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At the present stage of economic development, the leading role in ensuring the competitiveness of both an singular enterprise and the country as a whole, as
well as in creating conditions for the transition to sustainable development, is played by the successful implementation of the latest scientific developments in
production processes, comprehensive support for the strategy of innovative development. The development and implementation of innovations is a complex
dynamic process that requires the use of special research methods. Such @ method is system dynamics, which makes it possible to take into account the nonlin-
earity of the impact of innovation on the state of the economy. The paper considers the methodology for building a model for managing innovation processes,
taking into account the self-organization of the logistic type. The main danger that can accompany the evolution of innovation processes is the emergence
of unacceptable dynamic modes, so one of the tasks of the study was to determine the conditions capable of ensuring the stability of equilibrium states of a
complex dynamic system according to the proposed models. The object of research is a complex dynamic system, between the elements of which there is both
positive and negative feedback. To build a model of the dynamics of innovation processes, the mathematical apparatus of the theory of differential equations
was applied, which made it possible to consider the development of the innovation process in continuous time. With the help of the instrumentarium of nonlin-
ear dynamics, a study of the stability of diffusion of innovations depending on the parameters of the control influence was carried out. The conditions for the
transition of the system to a critical state, which may be accompanied by the occurrence of bifurcations and chaos, have been determined. Particular attention
was paid to determining the structural stability of the regulated innovation process in the case when both equilibrium positions are close in terms of parameter
values. It is expedient to apply the proposed model to solve the problem of innovation management both at the State level and at the level of an individual
industry or an individual enterprise. The obtained theoretical conclusions were confirmed through the use of simulation modeling.
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Manspeyo /1. M., BopoHiH A. B., flebedesa 1. /1., fle6edes C. C. ModentosaHHA QuHamiku iHHoeayiliHo2o po3sumky nidnpuemcmea
Ha cyqacHomy emani po3sumky ekoHOMIKU NPOBIOHY Posib y 3a6e3nedeHHi KOHKYPEHMOCTPOMOMHOCMI AK OKPeMo20 MionpueMcmaa, mak i KpaiHu 3a2a10M,
0 MaKox y cmeopeHHi ymos 0114 nepexody 0o cmasozo po3sumky gidiepae ycniwHicme 3anposadieHHs y BUPOBHUYUX MPOYECax HOBIMHIX HAYKOBUX PO3PO-
60k, scebivHa nidmpumka cmpamezii iHHo8auiliHO20 po38umKy. Po3pobka ma 8nposadxeHHs iHHOBAYl € CKAAOHUM OUHAMIYHUM MPOYECOM, AKUL nompebye
30CMOCy8aHHs cneyianeHux memodie docaideHHs. Takum Memodom € cucmemHa OUHAMIKA, Wo Oa€E MOXIUBICMb 8PAX08YBAMU HeniHiliHicmb camoeo npo-
uyecy enposadierHs iHHosauill. Y pobomi posensdaemecs memodonoeis nobydosu modesni ynpasniHHs iHHOBAWITHUMU MPOUECamu 3 ypaxyeaHHAM Camoop-
2aHi3ayii noeicmuyHo2o murny. OcHOBHOK Hebe3MeKoK, AKA MOX(E CynPOBOOM#Y8AMU e8onYit iHHOBAUIIHUX MPOYECIS, € N0ABA HEMPUUHAMHUX OUHAMIYHUX
pexcumie, momy 00HIEH i3 3a80aHb 00C/I0HEHHS B0 BUSHAYEHHS YMOB, 300MHUX 32i0HO i3 3aMPONOHOBAHUMU MOOeaIMu 3abe3nequmu cmilikicme pigHO-
BAXCHUX CMAHi8 CKAAOHOI duHamiyHoi cucmemu. O6’eKmom 0ocnidHeHHs € CKAGOHA OUHAMIYHA CUCMEMQ, MiX< eneMeHmMamu AKOI iCHye SK NO3umugHuUl, maxk
i HezamueHuli 360pomHuli 38’330K. [ns nobydosu modeni uHaMiKU iHHoBAUIlIHUX Mpoyecie bys10 3acmocosaHo mamemamuyHuli anapam meopii dugpepeH-
UiliHux pieHsAHb, W0 003804710 P0O32AS0aMU PO3BUMOK iHHOBAYIIHO20 MPOYECY 8 HerepepsHOMY Yaci. 3a A0MOMO20t0 iIHCMpPYMeHMapito HeiHiliHoi QuHamiKu
nposedeHo docnidxeHHs cmitikocmi dugby3ii iHHOBaiL 3an1exHo 8i0 mapamempie KepieHO20 8nausYy. BusHaveHo ymosu nepexody cucmemu y KpUmuYHul
CMaH, AKUl Moxe cynposodxysamucs suHUKHeHHAM bihypkauyili i xaocy. Ocobausy ysazy byno npudineHo 8UHAYEHHI0 CMPYKMYpHOI cmitikocmi peaynbosa-
H020 iHHO8AUYiliHO20 Mpoyecy y 8uUnadky, Koau 0budea NOAOMEHHA piBHOBAU € BAU3LKUMU 3G 3HAYEHHAMU napamempig. 3anpONOHOBAHY Modenb O0YinbHO
3acmocosy8amu 0118 pPo38’a3aHHA Npobaemu ynpagniHHA iHHOBAUIlIHUMU NMPOUECamu AK Ha OepHaBHOMY PiBHI, MAK i Ha pigHi OKpeMoi 2ay3i Yu oKpemozo
nionpuemcmea. OmpumaHi meopemuyHi 8UCHOBKU byu nidmeepoxteHi 30805KU BUKOPUCMAHHIO iMimayiliH020 MOOeMOBAHHS.
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he current stage of economic development is de-

fined as the knowledge economy. Under these

conditions, the competitiveness of the country is
determined by its human potential, which, in particular,
is embodied in innovative developments. Problems re-
lated to ensuring innovative development not only of an
individual enterprise or a certain industry, but also of the
country’s economy as a whole, attract close attention of
both managers of all levels and scientists.

