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IMITATION OF COMPENSATOR AND ADAPTIVE PROCESSES
IN BIOSYSTEMS

Introduction. The functioning efficiency of any biosystem (BS), regardless of its hierarchy
level, depends on its adapt ability to changes in the environment or its state. Adaptive proc-
esses are implemented at the molecular, subcellular, cellular, tissue, organ, systemic and
organismal levels. This adaptation can occur with the help of various mechanisms, has dif-
ferent dynamic characteristics, be accompanied by different energy costs and be more or less
efficient. In this regard, it is expedient to identify as accurately as possible the type of adap-
tive process and assess its stressfulness for BS. In our opinion, such a classification can be
carried out by formal markers of adaptive processes (by graphs) using mathematical meth-
ods of their description.

The purpose of the paper is to develop a formalized classification of adaptive processes
types based on mathematical modeling of their dynamics.

Methods: structural and functional modeling using the approaches and mathematical
apparatus of the theory of automatic control, using differential equations, probabilistic ap-
proaches and graphical analysis.

Results. The structurally functional model of the adaptive process is presented as three
connected subsystems. The output process of the first subsystem is described by an exponen-
tial function with a constraint, of the second — a logistic (S-shaped) function, of the third —
their difference, i.e. unimodal curve.The operation of such a system is considered for differ-
ent ratios of the parameters of the transfer functions of the subsystems (conversion factors
and time constants). It is proposed to use the output function of this system as an identifier of
various types of adaptive reactions: adaptation, compensation, reparative regeneration and
a pathological process. Criteria for definition of such a distinction are proposed using inte-
gral and dynamic characteristics of mathematical models.

Conclusions. The proposed three-block diagram of the adaptive process makes it possi-
ble to perform its mathematical description in the simplest and most adequate form. Based on
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the paradigm of one-to-one correspondence of the structure and function of the adaptive
process, it is possible to calculate the parameters of the subsystems involved in organizing
the systemic response in response to external influences using the actually recorded graphs
of thees adaptive processes. their conversion coefficients and time conctant. The systemic
representation of the biosystem work gives us the probabilistically represent the participa-
tion process of the constituent subsystems when an external influence changes (evolutionary
transformations). The developed criterion system allows, according to the graphs of the
dynamics of the output function of a real biomedical research, to determine the type of adap-
tive process, that is, to correlate it with specific biological mechanisms and to assess the
degree of its "pathology" for the biosystem.

Keywords: information technology, system approach, structural and functional modeling,
approaches to the theory of automatic control, differential equations, probabilistic methods,
graphic analysis.

INTRODUCTION

The functioning efficiency of any biosystem (BS), regardless of the level of the
hierarchy, depends on its ability to adapt to changes in the environment or its
state. Adaptive processes are implemented at the molecular, subcellular, cellular,
tissue, organ, systemic and organismal levels. This adaptation can take place
with the help of various mechanisms, have different dynamic characteristics, be
accompanied by different energy costs and be more or less efficient.

In biomedical terminology, which is most fully represented in pathological
physiology, the whole complex of adaptive reactions is called adaptive or com-
pensatory-adaptive processes. The history of their formulation and clarification of
differences in mechanisms lasts more than a century [1-4]. Currently, pathological
physiology distinguishes some stages: activation of the biosystems functioning,
relatively stable compensation and energy exhaustion (decompensation) [5].
Accordingly, in terms of severity (manifestation/ intensity), the processes are re-
ferred to as physiological adaptation, restorative (reparative) regeneration and
pathological regeneration. Pathological manifestations can manifest themselves in
various pathological processes: atrophy, hypertrophy, organization and rear-
rangement of tissues; metaplasia, etc. [6].

Consequently, based on the system concepts of the organization and function-
ing of the BS, we can say, that it is clear that processes can occur either with small
changes, during which the BS "independently" adapts to the changed conditions of
existence, or is forced to use mechanisms of interaction with other biosystems to
use their resources in order to compensate for violations of its functioning.

