philosopher,
physician, astrologer. He published fundamental works on algebra, probability theory,
and mechanics, which had a huge impact on the development of science.

For further analysis let us recall the Cardano formulas applied to the equation

v +py+q=0. (27)

ONO)
@ (3 + 2
is positive. The complex roots are given by expressions

a+bi¢(a—b)£,
2 2

It has complex roots if

Y23 = —

where . N
= (40v8) 1= (41

are real cubic roots satisfying a - b = —%. The remaining real root of equation (27)
y1 = a + b is real.
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5.4.1 Case 1

The regulatory matrix is

0o 1 0
W=11 0 -1
0 -1 0
The system is
, 1
$1_1+ewﬁmﬁn_”ﬂh
xIQ - — VX2,

1+ @—Mi(m—ﬂﬁs—@z)

/
Toq = — U3X3.
3 1 + 6_”3(_352_63) 343

The linearized system for a critical point (x7, 3, %) is then (v; = vy = v3 = 1)

!/

Uy = —Up + H191U2,
UIQ = —Ug + U2goU1 — U2g2U3,
Ué = —U3z — H3g3uUs,
where
6_.“1(:E)2k_01)
g1 = [1 i e_ul(w;_el)P?
e~ H2(z]—z5—02)
g2 == [1 + 6*#2(11717;702)]27
e_u3(_m§_93)

93 = [1+ ena(=at=0a)]2"

The characteristic equation is
—AN*+BA+C =0, (28)

where A = A + 1,
B = popi3g293 + 129192 > 0,

C=0.
The equation (28) has three roots

Al = 0, A273 = :l:\/E

and, consequently,
)\1 - —1, )\273 - —1 :i: \/E

Proposition 5.3. If B > 1, then the respective critical point is a 3D-saddle; if B < 1,
then the critical point is a stable node.
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5.4.2 Case 2

The regulatory matrix is

0 -1 0
W=1|1 0 -1
0O 1 0
The system takes the form
;L 1
$1_i1+efm§wrﬂn"“$“
Th = — Valy,

1+ e_liQ(xl_xS_OZ)

/
Toa = — VU3T3.
3 1—|—6_N3($2—93) 343

The linearized system for a critical point (x7, 25, 23) is (v; = v9 = v3 = 1)

ull = —U1 — H191U2,

Uy = —Up + Uogolly — flogalis,

ug = —Uug + U3gsus,

where
67”1(71‘5701)
g1 = [1 i e—#l(ms_el)P’

e—ha (@} —5—62)

2= My em@i—as-ope’

6_.“‘3(a:§_03)

93 = [1 + e—ua(—xS—GB)]T

The characteristic equation is
~A*+ BA+C =0,

where A = A + 1,
B = —papizg2gs — p1fi2g192,
C =0.
The equation (30) has three roots

A =0, Ays=+V—Bi

and, consequently,

)\1 = —1, )\273 == —1 :|: V —BZ

(29)

(30)

Proposition 5.4. A unique critical point of the system (29), where v; =1, i =1,2,3, is

a stable focus-node.
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Proof. Let us prove that a critical point is unique. Write the system of nullclines as

T = ! 7= fi(=22),

1+ @—Ml(l—w2—91
= fo(z1, —3), (31)

8= T ety f3(72)

T2 = 1+ e—H2(z1—T3—02) :

where f; are evident sigmoid functions. Any critical point is a solution of the system (31).
We can write the second equation as

o = f2(f1(_x2>7 —f3(I2)), <32>

1
where f2(n7€) = 1 +€—M2(77+§_92)

decreasing function of x5 on the right. The graphs of both functions can intersect only
once. []

. It is increasing function of xo on the left in (32) and

5.5 Chaos

Under chaos in ancient Greek mythology understood the pre-life confusion. Greek “chaos”
is the infinite first everyday mass, which subsequently gave rise to all the existing. Physi-
cists call this science - “nonlinear dynamics”, mathematicians - “chaos theory”, all the
rest - “nonlinear science”.

Chaos is a multifaceted phenomenon that is not easily classified or identified. There
is no universally accepted definition for chaos, but the following characteristics are nearly
always displayed by the solutions of chaotic systems [39].

Characteristics of chaos

e A characteristic of chaotic behavior is the existence of an attractor to which all
sufficiently nearby solutions converge, given sufficient time [23].

e A typical characteristic of chaotic solutions is the geometric form of the attractors.
The attractors typically are twisted and ‘strange’, meaning that they have fractional
(fractal) dimension, although this is not necessarily the case [23].

e Sensitivity to initial conditions [39].

Definition 5.1. A chaotic system is a deterministic system that exhibits irregular and
unpredictable behavior [47].

Research on chaotic systems had a practical effect since Edward Norton Lorenz established
chaos theory in 1963. Chaos should be expected to be a very common basic dynamical
state in a variety of systems. Chaotic dynamics is very important in different fields such
as robotics, economics, cryptography, chemistry, medicine (studying epilepsy to predict
seizures, taking into account the initial state of the organism) and biology (in the study
of uneven heart rate and an uneven number of diseases) [49].

Proposition 5.5. In dynamical systems that include three or more equations, there may
be even more unusual attractors, which are commonly called strange or chaotic attractors.
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Floris Takens (1940 - 2010) a Dutch mathematician known for contributions to the
theory of differential equations, the theory of dynamical systems, chaos theory and fluid
mechanics. Introduced the concept of a “strange attractor”. He was the first to show how
chaotic attractors could be learned by neural networks [7].

Proposition 5.6. It is possible to find a chaotic attractor in differential systems present-
ing chaotic behavior [55].

Definition 5.2. A strange attractor, (chaotic attractor, fractal attractor) is an attractor
that exhibits sensitivity to initial conditions [39].

Definition 5.3. A fractal is an object that displays self-similarity under magnification
and can be constructed using a simple motif (an image repeated on ever-reduced scales)
[39].

Such strange objects were identified in nature. Sunflowers and broccoli (Figure 24), sea
shells, fern, snowflakes (Figure 23), mountain chasms, coastlines, lightning bolts (Figure
25), tree branches, river beds, turbulent eddies, human vascular system. These fractal
geometries play a significant role in the characterization of chaotic dynamical processes,
fractal dimension is therefore an important attribute of such a process [34].

Figure 25: The picture from
Figure 24: Remark- www.zmescience.com
able Romanesco Broc-
coli. The picture from
www.gardenbetty.com

Figure 23: The picture from
WWW.€sa.0rg

The Cantor set constitutes a fractal object. The concept of dimension has to be broadened
to include fractal geometries associated with chaotic dynamics [34].

Definition 5.4. The Cantor set or Cantor’s Middle Thirds set, is given by taking the
interval [0,1] (set Cy), removing the open middle third Cy, removing the middle third of
each of the two remaining pieces Cy, and continuing this procedure ad infinitum.

At the kth stage in the Cantor set, there will be N = 2% segments each of length
[ = 37%. If this process is continued to infinity, then

lim 28 =00 and lim 37% = 0. [39]

k—o0 k—o0
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Figure 26: Sequential construc-
tion of the Cantor set.

The Koch Snowflake was created by the Swedish mathematician Niels Fabian Helge von
Koch in 1904. The Koch Curve is constructed by replacing a unit line segment with a

motif consisting of four line segments each of length 3

Figure 27: Sequential construc-
tion of a Koch snowflake.

At the kth stage in the Koch Curve, there will be N = 4% segments each of length [ = 37%.
If this process is continued to infinity, then

lim 4% = oo and lim 37* =0. [39]

k—oo k—o0

Definition 5.5. A self-similar fractal has fractal dimension (or Hausdorff index) Dy
given by

In N (1)
Dy=—=

Y

where | represents a scaling and N (1) denotes the number of segments of length [ [39].

Definition 5.6. A fractal is an object that has noninteger fractal dimension. (This is an
alternative to Definition(5.3))[39].

The fractal dimension for the Cantor set is

In2 B In2

= — =~ (0.6309298
—1In % In3

Dy =

The Cantor set is denser than a point, but less dense than a line, because the dimension
of a point is zero, but dimension of the line is one.

The fractal dimension for the Koch Curve is

4 In4
Dy= —— = == ~ 1.2618595
—Inz In3

The Koch Curve is denser than the line, but less dense than a plane, because the dimension
of the line is one, but the dimension of the plane is two.
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5.6 Lyapunov exponents

Aleksandr Lyapunov (1857 - 1918) is a mathematician and mechanic, academician of the
St. Petersburg Academy of Sciences. The most important achievement of the scientist
is the creation of a modern theory of the stability of equilibrium and the movement of
mechanical systems, determined by a finite number of parameters [98].

The Lyapunov exponents are an important tool for the characterization of an attractor
of a finite-dimensional nonlinear dynamic system and their excessive sensitivity to initial
conditions [19]. The Lyapunov exponent is an approach to detect chaos, and it is a
measure of the speeds at which initially nearby trajectories of the system diverge [47].

Relationships between the Lyapunov exponents and the properties and types of at-
tractors:

1. One-dimensional system. In this case only a stable fixed point can be an attractor.
There exists one negative Lyapunov exponent (LE in short) denoted by LFE; = (—).

2. Two-dimensional system. In 2D systems, there are two types of attractors: stable
fixed points and limit cycles. The corresponding LEs follow:
e (LE,,LEy) = (—,—) - stable point;
e (LE),,LE,) = (0,—) - stable limit cycle (one exponent is equal to zero).
3. Three-dimensional system. In 3D phase space, there exist four types of attractors:

stable points, limit cycles, 2D tori and strange attractors. The following set of LEs
characterizes possible dynamical situations to be met:

o ( ) = (—,—,—) - stable fixed point;

e (LEy,LEy, LE3) = (0,—, —) - stable limit cycle;

(LEy, LE,, LEs) = (0,0, —) - stable 2D tori;
(

e (LE,,LEy, LE3) = (+,0,—) - strange attractor.

Symbols (4,0, —) mean that for the analyzed attractor, there is one direction in a 3D
space, where exponential stretching is exhibited, the second direction indicates neutral
stability, and the third one-exponential compression [6].

5.6.1 Properties of Lyapunov exponents

1. The number of Lyapunov exponents is equal to the number of phase space dimen-
sions, or the order of the system of differential equations. They are arranged in
descending order [79].

2. The largest Lyapunov exponent of a stable system does not exceed zero [47].

3. A chaotic system has at least one positive Lyapunov exponent, and the more positive
the largest Lyapunov exponent, the more unpredictable the system is [47].

4. To have a dissipative dynamical system, the values of all Lyapunov exponents should
sum to a negative number [79].
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5. A hyperchaotic system is defined as a chaotic system with at least two positive
Lyapunov exponents. Combined with one null exponent and one negative exponent,
the minimal dimension for a hyperchaotic system is four [86].

Proposition 5.7. Dissipative systems exhibit chaos for most initial conditions in a spec-
ified range of parameters. A conservative system exhibits periodic and quasi-periodic so-
lutions for most values of parameters and initial conditions, and can exhibit chaos for
special values only [79].