In general, the most effective instrument for solving
theoretical problems, as well as analyzing the behavior of
complex systems when external conditions change, and
predicting their development over time, is mathematical
modeling. One of the modern trends in the development
of mathematics, expedient to use in the study of systems
of different nature and different levels of complexity, is
system dynamics. This research method was developed
by Jay Forrester back in 1961 and since then has been
successfully used to solve problems that arise in complex
economic, social, and ecological systems during their life
cycle. The use of such models allows improving the man-
agement of complex systems. As a mathematical appara-
tus of system dynamics, the use of differential or differ-
ence equations is proposed, providing the possibility of
studying the processes that determine the development
of the system in continuous or discrete time. At this, the
general theory of systems allows us to consider the inter-
action of interconnected elements of the system, taking
into account both positive and negative feedback [1]. It
is the presence of feedback that ensures the implementa-
tion of a certain degree of self-correction, therefore the

The Fundamental, State Budget-Funded Research Work «Ensuring the
Innovative Development of Export-Import Activities of Economic Enti-
ties in the Public Sector of the Economy under the Martial Law and in
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system can develop in a given direction. The advantage
of the system dynamics method is that it allows not only
to create conceptual models, but also to make the transi-
tion to simulation models of the «stocks — flows» type
[2]. System dynamics provides a general methodological
framework that can be applied wherever it is necessary
to understand how a complex system changes over time
and, accordingly, to influence the direction and speed
of these changes. It should also be noted that, in a more
general sense, system dynamics is not only a tool for
analyzing and further synthesizing ideas about the func-
tioning of the system and its development, but also, as
its founder Jay Forrester specifies, a tool for thinking, a
philosophy of research.

One of the areas where it is expedient to use the
methods of system dynamics as a research tool is inno-
vative development, the implementation of which, as a
rule, takes place in several stages and is associated with
certain risks. Regardless of whether this process is imple-
mented at the level of an individual enterprise, indus-
try, country, or even the world economy, it is subject to
general regularities that are associated with its wave-like
nature. Precisely because innovative development is cy-
clical in nature, it is necessary to build nonlinear models
when studying it. The use of nonlinear dynamics makes
it possible to take into account the peculiarities of the
processes that determine the implementation of innova-
tions, and to make founded managerial decisions to en-
sure their efficiency.

LITERATURE REVIEW AND PROBLEM
STATEMENT

A large number of scientific and practical studies
are devoted to the problem of uneven innovative develop-
ment of economic objects. An example of the nonlinear-
ity of the development of economic objects in the global
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sense can be considered long cycles (Kondratiev waves),
that are determining the cyclical nature of the develop-
ment of the world economy. Today, the most grounded
explanation of this process is considered to be the con-
ception of technological innovation, the foundations of
which were laid by Kondratiev in the middle of the twen-
tieth century and developed thanks to the work of other
scholars [3-5 and others]. According to this conception,
the ascending phase of the long cycle wave (economic
growth) is the result of the development and implemen-
tation of the fundamentally new interconnected tech-
nologies that have an impact on almost all sectors of the
economy, that is, a technical revolution is taking place.
The implementation of these novel technologies can sig-
nificantly reduce production costs and increase profits,
that accordingly stimulates business to implement in-
novation even more widely. It is clear that this process
takes place in the presence of the necessary resources. In
turn, the diffusion of innovations provides a significant
increase in profits, generating additional investments in
the development of production. Gradually, the process
slows down, and the inflection point is the moment when
there is a significant weakening of the effects that initi-
ated the upward phase of the long cycle wave. This leads
to a decrease in profits and the business structures lose
interest in further novations, so the phase of slowdown
in production is replaced by a phase of stagnation or even
recession, that can last quite a long time. However, dur-
ing this phase, there is a gradual accumulation of new
progressive technologies, and a new rise is possible only
when, taken together, these novel technologies create an
opportunity for innovative transformations of produc-
tion at a new turn of the development spiral. In its sim-
plest form, such a model of evolution can be represented
by an S-shaped curve, that corresponds to a logistic func-
tion. The world economy has already gone through five
long waves in its development, and now humanity is at
the beginning of the sixth wave, that will be associated
with solving the problem of resource saving [6], and with
the introduction of artificial intelligence in various fields
of activity [7]. In particular, one of the innovative tech-
nologies, the use of which is becoming more and more
widespread in various industries, is «green energy» [8].

imilar phases, but on a smaller scale and, accord-

ingly, of shorter duration, are observed in the im-

plementation of innovations at the level of a partic-
ular industry or an individual enterprise. But even when
the analysis is carried out at the enterprise level, it is ad-
visable to apply a system approach, since in modern con-
ditions innovations acquire a systemic character, since
their implementation involves the use of a whole range
of technologies and services. In this regard, the concept
of an innovation ecosystem has even been formed [9], to
describe the environment in which the interaction of in-
novations of different levels, though aimed at solving a
single problem, is carried out. The concept of «ecosys-
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tem» is borrowed from biology and defines a business
ecosystem as an economic community that unites firms,
organizations and individuals, that are considered as «or-
ganisms» of the business world [10; 11 and others]. The
economic ecosystem has inherent adaptive properties.
As for the biological ecosystem, the result of the interac-
tion of the actors of the innovation ecosystem may be its
self-organization at certain stages of its active life. The
authors of the paper [12] believe that innovation ecosys-
tems should be considered as complex adaptive systems
that distribute information and other resources among
the elements of the system and learn to respond to ex-
ternal influences. The general principles of construction
and elements of the structure of dynamic models used to
analyze the diffusion of innovations as the development
of a complex system are provided in the paper, referred
to as [13]. The referred paper also presents the basic ter-
minology that is used to determine managerial decisions
in these models.

