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MATHEMATICAL MODEL OF CONFLICT-CONTROLLED PROCESSES
IN SELF-ORGANIZATION OF RESPIRATORY SYSTEM

Introduction. Various processes going in surrounding environment are controlled, i. e. their
states are determined depending on the specific influence of controlling party. At the same
time, it is natural to try to choose the optimal controlling influence that would be the best in
comparison with other possible controlling methods. Intensive development of the theory of
optimal solutions with computers use has obtained the ability to perform complex calcula-
tions and realize the rules of control due to the development of computational technology.
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The problem of identifying and studying of the nature of self-organization mechanisms of
processes going in organism, the disclosure of the laws of control that operate in it actually
arises during the investigation of living systems. Problem solution of self-organization proc-
ess knowing for these controlled objects should be carried out using the methods of mathe-
matical modeling. Peculiarities of setting problems of control for functionally-organized
systems can be conveniently examined on the example of processes going in living organism
when the achievement of certain goals is ensured.

The purpose of the paper is to create the mathematical model of functional respiratory
system for the investigation of self-organization mechanisms in human organism in response
to extreme disturbances.

Methods. The usual nonlinear differential equations are used for process description;
they describe the mass transfer and mass exchange of respiratory gases flowing along all
their ways in organism.

Results. Mathematical model of functional respiratory system has been developed to
study the current functional state and to predict the mechanisms of self-organization of respi-
ratory system in adapting to the disturbing influences of external and internal environment
based on the problem of optimal control and taking into account the conflict situation be-
tween the self-regulating organs — controlling and executing.

Conclusions. Mathematical model of functional self-organization of respiratory and blood circu-
latory systems is proposed, which takes into account the interaction and inter-influence of organism
functional systems, conflict situations between controlling and executive elements of self-regulation;
it is based on the assumption of optimal regulation of oxygen regimes. The model may be useful for
solving a number of applied problems of physiology and medicine.

Keywords: Functional respiratory system, controlled dynamic system, self-organization of respira-
tory system, operators of continuous interaction system, disturbing influence of environment.

INTRODUCTION

Mathematical modeling is a unique and powerful tool used for the investigation
of physiological processes. It allows to deepen significantly our knowledge of
studied phenomena, to form fundamentally new ideas about these phenomena, to
identify a wide range of system responses during model parameters changing, to
propose new hypotheses that could be studied experimentally and to identify
new fundamental classes of phenomena. It can even be argued that along with
experimental physiology, an independent branch of physiology is developing
already — mathematical physiology, which is a specific source of a new knowl-
edge about the nature of physiological processes. Even relevant textbooks have
been written now on this subject [1]. Let’s note that realistic computer models
are the means of integrative description of a single subsystem and they take into
account the relationships and interactions between different functional systems
at different levels and time scales.

Taking into account as well that the possibilities of experimental approaches
applying to the study of processes occurring in the respiratory and blood circula-
tory system are significantly limited, the development of effective software and
algorithmic tools for numerical modeling and conducting of a full-scale compu-
tational experiment is particularly important.

Widespread computerization has substantiated the base for the development
of theoretical bases for any phenomenon or process by simulating that phe-
nomenon or process using computer. It is clear that the development of com-
puter model follows the development of mathematical model. This is especially
true for physiology and medicine. If in physics and chemistry the experimenter
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deals with inanimate objects with which any experiments could be carried out,
then in addition to ethical norms, there are many other limitations associated
with the impossibility of experimenting with various extreme perturbations and
limitations of modern invasive methods. The complexity of the problem of
mathematical models constructing for functional systems of organism is primar-
ily due to the extreme complexity of examined biological system, the function-
ing of which nonlinearly depends on many factors, almost every element of liv-
ing organism and these dependencies remain informal even at physiological
level of description. Therefore, analytical methods of solutions have a rather
narrow sphere of their use, and the main means for investigation of real prob-
lems linked with the respiratory and blood circulatory systems studying are
computational methods of problems solving by computer.

PROBLEM STATEMENT

The determining factors for choosing and formulating a mathematical model are
the object, purpose, method and means of modeling [2]. Methods of dynamic
systems theory are used for mathematical modeling. Means are differential and
difference equations, methods of qualitative theory of differential equations,
computer simulation. The purposes of mathematical modeling of organism func-
tional systems are represented on Fig.1.

