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The article considers the main approaches to synergetic management of innovation processes, which determine the sustainable development of the modern
economy as a knowledge economy. In this case, economic development is understood as a significantly nonlinear process that occurs in an open system and
can have a jump-like nature when transitioning from one stationary state to another or even to a chaotic state. The feasibility of using the synergetic principles
to create efficient mechanisms for managing innovation activities is substantiated. The main factors that determine the effectiveness of implementing new
technologies and innovative products in the conditions of a knowledge economy are identified. A mathematical model of nonlinear dynamics is proposed that
describes the process of new technologies diffusion in self-organizing systems. For this purpose, a logistic curve was used, the determination of which was car-
ried out using an ordinary differential equation with respect to the first-order derivative of a technologically and economically significant indicator character-
izing the new technology. Formally, synergistic control is implemented as additional negative feedback in the basic differential equation describing the state of
the system. To characterize this control effect, the quadratic function of the significant indicator is used. The analysis of the influence of the parameters of this
function on the presence of equilibrium states in the economic system and the stability of these states is carried out. The conditions under which a catastrophic
failure of stability may be observed due to the appearance of bifurcations of various nature are determined. Therefore, the presence of nonlinearity in the struc-
ture of the controlling influence on the innovation process dynamics radically changes the behavioral properties of the studied system, making it structurally
unstable. Based on the conclusions regarding synergistic management, according to the proposed mathematical model, it is possible to prevent negative trends
in the evolution of the innovation process to ensure the implementation of the economic strategy of sustainable development.
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Manspeys /1. M., BopoHiH A. B., lle6edesa I. /1., /le6edes C. C. MamemamuyHi modeni duHamiKu 8 ynpaeniHHi inHosayiliHum npoyecom
Y cmammi po32asHymo ocHo8Hi nidxodu 00 CuHepeemuyHo20 ynpaeniHHa iHHoBaUitHUMU Mpouecamu, wo 0bymoeorme cmanuli po38UMOoK Cy4acHoi exo-
HOMIKU SIK eKOHOMIKU 3HaHb. [1pu 4yboMy Mi0 eKOHOMIYHUM PO38UMKOM PO3yMIEMO icmomHo HeniHiliHuli npoyec, Akuli eidbysaemoca y sidkpumiti cucmemi
i moxe mamu cmpubkonodibHuli xapakmep npu nepexodi 3 00H020 CMAYOHAPHO20 CMaHy 8 iHwuli abo Hasimb y xaomuyHili cmaH. O6rpyHmosaHo do-
YinbHicmb BUKOPUCMAHHA NPUHYUNIG CUHEp2emUKU 0415 (opMy8aHHSA e(heKMUBHUX MeXAHI3Mie ynpasiHHA iHHo8ayiliHow OisnbHiCMI0. BU3HaYeHO OCHOBHI
(hakmopu, wo 8naUBAOMb HA Pe3yabMamueHicme iMnaemeHmayii Ho8imHix MmexHosozili Ma iHHOBAYIlIHUX IPOOYKMie 8 yM08ax eKOHOMIKU 3HaHb. 3anpono-
HOBAHO MaMeMamuy4Hy Modenb HeniHiliHoi QUHAaMIKU, ujo OnuCye MPOYEC esotouii HosimHix mexHonoeili y cucmemax i3 camoopeaHizauiero. [as yso2o 6yno
30CMOCOBAHO /102ICMUYHY KpUBY, BUSHAYEHHA AKoI 30ilicHI08aN0CL 30 00MOMO20k0 38U4aliHO20 OuhepeHyianbHO20 PiBHAHHA BIOHOCHO NOXIOHOI Nepuwiozo
n1opAOKy 8i0 MeXHON02iYHO M eKOHOMIYHO 3HAYYW020 MOKA3HUKA, W0 XaPaKMepu3ye HOBIMHI mexHosnozito. PopmanbHO cCuHepaemuyHe yrpassiHHa peani-
3080HO AK 000amKo8uli HecamugHuli 380poMHuL 38'330K y 6a3080My OuchepeHyianbHOMY PieHAHHI, U0 OMUCYE CMAH cucmemu. A5 XapakmepucmuKu ybo2o
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Kepyr4020 8ausy 3acmoco8yeMbCs KBAOPAMUYHA (PYHKYiS 3HAYYUW020 MOKA3HUKA. [TposedeHO aHani3 8naugy napamempis yiei hyHKyii Ha HaseHicmb 6 exo-
HOMIYHIli cucmemi pigHosaxHUX cmaHie ma cmilikicme yux cmatie. BUsHa4eHo yMosu, Mpu AKUX MOXce cnocmepiezamuca KamacmpogiyHuli 3pus cmilikocmi,
wo nog’s3aHo 3 noAgoro bihypkauyili pisHoi npupodu. Omae, HaseHicMb HeniHiliHOCMI 8 CMpyKMYpi Kepyr4020 8nausy Ha OUHAMIKY iHHOBAUITIHO20 Mpoyecy
00KOPIHHO 3MiHIOE M0BEDIHKOBI 8AACMUBOCMI A0CAIOHYBAHOI cucmemu, pobasyu if cmpykmypHo Hecmilikoto. CIUPaKYUCh HA BUCHOBKU W00 CUHepaemuy-
HO20 ynpaeniHHi, 32i0HO i3 3arPONOHOBAHOK MAMEMAMUYHOK MOOEAH MOXCHA 3amobizmu HezamusHUM meHOeHyiam esontouii iHHosayjiliHo20 npoyecy 09