In fact, we are talking about the distinction between relatively natural and
acceptable for the body reactions from relatively "pathological" and much less
acceptable for the body response to external influences. In this regard, it is obvi-
ous that it is expedient to identify the type of adaptive process as accurately as
possible and assess its stressoriness for BS.

To our mind, such a classification can be performed according to the formal
markers of the dynamics of adaptive processes using mathematical methods of
their description.

The purpose of the paper is to develop a formalized classification of vari-
ous types of adaptive processes in biosystems based on mathematical modeling
of their dynamics.
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RESEARCH METHODS

As the main method for the formalized description of adaptive processes, we
will use structural and functional modeling using the approaches and mathe-
matical apparatus of the automatic regulation theory [7, 8].

In this case, we are guided by the basic postulate that any biological adap-
tive process can be characterized by a certain output function and a certain struc-
ture. Accordingly, its description can occur at the structural, functional or struc-
tural-functional level [9, 10, 11].

As a rule, in the course of biosystem adaptive reactions, certain structural
changes occur. The number of actively working subsystems changes, connec-
tions between them are broken or formed, redundant elements are connecting or
overloaded (faulty) elements stop working etc. All these structural changes, of
course, manifest themselves in a system output function change.

The mutual influence and connection between the structure and function of
the system seems to be so rigid that it makes it possible to unambiguously link
changes in the function of the system with changes in its structure. That is, an
adaptive change in the structure entails a change in function, a change in func-
tion indicates a change in structure. Consequently, the structure of the BS within
this approach can be judged by its function.

STRUCTURAL AND FUNCTIONAL MODEL
OF THE BIOSYSTEM ADAPTIVE RESPONSE TO EXTERNAL IMPACT

Let us consider the simplest structural-functional model of the adaptive response
of some BS in response to the action of some harmful environmental factor.

We will use the following assumptions.

1. Homeostatic functioning of any BS presupposes the existence of oppo-
sitely directed processes in it, capable of both increasing the values of the func-
tioning indicators and decreasing them.

2. To organize an adaptive response in each BS, it is necessary to assume
the presence of, at least, three subsystems that implement the mechanisms of
perception, regulation and transmission of a signal outside the BS.

3. The final adaptive response of the integral BS is the result of the interac-
tion of these three subsystems.

Thus, the structure of the studied bioprocess should be presented in the form
of, at least, three blocks. Moreover, the most adequate structure that meets the
formulated conditions is the block diagram shown in Fig. 1.

In Fig. 1, the used notation is traditional for the theory of automatic control.
Namely, W is the transfer function (operator of transformation "input — output"),
p is Laplace operator (p = d/dt).
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Fig. 1. Block diagram of a ring connection of three subsystems

Let us further assume that the first and second blocks are inertial links, and the
third is just an adder with a certain transformation coefficient &3, to which the signal
from the first block arrives with the “+” sign, and from the second one — with the “-”
sign. Then the transfer functions of these blocks will be written as follows:

(- ).

X(p) Tp+1

) [ k).
%(p)‘x(ﬁ)‘[npuj’
W, ()= Y, (p)

(o) -hip)

where k;, &, k; are conversion factors (amplification or attenuation) of signals arriv-
ing at the corresponding blocks, T;, 7, — time constants of the first two blocks.

Passing from the operator representation to the corresponding differential
equations, we obtain the system:

dy
T—L+y =kx;
U V1=K

dy
Tsz7+(T1 +T2)7t2+y2 =kk,x;

V3 =k3(y1—y2),

where x denotes an input signal (action).
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The solution to the system of equations is the following functions:

yl(t):kl){l—e_r‘}
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y2=k1k2x[l— Ll 42 eTZJ.
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Therefore, the representation of the output function of the entire system will
be written as follows:
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Graphs of all three functions are shown in Fig. 2.

Let's consider in detail the functions of these subsystems (blocks).

The first block is under the influenced and plays a barrier protective role. In it, bi-
otransformation (with a coefficient k) of the input signal (x) takes place into a form
adequate "for perception" by the entire system. Signal transmission into the biosystem
occurs with some inertia (determined by the time constant 77), which is a characteristic
of any biological process. The coefficient of transmission (conversion) has a value
determined by the strength of the action (x) of the external signal and the capabilities
of this subsystem. If the input signal is constant, the output function from this block is
an exponent (y; in Fig. 2) with an asymptote k; x.