Proposition 5.8. Only dissipative dynamical systems have attractors [46].
Proposition 5.9. If the Jacobian of the vector field in ODE is negative then the system
is a dissipative [94].

In the thesis for Lyapunov exponents calculation the package “lce.m for Mathematica”
was used [99]. Another Wolfram Mathematica program “Lynch-DSAM.nb” was also used
to check the correctness of Lyapunov exponents calculation [39].

5.7 Examples

Example 1. The system (19) with the matrix

W= (33)

S N O
S O N
—_— o O

and g = o = 7,03 = 5, v1 = vy = v3 = 1 and 6; = 0.8, §; = 1.0, 83 = 0.5 has nine
attractive critical points, which can be observed in Figure 28. Six of intersections of red
and green with blue surfaces, at the corners of a cube.

Figure 28: The visualization of nullclines and nine critical
points for the system (19) with the regulatory matrix (33).
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5.7.1 Periodic solutions

Example 2. The system (19) with the matrix

k0 -1
w=|(-1 % o |]. (34)
0 -1 k

This matrix contains the inhibitor cycle (elements —1) and auto-activation (elements k).
For values k in the interval (0.36,2), the 3D system has a periodic solution that attracts
other solutions [59].

The initial conditions are

21(0) = 0.5; 25(0) = 0.5; 5(0) = 0.35.

Figure 29: Nullclines for the system (19) Figure 30: The periodic solution of the sys-

with the regulatory matrix (34) z1 -red, 2 tom (19) with the regulatory matrix (34),
- green, r3 - blue, k=1, u; =5, 0, = % E—1.

{x1, x2, x3}

0.9

A

0.6

o

o
3

0.5

0.4

0.3
—+ t

10 20 30 40 50 60 70

Figure 31: The graphs of x;(t),i = 1,2, 3 for
the system (19) with the regulatory matriXFigure 32: The periodic solution of the sys-

(34). tem (19) with the regulatory matrix (34),
k= 0.5.
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Example 3. Consider j1y =5, o = 15, u3 =5, vy = vy =v3=1and 6§, = 1.2, 6, =
0.5, 83 = —0.6. The regulatory matrix of the system (19) is

1
W = 0
-2

(35)

o = O
— O N

The nullclines are depicted in Figure 33. There are exactly three critical points.

Figure 33: Nullclines z; - red, x5 - green, x3 - blue of
the system (19) with the regulatory matrix (35).

The characteristic equation for critical point (0.537;0.001;0.346) is
—A+ AN+ BA+ C =0, (36)
where A = —0.616403, B = —5.28938 and C' = —5.61417.

Solving the equation we have A\; = —0.99, Ay 3 = 0.188 & 2.3717. The type of the critical
point is unstable saddle-focus.

The characteristic equation for critical point (0.537;0.5;0.346) is (36), where A =
3.125, B = —6.693 and C' = 15.569.

Solving the equation we have \; = 2.75, Ay 3 = 0.187 £ 2.3717. The type of the critical
point is unstable focus-node.

The characteristic equation for critical point (0.537;0.99;0.346) is (36), where A =
—0.6164, B = —5.289 and C' = —5.614.

Solving the equation we have A\ = —0.995, Ao 3 = 0.187 £2.371¢. The type of the critical
point is unstable saddle-focus.

There are three periodic solutions in Example 3. Periodic solutions are stable attrac-
tors. The solutions are depicted in Figure 34 and Figure 35.
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Figure 34: Example of two 3D limit cycles Figure 35: Three periodic solutions of the
in the system (19) with the regulatory ma- system (19) with the regulatory matrix
trix (35). (35).

Assume now that wy; = 1 in the matrix (35). Then there is only one critical point
(0.5367;0.9999998; 0.3464). The standard linearization analysis provides the characteristic
numbers A; = —0.999997, Ay 3 = 0.18762+2.37198:. The type of critical point is unstable
saddle-focus. The nullclines and one periodic solution are depicted consequently in Figure
36 and Figure 37.

Figure 37: Some trajectories, tending to
the periodic solution of the system (19)
with the regulatory matrix (35), wq; = 1.

Figure 36: Nullclines z; - red, x5 - green,
x3 - blue of the system (19) with the reg-
ulatory matrix (35), wg; = 1.

Assume that wo; = 0.5 and wey = —0.5 then the middle periodic solution disappears.

The nullclines and two periodic attractive solutions are depicted in Figure 38 and Figure
39.
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Figure 38: Nullclines 1 - red, x5 - green,
xg - blue of the system (19) with the regu-
latory matrix (35),wg; = 0.5, w3 = —0.5.

Figure 39: Some trajectories, tending to
one of two periodic solutions of the sys-
tem (19) with the regulatory matrix (35),
Wo1 = 05, Wo3 = —0.5.

The dynamics of Lyapunov exponents are shown in Figure 40.

15

LCEs

0.0
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Figure 40: LFE, =0.01, LEy = —0.47, LE5 = —0.81

5.8 Chaotic attractors

5.8.1 The quadratic jerk system

Consider

dl‘l

— =

dt 25

d.’l?g

2 o (37)
d

% — _21‘1 — T9 — 11:103 — 031’% + x129.
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The initial conditions are
x1(0) = 0.1; 22(0) = 0.1; 23(0) = 0.1.

A chaotic attractor of the system (37) is shown in Figure 41.

{x1, x2, x3}

Figure 42: The graphs of z;(t),i = 1,2, 3, of
Figure 41: The self-excited chaotic attrac- the system (37).
tor of the system (37).

The respective three-dimensional system was considered in the article [38].

The dynamics of Lyapunov exponents are shown in Figure 43.

||

—05F

LCEs

—1.0F

S X S S S I S S S B

Figure 43: LF; = 0.08, LE; = 0.00, LE3 = —1.18
There is one positive Lyapunov exponent that is why the self-excited attractor is

chaotic. The system is a dissipative dynamical system, because the values of all Lyapunov
exponents should sum to a negative number (LE; + LE; + LE3 = —1.1).
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5.8.2 The modified Das system

Consider

H1 = U2 = 7, U3 = 13,U1 = 065, Vo = 0.42,1)3 = O]_, 91 = 057 62 = 03, 03 =0.7 (38)

0 1 —5.65
W = 1 0 0.135 ) (39)
1 0.02 0.03
The initial conditions are
x1(0) = 0.3; 22(0) = 1.5; 23(0) = 0.2. (40)

The characteristic equation for critical point (0.370457;1.59272; 0.222436) is

A3+ AN+ BA+C =0,
where A = —1.16152, B = —0.430187 and C' = —0.688906.

Solving the equation we have A\ = —1.2558, A3 = 0.0471391 £ 0.739161¢. The type of
critical point is an unstable saddle-focus. The system is chaotic in the sense that solutions
exhibit non-regular behavior. The self-excited chaotic attractor is depicted in Figure 44.

%0 0 a0 000

Figure 45: The graphs of x;(t),i = 1,2, 3,
Figure 44: The self-excited chaotic attractor of the System (]_9) with the regulatory ma-
of the system (19) with the regulatory matrix trix (39).
(39).

0.0

The respective three-dimensional system was studied in [13], [14].

Now we change the parameter wqs (that is, the third element in the second row)
in the regulatory matrix (39). The coordinates of a single critical point, values of the
characteristic numbers for this point, are provided. Computations are performed using
Wolfram Mathematica.
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Table 1. Results of calculations for the system (19) with regulatory matrix (39),
changing the parameter wo;.

H Wa3 x* y* z* Real A Complex A R part Complex A im part H
0.0 0.3651 1.4571 0.1989 -1.4269 0.1322 0.6634
0.05 0.3671 1.5057 0.2073 -1.3714 0.1047 0.6886
0.10 0.3691 1.5562 0.2161 -1.3069 0.0726 0.71698
0.12 0.3699 1.57699 0.2197 -1.2783 0.0583 0.7294
0.13 0.3703 1.5875 0.2215 -1.2634 0.0519 0.7359

0.132 0.3703 1.5895 0.2219 -1.2604 0.0494 0.7371
0.133 0.3704 1.5906 0.2221 -1.2589 0.0487 0.7378
0.134 0.3704 1.5917 0.2223 -1.2573 0.0479 0.7385
0.136  0.3705 1.5938  0.2226 -1.2589 0.0487 0.7378
0.137 0.3705 1.5948  0.2228 -1.2527 0.0456 0.7405
0.138 0.3706 1.5959 0.22299 -1.2512 0.0448 0.7412
0.139 0.3706 1.5969 0.2232 -1.2494 0.0441 0.7418
0.14 0.3706 1.59799 0.2234 -1.2481 0.0433 0.7425
0.145 0.3708 1.6033 0.2243 -1.2403 0.0394 0.7459
0.15 0.3710 1.6087  0.2252 -1.2324 0.0354 0.7493
0.16 0.3714 1.6192 0.2270 -1.2162 0.0274 0.7564
0.18 0.3721 1.6406  0.2308 -1.1826 0.0107 0.7711
0.19 0.3725 1.6514 0.2326 -1.1652 0.002 0.7787
0.20 0.3729 1.6622 0.2345 -1.1473 -0.0069 0.7867

Table 2. Lyapunov exponents for the system (19) with regulatory matrix (39), 8000

steps
H Wa3 LE; LE, LE; LE, + LE> + LE; H

0.0 0.00228824 -0.133556 -1.03537 -1.16664
0.13 0.00174998 -0.0409256  -1.12505 -1.16423
0.132  0.00241997 -0.0284958  -1.13784 -1.16392
0.133  0.00405175 0.00091658  -1.16866 -1.1637
0.134 0.0200966 0.000487689  -1.18412 -1.16354
0.135 0.0162669 0.000848416  -1.18055 -1.16343
0.136  0.00335708 -0.0065914  -1.16009 -1.16332
0.137 -0.000688284  -0.0214113  -1.14116 -1.16326
0.19 -0.00174416  -0.0102177  -1.14928 -1.16124
0.20 -0.00816703  -0.0105543  -1.14236 -1.16108
1 -0.373617 -0.37358 -0.409939 -1.15714

Calculations showed the following:

o if 0 < wyy < 0.132, then the system (39) has a periodic solution;

e if 0.133 < wq3 < 0.135, then the system (39) has a chaotic solution;
e if 0.136 < wq3 < 0.19, then the system (39) has a periodic solution;

e if wyy > 0.2, then the system (39) has a stable fixed point.
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400

Figure 47: Solutions (x1(t),zo(t), x3(t)) of

Figure 46: The periodic solution of the the system (19) with the regulatory matrix
system (19) with the regulatory matrix (39), way = 0.05.

(39), Wo3 = 0.05.

Now let us change w3, values in the regulatory matrix (39).

Table 3. Results of calculations for the system (19) with regulatory matrix (39),
changing the parameter wss.