3a6e3neyeHHA peani3ayii ekoHOMI4YHOI cmpamezii cmasnozo po3guUMKy.

Knroyosi caosa: dughy3ia iHHosayil, CuHepaemuyHe ynpasniHHs, CaMoop2aHi3ayis, 102ICMUYHa GyHKUis, 380p0MHUL 38’A30K.
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he modern state of the economy is defined as a

knowledge economy. In this context, human-

ity faces the challenge of finding innovative
paths for development, since the creation of cutting-
edge technologies and their effective implementa-
tion in all spheres of life enables sustainable develop-
ment not only of the economy but also of society as a
whole. Throughout the 20th century, the conception
of sustainable development has undergone significant
changes, shifting from its initial focus on the envi-
ronmental dimension of economic growth to its con-
temporary understanding, which is presented in the
form of the 17 United Nations Sustainable Develop-
ment Goals [1], adopted in September 2015. In light
of these global goals, sustainable development should
be understood as a structural synthesis of the impera-
tives of economic, environmental, and social stable
evolutions, whose course is coordinated at the global,
national, and regional levels. Thus, the conception of
sustainable development, which is a new paradigm of
the 21st century, currently has a systemic synergistic

The Fundamental, State Budget-Funded Research Work «Ensur-
ing the Innovative Development of Export-Import Activities of
Economic Entities in the Public Sector of the Economy under the
Martial Law and in the Post-War Conditions». State Registration
No.0123U102012.
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nature, as it involves coordinated actions within an
open system of a certain level.

In this study, economic development will be
understood as a substantially nonlinear process that
can occur in the form of abrupt transitions from one
stationary state to another. Traditional linear models
often do not allow for accounting for rapid changes
in market trends, irregular and unpredictable fluc-
tuations observed in real economic systems [2; 3].
Advanced mathematical models that consider the
nonlinear dependence of the system’s state on initial
conditions provide a more accurate understanding of
the complex dynamics of the evolution of technologi-
cal and socioeconomic systems [4-6, etc.]. Thus, for
forecasting innovation-driven development to be ef-
fective, it should be based on Kondratiev’s theory of
prediction [7; 8] and Schumpeter’s theory of innova-
tion [9], which are currently elaborated in the works of
numerous contemporary scholars [10-13, etc.].

A fundamental prerequisite for substantiating
qualitative forecasting of processes of any kind is the
concept that predicting evolutionary paths relies on
calculating the interaction of statistical indicators that
determine the state of equilibrium and cyclic dynam-
ics, where coherence of cycles of different durations
occurs, as well as sociogenesis, i. e., the formation of
social consciousness. In response to the demands of
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the time, a new integrative science is now emerging —
synergetics — which studies self-organization pro-
cesses and encompasses nearly all fields of modern
knowledge about nature, technology, and economics.
This generalizing interdisciplinary science is based on
nonlinear dynamics and the thermodynamics of irre-
versible processes.