The main principle of complex systems mathematical modeling is the prin-
ciple of optimality [3]. In [4] works related to extreme principles in mathemati-
cal biology were observed.

According to [5], two approaches are used for mathematical analysis of physio-
logical functions — data models and system models. In the first case, the task is to
build a mathematical function that describes as accurately as possible a set of input
data, like statistical data model. This does not take into account the physiological fea-
tures of structural and functional organizations of modeled object.

Purposes of mathematical models” construction
for organism functional systems

' = = % B
Clarification of mechanisms of system elements
interaction

/

Forecasting of system behavior during various A
perturbing actions

([ Identification of model parameters based on )
experimental data

Estimation of system stability

J

f Optimal control of the system according to the )

selected criteria of optimality )

Fig. 1. Purposes of organism functional systems modelling
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Models of the second type are based on physiological principles and hypotheses
about the structural and functional organization of modeled object. The purpose of
modeling is to check the physiological hypothesis in base of the model and to eluci-
date the physiological mechanisms that underlie studied phenomenon or process. It
should be noted that usually the results of physiological experiment analysis with the
construction of data models are used as initial data for the next stage of research — the
system analysis of these data models and development of mathematical model of the
system functioning; it is directed on studying of the fundamental physiological
mechanisms put in base of its functioning.

We would like to emphasize the following item. It has been already mentioned
above that there is a lot of publications linked with modeling of separated subsystems
as well as a whole organism [1]. Following papers have been published recently con-
cerning mathematical models of respiratory and blood circulatory systems [6-25].
However, all these studies were based on complex mathematical apparatus, that was
very difficult in practical use. These studies were rather more theoretical and they
could be attributed to recently formed field — mathematical physiology. An approach
to modeling, which supposes the use of developed models to solve applied problems
in physiology and medicine has been proposed in present article.

As a rule, biological systems are self-organized systems that have controlling
subsystems developed in the process of evolution; which provide the normal course of
processes occurring in the system and executing of their functions within appropriate
limits of disturbances. Classical theory of control offers now the whole class of ma-
thematical models that describe the type of control of moving objects, if there is
known the ultimate goal of control to be achieved by these objects, limited region of
control parameters, as well as criterion of quality of control.

The self-organized systems are distinguished in the class of controlled dy-
namical systems, i.e. the systems that have the ability to transform the system
into a state in which this influence becomes insignificant in response to the dis-
turbing influence. The biosystems and homeostatic systems belong to such sys-
tems. Stationary solutions of dynamic systems of such objects are asymptotically
stable. And, although the optimality of such systems is denied by some authors,
it is always possible to define the purpose of self-organization as the ability to
maintain an equilibrium state during disturbances coming to this system.

PURPOSE OF THE PAPER

Purpose of the paper is to develop a mathematical model of functional systems
of respiration and blood circulation; the model that take into account the interac-
tion and inter-influence of organism functional systems, conflict situations be-
tween controlling and executive organs of self-regulation and based on the as-
sumption about the optimality of regulation of organism oxygen regimes.

PROBLEM SOLUTION

Methods of the theory of optimal control of respiration have aroused the constant
interest of researchers of physiological systems, primarily due to the ideas about per-
fection of regulatory mechanisms in living systems. The specificity of application of
the methods of optimal control theory into the study of physiological systems is that
the criteria for their optimality are unknown. The task of the study is to determine
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whether a given physiological system is an optimal control system and what is the
criterion for its optimality. Accordingly, such studies include the following steps:

— selection of object under the control and creation of its mathematical model;

— selection of hypothetical criterion of optimality basing on the data of ex-
perimental studies;

— creation of mathematical model of the system of optimal control, which
includes the controlling subsystem (optimizer) and object of control;

— examination of the model of control in order to verify its adequacy.

Significant difficulties appear at each stage they were both of experimental
and theoretical nature.

Therefore, the number of the works on this issue is insignificant and they
have appeared recently [26].

The criterion of optimality are most often the indicators that are somehow related
to the energy of organism, because the efficiency of physiological functions is not in
doubt in general case. The model of regulation of parameters of organism external
respiration and blood supply developed by Yu. N. Onopchuk was based on the as-
sumption of optimality in system regulation by organism oxygen regimes [27].