t should be noted that the nonlinear nature of feed-

backs in a system can cause the emergence of a whole

hierarchy of unstable states, which in the process of
development of this system can lead to the appearance of
boundary cycles, homoclinic structures, and even chaos
[14]. Therefore, in order to evaluate the possible trajec-
tories of the system development in phase space, it is ex-
pedient to use the mathematical apparatus of nonlinear
dynamics as a research method.

It is possible to distinguish four major aspects of
innovative development, when considering which it is
necessary to take into account the nonlinearity of the
dynamics of the system [15]. These are research and
development policies, innovation policies, science and
technology policies, and regional agglomeration poli-
cies. Most research examines assumptions, hypotheses,
and policies at a conceptual level, that can be described
as exploratory modeling tools. A system approach to mo-
deling innovative development has already been success-
fully used to analyze processes at the level of individual
industries. Thus, in the paper [16] an econometric model
has been developed, that allows assessing the effective-
ness of the introduction of innovative technologies for
transport enterprises, and the presence of a close corre-
lation between the level of innovative technologies and
the financial stability of enterprise in the conditions of
inconstancy of the external environment is shown. The
study [17] is aimed at determining the current state and
forecasting the possibilities of applying the system dy-
namics method in construction projects. In the article
[18], the mathematical model of dynamics is considered
as the basis for solving problems in the field of suburban
and urban transport through investments in improving
its infrastructure.

The authors of the paper [19] pay attention to the
construction of a model, which can serve as a basis for
making a crediting decision on investments in the de-
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velopment of an agricultural enterprise, depending on
the capacity of the market under conditions of prices in-
stability. The method of system dynamics is also used to
model the behavior of actors involved in the implemen-
tation of innovations [20]. In every project participated
by a team there is a conflict of interests, that manifests
itself in the form of a conflict of ideas, a conflict of exist-
ing resources, and even a personal conflict. One way to
overcome conflict is to use specific mathematical models
of system dynamics.

However, few researchers consider this problem
at the theoretical level, that is, at the level of qualitative
analysis of the states of the system along phase trajecto-
ries. Therefore, the presented study is relevant.

PURPOSE AND OBJECTIVES OF THE STUDY

In order to take advantage of many new technolo-
gies, companies need business models that operate at the
intersection of different global industries. The purpose of
this work is to synthesize a mathematical model focused
on the description of innovative processes using the con-
trol mechanism in both linear and nonlinear forms. To
prevent the occurrence of unacceptable dynamic modes
of evolution of innovation processes, the basic tasks of
the study are to determine the stability conditions of the
equilibrium states of the system in accordance with the
proposed models.

MATERIALS AND METHODS

To build a model of innovation dynamics, a system
approach is applied using the mathematical apparatus of
the theory of differential equations, that allow describ-
ing the diffusion of innovations in continuous time.
When constructing a model of dynamics, the presence
of both positive and negative feedbacks in the system,
which have a nonlinear nature, was taken into account.
In this regard, the methodology of qualitative analysis of
the theory of nonlinear dynamical systems is used in the
work, namely, the main attention is paid to identifying
trends in the development of the system, new qualities
of its behavior. Accordingly, the use of this methodo-
logy made it possible to predict the development of the
studied innovative processes along trajectories in phase
space. Furthermore, the applied mathematical apparatus
includes the theory of stability of systems of differential
and integral-differential equations with the elements of
the theory of bifurcations. To illustrate the qualitative
study of the system development, model calculations
were carried out by means of the Octave software envi-
ronment. In these calculations, the parameters of the sys-
tem of differential equations were selected in such a way
that it was possible to visually demonstrate the behavior
of the system under study when its state deviates from
the equilibrium position.
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RESULTS AND DISCUSSION

The logistic curve, allowing to describe the effect of
the implementation of innovations in the simplest form,
can be determined by the usual differential equation of
the first order [21]:

d
7’; = y(x—1,)(ly — %), (1)

where ¢ is the parameter that characterizes the time spent
on the development of a new technology;

x = x(f) is the technologically and economically sig-
nificant indicator, that changes due to the introduction
of the innovative technology under consideration, there-
fore, it characterizes the result of the innovation process;

v(y > 0) — denotes the scale parameter, the inverse
of which is the characteristic time of the transition pro-
cess for the system in which the innovation is introduced;

l;,1,,— are, respectively, the lower and upper bounds
that limit possible changes in the significant indicator x
as a result of the implementation of innovative techno-
logy. At this, /, corresponds to the value of the indicator x
at the stage when the introduction of innovations is initi-
ated, and IU corresponds to the maximum value of the
indicator x, that can be achieved through the effective use
of the innovative technology under consideration.