There are two main approaches to understanding
synergy as a natural phenomenon. The first approach
was proposed by H. Haken [14; 15], and the second by
L. Ansoff [16]. The emergence of synergetics as an inde-
pendent scientific field dates back to 1969. It was then
that the German physicist Hermann Haken began us-
ing the term «synergetics» when teaching a course on
the theory of laser radiation. The essence of this sci-
entific field is that in open systems, which exchange
energy, matter, and information with the environment,
processes of spontaneous self-organization occur —
that is, processes in which stable, ordered structures
with new properties emerge from chaos. Furthermore,
it is important to emphasize that nonlinearity, in a
broad sense, implies that the result of the interaction
of system elements exceeds the sum of the results of
these elements acting individually. In other words, in-
stead of additivity, multiplicativity occurs. This should
be taken into account when constructing mathemati-
cal models of such systems [17-19, etc.]. Although
the foundations of synergetics as a scientific discipline
were developed within theoretical physics, these ideas
are effectively applied in engineering, biology (swarm
effect and butterfly effect) [20], sociology (team effect)
[21; 22], economics [23-25], management theory [26],
and so on. In general, the synergetic effect manifests as
an increase in the efficiency of resource use, not only
material but also immaterial [27; 28].

ffective application of synergetic ideas in the

management of economic entities requires a

fundamentally new perspective on the nature
of management and self-governance processes. This
new perspective implies a shift from the notion of the
unpredictability of an economic system’s behavior as
a dissipative structure to its directed movement along
desired trajectories — attractors. An attractor refers to
a set of states of a dynamical system — points of attrac-
tion toward which the system moves over time along
phase trajectories, that is, a subset of states in the phase
space of a dynamical system that the system tends to-
ward regardless of initial conditions [29-31 et al.]. In
economics, an attractor is an innovative solution that
rapidly changes the market conjuncture and promotes
the allocation of resources to a new direction of de-
velopment. Other characteristics of the dynamical sys-
tem also adjust to these changes, so the system itself
synthesizes this targeted self-organization. According

100

to this approach, an attractor defines the essence of a
process, which involves self-governance according to
an established goal. Within the theory of dynamical
systems, this means guiding the corresponding system
to a specific final state regardless of its initial state. Ac-
cordingly, the perspective on the management prob-
lem changes, there is a gradual transition to modern
ideas of synergetics, and a synergetic management
theory is developed as an embodiment of the prin-
ciples of self-organization in addressing management
issues [32-34]. The main features of the synergetic
management theory are, first, a fundamental change
in the goals of the behavior of synthesized economic
systems, second, the direct consideration of the natu-
ral properties of nonlinear objects in synthesis proce-
dures, and third, the formation of a new mechanism
for generating feedback.

nlike the classical theory of optimal control,

in the synergetic approach to synthesizing the

goals of economic development, the operation
of a closed nonlinear system involves not only fulfill-
ing certain requirements regarding the nature of the
transitional process but, primarily, ensuring the de-
sired asymptotic convergence of the original system
to the attractor. This is due to the circumstances that
the behavior of any nonlinear dissipative system can
be divided into a stage of transient motion, when its
trajectories move toward an attractor, and a stage of
asymptotic motion on the desired attractor. This ap-
proach allows for fundamentally solving the problem
of analytically synthesizing objective laws for control-
ling nonlinear objects.

In particular, all the above-mentioned points suf-
ficiently apply to many economic processes with qua-
dratic nonlinearities, which are defined by so-called
logistic curves. In this case, the logistic equation can
be considered a universal tool for describing real eco-
nomic processes and phenomena, with which it is pos-
sible to analyze the patterns of evolution of economic
systems and ensure efficient forecasting.

The aim of this article is the construction of a
mathematical model of a nonlinear regulator that de-
termines the diffusion of the innovation process. The
use of such a regulator allows ensuring the efficiency
of synergetic management, the purpose of which is to
bring the system to a predetermined level (equilibrium
value) of a characteristic indicator that reflects the dif-
fusion of an innovative product, and also creates con-
ditions to prevent the emergence of undesirable bifur-
cations and catastrophes.