Let’s observe a class of nonlinear dynamic systems, the structure of which con-
tains m regions of utilization and creation of matter, linked with the system by trans-
port pipeline network, which delivers this matter to the regions with special carrier.
Usually, mathematical models that describe the processes that occur in such systems
are balance-type models. It is assumed that in the pipeline system, the delivery of the
substances, which can be both in dissolved form and chemically bound to other sub-
stances of the carrier, is carried out by forced convection. The transitions of the carrier
to the region, or from the region to carrier are occurred by diffusion.

Let’s denote by x the concentration of the substance in carrier, x,,, in a

given region (i — are negative indices), u,,, — volumetric velocity of carrier in

the region. Then the technological process of delivery and utilization of this
substance in the chain "carrier-region" under consideration can be written by the
system of differential equations [28]:

ﬂ _ a1’ ui (y - xi) + aziui ((P(y) - (p(xz)) - a3,- (xi - xi+1)
drt - I/i'(a’i+ﬁi.(p'(xi))

Q)

dxi+] _ a3i (xi - xi+1) - q;)+1q(xi+1)
dt I/i+l (ai+1 + Bi+l¢’('xi+l )) ’

where V; and V,,, is the carrier volumes in the region; y is the concentration of

2

the substance in the main pipeline; g,,, is the maximum rate of substance utili-
zation in the region; ¢(x,,,) is a function that adjusts the intensity of utilization
of the substance in the region, ¢(x;), ¢(x,,,) is the chemical activity of organic

compounds to the substance under consideration in the carrier and region,
o, ,0,,B B, ,a,,a,,a, arepositive coefficients that characterize the solubil-

ity of the substance in the carrier and region, diffusion of the substance between
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the carrier and region, chemical properties of the compounds of the carrier and
the environment of the region.
Let’s suppose that @(z),d(z) ¢(z) — nonlinear functions of S type. In this

case, let’s assume that p(z) — nonlinear function in the domain z >0 refers to
S type, if in this domain it is smooth, non-decreasing and

limu(z)=0. limu(z)=1 ®
lirr%) W(z)=0, limp'(z)=1. (4)

In addition, it is assumed that among m regions there is one region (for cer-
tainty, we assume that the first, i.e. the one for which i =1) which is responsible
for ensuring the circulation of the carrier in closed network of magisterial pipe-
lines with volumetric velocity

u =Zui. ®)]

Let’s assume as well that the utilization of the substance in the region is ac-
companied by a given amount of work performed in the region. So, it is natural
to assume that the rate of utilization of the substance in the first region is a func-
tion of the rate provided by this region:

g, = f(u) (6)

and the rate of utilization of the substance ¢;, (i=3,5,....) for other regions is con-

stant, which corresponds to the given level of energy consumption in the region.

Thus, we suppose a system of regions connected by the network of pipelines to
ensure the delivery of energetic substance, and utilization of this substance in the re-
gions is carried out to perform their functions. The external perturbation for this sys-
tem is the concentration of the substance in the main pipeline and ensuring the direc-
tional movement of the carrier in it is placed on the first region.

Models of this type describe many of technological, physical, chemical, envi-
ronmental processes that are usually stable. The questions of the existence, unity
and stability of the solutions of the model (1), (2) are practically important, espe-
cially at the stage when the idea of trust in the results of modeling of particular
process or system is formed.

In article [29] the following properties of the solutions of the system (1), (2)

atp(x), d(x), g(x) € C*[0,0), were proved, which satisfy (3), (4) under the con-
ditions: y =const >0, n, =const >0, i =2k -1, k=1,_m.

Under the given at initial time 7T,x,(t))=x >0, 7t,x,,(t,)=x.,>0,
i=2k-1, k= I,_m the system (1), (2) has a wunique solution
i:2k—1,k:1,_m).

The solution of the system (1), (2) is non-negative under non-negative
initial conditions.

0 0
x(r,xl. , X,

i+1°
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The solution of the system (1), (2) with non-negative initial data is limited
from above.
The system (1), (2) has a single stationary solution

i =2k =Lk =1,m}.
The stationary solution (1), (2) is asymptotically stable.
The dynamic system (1), (2) can be considered as controlled, if the control effects

{x.,%

cause the volumetric velocitiesu, , i =1,2m —1 of the carrier in the pipeline system.

Concerning the system (1), (2), we should not talk about controllability, but
about the self-organization of the system, which is aimed at maintaining of some
states of the system. The choice of u; in this type of systems should cause the

compensation of disturbing effects on the system, to its transfer to some other
stationary motion, which corresponds to influences on the system.