Y

kv

Fig. 2. Output functions of the three-block structure links
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Thus, since the input of the second block receives not a constant, but an exponen-
tially increasing signal from the first block, the inertial processes of the second block
lead to an even greater "pulling” of the signal (3, in Fig. 2) and the transformation of
its output function into an S-shaped form (logistic function) with an asymptote deter-
mined by the coefficients of both blocks and the influence force (k k, x).

At the third, output block, mutual analysis and comparison of signals from
the first and second blocks takes place. Since they have different directions, they
are subtracted in the third block. In addition, on this block, the signal is ampli-
fied (or attenuated) with a coefficient k3 and is converted from codes "under-
standable" inside the BS to "outer codes".

All the regulatory mechanisms that implement the actual adaptive process
are combined by us in the second subsystem (block). The impact indirectly com-
ing on the third block through the first block seeks to bring its function beyond
normal homeostatic oscillations. External influence reaches the second block
also indirectly through the first block. In order for the second block to realize its
adaptive task, the signal that is generated on it must come to the summing third
block with a sign opposite to the signal from the first block. However, since
second block signal lags behind the function of the first block, in the third block
changes firstly develop until the opposition from the second block arrives.

If the signal gain in the second block is small compared to the gain of the
first block (ky < ki), this opposition can simply slow down the growth of the
system output function or transfer it to a stable stationary phase (y; in Fig. 3).

If the gain on the second block is close to the gain on the first block, then
the signal from the second block will inertially "extinguish" the first signal, and
the deviations of the resulting function from the initial state begin to decrease
until the system returns to initial state completely (3, in Fig. 3).

If k; > kj, then the protective forces are "stronger" than the influence. The
limiting stationary position of the output function can go into the negative half-
plane, and changes in the function of the entire system will acquire a sign oppo-
site to the initial changes (y; in Fig. 3). All these curves can be considered typi-
cal expressions of the adaptive process.

A

Fig. 3. Function of the adaptive process at different intensity of
"resistance" to the influence: y; if ky < ky; y, if kp= 1 y31f k> Iy
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Or, on the contrary, proceeding from the paradigm of the structure and function
relationship adopted by us, if an unimodal curve of the dynamics of the output func-
tion of the studied biosystem is observed in biomedical studies of adaptive processes,
then it can be considered that this process decompose into two components: an expo-
nential and an S-shaped function. Moreover, the exponential function reflects the
negative changes initiated by the impact, and the S-shaped function has the opposite
sign and characterizes the antagonistically directed compensatory-adaptive processes.

The corresponding structural and functional model of the process can be rep-
resented in the form of three blocks shown in Fig. 1.

Taking these provisions, one can admit the possibility of solving the so-called
inverse problem. Namely, according to the initial data obtained as a result of a spe-
cific biomedical study and reflected in the form of an unimodal curve (y; in Fig. 2),
it is possible to calculate the specific parameters of the output function. Since this
function includes the parameters of all three blocks (ky, k», k3, T, T»), the characteris-
tics of the constituent functions (y; and y») can also be considered definite.

From them you can get information about the operation of the first and second
subsystems, i.e. subsystems, information from which was not or could not recorded
directly during the study. For example, you can calculate the time constants 7} and
T, and get information about the "persistence" of the corresponding subsystems.

By putting real biological prototypes in correspondence with all three
blocks, it is possible to evaluate the qualitative and quantitative characteristics of
biosystems involved in the formation of an adaptive response.

PROBABILISTIC DYNAMIC MECHANISM OF ADAPTATION TO EXTERNAL IMPACT

In the process of adaptation of the biosystem to changing external influences,
they undergo successively a number of structural rearrangements. Each subse-
quent stage occurs, firstly, after the possibilities of the previous one begin to be
exhausted, and, secondly, it is accompanied by large energy costs.