H Wa3 x* y* z* Real A Complex A R part Complex A im part H
0.0 0.4092 1.7387 0.2449 -1.036 -0.0623 0.8666
0.01 0.3892 1.6656 0.2337 -1.1554 -0.0029 0.7966
0.03 0.3530 1.5213 0.2114 -1.3366 0.0873 0.6912
0.04 0.3368 1.4523 0.2007 -1.3996 0.1186 0.6507

Table 4. Lyapunov exponents for the system (19) with regulatory matrix (39), 8000

steps
H Was LE, LE, LE; LE, + LE, + LE; H
0.0 -0.063377  -0.0643758 -0.406599 -1.16067
0.01 -0.00456357 -0.00807802 -1.14848 -1.16113
0.02 0.0162669 0.000848416 -1.18055 -1.16343
0.03  0.0015434 -0.186553  -0.980366 -1.16538
0.04 0.00381232 -0.0985729  -1.07168 -1.16644

Calculations showed the following:

e if 0 < wszy <0.01, then the system (39) has a stable fixed point;

e if w3y, = 0.02, then the system (39) has a chaotic solution;

e if 0.03 < w3y < 0.04, then the system (39) has a periodic solution.

From calculations we see that small changes in parameter values change the behavior of
the system.
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5.9 Conclusions for three-dimensional systems

The following are true for the system (19):

e the three-dimensional system (19) can have attractors of various kinds;

e the three-dimensional system (19) can have a single attracting point, multiple stable
equilibria;

e the three-dimensional system (19) can have several stable periodic solutions, which
serve as attractors;

e the self-excited chaotic attractor is possible.

6 Four-dimensional (4D) systems

Consider four-dimensional system

( dll'l 1
- = — 1T
—p1(wi1z1+wizze+wizrs+wiazs—01
t + e~ + + + 01) 1515
dl’g 1
— - = — VX
—p2 (w211 +w22 T2+ w23 T3 +w2aT4—02
1+ e na(warmitwaszatwaszs+ 0) 2 Al
d(L’g 1 ( )
— - = — U3x
dt 1 4+ e—#a(wai1z1+waeza+wszws+wsazs—02) StL
d334 1
— = — Vq4.
\ dt 1+ e—Ha(warz1twioTo+wasT3+wagrs—04) 444
The nullclines are given by
( 1
Ty =
11 1 4+ e~ (wnzi+wizze+wizzz+wiarsa—61)’
1
VaXg =
22 1+ 6‘#2(w21ﬂ£1+w221002+w23333+w24$4—92) ’ (42)
V3x3 =
3T + e—m3(wsiz1+wazza+wazzs+wsaza—0a)’
1
Valy = .
444 1+ e—Ha(warz1twioTo+was 3 +wasrs—0s)

\

Critical points are solutions of the system (42).

6.1 Linearized system

The linearized system for critical point (27, x5, 3, }) is

U = —01U; + 1w g1ty + i Wi2g1Us + W13 g1Us + f1W14G1Ua,
Uy = —Ugliy + fl2Wa1 Gally + HaWaoGols + floWasgolis + fiaWasGaly,
Uy = —UsUs + [13W31g3U1 + [L3W32g3Us + [L3W33G3U3 + [13W34G3Ua,
Wy = =gy + [LaWe1gaUs + faWaagalis + [aW34GaU3 + [aWaaGats,

where
e—H1(wnzitwiaz;twizes+wiar;—01)

]. == _ * * * * )
1
g [1 +e p1(wi1z] +wi2xs +wizes+wiaT 91)]2
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e~ 12 (w21} +waoawl+wozxl+wagx;—062)

2= 1+ e‘“Q(“’211‘T+w22x§+w23x§+w24x1—92)]2’
o—H3 (w31} +wsaah +wssel +wsazy —03)

gs = [1 + e—HB(wswf+w32$§+w33z§+w34xz_93)]2a
e—u4(w41x’{+w42x§+w43x§+w44;,;1_94)

g4 =

[1 + e*,u4(w41x’{+w42$§+w43w§+w44961*94)]2 '

The characteristic equation is
M+ AN+ BN+ MA+ L =0, (43)

where
A= (v1 + vy 4+ U3+ Vg) — W11 — GoWaslhy — G3W33 U3 — GaflaWag,

B = v3v4 — g1vswiifin — g104w1111 — GoU3Wazflz — GaUsWazfly — G1G2Wa1Wizfl1 fo
T g1g2Wi1Waz 1 fl2 — G3V4W33[U3 — G1g3W31 W13 + G193W11W33[1 [3
— §293W32W23[h2fl3 + G2g3W22W33 U2 [3 — G194Wa1 1 [LaW14 — G2JaWa2fl2fl4Wa4
— §394Wa3 34 W34 — J4U3[4aWaq + G104W11 1 HaWaa + G2GaWa2 o flaWay + §3G4W33[43[44W 44

+09 (V3 V4 — G111 1 — G3Ws33 3 — GafbaWas) + 01 (V2 +V3+Vg — GoWaa o — G3W33 /43 — JaflaWas ),

M = — g1vzvgwiipn — g2U3V Waslly — G1G2V3W21W1ifi1 H2 — G1G204W21 W12 f12
+ G19203W11 W2k b2 + G1G2V4W11 W1 fh2 — G1G3VaW31 W13 L1 13
+ 9193V4W11 W3 1 by — G2g3V4W32Wa3 2 fl3 + G2G3VaWaoW33fla L3
+ 019293 W31 WaW13 41 fh2fh3 — G19293 W21 W32W13 1 fh2fh3 — 19293 W31 W12Wa3 U1 [h2 b3
+ 019293 W11 W32Wa3 1 fh2 43 + §192G3W21 W12W33 1 U243 — G1G203 W11 W22W33 U1 h2[h3
— §1940V3W41 [41 LaW1g + G192G4Wa1 W2 41 2 flaWis — G19204W21Wa2 [ fl2fLaW1g
+ 019394W41 W33 41 U3 haW14 — 19394 W31 Wa3 1 U3 ha W14 — J2GaU3Wa2[l2[laW2s
— 919294Wa1 W12 fh2fbaW24 F G1G2GaW11Wa2 /b1 42 taW24 + G2G3J4Wa2W33 42 1344 W24
— §20394W32Wa3 o U3 [LaW24 — G1§3GaWa1 W13 11 A3 [14W34 + G193 GaW11Wa3[41 [13 L4 W34
— §2930aWa2Wa3 Lo [L3[LaW34 + G2030aWo2Wa3z o [L3[LaW3e + G1G4V3W11 [b1 fLaWag
+ 9294U3Wa2 o flaWas + G19294W21 W12 fl1 H2f1aWas — G1G2GaW11W22 41 h2faWas
+ §19394W31 W13 01 3 haWag — G1G3G4W11W33 1 3[4 Wa4 + G2G3GaW32W23 U2 43 [LaWaq
— 920304 W22W33 o L3 flaWas + V1 (V3Vy — GoUsWanfly — GoUsWafly — G3V4W33[L3
— §293W32Wa3 o fl3 + G2g3Wa2Ws33 23 — J204aWa2l2[laW24
— §30aW43 U344 W34 — JaU3[aWaq + G2gaWaa 2 flaWaq
+ g3gawssfizflawas + V2 (V3 + V4 — GaW33 3 — GaflaWas))
+ va(v3(vs — grwir i — GapraWas) — g1 (VW11 + gaW31Wi3fls — G3W11W33 U3 + GaWa1 flaWis

- g4w11u4w44) - 93M3(U4w33 + GaWyzflaWsg — g4w33,u4w44)),
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L=uv (U2(U3(U4 - 94M4w44) - 93#3(”4?033 + GawazfigWzy — g4w33,u4w44))

6.2

- 92#2(”3(1141022 + 94#4(104211124 - w22w44)) + 93#3(04(11132?1123 - w22w33)

+ gafra(—WarW33Was + W32WazWaa + WarWo3zWss — WraWa3Ws3s — WipWa3zWas + WorW33Was))))
— g1p01 (V2 (v3(vawr + gapra(Warwis — Wi1wWaa)) + gapts(Va(wWa1 w13 — Wi Ws33)

+ 94#4( W41 W33W14 + W31W43W14 + W W13W34 — W11 We3W34 — W31W13Weq + W11 W33 w44)))
+ gapta (v3(va(war w1z — Wwi1way)

+ gapra(—Wa1Wa2W14 + W Wap W14 + WarWiaWag — W11 Wa2Wasg — Wi Wi2Wag + W11 W22W4a4))
+ gap3(Va(—wa1Waw1s + Wa1 WeaWi3 4 Wa1W12Wag — W11 W3aWag — W21 Wi2Ws3 + W11 Wal33)
+ 94M4(—w21w42w33w14 + W21 W32Wy3W14 + W11 W2W33Wa4 — W11 W32W4e3W24

T W WaW13W34 — W11 We2W23W34 — W1 W12W43W34 + W11 W22 Wy3W34

+ Wy (—Ws2Wa3W1a + WooW33W1a + W32W13Was — W12W33Waa — WorW13W34 + W12Wa3Ws34)

— W21 W32W13W44 + W11 W32W23Weg + W1 W12W33W4eq — W11 W22 W33W4y

+ W31 (Wa2We3W14 — WaaWy3Wig — WaaW13Wag + W1aWa3Way + Waal13Wag — W12W23Wa4)))))-

Critical points

The four-dimensional system has 4 eigenvalues.

4D node. All eigenvalues are real and have the same sign. The node is stable
(unstable) when the eigenvalues are negative (positive).

4D star. All eigenvalues are equal. The 4D star is stable (unstable) when the
eigenvalues are negative (positive).

Saddle. All eigenvalues are real and at least one of them is positive and at least
one is negative. Saddles are always unstable.

Focus — Node. It has two real eigenvalues and a pair of complex-conjugate eigen-
values, and all eigenvalues have real parts of the same sign. The critical point is
stable (unstable) when the sign is negative (positive).

Node — Focus. It has two real negative eigenvalues and a pair of complex-conjugate
eigenvalues with positive real part. The critical point is unstable.

Saddle — Focus. Two real eigenvalues have different signs and complex-conjugate
eigenvalues with positive or negative real part. The critical point is unstable.