Let’s write the conditions of stationarity for the system (1), (2). Any sta-
tionary trajectory satisfies the condition

0
_9q . TA
Xi =X = u qi+l(‘x[+1)7 i=12m-1,
3

i

which means that the positive difference x, —x;

.., 1n stationary motion is set in

accordance with the level of utilization of the substance in this region. There-
fore, any change in the value of ¢/, should be perceived as perturbation influ-

ence on the system, and the problem of control can be considered as a problem
of optimal (for example, in time) response of the system to the transition to a
new stationary motion. The change in the concentration of the substance y in

the main pipeline can be interpreted similarly.

To solve the control problem in practice, it suffices to require that in the
presence of perturbations the system (1), (2) to be transited into such a motion
(close to stationary), which is determined by the set M (¢) that for all t>¢ for

all © at the same time the condition below was satisfied

0 0
qi+ qi+

G (X)) —e<x (D) =X, (1) STt e @)
3

a,

i i

It can be shown [30] that under the influence of constant perturbations
g), >0, y>0 on the system (1), (2), any set n, >0 will transform the system
in M(¢) for a finite time.

In process of examination of physiological and biological processes, it is
advisable as a criterion for quality of control to choose an integrated criterion of
following type

I(u)= J.ZG,-[as,. (%, = %) = giq(x,,)I dt ®)

and to solve the optimization problem with simple constraints for the control:
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n <n <n,. 9)

1

The coefficients o, in (8) can be considered as the values of sensitivity of the

region to deficit or excess of the substance, because in square brackets there is the
expression of the differences between the rates of entry and utilization of the sub-
stance in the region.

Since the control task is to output the perturbations of the system in the € -tube of
stationary trajectory, the upper limit in (8) can be replaced by a finite number 7 .

Let’s suppose that in the system with forced ventilation there are the mass
transfers of three substances. One of them was utilized in the region, and the
others were produced. The concentration of these three substances transported in
the dispersed medium of main channel is maintained at constant levels. The
dispersed medium contains two carriers-adsorbents, which form the dispersed
phase of circulating mixture. One carrier carries only one substance, the other
one — two substances simultaneously.

The third substance is transported only in dissolved form. All three sub-
stances can diffuse through the phase distribution surface. Sorbent located in a
region, can bind a substance that is carried by only one carrier in regional chan-
nel, and that is utilized in parallel with the production of another substance. One
example of such a system may be the blood gas transfer system to the tissues.

Let’s consider the blood of regional channels as circulating mixture — gen-
eralized tissue capillaries, in regions — tissue cylinders, substances that trans-
port oxygen, carbon dioxide and nitrogen. So, the state of this system will be
characterized by the levels of partial pressures of these gases in dispersed me-
dium, i.e. blood plasma and tissue reservoirs, which depending on the rate of
oxygen utilization can be regulated under the given conditions of internal or
external environment by changing the volumetric flow rate of the circulating
mixture (blood in the main and regional channels). Experimental studies have
demonstrated that in some disturbances of the environment — reducing the par-
tial pressure of gases, increasing the rate of oxygen utilization and etc. — the
role of mechanisms that regulate circulation, in stabilizing the system parameters
is the main. The methods of mathematical modeling and apparatus of the theory
of automatic regulation are successfully used in studying the rules of these
mechanisms functioning under the different conditions. Studies also have shown
that any of known basic regulatory schemes cannot explain the compensating
reaction, regulation of self-organization of processes occurring in the system —
direct or feedback control, perturbation control and etc.

In general, the equations of the dynamics of partial pressures and stresses of res-
piratory gases pO,, pCO, and pN, in respiratory tract, alveolar space, arterial and

mixed venous blood, blood tissue capillaries and tissues were built on the principles of
material balance and continuity of flow are as follows [31] —[33]:

dp,0, _

= 0p,0y, p.CO,.,n,.V,0,0,,G,0,.,q,0,) (10)
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dp,CO,

o =v(p,0,,p,CO,,n,.V,0,0, .G, CO,,q,CO,), (11)

where the functions ¢ and y were described in detail in [31] — [33]; V is the
ventilation; m is the degree of oxygen saturation of hemoglobin; Q is the volu-

metric rate of systemic and Q, local blood circulation; g, O, is the rate of oxy-
gen consumption by i th tissue reservoir; g, CO, is the rate of carbon dioxide
release in i th tissue reservoir. The flow rate G, O, of oxygen from the blood

into the tissue, and G, CO, carbon dioxide from the tissue into the blood is

determined by the ratio
Gt,- = Dt[St,. (pct,» - pt,. ) ’

where D, is the gas permeability coefficients through the air barrier, S, is the

gas exchange surface area.