The probability or degree of participation of elements and subsystems in the
work of a biosystem in the absence of impact can be characterized by a certain
distribution function. Let us assume that this spatial distribution of subsystems
obeys a normal law. Then the probability density curve of the participation of
subsystems in the work of the biosystem (their activity) in the norm can be rep-
resented in the form of a bell of normal distribution (Fig. 4a).

The process of adaptation to the impact begins with the mobilization of
those elements that, although they belong to the considered biosystem, but the
probability of their participation in its work in a normal state (without impact) is
rather small. As a result of the connection of these subsystems, the range of the
biosystem reaction norm is expanded, its ability to function normally under
changed external conditions increases.

The change in the nature of the distribution that occurs as a result of the
backup subsystems connection is shown in Fig. 4b. The bell of the normal dis-
tribution gets wider, the variance increases. The biosystem becomes capable of
functioning normally in a wider range of external conditions.

The next stage of adaptive rearrangements within a biosystem is character-
ized by the withdrawal from work of those elements whose work does not lead
to facilitating the system functioning. Graphically, it is expressed by the appear-
ance of some asymmetry in the distribution curve (Fig. 4c).
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X
Fig. 4. Change in the distribution of the subsystems participation
with an increase in external influence

A further change in the nature of the distribution with increasing influence,
apparently, is expressed by the displacement of the distribution curve along the
abscissa in the direction of increasing influence (Fig. 4d). Under the influence of
the factor, there is a change in the use of certain subsystems by the biosystem.
The greatest weight, the greatest probability of participation is acquired by those
subsystems, the connection of which contributes to the normal functioning of the
BS in the changed conditions. There is, as it was, a natural selection of the ele-
ments (subsystems) most beneficial for BS.

An example of such a structural reorganization taking place in real biosystems
is intraorgan compensation of kidney nephrons in nephrosclerosis: nephrons that
survived the destruction increase their function and hypertrophy. Similar structural
and functional rearrangements occur after surgical removal of the upper half of the
small intestine, when the secretion of the stomach and pancreas first increases
(Fig. 4b), and then their compensatory hypertrophy develops (Fig. 4c).

TYPES OF ADAPTIVE PROCESSES

The nature of the BS's response to an external impact is determined both by the
characteristics of the impact (the number and nature of the factors, their inten-
sity, mode and duration of action) and the reaction of the biosystem itself (the
number of subsystems reacting to this impact, their initial state, the specificity of
the action of a factor or their combination on reacting systems etc.).

The term "adaptation" is often used as a synonym for adaptive responses in
medicine and biology. Sometimes the concept of adaptation is identified with
the concept of protection, accommodation, sensitization, resistance, evolutionary
adaptability, functional mobility, changes in sensitivity etc.

If the possibility of the presence of different types of adaptive reactions is
allowed (assumed), then the concept of “adaptation” in medicine and biology is
often used as a synonym for the most “painless” adaptive process. In medicine,
the concept of "decompensation" is used for processes that are "more pathologi-
cal" in nature and are associated with a disease state. In toxicology in chronic
intoxication, it is customary to distinguish between four stages of responsive
adaptive processes occurring in the body, which successively replace one an-
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other with increasing exposure time: primary decompensation, physiological
adaptation, compensated pathological process, decompensated pathology. In
physiology, it is possible to differentiate adaptive processes into "norm", adapta-
tion, compensation, reparative regeneration, "pathology".

However, no matter how many types of adaptive processes are divided and
no matter how they are called, the criteria for their differentiation are very
vague, rather subjective and do not have a quantitative expression.

In the further presentation, we will assume that the biosystem can react to the ac-
tion of various factors with a whole range of adaptive reactions, of which at the mo-
ment it demonstrates only one. We will also assume that the following types of distin-
guishable and identifiable adaptive reactions are possible (in ascending order of the
degree of damaging effect): 1) normal homeostatic changes, or simply “norm”,
2) physiological adaptation, or simply “adaptation,” 3) compensation, 4) repair (re-
generation), 5) pathological (irreversible) changes, or simply "pathology".