The evolution process of the newest technologies
(innovations) can, in its simplest form, be described
using a logistic curve, which is defined by an ordinary
differential equation of the following type:
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dx

dt = y(x—a)(b_x)7 7/ > 0’ (1)

where ¢ is time, i. e,, a variable that reflects the mo-
ments when economic agents incur expenditures on
the development of new equipment or technology;

x = x(t) is a technologically and economically sig-
nificant indicator characterizing this new technology
(innovation);

y is a scale parameter, the reciprocal of which
represents the characteristic time of the transitional
process in the original model;

a and b are positive constants that bound the val-
ue (from below and above, respectively) of the charac-
teristic significant indicator x(¢) of the functioning of
a given technology. Here, 4 is the lower bound of (%),
representing the initial (starting) extremely low capa-
bilities of implementing the latest technology, and b
is the technological limit or potential, reflecting the
possibilities of x(¢) maximum growth [35].

s expenditures increase, regardless of how they
are measured, for the implementation and fur-
ther improvement of the latest technology (in-
novation), its characteristic significant indicator can
only increase. Therefore, the function x = x(¢) is smooth
and increases over its entire domain. The fact that the
growth rate of the quantity x(t), according to the inter-
nal logic of equation (1), is directly proportional to the
distance of this quantity from its initial capabilities in-
dicates that the function x = x(t) grows faster the great-
er this distance. On the other hand, the growth rate of
the function x = x(¢) is proportional to the magnitude
of (b — x), which implies a slowdown in the growth rate
of the function x = x(t) as the exponent value of x(z)
approaches its technological limit. It can be stated that
the differential equation (1) is a mathematical formal-
ization of the law governing the mutual transition of
quantitative and qualitative changes during the imple-
mentation of cumulative processes in the economy.
The equation (1), supplemented by the initial
condition x(t = 0) = x,, has an explicit solution in time:

(b-a)f ()
fO+K "’
where f(1)=exp((b—a)yt);
Kis an arbitrary constant that depends on the
initial condition x(t = 0) = x,,.

x(t)=a+

(2)

Furthermore, the differential equation (1) has
two singular solutions: x] =a and x5=b. Concern-
ing the particular solutions, which represent equilib-
rium positions, let us note that x} =a is an unstable

equilibrium, whereas x; = pon the contrary, is a stable
equilibrium. The economic significance of these facts
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is contained in the previously presented description
of the parameters 4 and b of the original differential
equation (1). Thus, formula (2), along with the cor-
responding commentary, provides a comprehensive
description of the phenomenon of self-organization in
the process of innovation diffusion.

influence the dynamics of an evolutionary pro-

cess. The need for this step can be justified by
various reasons. We may not be fully satisfied with the
values of the equilibrium states of the process under
study and may want to change them in a desired direc-
tion through some external influence. In this case, the
goal of managing the system is to reach an attractor
corresponding to a new equilibrium position. A sub-
stantive reason for introducing a controlling influence
on the process of innovative self-organization may
be either the entrepreneurial initiative of innovators
or the need to improve the efficiency of measures for
State regulation of innovation activities. In a synerget-
ic economy, positive and negative feedback loops play
a key role in shaping development dynamics. Positive
feedbacks typically lead to accelerated changes and
explosive growth, whereas negative feedbacks serve
a stabilizing function, preventing the development of
bifurcations of various kinds and balancing the state
of the system. Both positive and negative feedbacks
can be considered important factors that enhance the
properties of an open nonlinear system [36-38].

Formally, we will implement control as an addi-
tional negative feedback in the basic system equation
(1). Then the differential equation (1) with y = 1 takes
the form:

I et us consider a situation where it is necessary to

ﬁz(x—a)(b—x)—u, (3)
dt

where u = @(x) is the nonlinear control influence. We
will assume that the function @(x) is quadratic with
respect to the variable x and can be explicitly repre-
sented as:

P(X)= @+ X+¢,x2, (4)
where @, and ¢, are only positive numbers, and the
sign of ¢, can be arbitrary. We deliberately do not fix
the sign of ¢, to describe deviations from linear con-
trol in both directions.