Focus — Focus. Two pairs of complex-conjugate eigenvalues. The critical point is
stable when the signs of real parts are negative. The critical point is unstable when
there is at least one positive real part.
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6.3 Particular cases

6.3.1 Casel

Let wy; = wes = w33 = wyy = 0. The regulatory matrix is

0 wp wy wy
wor 0 way wy
w3 w0 wsy
Wy wap wyz 0

and the system of differential equations takes the form

\

, 1

T = — V11,

1 4 e(wizz2twizzz+wiaza—01)

Ty = — U2y,

1 4+ e—me(warz1+weszs+wzaza—02)

Ty = — UsTs,

1 + e—#3(wsi1z1+wseza+wssma—02)

— Vya4.
1 + e*,u4(w41901+w42€1?2+w43363*94) 444

The linearized system for a critical point (z7, 25, 2%, x}) is then

Uy = —01U; + fiWi2g1U2 + {1 W13G1U3 + [H1W14G1U4,
/
Uy = —ValUg + UoW21GoU1 + UoW23GaU3z + UoW24Golly,
/
Uz = —V3U3z + U3W31g3U1 + U3W32g3U2 + U3W34G3U4,
/
Uy = —Vglyg + [gW41 JaU1 + UaWs2gale + [aW34G4U3,
where
e~ (wi2zstwizzs+wiaz—01)
91 = [1 + e—ul(w12963+w1396§+w14l‘1—91)]2’
67#2(w212{+w23$§+w24$276’2)
92 = [1 + e—u2(w21$T+w23$§+w24$Z—92)]2’
e~ Ha(wa1z] +wsom;+wsaw)—03)
93 = [1 + e*#g(w31x1‘+w32x§+w34x1793)]2’
e~ ha(waz] +wizxi+wazr;—04)
g4 =

[1 + e—u4(w41x’{+w42w§+w43x§—94)]2'

(44)

(45)

The characteristic equation is (43), where
A:1)1+U2+U3+’U4,

B = v3vy + va(vs 4+ vg) + v1(v2 + U3 + V1) — G1g2WarWisfhifle — G193W31 W34 13

— §293W32W23 243 — §194Wa1 U1 L4 W14 — G2gaWao o lgW2q4 — G3G4aW43 U314 W34,
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M = — g1gavswa w121 fla — g192VsWa1 W12 flo — J1G3VAW31 W31 I3 — J203VaW32Wa3[i2 3
—919293W21 W32W13 b1 23 — J19293W31W12W23 1 243 — J194V3W41 b1 44W14
—919294W21 W42 J41 o2 4 W1491 934 W31 W43 1 43 44W14 — G2G4V3W42 42 44 W24
— 919294 W4 W12 41 o ftaWos — G293JaW32W43 2 43[4 W24 — §193J4W41 W13 11 (43[4 W34
— 29394 Wa2Wa3 o iz ftaWsys + V2 (V3vs — g1 it1(g3Wa1 H3Wis + GaWa1flaWis) — G3G4Wa3fi3/14Ws3s)

+1 (V304 + V2(V3 + V1) — G2g3WaaWasfiofly — J2GaWazfloflaWos — G3GaWasfiaflaWsa),

L = v (va(vs3(vs — g3gapisprawss) — gapio(Gavswaowasfis (V4W32Wa3 + Gafta(W32Wa3Was + WiWozW34))))
—g1 11 (V2(gavspta(warwig + gapz(va(wsiwiz + gapta(W31Wa3W14 + Wi W13W34)))
+g2p12(V3(VaWar w12 + Gapta (W31 Wa2W14 + WarW12W24)) + g3p3(Va(Ws1W32W13 + W31 W12Wo3)
+gapia (W1 W3 W43 W14 + W31 (WarW23W14 — WaoW13Was + W1aWa3Was) + W21 WaoW13W34

+wa1 (—W32Wa3W14 + W12W13Wag + WiaWa3W34)))))-

Example 1. Consider p; = po = pu3 = 8, g = 15, v1 = 0.1, v = 0.3, v3 =1, vy = 0.4
and 91 = 1.2,92 = —0.7, 93 = 1.8,94 = —0.2.

0 1 0 -1
03 0 1 04

W= 0 1 0 1 (50)
02 1 -1 0

The characteristic equation for critical point (0.5053;3.3333;0.9999;2.5) is (43), where
A=1.8, B=099, M =0.202 and L = 0.012,

Solving the equation we have Ay = —0.1, \y = —0.3, Ay = —0.4 and Ay = —1. The type
of the critical point is a 4D stable node.
6.3.2 Case 2

Let v; = vy = v3 = vy = 1 and the regulatory matrix is (44).

The system of differential equations takes the form

( 1
xr = — T
1 1+ e(wi2z2+wiszz+wisrs—01) L

Ty = — X
2 1 4 e—#2(w21z1+w23zs+wzaws—0s) 2

Tq = — X
371 4 e—ms(wsiz1+wsazatwsaza—02) 3

Ty = — Xy4.
[ 74T 1+ e ma(wanz twapzatwazrs—0a) 4

The linearized system for a critical point (x7, x5, 3, x}) is then

!/

Up = —Up + 1W1201U2 + 1 W13G1U3 + H1W14G1U4,
Uy = —Ug + [oW21 Golly + [oW23Galts + fiaW24Gal,
Uy = —uz + [3W31g3U1 + U3W32G3Us + (3W34G3U4,
Uy = —Uy + (W1 Gaty + [aWaaGatiy + [L4W34G4U3
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and g1, g, g3, given in (46) to (49).

The characteristic equation is (43), where
A =4,

B =6 — gigowaiwiafiifla — G1G3W31Wizf1 43 — J23W32Washafls — G1G4Wa1 [41 ftaW14

—0294 W42 b2 [laW24 G341 W43 L3[4 W34,

M =4 — 2g1gawiowar pi1fle — g193W13W31 113 — 2g2g3Wa3W3flafi3 — J1G2g3W12Wa3W31 f1 f12/13
— 019293 W13W21 W31 flafls — §194W41 1 HaW14 — 2G2GsWaafloflaWa2 — §1G204Wa1 W21 2 laWy
—§19294W14W21 f1 2[4 W24 — 2G3J4W34W43[43/04 — §193G4W13W34 41 [3[L4 W41
—0919394W14W31 {1 U3 44 W43 — G2G3G4W2asW34 o U3 [44W a2 — G2G3G4W2a4W32 2 43144 W43

— G111 (g3wisW31 3 + GaWraWy1 fla),

L =1 — g394wsqwaspispta — Gopio(GawasWaopts + g3tz (Wazwss + ga(WazwsaWys + WasWsaWasfiy))
— g1 111 (gawrawan fra + gsp3(Wizwsr + ga(WisWsaWa1 + W1aW31Wazfla)
+gat2(W12wa1 + ga(Wi2WasWa1 + W1aWo1Wa2) fta + G3jts(Wr12Wa3W31 + Wi3We W32
+g4((—w14w23w32 + wi3wa w32 + w12w23w34)w41 + W13 W21 W34Wa2 + W14W21W32W4a3

—W12Wo W34 Wa3 + W31 (W14 Wa3Waa — W13WasWyo + W12WagWy3))[a))).

Example 2. Consider py = o = u3 =8, gy = 15, vy = v =v3 =0y =1, 6 = 12,05 =
—0.7,03 = 1.8,04 = —0.2 and the regulatory matrix is (50).

The characteristic equation for critical point (0.0000698; 0.9999; 0.8278; 0.9963) is (43),
where A =4, B =6.06384, M = 4.12768 and L = 1.06384.

Solving the equation we have \; = —1.00003, Ay = —0.999969 and Ay 3 = —1 £ 0.2527¢.
The type of the critical point is a stable focus-node.

6.3.3 Case 3

Let v1 = v9 = v3 = v4 = 1 and the regulatory matrix is

(51)

oSO O
S O = O
o= O O
_ o O O

and the system of differential equations takes the form

( 1
T = 1+ e—H1(wiiz1—061) T
1

Loy = — T
2 1+ e—H2(wa2z2—02) 2y
1

Tq = — X
37 1 4 e—ms(wsszs—02) S
1

Ty = — Xy4.
471 4 ena(waaza—6a) 4
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The linearized system for critical point (27, 3, x%, 2}) is

U = —Up + H1W1191U1,
!

Uy = —Ug + U2W227G2U2,
!

Uz = —U3 + [3W33g3Us3,
!

Uy = —Ug + H4aW44G4 U4,

where
e (wi1w7—061)

g1 = [1+ e~ #(wnzi=61)]2
e~ Ha(w22z5—02)

92 = [1 + e—uz(wzzwé—Gz)]2’
e—Ha(wszzi—03)

93 = [1 4 e#s(wsse5—05)]2
e Ha(waazi—04)

g = [1 + e—ralwaswi=0a)]2°

The characteristic equation is (43), where

A=4— g1y — gato — gapls — Gafba,

B =6 — 3g1p1 — 392112 + g1g2pt1 e — 3g3pis + Gi1g3pi1fts + gag3flopis — 3Gafta
+g19aft1 e + G2galiofls + G394 143104,

M =4 —2g1p1 — 39212 + 2g1g2pt1 b — 293443 + G1g3p01 43 + 2gag3fiafis — G1929341 f2ft3
—3gapta + G1gafiifta + 2g2Gafiofla — G1G2gafi1 hofts + G3Gapizfia — G193Gafb1 143 1ba
—G2939apiattapis — gapz(1 — gapra) — gipn (1 — gaps — gafia),

L=1— gapqg — 93#3(1 - g4,u4) - 92,U2(1 — Gafta + 93M3(—1 + g4,u4))
— g1 (1 — gapta + gap3(—1 + gapra) + gopto(—1 + gapa + gaps(1 — gapa))).

Example 3. Consider H1 = M2 = U3 = 8, Ha = 15, V1 = Vg = VU3 = Vg4 = 1, 91 = 1.2,92 =
—0.7,03 = 1.8,04 = —0.2 and the regulatory matrix is (51).

The characteristic equation for a critical point
(0.0000678; 0.999999; 5.57393 - 1077;0.0.99999) is (43), where A = 3.99944, B = 5.99833,
M = 3.99833 and L = 0.999443.

Solving the equation we have Aj234 = —0.999861. The type of the critical point is a
stable 4D star.
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6.4 Lyapunov exponents

Relationships between the Lyapunov exponents and the properties and types of attractors:

e (LE,,LEy, LE3, LE,) = (—,—, —, —) - stable fixed point;

LE,,LE,, LE;, LE, 0, —,—, —) - periodic solutions (limit cycles);

LE,,LE,, LEs;, LE, ,0,—, —) - quasiperiodic solution;

( ) = (
( )= (0
(LEy, LE,, LEs, LE,) = (+,0, —, —) - strange attractor;
( ) = (

LE,,LE,, LE;, LE, +,+,0, —) - hyperchaotic attractor [40].

6.5 Artificial Neural Networks

An artificial neural network (ANN) is a computational architecture for processing complex
data using multiple interconnected processors and computational paths. Artificial neural
networks, created by analogy with the human brain, can train and analyze large and
complex data sets that are extremely difficult to process using more linear algorithms.

In 1943 American neurophysiologist and cybernetician Warren Sturgis McCulloch and
American logician Walter Harry Pitts modeled a neuron as a switch that receives input
from other neurons and, depending on the total weighted input, is either activated or
remains inactive [31],[22].