DEPENDENGE OF THE ADAPTIVE PROCESS TYPE ON THE BIOSYSTEMS HIERARCHY LEVEL

Let us consider a hypothetical sequence of connecting hierarchically different struc-
tural formations in the implementation of an adaptive reaction. For simplicity, we will
use only three levels of the hierarchy: BS — subsystem — element. It is natural to
assume that with the same magnitude of the damaging effect, the degree of dysfunc-
tion of the system will be directly related to the level of its organization. So, with small
influences, the elements function is first of all disrupted. With an increase in the active
factor force, disturbances arise at the subsystems level, which, with a further increase
in the factor influence, leads to disturbances in the functioning of the BS itself.

The intensity of the adaptive process directly depends on the impact level
and is commensurate with the magnitude of the violations occurring. Therefore,
at a constant magnitude of the impact, the lower the organization level of the
reacting structure, the more pathological its adaptive reaction is, and vice versa,
the higher the level of organization, the less manifestation of the reaction.

Table 1. Possible relationship between the type of adaptive process and the biosystem
hierarchy level under various input influences

Impact intensity Hierarchy level

(in convent. units) Element Subsystem Biosystem
0 norm norm norm
1 adaptation norm norm
2 compensation adaptation norm
3 pathology compensation adaptation
3 death pathology compensation
4 death death pathology
5 death death death
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Thus, the replacement of some elements by others in the course of the adap-
tive process is a process that is clearly compensatory in nature at the element
level. However, at the subsystem level, this process can be characterized as
adaptive. At the BS level, this change can manifest itself only in minor homeo-
static fluctuations. Likewise, breakage of elements (i.e. their certain pathology)
at the subsystems level can be regarded as a compensatory process, and at the
level of the BS itself it can manifest itself as an insignificant adaptive deviation.

Consequently, we can assume that some correspondence of the hierarchy
level of the system under consideration to the tension degree of the adaptive
process taking place in it is fulfilled (Table 1).

This pattern reflects the evolutionarily developed relationship between the
"security" of the system and the hierarchical level of its organization.

FUNCTIONAL CLASSIFICATION OF ADAPTIVE PROCESSES

As a rule, the experimental curves of the adaptive processes, subject to the obvious
requirements for the experiments and their mathematical processing (selection of the
body system most sensitive to this factor, the use of an integral indicator of system
state, careful registration of the process etc.) with a sufficiently long exposure factors
have the previously considered characteristic form of unimodal functions.

Let us consider an example of the introduction of formalized criteria according to
the graphs "time/ effect” of the output functions of the BS ()(¢)). As the main charac-
teristics for distinguishing adaptive processes (adaptation, compensation, reparative
regeneration and pathology), we will use the following indicators:

1) the ratio of the values of the function y(#) with the limiting value of the
reaction “norm” (the boundary of the “norm range” is y()),

2) the time of getting into the “norm range”,

3) indicators of the “power” (“activity”) of the process [12]. In this case,
under the "norm range" we mean the range of homeostatic changes in the output
function without external influence. .

The consideration will be carried out for two periods of the study during the ac-
tion of the factor (f, < ¢ < #) and after the termination of its action (during the afteref-
fect (¢ > ,)). In addition, for ease of classification, we will neglect the possible phasing
of changes (the transition of the graph through the abscissa axis), and therefore we will
consider these changes only in the positive half-plane.

By adaptation (physiological) we mean an adaptive process that is not ac-
companied by irreversible damage. That is, after a short-term deviation from the
“extremely normal” value, the graph of the function returns to the “norm range”
(¥ < o) during the period of exposure. During the aftereffect (¢ > ¢,), the adapta-
tion response does not differ from the control one, i.e. does not go beyond the
boundaries of the " norm range " (Fig. 5).