As the costs incurred for the introduction of a new
technology increase, the significant technological (or eco-
nomic) indicator cannot decrease, therefore, ideally, the
function x = x(f) is a monotonically increasing one. More-
over, such growth is characterized by an increase in the
growth rate of the indicator x at the initial stage (near the
lower limit /;) and an inhibition of growth at a later stage
when thesignificant indicatorapproachesits upperlimit/,,
in other words, when the process reaches saturation. That
is, the graph of changes in a significant indicator over
time is an S-shaped (logistic) curve. The differential equa-
tion (1) can be considered as a formalization of the law of
transition of quantitative changes into qualitative ones in
relation to cumulative processes in the economy, that are
associated with the implementation of novel technologies
even at an individual enterprise or in a certain industry.
When the diffusion of innovations takes place simulta-
neously in several leading sectors of the economy, then
we are talking about a technical revolution. It is the cur-
rent stage of development of innovation processes that is
considered as the Fourth industrial revolution, or Indus-
try 4.0 [22]. The impetus for the beginning of the Fourth
industrial revolution was the widespread introduction of
cyber-physical systems into industry, in particular, into
the processing industry of Germany.

The differential equation (1) has a general solution:

(ly _ZL)'f(t)’ @)
f)+k
where f (1) =exp((ly —1;)-vt);

k is an arbitrary constant that depends on the ini-
tial condition x(0) = x,,.

x(t)=1, +
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In addition to the general solution, the equation

(1) has two other special solutions, namely x; =/, and
x, =1I;. These solutions characterize the state of equi-

librium of the system, while x; =1, is an unstable equi-
librium (the starting point that corresponds to the begin-

ning of innovation), and x, =1/, is a stable equilibrium
(the endpoint that corresponds to the completion of the
innovation process).

It should be noted that the equation (2) provides an
exhaustive description of the process of self-organization
of innovation.

take into account additional factors that affect the

speed of implementation of innovations. An exam-
ple of such factors can be a set of measures for the State
regulation of innovation processes. Although the intro-
duction of innovative technologies begins with industry,
later it covers all spheres of life. And if the forecasts of de-
velopment in the industrial sphere are very optimistic, the
same cannot be said of the impact of the modern industri-
al revolution on social life. Researchers even suggest that
the implementation of innovative processes may result in
social instability in society [23]. Thus, there is a contradic-
tion between the needs of the economy, for the satisfac-
tion of which it is necessary to promote the introduction
of innovations in every possible way, and the social needs,
which would like the process of diffusion of innovations
to occur rather slowly, allowing society to adapt to new
conditions. Accordingly, if we consider the diffusion of
innovations at the level of an individual enterprise, then
the counteraction to this process can be competitive phe-
nomena in the innovation market. However, if we consid-
er the diffusion of innovations at the macro level, then the
State regulation of this process also comes into play. So, in
general, the process of introducing innovations should be
considered as a system with feedback. This feedback can
be not only positive, but also negative. And at the macro
level, such negative feedback is materialized through gov-
ernment regulation. The Fig. I shows a simplified scheme
for managing the processes of diffusion of innovations,
that reflects a system approach to its analysis.

I et’s now consider the case when it is necessary to

Input

Government
controller

—N
—/

Formally, the external control influence can be im-
plemented as feedback in the form of an additional com-
ponent in the equation (1):

dx

7 Vel —n)+a-e, 3)
where @ =@(0) is a controlling influence, being a non-
linear function of the time spent on the development of a

new technology; the coefficient oo = {-1;1} characteriz-

es the direction of the control influence, its positive value
means that the feedback is positive too, and the negative
value corresponds to the negative feedback.

Let’s suppose, that the function ¢ =@(d) is qua-
dratic in terms of the variable x. Let’s represent it as:

2
P(X) = Qg + @1 x + Prx”, 4)
where @, ¢;, @, are arbitrary constants, while ¢, # 0.
Let’s suppose, that the feedback in the diffusion
system of innovation is negative, i. e.: a = 1. We will also
assume, that y = 1. Then, after substituting the control
function in equation (3), we get:

dx
== —~(@o + L 1) + (I, +1; —@)x = (9, + Dx*. (5)

(equilibrium position) of the differential equation (5)

It should be noted that the structure of singular points
is defined as the solution of the quadratic equation:

(@2 + 03" = (I + 1y = @)x +(@y +1,1y) =0. (6)
We find the discriminant of the equation (6):
D=(ly +1ly —¢)* =49y + Dy + 1)

If D > 0, then there are two equilibrium positions

for the equation (5). At D = 0 it is possible to have a two-

(7)

fold (single) equilibrium position. If ¢, +1> 0, ahigher
value of x; corresponds to a stable equilibrium position,

and a lower value of xl* corresponds to an unstable posi-
tion. When the equilibrium positions are close to each

. . * * . .
other, that is, the difference x, —x; becomes an infini-

tesimal value (this is realized when D — 0), there is a
structural instability of the system, that means, a bifurca-
tion of «saddle-knot» type occurs. To study the topologi-

Innovation Output

process

Innovation

market

Fig. 1. A general feedback scheme implemented in the process of diffusion of innovations

Source: developed by the authors.
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cal properties of this bifurcation, we will make certain
transformations.