In 1958 ANN was created by psychologist Frank Rosenblatt. It was called Perceptron
and was designed to simulate the activity of the human brain in processing visual data
and in learning to recognize objects. Subsequently, similar artificial neural networks were
developed to study the process of cognition Over time, it became clear that in addition
to analyzing the activity of the human brain, it can perform other very useful functions.
Because of their ability to pattern-match and learn, these networks have been used to
analyze many problems that are extremely difficult or impossible to solve using traditional
computational or statistical methods [18].

In the late 80s, artificial neural networks began to be actively used for a variety of
purposes [22]. For example, are used in the economy to increase the productivity of
discount calculation, targeted marketing, and credit evaluation.

The principle of operation of an artificial neural network is to form connections between
many different processing elements, each of which serves as an analog of one neuron in
the brain of a biological being. Neurons can be physically reproduced or simulated using
a digital computer. Each neuron receives a set of input signals, and then, taking into
account the internal system of weight coefficients, generates one output signal, which, as
a rule, serves as input for another neuron. Neurons are closely interconnected with each
other and are organized into several different levels. The input layer receives the input
data, and the output layer generates the final result. Typically, there are one or more
hidden levels between these two levels. In such a structure, it is impossible to predict or
know exactly how data is transmitted.

Definition 6.1. An Artificial Neural Network is a mathematical model that tries to sim-
ulate the structure and functionalities of biological neural networks. A basic building block
of every artificial neural network is an artificial neuron, that is, a simple mathematical

model (function) [83].
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Output

Hidden

Figure 48: The example of ANN construction [37].

Neural networks consist of neurons interconnected, so the neuron is the main part of
the neural network. The neurons only do two things: multiply the inputs by the weights
and sum them up and add the bias, and the second action is the activation.

The input data is the data that the neuron receives from previous neurons or the user.
Weights are assigned to each input of the neuron, initially, they are assigned random
numbers. When training a neural network, the value of neurons and biases changes. The
weights are multiplied by the input data that is fed to the neuron. The biases are assigned
to each neuron, just like the initial bias weights, these are random numbers. Bias makes
it easier and faster to train a neural network [18]. Typically this transformation involves
the use of a sigmoid, hyperbolic-tangent, or other nonlinear function [93].

One example of which is

N
r;, = tanh Z a;r; — bz, (52)

J=1

where N is the number of neurons, each of which represents a dimension of the system
[81]. The hyperbolic tangent is a sigmoid function.

Consider the system

ry = tanh(zy + o + 23 + x4) — b1y,
rhy = tanh(zy + o + 23 + x4) — b1, (53)
ry = tanh(zy + 9 + 23 + x4) — brs,
r) = tanh(z1 + zo + 3 + x4) — by
with the regulatory matrix
0 -1 0 1
1 0 0 1
W= 1 1 0 -1 <54)
0 -1 1 0

and b = 0.03.
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The initial conditions are

21(0) = 1.2; 29(0) = 0.4; 25(0) = 1.2; 24(0) = —1.

The graph of the regulatory matrix (54) is presented in Figure 49.

o

Figure 49: The graph, corresponding to the system (53),
with the regulatory matrix (54).

The attractor is shown in Figure 50 and Figure 51 and the solutions in Figure 52 and
Figure 53.

20

x3 0

-20
20

Figure 51: The projection of the attrac-

Figure 50: The projection of the attractor on tor on 3D subspace (z1(t), z2(t), 3(t))

2D subspace (z1(t), z2(t))
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Figure 52: Solutions (x(t),x2(t)) of the Figure 53: Solutions (z3(t), z4(t)) of the
system (53) with the regulatory matrix system (53) with the regulatory matrix
(54). (54).

For specific parameters solution of the system has a chaotic trajectory as shown in
Figure 54 and Figure 55. The minimal dissipative artificial neural network that exhibits
chaos has N = 4 and is given by system (53) with the regulatory matrix (54) and b = 0.043
and an attractor as shown in Figure 56 and Figure 57 [81].

Figure 54: Solutions (z1(t),x2(t)) of the Figure 55: Solutions (z3(t), z4(t)) of the
system (53) with the regulatory matrix system (53) with the regulatory matrix
(54), b = 0.043, (54), b = 0.043.

Figure 56: The projection of the attractor __ o
on 2D subspace (z1(t), 2 (t)) Figure 57: The projection of the attractor on

3D subspace (x1(t), xo(t), z5(t))
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The dynamics of Lyapunov exponents are shown in Figure 58.

0 500 1000 1500 2000
Steps

Figure 58: LE; = 0.03, LE, = 0.01, LE3 = —0.09, LE, = —0.13

6.6 4D system from 2D and 2D systems

Let us return to the GRN system (41).

Example 1. Consider

khk 2 0 0

| -2k 0 o0
=10 0k 2| (55)

0 0 —2 k

where ki and ks are positive numbers.

The system then is uncoupled, consisting of two independent 2D systems. Each of these
2D systems is known to have a stable periodic trajectory, which surrounds an unstable 2D
focus. The 4D system has the self-excited attractor, which is the product of two stable
2D limit cycles.

Example 2. Consider the system (41) with the regulatory matrix (55), where k; = 0.5
and ko = 1.815 and py = po = p3 = pg = 10,01 = v9g =vg =vy = 1,60, = 1.2, 65 =
—0.7, 65 = 1.8, 0, — —0.28.

The initial conditions are
21(0) = 0.5; 22(0) = 0.32; 25(0) = 0.4; x4(0) = 0.39.

This system consists of two independent two-dimensional systems. There is exactly one
critical point. The standard linearization analysis provides the characteristic numbers
A2 = 0.2469 £ 4.9875¢; A\34 = 3.4667 4 4.9215i. The type of critical point is an unstable
focus-focus.
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Figure 59:
4D  trajectories

(@1(1), (1), 24(1))-

{x1x2}
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Figure 61: The graphs of periodic solu-
tions (x1(t), x2(t)) of the system (41) with
the regulatory matrix (55), k; = 0.5 and
ko = 1.815.

Figure 62: The graphs of periodic solu-
tions (x3(t), x4(t)) of the system (41) with
the regulatory matrix (55), k; = 0.5 and
ko = 1.815.

Let us change two elements at the right upper (wy4) and left lower (wy4;) corners. Let
wy; = 0.1 and (wy4) values are considered in Table 5.

Table 5. Results of calculations for the system (41) with regulatory matrix (55)
ki1 = 0.5 and ky = 1.815, changing the parameter wy4.

[

Al2

A3 4

Lyapunov exponents H

-1.2

0.189 £+ 4.49:

3.374 £4.912¢

(0; -0.48; -0.89; -0.96)

-1.1

0.206 + 4.5861¢

3.379 £ 4.908:

(0; -0.70; -0.70; -0.87)

-1

0.220 £ 4.671¢

3.384 £ 4.905¢

(0.05; 0; -0.88; -0.98)

-0.9

0.232 £ 4.745

3.389 £ 4.902¢

0; -0.27; -0.29; -0.89)

-0.8

0.242 £ 4.808:

3.394 £+ 4.899¢

(
(0; -0.05; -0.58; -0.88)

-0.7

0.250 £ 4.862¢

3.399 £ 4.897¢

(0.03; 0; -0.26; -0.89)

-0.6

0.256 £ 4.9061¢

3.405 £ 4.8961

0; -0.20; -0.20; -0.89

-0.5

0.260 + 4.9414

3.410 £+ 4.8941

-0.4

0.261 + 4.968:¢

3.415 £ 4.893¢

( )
(0; -0.09; -0.35; -0.89)
(0; -0.13; -0.33; -0.89)
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Calculations showed the following:

e if —1.2 < wyy < —1, then the system (41) with the regulatory matrix (55) has a
periodic solution;

e if wyy = —1, then the system (41) with the regulatory matrix (55) is chaotic;

e if —0.9 < wyy < —0.7, then the system (41) with the regulatory matrix (55) has a
periodic solution;

e if wy = —0.7, then the system (41) with the regulatory matrix (55) is chaotic;
o if —0.6 < wyy < —0.4, then the system (41) with the regulatory matrix (55) has a

periodic solution.

{x1x2} {x3 x4}

]

Figure 63: The graphs of solutions Figure 64: The graphs of solutions
(1(t), x2(t)) of the system (41) with the  (z3(t),z4(t)) of the system (41) with the
regulatory matrix (55), k; = 0.5 and ky =  regulatory matrix (55), k; = 0.5 and ky =
1815, W14 = —1. 1815, W14 = —1.

t

50 100 150

{x3 x4}

Wil ML

. . . .
t
50 100 150 200

3 50 100 150 200 '

Figure 66: The graphs of solutions
(z3(t), z4(t)) of the system (41) with the
regulatory matrix (55), k1 = 0.5 and
]ﬁg = 1815, W14 = —0.7.

Figure 65: The graphs of solutions
(x1(t), xo(t)) of the system (41) with the reg-
ulatory matrix (55), k1 = 0.5 and ky = 1.815,
W14 = —0.7.
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Figure 68: projection  of
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(xl(t)a xQ(t)a $4(t)), wyy = —0.7.

The dynamics of Lyapunov exponents are shown in Figure 69 and Figure 70.
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Figure 69: The dynamics of Lyapunov ex-
ponents of the system (41) with the regula-
tory matrix (55), k1 = 0.5 and ke = 1.815,

W14 — —1.

6.7 4D system from 3D and 1D

Let us return to the GRN system (41).

Consider

W=1

0

T
05

N

LCEs

—05}F

"

.
0 1000

~1.0F

. . .
3000 4000 5000

Steps

.
2000

Figure 70: The dynamics of Lyapunov ex-
ponents of the system (41) with the regula-
tory matrix (55), k1 = 0.5 and ko = 1.815,
W14 = —0.7.

systems

(56)

o O = O
O = O N
T O O O

and py = pu3 = g =5, o =15, vy = vy =v3 =v4 =1, 0, = 1.2, 6, = 0.5, 63 = —0.6,
6y = —0.2. The system is uncoupled, consisting of one independent 3D system and one
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1D system. The 3D system has one critical point. The periodic solution is depicted in
Figure 37.

Table 6. Results of calculations for the system (41) with regulatory matrix (56),
changing the parameter k.

H k z* y* z* m* >\1 )\2 )\3,4 H
-4 0.537 0999 0.346 0.141 -3.42 -0.99 0.188 £2.372
-3 0537 0999 0.346 0.172 -3.13  -0.99 0.188 £2.372
-2 0837 0999 0.346 0.224 -2.74  -0.99 0.188 £2.372
-1 0537 0999 0.346 0.336 -2.12  -0.99 0.188 £2.372

-0.1 0.537 0999 0.346 0.661 -1.11 -0.99 0.188 £2.372
0.1 0537 0999 0.346 0.802 -0.99 -0.92 0.188£2.372
10537 0999 0.346 0.998 -0.99 -0.988 0.188 £2.372
2 0537 0.999 0.346 0.999 -0.99 -0.99 0.188 £2.372
4 0.537 0999 0.346 0.999 -0.999 -0.999 0.188 £ 2.372

There is one periodic solution.