The general view of the change in the BS output function during the compensa-
tory process, in principle, can be of the same character as during adaptation. Under
the action (¢y < ¢ < t;), the output function leaves the "norm corridor" and returns to it
until the action termination. During the aftereffect period (¢ > ¢;), the function does
not differ from the control one. Therefore, the distinction between adaptation and
compensation in such a functional description should be introduced not on a qualita-
tive but on a quantitative level.
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For example, we can propose as a quantitative criterion a measure of the
“intensity” (“activity”) of the process (S), which we will express through the

area (integral) under the output function:
Iy
S = j y(t)dr,
l

which indirectly reflects the expenses of biosystem energy resources.
Integral of the "norm range" value yy(?):

S =]y0 (t)dt

)

characterizes the "extremely normal" homeostatic energy expenditure.

Yolt

to 1 t

Fig. 5. Changes in the BS output function during the adaptation process

Fig. 6. Changes in the BS output function during the compensatory process
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Vo(t)

4

Fig. 7. Changes in the BS output function during reparative regeneration

Fig. 8. Changes in the BS output function during the reaction "pathology"

If the value of the integral S is less than the area of the “norm range”, then
the expenditure of resources of the biosystem is not excessive, if it is more, then
such a waste of resources can lead to a certain pathology. Accordingly, at S < S,
the response can be considered adaptive, at S > S, compensatory (Fig. 6).

The reparative regeneration reaction is an adaptive process of the next, "more
pathological”" level. Reparative regeneration is usually understand as a reaction in
which changes in BS accumulated during the exposure period are eliminated during
the recovery period. A possible graph of such dynamics is shown in Fig. 7.

During the exposure period, the function y(¢) leaves the “norm range” yo(t)
and does not return to it during this entire period (¢ < ¢ <t;). During restoration
(t> t,), the function enters the “norm range”: y(¢) < yo(?).

With the reaction “pathology”, the function y(¢), having left the “norm
range” during the period of exposure, does not return to it even during the
recovery period. One of the possible behavior types of such a function is
shown in Fig. 8.

Thus, by the type of the DS output function, the adaptive process can be at-
tributed to one type or another according to perfectly clear, easily recorded and
quantitatively measured characteristics.
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The dependence of such a criterion distinction on two indicators is obvious:
the exposure time and the boundaries of the “norm range”. In our opinion, both
of these dependencies are completely justified.

With a short exposure time, the process can be regarded as rather "pathological”,
but over a longer time interval, the same time changes can be attributed to a much less
"dangerous" type of adaptive processes. There can be no adaptation "in general", but
there can be adaptation under a certain mode of exposure, and by changing this mode,
it is possible to obtain compensation or pathology from the initial adaptation.

The limits of the "norm" are determined by the methodological capabilities
of the study, and the wider they are, the less reliable the assessment can be. For
example, the same curve of the graph of the output function with a "narrow
range " (an accurate method for assessing the "norm") can be reliably attributed
to the adaptation or compensatory process, while with a "wide range " it may not
go beyond its limits, and the process cannot be considered as going beyond the
limits of normal homeostatic oscillations.

WAVES OF PROBABILITY

With a sequential change in the magnitude of the external influence, the onset
probability of different adaptive reactions for the same BS will change. It is
logical to assume that with an increase in the impact, the onset probability of the
"less pathological" reactions will decrease, and the probability of the onset of
"more pathological" reactions will increase.

Hypothetically, the distribution of the probability (P) of the occurrence of
different adaptive reactions, when the force of the external influence (x)
changes, can occur in Fig. 9.

The probability of reaction "norm" occurrence (R,), reflecting the BS nor-
mal state (Fig. 9a) is maximal at a certain value of the factor x, that is optimal
for the organism (if the factor has only a "harmful" effect x, = 0). With a sequen-
tial increase (or decrease) of x relative to xn, the probability of the "normal”
reaction decreases, and the adaptation reaction probability (P,) becomes more
and more probable, which at x = x, reaches a maximum (Fig. 9b).

Fig. 9. Distribution of adaptive reactions when changing external influences
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With an increase in the factor at x > x,, the probability of the occurrence of
adaptation P, decreases, and a compensatory reaction (Py) becomes more prob-

able. After the maximum strength of Py at x = x;, the probability of a compensa-
tion reaction decreases. Similar processes occur with the probability of the re-
parative regeneration development. With an even greater increase in the level of
exposure, this probability decreases, and the probability of irreversible patho-

logical disorders (P,) increases.