Let’s introduce a new variable y = y(f), with respect
to which the significant indicator x = x(¢) is a linear func-
tion:
2y +1 +ly — ¢

. (8)

2(p, +1)

As result of the application of the new variable, the
differential equation (5) takes the form:

x(t) =

b_ . 9)
dt a y9
N2
where ¢ =0 iy (e =l l(é) '
¢, +1 4(@, +1)
That means, a = — Lz
4(py +1)

The differential equation (7) is a normal form of the
local «saddle-knot» bifurcation if the positive parameter a
is infinitesimal, i. e., the equation (7) describes the beha-
vior of the model (5) in the small vicinity of the twofold
equilibrium position. Thus, at a — 0 there are two equi-
librium positions in the system (9), one of which is stable
and the other unstable. At @ = 0 the stable and unstable
equilibrium positions meet and combine into a semi-sta-
ble singular point, and then annihilate, i. e., a single (two-
fold) equilibrium state arises, and at @ < 0 the equilibrium
position disappears, and the system can make a sudden
transition to a new state that is very different from the
previous one. This bifurcation value of the parameter is
sometimes referred to as the «fixation point».

et’s take a closer look at the state of stable equilib-

rium. When the coefficient of the linear regulator

@, approaches its critical value at a = 0, the area of
attraction of this equilibrium position decreases on one
side, and after the disappearance of equilibrium, all solu-
tions disappear from the phase region under consider-
ation. In economics, this phenomenon is called «disequi-
librium», leading to a catastrophic loss of stability. This
type of catastrophe is called «fold-down» [24].

If ¢, + 1 < 0, that means, ¢, < -1, there is a trans-
critical bifurcation, or the so-called stability exchange bi-
furcation. If additional conditions ¢, = /,/, ,and @, =/, + [,
are imposed, then the differential equation (5) takes the
form:

dx 2
== (g, +)x%
i (o, +1)

The differential equation (10) describes a system
with a strong positive feedback and can characterize a
mode with an exacerbation. The private solution of the
equation (11) can be given in the form:

x(t)=

(10)

X0

_ (11)
1+ xy(p, + 1)t
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At the time moment 7 =— , the value

Xo(@2 +1)
of the significant indicator increases to infinity. Obvi-
ously, the solution (11) can exist only until the moment

t* comes, and the very moment of exacerbation of t* de-
pends on the initial condition x(0) = x;. The higher the
value of X the shorter the lifetime of the solution. This
means that a certain real process can be described for
some time by differential equations, the solution of which
increases in the exacerbation mode. In this case, it is im-
possible to predict the course of the process on the basis
of a linear or even more complex interpretation.

another approach to the construction of control

influence in a complex system describing the dif-
fusion of innovations. This approach is based on the use
of linear control in the conditions of the existence of an
aftereffect, that is, taking into account the previous states
of the process under study.

We will consider the equation (1) in a form that
supports fewer parameters. Let f = Ylip 2 =X - lL and
L =1, -1, then the equation (1) takes the form:

dz
£ _A(L-2).
7 z(L-z2)

Equation (12) has two special solutions, namely

I et’s return to the original equation (1) and consider

(12)

z; =0 and z, = L. These solutions define the equilib-

rium points of the system under consideration. At this, as
already noted with regard to the special solutions of the

original equation (1), the point zf =0 corresponds to

the state of unstable equilibrium, and the point z; =L-

to the state of stable equilibrium.

Again, let’s consider a situation where it is neces-
sary to take into account additional factors that affect the
speed of introduction of innovations. Let such a factor, as
in the previous example, be a set of the State-controlled
measures to regulate innovation activity. The control in-
fluence u = u(z), that determines the feedback, is intro-
duced into equation (12) in the form of addition to obtain
the following:

dz
—=z(L-2)+0o-u, a.={11}.
Z=a(L-+aua= -k

Since it is expedient to consider only negative feed-
back, we will denote the function that characterizes its
controlling influence as u = —kv. The variable v = v(t) is
the output characteristic of a linear regulator with an
impulse function Q(¢), k is a certain constant coefficient
(k > 0). Then we have the following general solution of the
equation (13):

(13)

0

w(t) = _[ z(t+s) - Q(—s)ds,

—00

(14)

where s — is the integration variable. The choice of such
boundaries of integration is explained by the fact that we
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take into account the control influence that was exercised
before the beginning of the process of diffusion of innova-
tions. With regard to the function Q(?), it should be noted
that it meets the normalization condition as follows:

0
j O(—s)ds = 1. (15)

In its simplest form, this function can be represent-
ed as a transient function of a first-order aperiodic chain:

o) =w-e ™, (16)
where o is a constant value that characterizes the inertia
of the control system.

Let’s give the relation (13), (14) and (16) in the form
of a system of two ordinary differential equations:

dz

= z(L—z)—kv;

dv (17)
— =z —ov.

dt

The system (17) has two equilibrium positions, the

first of which is implemented z =0; v, =0, at and the

second at z, = L —k; vy = L —k provided that L > .

Let’s introduce new variables that contain
the sense of deviation from the state of equilibrium

o~ * .
z=z—-z , v=v—v . In these new variables, the sys-

tem of differential equations takes the form:

%:(L—Zz*)é—kﬁ—iz;

. (18)
ﬂ=o)2—co\7.

dt

Now we write down the characteristic polynomial,
or the spectral equation with respect to the eigenvalues
of X of the matrix of the linear part of the system (18).
This equation is:

M2z +o—Lh+ok—-L+22)=0. (19)

In the case of a trivial state of equilibrium for which

zl* =0, the quadratic equation (19) takes the form:

A2+ (0—L)A+o(k—L)=0. (20)

Since L > k, the free member of equation (20) is

negative. This means that the trivial state of equilibrium is

a «saddle», i. e., it corresponds to an unstable equilibrium.