L
X4 /// \\ \/ - \

05

' o ' Figure 72: The graphs of periodic solutions
Elgure 71: The projection of 4D trajecto- (21(t), 22(t), x3(t), 24(t)) of the system (41)
ries to 3D subspace (21,23, 74), k = —4 with the regulatory matrix (56), k = —4.

P - ’

=

=
\

|

' o _ Figure 74: The graphs of periodic solutions
Elgure 73: The projection of 4D trajecto- (21(t), 22(t), 23(t), z4(t)) of the system (41)
ries to 3D subspace (21,23, 24), k = 4. with the regulatory matrix (56), k = 4.

62



6.8 Examples

In below examples the 4D GRN system (41) is considered.

Example 1. Now fill in all zero elements of the regulatory matrix (55) with values 0.1,
so the regulatory matrix is

05 2 01 0.1

-2 05 0.1 0.1
W= 0.1 0.1 1.815 2 ’ (57)

0.1 01 -2 1815

The parameters and the initial conditions are the same. There is exactly one critical
point. The standard linearization analysis provides the characteristic numbers \; o =
0.2159 £ 4.939: and A3 4 = 3.375 £ 4.789:.

x2
0.60

0.551
0.501
0.451
0.401

0.351

0.301

0.251

0.20 . . . . . . . X1
030 035 040 045 050 055 060 065 0.70

Figure 75: The projection of 4D trajectories Figure 76: The projection of 4D trajecto-

to 2D subspace (1, x2). ries to 3D subspace (x1, T2, 74).

I

| \rW\H\\M\M\M\\q't\\\\‘\\\\M\\M\M\\\ |

M VVVV VTV
Figure 77: The graphs of solutions Figure 78: The graphs of solutions
(x1(t), x2(t)) of the system (41) with the (@1(t), xa(t), w3(t), x4(t)) of the system
regulatory matrix (57). (41) with the regulatory matrix (57).

Solutions are visually chaotic, in fact, they are not chaotic.
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The dynamics of Lyapunov exponents are shown in Figure 79.

10— —— —— ———
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Figure 79: LE, =0, LEy = —0.007, LEs = —0.32, LE, = —0.90

Example 2. The regulatory matrix is

09 19 03 1
2 1 —01 0.1
W=1o0101 1 2 (58)

03 03 —18 0.8

and the parameters vy = vy =v3=v4 =1, gy = o = g = g = 9, 6, = 1.2, 6 = —0.6,
0;=1.2,60,=—-0.6.

The initial conditions are
21(0) = 0.46; 22(0) = 0.16; x3(0) = 0.62; 24(0) = 0.29.

The critical point is (0.8863;0.0771;0.6778;0.2421). The standard linearization analy-
sis provides the characteristic numbers A\; = —0.998266, A, = 0.0007695 and A34 =
0.704708 + 3.33305¢. The type of the critical point is an unstable saddle-focus.

The critical point is (0.9088;0.6949;0.6785;0.2362). The standard linearization anal-
ysis provides the characteristic numbers \; = —0.998927, A, = —0.000699007 and
g4 = 0.721755 £ 3.352637. The type of the critical point is an unstable node-focus.

The critical point is (0.4552;0.1567;0.6190;0.2869). The standard linearization analysis
provides the characteristic numbers A\ o = 0.10359443.139077 and A3 4 = 1.2932+3.64712:
The type of the critical point is an unstable focus-focus. The projection of this attractor
on two-dimensional subspace (x1,z3) is in the figure below.
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Figure 80: The projection of 4D trajectories to  Figure 81: The graphs of periodic so-

2D subspace (z1,x2). lutions (z1(t), x2(t), x3(t), z4(t)) of the
system (41) with the regulatory matrix
(58).

Example 3. The regulatory matrix is

08 2 —08 05
—2 03 04 -07
=1 05 02 18 2 (59)

0.8 =07 =2 1.8

and the parameters v; = vo = v3 = vq4 = 1, 1 = ps = pu3 = pug = 10 and 6;, where
1 =1,2,3,4 are calculated as

( 0 Wi+ wig + Wiz + Wi
1 — 9 )
0 _ Wa1 + Wag + Wa3 + Wy
g =

2 Y
W31 + W32 + W3z + Wy

93_ 92 )

0, — Wy1 + Waz + Wa3 + Wag

1= :
2

\

01 =1.25, 0, =—1, 63 =1.75, 6, = —0.05.

The initial conditions are
z1(0) = 0.4; 22(0) = 0.6; x3(0) = 0.39; 24(0) = 0.38. (60)

The critical point is (0.5;0.5;0.5;0.5). The standard linearization analysis provides the
characteristic numbers A\ 9 = —0.44 £ 4.603¢ and \34 = 4.33 £ 5.135¢. The type of the
critical point is an unstable focus-focus.
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Figure 82: The graphs of solutions
(21(t), 22(t), 23(t), z4(t)) of the system (41) Figure 83: The projection of 4D tra-
with the regulatory matrix (59). jectories to 3D subspace (21, xq, x3).

The dynamics of Lyapunov exponents are shown in Figure 84.
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Figure 84: LE, = 0.20, LEy = 0, LE3 = —0.75, LE, = —0.92

LE, LEy, LEs, LE, = (4,0, —, —) is a self-excited chaotic attractor. The behavior of the
system (41) with regulatory matrix (59) and initial conditions (60) is chaotic.

6.9 Conclusions for four-dimensional systems

The following are true for the system (41):
e the four-dimensional system (41) can have attractors of various kinds;

e the four-dimensional system (41) can have several stable periodic solutions, which
serve as attractors;

e the irregular behavior of solutions near the chaotic attractor is possible. It can
appear in a very small range of parameters;

e the self-excited chaotic attractor is possible.
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7 Five-dimensional (5D) systems

The system of ODE consisting of five equations is

(

\

dx
d_tl = fl(wllxl + ...+ UJ15.’E5) — U1,
dx

dx

d_t5 = f5(w51x1 + e w55£(35) — UsTs.

(61)

All processes occurring in the body (biochemical and physiological) are carried out due
to the coordinated expression of various groups of genes. Each such group forms the
basis of a specific gene network responsible for the performance of a specific function of a
cell, organ, or organism. Beneath the gene network, this refers to the set of coordinately
expressed genes, their protein products, and the relationships between them. The higher

the dimension of the system, the more realistic the mathematical model is.

7.1 Artificial Neural Networks

Consider the system

and b = 0.043.

The initial conditions are

21(0) = 1.2; 22(0) = 0.4; 23(0) = 1.2; 24(0) = —1; x5(0) = —1.

r) = tanh(zy — 29) — by,
xy = tanh(xq + x4) — bao,
ry = tanh(zy + 2o — x4) — bz,
2, = tanh(z3 — x3) — by,
rt = tanh(zy + x4 — x5) — bas

The graph of the system (62) is depicted in Figure 85.
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Figure 85: The graph, corresponding to the system (62).

This system has an attractor as shown in Figure 86 and Figure 87. The irregular
behavior of three solutions can be seen in Figure 88 and Figure 89.

Figure 86: The projection of the attractor on ) o
2D subspace (z4(t), 25(t)) Figure 87: The projection of the attrac-

tor on 3D subspace (z1(t), x4(t), z5(t))

{x1, x2, x3, x4, x5}

_ _ Figure 89: The graphs of solutions
Figure 88: The graphs of solutions (21(2), 2a(t), 25(t), 2a(t), 25(t)) of the sys-
(x1(t), x2(t)) of the system (62). tem (62).
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7.2 5D system from 2D and 3D systems

Example 1. Consider the five-dimensional system (61). Let the regulatory matrix be

11100
01100
W=11012020 (63)
000O01
00010

and py = o =3 =g = 5 =5, V1 =V =v3 =0y =v; = 1,0, = 15,0, =03 =1 and
94:9520.5.

The initial conditions are
x1(0) = 0.4; 22(0) = 0.395; x3(0) = 0.4; 24(0) = 0.395; x5(0) = 0.1.

This system consists of one three-dimensional system and one two-dimensional system.

Ao

Figure 90: The graph, corresponding to the case of
the regulatory matrix (63).

This system is uncoupled and has one critical point (0.5,0.5,0.5,0.5,0.5). The solution
of the system (61) with the regulatory matrix (63) is stable.

Example 2. Consider the five-dimensional system (61). Let the regulatory matrix be

1 02 0 0
0 10 0 0

W=|-=201 0 o0 (64)
0 00 05 2
0 00 —2 05

andm:ung),,ug:15,,u4:,u5:10,v1:v2203:v4:v5:1,01:1.2,02:
0.5, 03 =—=0.6, 04 =1.2, 05 = —0.7.

The initial conditions are
21(0) = 0.5; 22(0) = 0; 23(0) = 0.3; 24(0) = 0.5; x5(0) = 0.3.

This system consists of one three-dimensional system, which has a periodic solution de-
picted in Figure 34, and one two-dimensional system, which has a periodic solution de-
picted in Figure 7. This system is uncoupled and has three critical points. The solution
of the system (61) with regulatory matrix (64) is periodic.
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Figure 91: The graphs of solutions x;(t), i =

1,3 of the system (61) with the regulatory
matrix (64).

Figure 92: The projection of 5D trajec-
tories to 2D subspace (x1,x3).

Figure 93: The projection of 5D trajectories

to 3D subspace (z1, z9, T3).
(72,22, 73) Figure 94: The projection of 5D trajectories

to 3D subspace (1, x3,4).

Example 3. Consider the five-dimensional system (61). Let the regulatory matrix
be (64). All zero elements we change to 0.1. Other parameters remain the same.

The initial conditions are
21(0) = 0.392; 25(0) = 0; 23(0) = 0.397; 24(0) = 0.35; x5(0) = 0.3.

This system is coupled. The solution of this system is still periodic.
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Figure 95: The graphs of solutions z;(t), ¢ = Figure 96: The projection of 5D tra-
1,2,3,4,5 of the system (61) with the regulatory jectories to 3D subspace (z1,xo, x3)
matrix (64), all zero elements equal 0.1.

7.3 Conclusions for five-dimensional systems

The following are true for the system (61):
e the five-dimensional system (61) can have attractors of various kinds;

e the five-dimensional system (61) can have several stable periodic solutions, which
serve as attractors;

e the irregular behavior of solutions near the attractor in Artificial Neural Networks
is possible.

8 Six-dimensional (6D) systems

The system of ODE consisting of six equations is

( dx
d_tl = fl(w11l‘1 + .. wieTs) — V127,
dx
—2 = f2(w21$1 + ...+ w26$6) — Va2,
d
\ % = f@(w61x1 4+ ... w66x6) — Vgxg-

Similar systems of dimensionality two, three, four and of arbitrary dimensionality [58],[63]
appear in various contexts describing neuronal networks [14],[13], genetic networks [89],
telecommunications networks [29] and more. This type models can reflect an evolution in
time ¢ of a network. Networks management and control are possible by changing system
parameters [70], [4].
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8.1 Artificial Neural Networks

Consider the system

)
7y = tanh(zy — 29) — by,

(
xy = tanh(zy + x4) — bxa,

xg = tanh(x; + 9 — z4) — b3, (66)
7, = tanh(xs — o) — bzy,

zy = tanh(zy + x4 — x5 + 26) — by,

zg = tanh(z + x4) — bxg

and b = 0.043.