The threshold Py, with respect to which the probability of the adaptive proc-
esses occurrence are considered, is determined primarily by the method of de-
tecting and differentiating the adaptive processes themselves. Its value has an
essentially probabilistic nature. With a "good" method of differentiating proc-
esses, it is lower and "probability waves" have pronounced peaks. With a "bad"
technique — the threshold is higher, and the "probability waves" themselves
have more gentle maxima.

CONCLUSIONS

The proposed three-block diagram of the adaptive process allows us to present
its structural and functional model in the simplest ("minimum necessary") form.

Based on the paradigm of one-to-one correspondence of the structure and
function of the adaptive process, it is possible to calculate the parameters of the
subsystems involved in organizing the systemic response using the actually re-
corded graphs of adaptive processes in response to external influences, namely
their conversion coefficients and inertial properties.

The systemic representation of a biosystem functioning makes it possible to
probabilistically represent the process of participation of the constituent subsys-
tems when the external influence changes (evolutionary transformations).

The developed criterion system allows, according to the graphs of the out-
put function dynamics of a real biomedical research, to determine the type of
adaptive process, that is, to correlate it with specific biological mechanisms and
to assess the degree of its "pathology" for the biosystem.
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MOJAEJIIOBAHHS KOMITIEHCATOPHO-ITPUCTOCYBAJIBHHUX
IMPOLECIB V¥V BIOCUCTEMAX

Beryn. EdextuBHicts QyHKIioHyBaHHS Oyab-skoi 6iocuctemu (BC), He3anexHo Bia piBHA
il iepapxii, 3aJIe)KUTh BiJ ii 37aTHOCTI afanTyBaTHCS J0 3MIiH HABKOJIMIIHBOTO CEPEOBHUINA
a0o ii craHy. AZaNTUBHI IPOLECU Peai3yloThCsl Ha MOJIEKYIIPHOMY, CyOKIITHHHOMY, KIIi-
TUHHOMY, TKAHHHHOMY, OpPIraHHOMY, CHCTEMHOMY PIBHSX Ta PiBHI I[UIICHOTO opraHizmy. L{s
ajlanTallis MoKe BifOyBaTHCA 3a JOIOMOTOI0 PI3HUX MEXaHi3MiB, MaTu pi3HI JUHAMiuHi
XapaKTePUCTUKU, CYNPOBOKYBATUCS PI3HUMH CHEPreTHYHHUMHU BUTpaTaMu 1 OyTH OiUIbII-
MEHII e(EeKTUBHOIX. Y 3B'3Ky 3 IIUM JOLUIBHO SKOMOIa TOYHiIle BU3HAUUTH THII ajanTa-
LiHHOTO MPOIeCy Ta OLIHUTU HOTO cTpecoreHHicTh (martojioriyHicts) ans bC. Ha Ham mor-
nsi71, Taky kimacuikaiio MOXKHa 31iHCHIOBaTH (OpPMaIbHUMH MapKepaMy aJalTHBHUX MPO-
1eciB (3a 101moMororo rpagiki) 3 BAKOPUCTAHHAM MaTeMaTUYHUX METO/IB iX OIHCY.

Meto1o cTarTi € po3poOiieHHsT GpopMati3oBaHoi Kiaacu(ikamii THIIB aJanTHBHUX MPO-
[eciB Ha OCHOBI MAaTEMaTHYHOTO MOJICITIOBAHHS TXHBOI JWHAMIKH.

Metoan: CTpyKTYpHO-QYHKI[IOHAJIbHE MOJCIIOBAHHS 3 BUKOPUCTAHHIM IJIXOIB Ta
MaTEeMaTHYHOTO arapary Teopil aBTOMaTHYHOTO KepPYBaHHs, 3 BUKOPHCTaHHIM IudepeHiia-
JIBHHUX PIBHSIHB, IMOBIPHICHUX ITi/IXO/IiB Ta TpadiuHOr0 aHaIi3y.