Let’s consider the behavior of the system in the

vicinity of the non-negative equilibrium position:

Z; = L — k. In this case, the spectral equation (19) takes
the form:

M+ (L-0-2kh+o(L—k)=0.  (21)

Let’s assume that the coefficients of equation (21)

are small quantities. Then the equation (21) can be re-

written in the form:
A2 - —op, =0, (22)

where L—o—-2k=—p, and L —k=—p,.
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At y; =y, = 0 the solution of equation (22) is a
twofold zero, and therefore it can be assumed that in the
nonlinear system of differential equations (17) the exis-
tence of the so-called Bogdanov — Takens bifurcation [24;
26] is possible. For a detailed study of the properties of
the «double zero» bifurcation, it is necessary to represent
the system (17) in normal form.

Let Z= v, +v,, v =ov,. Then the system of dif-
ferential equations (17) after algebraic transformations
takes the form:

dv
dt

; (23)
% =0V + UV, — (;)zv]2 —20wV, - v%.
t

Vz;

Let’s make two more variable replacements in

2
succession. First, let’s assume that v =p, —%;
V) = p, — pP,- Then let's move on to the variables

2
P = —ﬂ—ﬁ; py=—242 and t==r. Asaresult,
4 @2 8 ®
we will get a normal form for the system (23):
dq
@
dg (24)
d_jzﬁl +B2gs + 014> + i -

4p? 21 —
Accordingly, B, = _Lzl; B, :M.
o

For the system (24), the stationary points are deter-
mined by the formula:

(41:43) = (B 0). (25)

The stationary points have always existed, since

B, < 0. A linearization in the vicinity of these points re-
sults in the expression:

0 1
D= .
[J—r\/ B B EN-B ]
From expression (26) follows that the stationary

point (+\/E ; 0) is stable, while the point (—\/[T ;0)
is the source at 3, > /-, or the sink at B, </—f; .

Consequently, there is a Hopf bifurcation on the line

B, =+/—B;, and a «<saddle-knot» bifurcation is observed
on theline B, =0, B, # 0. The Hopf bifurcation and the

(26)

«saddle-knot» bifurcation are the only local bifurcations
of the vector field in the plane that occur in typical uni-
parametric families.

To examine the stability of the Hopf bifurcation,
we will make two variable substitutions in succession.
The first substitution allows to bring the vector field to a
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standard shape. Let’s suppose, that g; = ¢, +/—f; and

G> = q,. Then let’s move on to the normal form of the

vector field:
% =q5;
A LRT T
Now let’s perform a linear transformation using
the variables: g, =h,, ¢, = 2@ -hy. The matrix

of this linear transformation consists of the real and

(27)

imaginary parts of the eigenvectors corresponding to its

eigenvalues A, =+i\|2,/-f;. As a result, we obtain a

system of differential equations, the linear part of which
is written in the standard form:

dh] _ — . 1 2'
e \2+4-By h2+h1h2+—TH hys
dh

e NP

For the system (28), the first Liapunov value, that

(28)

characterizes the stability of the limit cycle [27], is deter-
mined by the relation:

h=—t (29)
16—,

Since /; > 0, it follows that the Hopf bifurcation is
subcritical, and we have a family of unstable periodic or-

bits that surround the sink (steady focus) if the following
relation takes place: B, <./—B;, though these values
differ little from each other.

Now let’s check whether there is a global bifurca-
tion of the separatrix loop type, for which the boundary
cycle disappears, and the stable and unstable diversity of
the saddle point «intersect». To examine such a bifurca-
tion, we return to the system of equations (24) and ap-
ply scaling transformations: ¢, = & g ¢ = &’ 2.
B =¢'0,, B= £*0,, further on, we will also intro-

duce a new time scale T — 1, where €2=0. Then the
system (24) takes the form:

dg

d_lzgzé

dt (30)
% =0, +e0,8, +£218, +g12.

Having analyzed the properties of the system (30)
using the Melnikov function [21], we find the lines of
global bifurcation in the plane (B,; #,). We obtain:

49
B, ~ —Eﬁg, B, >0. (31)
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The true bifurcation line touches this semi-para-
bola at the point 3, = B, = 0. It is also significant that the
trace of the «saddle» magnitude is positive:

12
D =P, +-B, “?Bz >0,

as result, the homoclinic orbit is the alpha-limit set for
the nearest points.

(32)

viates from the equilibrium position by conducting

a numerical-analytical study. Let’s consider the sta-
bility of the equilibrium position of the system (18), that
corresponds to the point z* = v* = L — k. For this point, the
system (18) takes the form:

I et’s illustrate the behavior of the system when it de-

%:(%—L)Z—k@—z%

t

N (33)
ﬂ =z — V.

dt

The matrix of the linear part of the system of dif-
ferential equations (33) has the following characteristic
equation, that allows us to determine the eigenvalues of
A of this matrix:

M H(L+o-LOr+o(l-k)=0.  (34)

Given that L, k and ® are positive numbers, the

condition for the stability of the equilibrium position is

that the coefficients of quadratic equation (34) are posi-
tive. That's what we get:

{l +w—Lk>0;

35
L—k>0. (35)

Assuming that L > k > o, we obtain £ < L+ @
Thus, we have defined the necessary constraint for the
regulating parameter £.

Analysis of the properties of the quadratic equa-
tion (34) allows us to conclude about presence of a pair of
complex-valued roots with a negative real part, indicat-
ing the presence of a stable focus near the equilibrium
position under study.