After substituting the function u = ¢(x) in explic-
it form (4) into differential equation (3), we obtain the

following differential equation:

%:—((00 +ab)+(a+b—@)x—(p, +1)x*. (5)

Clearly, the structure of the singular points (equi-
librium positions) of the differential equation (5) is de-
termined by the solutions of the quadratic equation:

((02+1)x2+(¢1—a—b)x+¢0+ab:0, (6)
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which has the discriminant of:

D = (¢ —a—b)?> —4(p, +1)( + ab). (7)

From expressions (6) and (7), it follows that there
are two positive equilibrium positions if the condition
D > 0 for equation (5) is satisfied. If D < 0 the equilib-
rium position is absent. Furthermore, a double equi-
librium position may appear under condition of D = 0.

Suppose there is an inequality of ¢, + 1> 0, i. e.
9,>-1. Then, similar to differential equation (1), it can
be shown that in (5) the larger equilibrium position is
stable, while the smaller one is unstable.

en the distance between the two singular
points of equation (5) is a small value, the
system under study exhibits complex be-

havior. In fact, structural instability occurs as a conse-
quence of a saddle-node bifurcation. For a specific anal-
ysis of the topological properties of this bifurcation, we
transform equation (5) into a form corresponding to
the normal one. To do this, we introduce a new variable
that depends linearly on the original variable:

X(t) = 2y(t)+a+b—g; . (8)
2(pp +1)
As a result of the transformations, we obtain:
dy
— =g - 2 S 9
" y 9)
2
—a-b
where o =2 +ab_((p1 e ; .
P2+l 4(py+1)

The differential equation (9) is the normal form
of a saddle-node bifurcation [39; 40, etc.] provided that
-D

2
4(@2 + 1)
equation (9) describes the behavior of model (5) in a
small neighborhood of a double equilibrium position.

4 I Vhus, at a > 0 the system (9) has two equilibrium
positions — stable and unstable. At a = 0 these
two equilibrium positions merge, they form a
single «semi-stable» equilibrium, and at a < 0 no equi-
librium positions exist in the system.

Let us examine more closely the behavior of
the stable equilibrium. As the coefficient of the linear
controller @, approaches its critical value, at a = 0 an
«equilibrium breakdown» occurs with a catastrophic
loss of stability. This corresponds to a type of catastro-
phe known as a «fold-down» [41; 42 etc.].

If ¢, + 1 <0, that is, 9, < -1, it is easy to show
that a transcritical bifurcation occurs, which has two
branches with different tangents, the so-called «stabil-
ity exchange» bifurcation. If we introduce one more
assumption that with a negative coefficient ¢, may be
negative and the following conditions are satisfied:

the magnitude of o is small. Since o = , the

102

@y =—ab, oy =a+Db, (10)
then the differential equation (5) takes the form:
dx 2
—=—(pp +1)x".
= (@ +Dx (11)

The differential equation (11) is a typical exam-
ple of a system with strong positive feedback and can
describe a regime with exacerbation. The solution of
equation (11) is written in the form:

x()) = 2. (12)
1+X0(¢72 +1)t

It is obvious that the solution (12) exists only up
1
xo(py +1)
the moment of escalation itself depends on the initial
value of Xy The larger the X the shorter the duration
of existence of the solution. This means that a certain
real process can, for some time, be described by equa-
tions whose solutions grow in an escalation regime.
In that case, trying to predict the course of a linear or
more complex interpolation is doomed to fail. At this,
the approach of «planning based on achievements»
and the logic of «tomorrow will be almost the same as

today» become inapplicable.

%
to the time instant of ¢ =- Moreover,

CONCLUSIONS

Based on the analysis conducted, one can reach the
sobering conclusion that the presence of nonlinear con-
trol influences on the dynamics of the innovation pro-
cess fundamentally changes the behavioral properties of
the system under study, making it structurally unstable.
This situation triggers the occurrence of undesirable bi-
furcations, accompanied by a catastrophic loss of stabil-
ity. Therefore, the most important aim in establishing
management rules is to prevent negative trends in the
evolution of the innovation process while implementing
a sustainable development economic strategy. u
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