Pesyabratn. CTpyKTypHO-(QYHKIIIOHAIBHY MOJENb aJalTHBHOTO IIPOLECy MOJAHO Y
BUTJIS/I TPHOX MiJcHCTeM. BUXiIHUIT mpoliec HmepIuoi miICHCTEMH ONHCYETHCS eKCIIOHEHIia-
JBHOIO (QYHKIEI0 3 00MEXEHHSIM, IPYToi - JIOTiICTHYHOO (S-T0I0HO0I0) QYHKIIIEI0, TPETHOT -
TXHBOIO PI3HUIICIO, TOOTO YHIMOJAIBHOK KPHBOIO.

Poboty Takoi cuctemMu po3risSHYTO AJIS Pi3HUX CIIBBIIHOLIEHb MAapaMeTpiB IepesaBa-
npHUX (QyHKIIH mincucreM (kKoeillieHTIB MEepeTBOPEHHsI Ta MOCTIHHMX 4Yacy). BuxigHy
(YHKIIIO 1€l CHCTEMH 3alpOIIOHOBAHO BHKOPHCTOBYBATH SIK 1NCHTH(]IKATOp Pi3HUX THUIIIB
aJanTaliiHUX peakilii: ajganTailii, KOMIICHCAllii, pernapaTHBHOI pereHepariii Ta maToJIorigYHoO-
ro npoluecy. BcraHoBieHo kpuTepii i BU3HAYEHHS TaKOI'O PO3JUICHHS 3 BUKOPHCTaHHIM
IHTErpaJbHUX Ta TMHAMIYHHX XapaKTePHCTHK MaTeMaTHIHUX MOJEINEH.

BucHoBKH. 3anpolIOHOBaHA TPOXOJIOUHA CXeMa aJalTUBHOIO IIPOLECY Ja€ 3MOry BU-
KOHATH HOT0 MaTeMaTHYHHI OMKC Y HAWMIPOCTIllii Ta HaifanekBaTHimi Gopmi. Buxomsuu 3
[apaJurMy B3a€MO3aIeKHOCTI CTPYKTYpH Ta (GYHKIIT aJanTUBHOTO HpolLecy, MOXKHA po3pa-
XYBaTH MapaMeTpH IiJICHCTEM, SIKi OepyTh ydacTh B OpraHizallii CHCTEMHOI peakilii y Biamo-
BiZlb Ha 30BHIIIHI BIUIMBY, BUKOPUCTOBYIOUM (DaKTUYHO 3amnucaHi rpadikd MUX aganTHBHUX
MPOIIeCiB: XHI KOe(II[iEHTH MEPETBOPSHHS Ta TMOCTiHHI yacy. CucTeMHe moaaHHs (QyHKIO-
HyBaHHs 010CHCTeMU Jla€ HaM iMOBipHICHE ySIBJISHHS IO MPOLIEC y4acTi CKJIaJHUKIB MiJcHc-
TEM, KOJIA 30BHIIIHIM BIUTMB 3MIHIOETHCS (€BOJIIOLIIHI ITepeTBOpeHHs). Po3polbiieHa cucrema
KpUTepiiB Aae 3Mory 3a rpadikaMu JMHAMIKU BUXiZHOI (QyHKLIl peaJbHOr0 0iOMEIMYHOrO
JTOCITIJKEHHS] BUBHAYUTH THUI aJaNTallifHOTO MpoIecy, TOOTO 3i1CTaBUTH HOTO 3 KOHKPETHHU-
MU 610JIOTTYHEMH MeXaHi3MaMH Ta OLIIHUTHU CTYIiHb Horo "narosorii" 1 6iocucTeMu.

Kntouosi cnosa: inpopmailiiiHi TEXHOJIOTIT, CHCTEMHHUI MigXid, CTPYKTYpHO-()YHKIIIOHATIbHE
MOJIEIOBAHHS, MiAXOAU JIO0 Teopii aBTOMAaTUYHOIO KepyBaHHS, AU(EpeHIiaabHi PiBHIHHS,
IMOBIpHICHI MeTO/H, rpadiuHUi aHaITI3.
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