The participation of biochemical structures — hemoglobin, myoglobin and
buffer bases in processes of mass transfer of gases add significant nonlinearity in
the system of differential equations. Naturally that all these cause serious diffi-
culties for mathematical analysis of dynamic system, but there is very powerful
mechanism for maintaining of gas homeostasis of organism, and from the stand-
point of theory of control — the mechanism of control.

All the values that characterize the process of mass transfer of gases in living or-
ganism are non-negative and limited, moreover, the limits of changes of some of them
are quite narrow. The theory of mathematical modeling requires usually a qualitative
study of the models to determine the area of adequate description of the studied proc-
ess. We need to be sure in the existence and unity of the solutions of the system of
equations and to study the nature of these solutions.

In article [30] the following statements were proved.

1) For given at the initial moment of time 1, p, (7,)= p(?[ >0,

p; (1)) = pf >0, j=1,3, i=1,m there is only one solution of the system (10),

=l,m.

~.

(1) p(r.p) , p; . j=L3,
2) It limo q;, = 0,q P 0, when p = 0 then the solution of the system
p./f, - K 1

(10), (11) is positive under positive initial conditions.
3) The solution of system (10), (11) is limited from above in the conditions
of statement 1.

4) The system (10), (11) has a unique stationary solution for p, =const,

j=L13, O =const, i=1lm.
5) The stationary solution of the system (10), (11) is asymptotically stable.
There are two main types of models of regulation of blood circulation are
possible to be selected [27], [29]. To the first one it is expedient to relate those
models at which construction the principles of the theory of automatic regulation
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were used. The choice of values of systemic and local blood circulation as con-
trol parameters is aimed on the eliminating of respiratory gas stresses deviations
from the "setpoint" values that occur when the system is disturbed. It is neces-
sary to know these values for each specific type of environmental conditions, the
level of functional loading etc. Such models are effective in practice, but they do
not allow revealing the causal-consequential links of regulation. The second type
of models includes more general models of gas dynamics control in organism
using the principle of maximum by Pontryagin [34].

However, the calculated data differed from those obtained experimentally.
In addition, the calculated data did not answer a number of theoretical and ap-
plied questions. For example, they did not explain the reasons of tissue hypoxia
during muscle work of low intensity, staying in hypoxic environment (when the
reserves for the growth of systemic circulation are present still), the role of hy-
percapnic regulatory stimulus at hypoxia of loading known in physiology,
hypoxic hypoxia etc.

The model proposed in [31] — [33] and developed for these problems solu-
tions was based on following principles:

—modeled system is considered as self-organized, respectively, the model
was also formulated as a model of blood circulation self-organization. Self-
organization means the ability of the model when the perturbations to change the
system parameters were such as, that the effect of perturbations was insignifi-
cant. At the same time, certain quality criteria should be minimized.

—the control in such systems should be carried out with the resolution of
conflict situations of various natures that appear.

We formulate the problem of system control (10), (11) as follows. It is necessary
to transmit the perturbed dynamical system (10), (11) into the multitude

qt.oz 'T_gio2 ol q‘t 02 ST+ 8?2
— < O,-p0)des—r0r————|
1 0.0,5 I (P, 0, — p,0,)dE 2 6.0,.5
M( ) q.l COZ.T_Sfoz <‘C0J:rf( CO CO )d§< ql COQ'T+8§:OZ (12)
1) = - = o7 + t. - : [}
n, CO,-k, CO,-8, o P T PR 500 Tk 0,5,
" < [ (p,N,—p,N,)de <),
with minimum of functional:
W+l o,
I= I Z[pl}\’l(Gt, 0, _%,.02)2 + szz(Gt,.Oz + (13)
T, 0=l

q, COz)2 +Psh, (Gz‘ Nz)z]dt )

where p,,p,,p, are coefficients that characterize the sensitivity of particular
organism to oxygen deficiency, excess of carbon dioxide, and increase of nitro-
gen concentration, respectively; A, are coefficients that reflect the functional
and morphological features of particular region.
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Restrictions are imposed on control parameters:

0<0 <0, i=lm. (14)

The multitude M (t) is a terminal multitude of states of the system, which

has a homeostatic property — gas stresses were set at certain level, the rates of
oxygen utilization and carbon dioxide removal corresponded to the rates of oxy-
gen utilization and carbon dioxide removal in all tissue regions of organism. In
this case, the moment of time t is precisely the moment at which this homeo-
static property of the system is manifested. Functional (13) is a quality criterion
of accepted law of control.