As an illustration, some test calculations were car-
ried out to simulate transitive processes when the sys-
tem deviates from the state of equilibrium. Accordingly,
the task was to select such values of the parameters of
the system of differential equations that it would be pos-
sible to model the variety of transitive processes. With
a sequential enumeration, it turned out that the most
informative were the phase trajectories, obtained at
the parameter values: L = 1, k = {0.4; 0.5; 0.6; 1.0} and
o = {0.25; 0,50}. Since it was necessary to determine
precisely the partial solution of the system of the dif-
ferential equations (33), for this purpose the follow-
ing relations were considered as initial conditions:
2(0)=0.2, v(0)=0. The results of the computations

are presented in the form of graphs reflecting the cross-
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section of the phase trajectory of innovative diffusion in
time by the planes Z = const and vV = const and at dif-
ferent values of the system parameters (Fig. 2 — Fig. 5).

As can be seen from the Fig. 2, at least two cycles
take place, the amplitude of which gradually decreases
until the system returns to a state of equilibrium. Let’s
check how the parameter o, characterizing the inertia of
the control system, affects this process (Fig. 3).

A comparison of the corresponding graphs in Fig. 2
and Fig. 3 shows that increasing the parameter o leads to
a faster transition of the system to a state of equilibrium.
The amplitude of deviation from equilibrium increases
significantly in the first half of the first cycle, and then
rapid growth is replaced by the same rapid decrease, at
this, the amplitude of fluctuations decreases faster than
at o = 0.25.

Further on, let’s consider how the behavior of the
system is affected by a change in the parameter £, that
characterizes the pressure of the control influence on the
diffusion of innovative processes. The comparison will be

0.06

0.04

0.02

-0.02

-0.04 ! | ! '

made for the case ® = 0.25, since at this value of the pa-
rameter o the return of the process of diffusion of inno-
vations to a steady state is characterized by quite distinct
fluctuations. The Fig. 4 shows the cross-sections of the
phase trajectory of the system at L = 1; k = 0.4; © = 0.25.
A comparison of the corresponding graphs in Fig. 2 and
Fig. 4. shows that the period of fluctuations in the cor-
responding period of transition to equilibrium remains
the same, but with a decrease of &, the amplitude of fluc-
tuations at the first stage increases, and then rapidly de-
creases in terms of time.

At k > 0.5, it becomes impossible to return the sys-
tem to a state of equilibrium. There comes a catastrophic
breakdown of stability (Fig. 5). Furthermore, this break-
down occurs at the moment when, at lower values of the
parameter & the system passes the lower point of the first
cycle of fluctuations.

Similar results will be obtained for other combina-
tions of parameters, provided that k£ > 0.5.

Thus, the analysis of the results of numerical experi-
ments shows that for sets of parameters, when conditions

Fig. 2. The cross-section of the phase trajectory of the system development at the parameter values: L = 1; k= 0.5; ® = 0.25

Source: developed by the authors.

=y
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0.02 |- o
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Il

-0.02 | | | |
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1l

~0.05 L L ! !
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Fig. 3. The cross-section of the phase trajectory of the system development at the parameter values: L = 1; k=0.5; ® = 0.5

Source: developed by the authors.

170

BISBHECIHOOPM N¢ 10_2023

www.business-inform.net




0.06 :

0.05 |- =
0.04 -
0.03 .
0.02 N

0.01 const

Ny
Il

~0.01 ! ! ! !
0 10 20 30 40

0.06 1 1 1

0.05 - n
0.04 n
0.03 N
0.02 n

= const 1

<

001 |~

~001 ] | I \
0 10 20 30 40 5¢°

Fig. 4. The cross-section of the phase trajectory of the system development at the parameter values: L = 1; k= 0.4; ® = 0.25

Source: developed by the authors.
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Fig. 5. The cross-section of the phase trajectory of the system development at the parameter values: L = 1; k= 0.6; » = 0.25

Source: developed by the authors.

(35) and 0 < k < 0.5 are met, the solution of the system of
differential equations (33) with respect to the significant
indicator, which characterizes the process of diffusion of
innovations as a system with feedback, taking into ac-
count the overregulation for a finite number of time steps,
acquires a constant value, that is, the system approaches
the state of equilibrium. At k£ > 0.5, a return to a state of
equilibrium becomes impossible. Thus, thanks to the com-
putational experiment, the presence of the area of param-
eters of the control influence, which is aimed at ensuring a
certain level of equilibrium of the dynamic process of evo-
lution of an innovative product, is demonstrated.

CONCLUSIONS

The paper applies the method of nonlinear system
dynamics to modeling the diffusion of innovations at
the present stage of economic development, that allows
to carry out a qualitative analysis (along trajectories in
phase space) of the process of innovation diffusion un-
der the conditions of control influence. Owing to the
carried-out analysis, it can be concluded that the pre-
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sence of nonlinearity leads to fundamental changes in the
behavior of the system depending on the direction and
intensity of this influence. As a result, the system can be-
come structurally unstable, that leads to the appearance
of undesirable bifurcations of various types, followed by
a catastrophic loss of stability.

The influence of the control parameters on the non-
linear dynamic properties of the process of innovations
diffusion as a complex ecosystem is analyzed. Particular
attention was paid to the structural stability of the regu-
lated innovation process, when both equilibrium posi-
tions are very close to each other in terms of parameter
values. If the parameter £, that characterizes the feedback,
is approximately equal to the equilibrium level L at p, = 0,
then the two equilibrium positions «merge» into one
and annihilate. Then a catastrophic loss of stability as the
«fold-type» bifurcation is observed.

In the case when the parameter £ is close in value
to 0.5(L + ), an unstable limit cycle with a rigid self-
fluctuation mode is born in the ecosystem of innovative
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development from a complex focus. The loss of stability
in this case is irreversible (hysteresis) in nature.