The initial conditions are

The graph of the system (66) is depicted in Figure 97.

Figure 97: The graph, corresponding to the case of
the regulatory matrix (66).

This system has an attractor as shown in Figure 98 and Figure 99. The irregular behavior
of solutions can be seen in Figure 100 and Figure 101.

Figure 98: The projection of the attractor on Figure 99: The projection of the attrac-
2D subspace (z1(t), z6(t)) tor on 3D subspace (x1(t), z4(t), z6(t))
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{x1, x6} {x1, x2, x3, x4, x5, x6}

_ _ Figure 101: The graphs of solutions
Figure 100: ~ The graphs of solutions —(g(t),z9(t), 25(t), 24(t), 5(t), 76(t)) of the
(1(t), x6(t)) of the system (66). system (66).

This system can exhibit three types of dynamics. Solutions can approach a static equi-
librium and thereafter remain forever. It means that the human brain is dead. Solutions
can be periodic or quasi-periodic. In this case, the human brain does not develop, which
means it does not have the ability to think creatively. Solutions can be chaotic, which
is arguably the most healthy state for a natural network, especially if it is only weakly
chaotic so that it retains some memory but can explore a vastly greater state space.
Weakly chaotic networks exhibit the complex behaviour that we normally associate with
intelligent living systems [82].

8.2 6D system from 2D systems

Example 1. Consider the six-dimensional system (65). Let the regulatory matrix be

0.5 2 0 0 0 0
-2 05 0 0 0 0
0 0O 05 2 0 0
W= 0 0O -2 05 0 0 <67>
0 0 0 0 05 2
0 0 0 0 -2 0.5
and gy = po = pu3 = pg = ps = pg = 10, v = vy = v3 = vy = V5 = Vg = 1,

0 =03=05=12and 6, =0, =05 = —0.7.

This system consists of three independent two-dimensional systems, which have an attrac-
tor depicted in Figure 7. The resulting attractor is a product of three two-dimensional
ones and is, therefore, periodic. A trial solution with the initial values

21(0) = 0.68, 25(0) = 0.3, 23(0) = 0.1, 24(0) = 0.6, 25(0) = 0.2, z6(0) = 0.1  (68)

was used to reveal the six-dimensional attractor.

Change now two elements at the right upper (wig) and left lower (we;) corners. Let
wis = we = 0.5. The six-dimensional system (65) is not yet uncoupled. The trial solution
still tends to periodic attractor (a different one), however. The graphs of all six solutions
x;(t) are depicted in Figure 102 and Figure 103.
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Figure 102: The graphs of z;(t), i = 1,2,3,  Figure 103: The graphs of z;(t), i = 4,5, 6,
of the system (65) with the regulatory ma-  of the system (65) with the regulatory ma-
trix (67), W1 — W1 — 0.5. trix (67), Wi — W1 — 0.5.

8.3 6D system from 3D systems

Consider the six-dimensional system (65). Our intent now is to create a six-dimensional
attractor from three-dimensional ones.

Example 1. Consider the six-dimensional system (65) with the regulatory matrix

kv 0O =1 0 0 O
-1 &k 0 0 0 O
0O -1 & 0 0 0

W:000k20—1’

0 0 0 -1 k O
0 0 0 0 =1 ke

where k1 = ko =1, pu; = 5, Qi:%.

Figure 104: The graph, corresponding to the case of
the regulatory matrix (69).

The initial conditions are
x1(0) = 0.046; 22(0) = 0.8; x3(0) = 0.3; 24(0) = 0.7; 25(0) = 0.8; x4(0) = 0.2.

The 6D system has an attractor in the form of a periodic solution generated by a three-
dimensional periodic solution shown in Figure 30 and Figure 32. The projections of this
periodic attractor onto three-dimensional subspaces are shown in Figure 105 and Figure

106.
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Figure 105: The projections of 6D tra- Figure 106: The projections of 6D tra-
jectories to 3D subspace (x1,x2, z3). jectories to 3D subspace (21, x3,T5).

Consider the six-dimensional system (65) with the regulatory matrix (69), where k; =
1, ko = 0.5, p; =5, 0; = 551
The initial conditions are

x1(0) = 0; 22(0) = 0.4; 23(0) = 0.1; 24(0) = 0.2; 25(0) = 0.1; x4(0) = 0.1.

The projections of this periodic attractor onto three-dimensional subspaces are shown in
Figure 107 and Figure 108.

Figure 108: The projections of 6D tra-

Figure 107: The projections of 6D tra- jectories to 3D subspace (22, 24, 7).

jectories to 3D subspace (21, x3, x5).

The respective six-dimensional system was studied in [68].

Example 2. We take the three-dimensional system (19) with the regulatory matrix (39),
set of parameters (38) and initial conditions (40). The irregular behavior of three solutions
can be seen in Figure 45.
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Consider the six-dimensional system (65) with the regulatory matrix

0 1 =564 0 O 0
1 0 01 0 O 0
1 0.02 0 0 0 0
W= 0 0 0 0 1 =564 (70)
0 0 0 1 0 0.1
05 0 0 1 0.02 0

and
1 = o = g =ty = T, b3 = g = 13,v1 = v4 = 0.65, vy = v5 = 0.42,v3 = v5 = 0.1,
01 =0,=0.5,03=0;=0.3,05 =0; =0.7.
The initial conditions are
x1(1) = 0.68; z2(1) = 0.45; x3(1) = 0.15; 24(1) = 0.68; x5(1) = 0.45; x6(1) = 0.15.

It would be uncoupled if the element wg be zero. Then we would have a six-
dimensional attractor which is the product of two identical three-dimensional attractors
as in Figure 44. But wg; is set to 0.5. The six-dimensional system is coupled now. The
new attractor exists and some of the three-dimensional projections are depicted in Figure
109 and Figure 110.

Figure 109: The projections of 6D tra- Figure 110: The projections of 6D tra-
jectories to 3D subspace (24, x5, g). jectories to 3D subspace (1, 24, 7).
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X1

X3

Figure 111: The projections of 6D trajec-

tories to 3D subspace (v1, 73, ). Figure 112: The projections of 6D tra-

jectories to 3D subspace (1, x3, Tg).

The solutions for system (65) with the matrix (70) are depicted in Figure 113 and
Figure 114.

{x1,x2, x3}

-0.5

051

Figure 113: The graphs of solutions z;(t), Figure 114: The graphs of solutions z;(¢),
i = 1,2,3, of the system (65) with the reg- i = 4,5,6, of the system (65) with the reg-
ulatory matrix (70), we; = 0.5. ulatory matrix (70), we; = 0.5.

The graphs of solutions have irregular forms. They are different in Figure 113 and
Figure 114 because of the non-zero element wg;.

8.4 Conclusions for six-dimensional systems

The following are true for the system (65):
e the six-dimensional system (41) can have attractors of various kinds;

e the six-dimensional system (41) can have several stable periodic solutions, which
serve as attractors;

e the irregular behavior of solutions near the attractor is possible.
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9 Sixty-dimensional (60D) systems

The network taken for the study is a realistic biological network, “T cells in large granular
lymphocyte leukemia associated with blood cancer”. A network model considered in
[10],[89], contains 60 nodes and 195 regulatory edges. It was found in [89] that this
network has three attractors, of which two correspond to two distinct cancerous states
(denoted as Cy and () and one is associated with the normal state (denoted as N).
The proper selection of the respective forty-eight parameters can drive the system to the
normal state. The existence of needed parameter perturbation was acknowledged. The
attractor network was considered and the main proposition was to arrange experimental
adjustment of parameters in order to achieve the required goal.

Figure 115: The graph of matrix 60 x 60.

To obtain this graph, the “Graphia” program was used. The matrix (116) was written in
the program “Microsoft Excel”.
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9.1 Subsystems

9.1.1 Three-dimensional systems

Example 1. Consider p; = 5, s = 15, u3 = 5, v; = v9 = vy = 1 and 0, = 1.2, 6y =
0.5, 83 = —0.6. The regulatory matrix of the system (19) is

Wal3 Woa4 W20As
W= | wsaz wsas wszas |, (71)
Waa3 Walyg W4yas

where woas = —1,weay = woas = 0, w3as = wzas = 0, wsay = 1, wea3 = wyay = 0, wyas =
1. The nullclines are depicted in Figure 117. There are exactly three critical points.

Figure 117: Visualization of nullclines (x; - red, 5 - green,
x3 - blue) of the system(19) with the regulatory matrix (71).

The characteristic equation for critical point (0.0024;0.0006;0.9997) is
—A+ AN+ BA+ C =0, (72)
where A = —3.00215, B = —3.00419 and C' = —1.00204.

Solving the equation we have A\; = —1.01218, Ay = —0.998321 and A3 = —0.991643. The
type of the critical point is a stable node.

The characteristic equation for critical point (0.0024;0.5;0.9997) is (72), where A =
0.739495, B = 4.5184 and C' = 2.77883.

Solving the equation we have A\; = —1.01218, Ay = —0.998321 and A3 = 2.75. The type
of the critical point is a saddle.

The characteristic equation for critical point (0.0024;0.9994;0.9997) is (72), where
A = -3.00215, B = —3.00419 and C' = —1.00204.

Solving the equation we have A\; = —1.01218, Ay = —0.998321 and A3 = —0.991643. The
type of the critical point is a stable node.
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Figure 118: Visualization of two stable nodes and the sad-
dle of the system(19) with the regulatory matrix (71).

Example 2. Consider p1y =5, o = 15, u3 =5, vy = vy =v3 =1 and 6, = 1.2, 0,
0.5, 03 = —0.6. The regulatory matrix of the system (19) is

Wea7 Weag Wedg
W= | wrar wrag wrag |, (73)
wgay wWsag WgAg

where wga; = wrag = wgag = 1, wgas = wgag = wray = wrag = wgay; = wgag = 0. The
nullclines are depicted in Figure 119. There are exactly three critical points.

Figure 119: Visualization of nullclines (x; - red, z5 - green,
xg - blue) of the system(19) with the regulatory matrix (73).

The characteristic equation for critical point (0.0025;0.00056;0.9997) is (72), where
A= -297748, B = —2.95509 and C' = —0.977616.

Solving the equation we have \; = —0.998321, \s = —0.991643 and A3 = —0.987513. The
type of the critical point is a stable node.

The characteristic equation for critical point (0.0025;0.5;0.9997) is (72), where A =
0.764166, B = 4.47519 and C' = 2.7111.
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Solving the equation we have A\; = —0.998321, \y = —0.987513 and A3 = 2.75. The type
of the critical point is a saddle.

The characteristic equation for critical point (0.0025;0.9994;0.9997) is (72), where
A= —-297748, B = —2.95509 and C' = —0.977616.

Solving the equation we have \; = —0.998321, \s = —0.991643 and A3 = —0.987513. The
type of the critical point is a stable node.

Example 3. Consider 3 =5, o = 15, u3 =5, v = vy =wv3=1and ) = 1.2, 0, =
0.5, 83 = —0.6. The regulatory matrix of the system (19) is

Wi4G15 Wi4Q16 W140A17
W = | wisais wisais wisarr |, (74)
Wie15 WieG16 Wied17
where wy4a15 = wiga16 = 1, wiaa17 = 0, wisa15 = 1, w5016 = Wi5017 = WieG15 = WieG16 =

0,wi6a17 = 1. The nullclines are depicted in Figure 120. There are exactly three critical
points.

Figure 120: Visualization of nullclines (x; - red, z5 - green,
x3 - blue) of the system(19) with the regulatory matrix (74).

The characteristic equation for critical point (0.0025;0.0006;0.9997) is (72), where
A= —-209858, B=—-2.97151 and C'= —0.985711.

Solving the equation we have A\; = —1.00586, Ay = —0.998321 and A3 = —0.981615. The
type of the critical point is a stable node.

The characteristic equation for critical point (0.5532;0.6895;0.9997) is (72), where
A= —-1.76247, B = 3.44158 and C' = 4.19738.

Solving the equation we have \; = —2.46784, Ay = —0.998321 and A3 = 1.70369. The
type of the critical point is a saddle.

The characteristic equation for critical point (0.9801;0.9993;0.9997) is (72), where
A= —-2.3731, B =0.260488 and C' = 1.63021.
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Solving the equation we have \; = —2.13841, Ay = —0.998321 and A3 = 0.763632. The
type of the critical point is a saddle.

Example 4. Consider j1y =5, o = 15, u3 =5, vy = vy =v3=1and 6§, = 1.2, 0, =
0.5, 83 = —0.6. The regulatory matrix of the system (19) is

Wi7ho2 Wi7G23 W17024
W = Wil Wi1gA23 W18A24 ) (75)
Wi9G22 Wi19A23 W19A24

where wi7az = wiraz = 0, wi7a24 = wigay = 1,Wiga3 = Wiglos = Wigloa = Wiglay =
0, wygass = 1. The nullclines are depicted in Figure 121. There is one critical point.

Figure 121: Visualization of nullclines (x; - red, z5 - green,
xg - blue) of the system(19) with the regulatory matrix (75).

The characteristic equation for critical point (0.2281;0.0167;0.9562) is (72), where
A=—-3 B=—3and C = —0.954711.

Solving the equation we have A\; o = —1.17822£0.308693¢ and A3 = —0.643552. The type
of critical point is a stable focus-node.

Example 5. Consider g3 =5, g = 15, u3 =5, v = vy =v3=1and §; = 1.2, 0, =
0.5, 83 = —0.6. The regulatory matrix of the system (19) is

w3735 W3rG36 W37A37
W = W335 W3gA36 W3kA37 ) (76)
W39a35 W39A36 W39A37

where wsrass = wsrasy = 0,wsrass = 1, wsgass = wsgaze = 0, wssazy = —1,wsgass =
1, wsgazg = wsgazr = 0. The nullclines are depicted in Figure 122. There is one critical
point.

The characteristic equation for critical point (0.0025;0;0.9531) is (72), where A = —3,
B=-3and C = —-1.
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Figure 122: Visualization of nullclines (x; - red, z5 - green,
x3 - blue) of the system(19) with the regulatory matrix (76).

Solving the equation we have \; o = —0.999879 £ 0.0002093247 and A3 = —1.00024. The
type of the critical point is a stable focus-node.

Example 6. Consider j1; =5, o = 15, u3 =5, vy = vy =v3=1and 6, = 1.2, 0, =
0.5, 83 = —0.6. The regulatory matrix of the system (19) is

WgrGz7 WarG3zs W37A39
W = WggG37 Wsgh3zs W3gA39 ) (77)
W3gAg7y W39l3g W39a39
where wsrasz; = wsrazg = 0,wsrazs = 1,wsgasy = —1,ws3ga3z = Wsglzg = W3zglzy =
wsgaszgs = 0,wsgazg = 1. The nullclines are depicted in Figure 123. There is one critical
point.

Figure 123: Visualization of nullclines (x; - red, =5 - green,
x3 - blue) of the system(19) with the regulatory matrix (77).

The characteristic equation for critical point (0.0025;0.0005;0.9997) is (72), where
A= —-299832, B =—-2.99674 and C' = —0.99842.

Solving the equation we have A\j o = —1 £ 0.00993657: and A3 = —0.998321. The type of
the critical point is a stable focus-node.
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9.1.2 Four-dimensional systems

Example 1. The regulatory matrix is

Wea7 Weag Wehy Wel10
Wwrar wWyag WrGy WrAi10

W = ,
Wgar Wgag Wghy Wglio
Wyl W9y Wolg W90
where WeQy = Wrag — Wgg — WoQ7 = W9l1g — 1,w6a8 = WgQg9 = WgQA19g — Wray =

Wrag = W70 = Wgly = Wgag — Wgl1g = W9lg = W9glg = 0 and V1 = Vg = VU3 = Vg = 1,
H1 = 5,,U/2 = 15,,&3 = 5,,u4 = 5, 91 = 12, 92 = 05, 93 = —0.6, ‘94 = —0.2.

The first critical point is (0.0025;0.00056;0.9997;0.9975). The standard lineariza-
tion analysis provides the characteristic numbers A\; = —0.998321, A\, = —0.991643,
A3 = —0.987669 and \y = —0.987513. The type of the critical point is a 4D stable node.

The second critical point is (0.00250369; 0.5; 0.999664; 0.997528). The standard lineariza-
tion analysis provides the characteristic numbers A\; = —0.998321, A\, = —0.987669,
A3 = —0.987513 and \y = 2.75. The type of the critical point is a saddle.

The third critical point is (0.00250369;0.999443; 0.999664; 0.997528). The standard lin-
earization analysis provides the characteristic numbers \; = —0.998321, Ay = —0.991643,
A3 = —0.987669 and Ay = —0.987513. The type of the critical point is a 4D stable node.

Example 2. The regulatory matrix is

WgrG37 WsrG3zg W3zrG3zg W37040
W — W33y Wsgl3zg W3zgl3zg W3gA40
W3937 W39A3g W3g9Uzg W39A40
Wq0h37 W4e0a38 W40039 W40A40

where wszas; = wsrazg = Wsagazs = W3gAzg = W3gGyy = W39A37 = W39z = W39y =
W39y = Waolso = 0, W3ra3s = W37a40 = W3glzg = lwsgazy = Waoaz7 = Wapazg = —1 and
V1 = VU = VU3 = Uy = 1, M1 = 5,,U2 = 15,,&3 = 5,#4 = 5, (91 = 12, (92 = 05, 03 = —06,
0, = —0.2.

The critical point is (0.0027;0.0005;0.9997;0.01778). The standard linearization
analysis provides the characteristic numbers Ay = —1, A3 = —1 £ 0.03587: and
Ay = —0.998321. The type of the critical point is a stable focus-node.

Example 3. The regulatory matrix is

Wgra3s WgrG3ze W3zrA3z7 W37A38
W = Ws3gG3s Wsgh3ze W3zgzy W3gA3s
W39G35 Ws9G3ze W3z9a37 W39038
Wq0035 W40a36 W40A37 W4H0A38

where ws7a3s = ws3razr = W3kazs = W3kAze = W3glszy = W3glze = W3gA3zy = W3gA3g =
w4036 = Wyoasg = 0, Wsra36 = W3raA3g = W39Uzs = Wypa3s5 = 1, Wsgazy = wypazy = —1 and
V1 = Uy = VU3 = Uy = 17 1 = 5,[12 = 15,#3 = 5,,&4 = 5, (91 = ]_2, 92 = 05, 03 = —06,
0, = —0.2.
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The critical point is (0.0028;0;0.9532;0.0229). The standard linearization analysis
provides the characteristic numbers \; = —1.07749, A3 = —0.9613 £ 0.054372 and Ay =
—1. The type of the critical point is a stable focus-node.

Example 4. The regulatory matrix is

W41051 W41G052 W41053 W41054
W = Wy2051 Wqe2G52 W42053 W42054
W43a51  W43A52 Wy3d53 W43054
Wyq0a51 WyqA52 WyqAs3 Whqlsg

where wy1a51 = Wi1G548 = Wa2a51 = Wi2053 = WaGs54 = Wy3lds1 = Wy30s3 = Wi305s =

Waalso = WaaGs3 = 0, Wa1050 = Wa3A50 = WaaQ51 = Waalss = 1, Wy1a53 = Wyoaz2 = —1 and
v =vy=v3=v4 =1, uy =5,y = 15,3 = 5,04 =5, 0, = 1.2, 6, = 0.5, 03 = —0.6,
6, = —0.2.

The critical point is (0.000021;0.00055;0.9527;0.9975). The standard linearization
analysis provides the characteristic numbers \; = —1.00822, X\ = —1, A3 = —1 and
Ay = —0.987514. The type of the critical point is a 4D stable node.

10

Conclusions

Main results of the Doctoral thesis are:

Systems of orders two and three are considered with the regulatory matrices of
different structures. The number and the character of critical points are considered.

For three-dimensional systems and four-dimensional systems chaotic attractors were
considered. Examples were constructed. In the thesis for Lyapunov exponents calcu-
lation the package “lce.m for Mathematica” was used. Another Wolfram Mathemat-
ica program “Lynch-DSAM.nb” was also used to check the correctness of Lyapunov
exponents calculation.

Formulas for characteristic numbers of critical points for four-dimensional systems
were obtained. Examples of 4D systems with stable equilibria were constructed.

Neuronal networks were considered and similarity with the corresponding ODE-type
models was detected.

Examples of 5D were constructed. These systems possess periodic attractors. The
visualization of attractors of 5D by projecting them into lower dimension subspaces
and considering graphs of components of solutions was made.

Examples of 6D systems were constructed. These systems possess periodic attractors
and exhibit irregular behavior of solutions. The visualization of attractors of 6D
systems by projecting them into lower dimension subspaces and considering graphs
of components of solutions was made.

Sixty-dimensional system was considered. The graph of 60 x 60 matrix with the
program Graphia was constructed. Some subsystems of the 60D system were con-
sidered.
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The study of gene regulatory networks is important for human life and activity. Both
for the treatment of various diseases such as leukemia, multiple sclerosis, and Alzheimer’s,
and for describing problems and their solutions in economics, psychology, politics, and
many other areas. The more there is in a system of equations, the more similar it is to
the gene network that occurs in life. The main task is to continue the research and find
methods for studying systems with a large number of equations.
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