The theoretical conclusions obtained in the study
are confirmed through the use of simulation modeling.
This mathematical instrumentarium can also be used
to determine the behavior of real economic objects and
systems, laying in the calculations the real values of the
parameters that characterize this object, and the param-
eters of the control influence.

Since the described phenomena are associated
with the abrupt volatile disturbances in equilibrium, they
can lead to the collapse of the innovation market. This
situation is especially dangerous when the regulation of
the investment process is carried out at the State level.
Therefore, in order to ensure a stable mode of function-
ing of the regulated innovation process, it is necessary to
apply a system approach and determine the parameters
of the system under which certain types of bifurcation
can take place in the system.
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Knumenko H. A., Koctenko I. C., Benoyc A. O. AHani3s nonuty Ha ocBiTHi nocnyrn 3BO Ykpaitu
B YMOBaX Cy4acHUX BUKNMKiB

Mema cmammi nonseae 8 0ocaidxeHHi nonumy Ha 0CceimHi nocsyau 6 YKpaiki nio enausom ekoHOMIYHUX, MOAIMUYHUX | CoyianbHUX hakmopis, wjo diloms y
KpaiHi. Ceped 20108HUX (hakmopis, Wio 8naAUBAKOMb HA NonuM ocsimHix nocaye: naHdemis COVID-19, nosHomacwmabHe 8mopeHeHHs pocilicoKoi hedepayi
Ha mepumopito YkpaiHu ma, Ak Hacnidok, — miepauitiHi npoyecu, pyliHy8aHHA 0C8IMHbOI iHGpacmpykmypu, 3MiHa CmpyKMypu puHKy npayj, 6roxemHe 06-
MEX(EHHS, CKOPOYEHHS iHAHCY8AHHSA 30 PaXyHOK 00M020Cro0apCcMe mowjo. [1p02H03080He 3HAYEHHA CKOPOYEHHS MONUMY Ha 0C8imHi mocayau (KinbKicmo
scmynHukis) 0o 2025 p. Ha ocHosi docnioxeHux napamempis y cepedHbomy cmaHosums 10%. [posedeHo KopenayiliHuli ma peapecitiHuli aHani3 a8 docni-
O3eHHs monumy Ha oceimHi nocayau 3akaadie suwjoi oceimu (3B0) 3anexHO 8i0 0OCHOBHUX OemM02pPaghitHUX, EKOHOMIYHUX | IOAIMUKO-COYIANbHUX MOKA3HUKIB.
32i0H0 3 aHaNi30M KopenayjiliHoi Mampuyi hakmopamu, Wwo mMarme 8uCoKuUll piseHb MiCHOMU 830€M036 43Ky ma MpaMull 8MAUS HA KinbKICMb 8CMYMHUKig 00
3BO, € KinbKicmb 8UMYCKHUKIB WK, KinbKicmb HaceneHHs sikom 16-59 pokie ma pieeHo 3aliHamocmi. ObepHeHuli 8nAU8 HA KinbKicMb 8CMYNHUKIE MaroMb
Maki harkmopu, SK 3HUMCEHHA sumpam Ha oceimy, naHdemis COVID-19, okynayis. ¥ po6omi po3ensHymo 0ocnioxeHHs egpekmusHOCMi 0epHagHo20 peysto-
BAHHA 8CMYNY Ha 6HO0HEM 30 OKpemumu creyianbHocmamu. s ybozo byn10 sukopucmaHo daHi wodo pesyasmamie ecmynHoi kamnaii 2023 p. 3 EQuHoT
OepasHoi enekmpoHHoi 6a3u 3 numaxe ocsimu. BuseneHo, wo y 2023 p. Halibinbwum MonuMom Kopucmyrmbsca CreyianbHoOCMi, 08’A3aHi i3 coyianbHUM
ma ¢inonoaiuHum Hanpamom ([lcuxonoeis, HypHanicmuka), @ makox mi, Wo mMarome ycmaneHe 3Ha4eHHA W00 npecMudcy ma npayesaawmysarHs (Cmo-
mamonoeisi, MixtHapoOHi 8idHocuHuU, cneuianeHocmi 3a IT-npodpinem mowo). Hamomicmo HalimeHwud nonum —y creyianbHocmel iH#eHepHo20 cnpamy-
B80HHSA, 0e KOHKYPC CMaHoBUMb 08i 358U HA mpu b100XemHi micys. Y cmammi 8UKOPUCMAaHO eKoHoMempuYHi Memodu aHanizy Yugposoi iHghopmayii, npo-
8e0eH0 aHani3 MoOesi 8nausy Mid MOKA3HUKamu MpoxidHo20 6aay ma 302anbHUM KOHKYpcom. HadaHo pekomeHdayii wiodo nepe2asdy mosimuku nputiomy
ma KOHKypCHo20 8i06opy cmydeHmig 3a OKPeMUMU CrieyianbHOCMAMU, 8pAX08YHYi iCHYIoYi ycmasneHi meHOeHYii wodo monumy Ha iHxeHepHi cneyiansHocmi
ma 3 ypaxy8aHHAM hakmopa oKynayii mepumopii KpaiHu ma, AK HACAIOOK, 3MiHU cmpyKMypu 8uPOBHULMSEa Ma nompeb Ha PUHKY NPayi.

Kntouosi cnosa: puHok ocsimHix nocnye, oceimxs mocayaa, suwa ocsima, monum, nPOMO3uyis, KOHKYPC, MpoxioHull (miHimaneHull) 6as, ekoHoMempuYHi
MoOdei, KoegiyieHm Kopenayii, KoegiuieHm demepmiHayii, noxu-6xa, eiliHa, naHOemis.
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