In this problem’s formulation of the process of gases mass transfer regulat-
ing, we can speak about the optimal choice of volumetric velocity of organism
blood circulation in relation to criterion (13). The accepted form of setting the
problem of control is consistent with the conceptual models that currently exist
in contemporary respiratory physiology. It is important to make sure that the set
of solutions to formulated problem is not empty. Also in [30] it was proved that
when the system (10), (11) is affected by constant perturbations ¢, O,, ¢, CO,,

2.0,, p,CO,, p,N, a number of constants Qi , i=l,_m, which satisfy (14)
will deduce the trajectories of the system in M (t) during finite period of time.

G =507, (15)

where ¢,y>0.

Let’s note that the formulation of the optimal control problem (10), (11),
(9), (12), (13) is such that gas homeostasis is understood as the relative con-
stancy of oxygen, carbon dioxide and nitrogen stresses. It consists on the com-
promise formation of corresponding homeostasis levels to the disturbance in
resolution of conflicts of both regional and systemic nature. The Fick ratio can
be used to calculate how much it is necessary to increase the volume of blood
circulation through the working skeletal muscles in order to maintain oxygen
tension in them at constant level. When comparing the calculated data with the
experimental ones, it was appeared that the first ones exceed the experimental
values significantly. According to the proposed model, this is due to ignoring the
nature of conflict that arises in organism between the groups of functioning tis-
sues and the heart muscle, which provides the necessary cardiac output. In fact,
such situations occur every time with the changes of organism living conditions.
An increase in muscle intensity requires corresponding increase in blood circula-
tion in muscles (otherwise there will be oxygen deficiency in the muscles) and it
can be achieved by changing the systemic circulation or its redistribution. In the
first case, the intensity of the heart muscle increases (because oxygen deficiency
arise in it), in the second — the decrease in blood circulation in tissue reservoirs
of other organs appears, which at a constant rate of oxygen consumption causes
hypoxia development in tissue. Thus, changing the conditions of external or
internal environment to maintain gas homeostasis in one muscle group requires
the blood circulation increase, which is contrary to the interests of other tissues,
because it causes oxygen deficiency. This conflict resolution is in finding a
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compromise, in which all tissues, on average, feel oxygen deficiency, and their
average oxygen tensions decrease. In the model, this is represented by introduc-
tion of heart muscle oxygen consumption rate dependence on the volumetric rate
of systemic circulation

Gy =007, (16)

where o,y > 0. The dependence of the rate of oxygen consumption in tissues of
brain, kidneys, liver is determined by Michaelis—Menten ratio

. O
4,0,(1)=q' 0, L=

—k+p, 0,’ a7

where k is Michaelis constant.
In skeletal muscles, including peripheral tissues, the oxygen consumption
rate is determined by the ratio

4,0,(0)=4" 02%, (18)

where ¢’ O, is a rate of oxygen consumption under normal environmental con-
ditions at known intensity of physical activity; n is the degree of saturation of
hemoglobin with oxygen in these conditions; n(t) is the degree of saturation of
hemoglobin with oxygen under altered experimental conditions.

AND ORO FOR THE SOLUTION OF APPLIED PROBLEMS

APPLICATION OF MATHEMATICAL MODELS OF FRS
IN MEDICINE AND PHYSIOLOGY

-
Estimation of cost-effectiveness and efficiency of ORO
maximal capabilities of the system

. J
s ~
Estimation and characterization of the degree
of hypoxia
- vy
s N

Selection of optimal ORO modes for
various perturbations

Application of researches on FRS model to control the
work of artificial heart
\. J

s A
Selection of optimal ORO modes for deep-water dives and
hyperbaric oxygenation
\. J

Fig. 2. Application of mathematical models of respiratory system self-
organization for the solution of applied problems in medicine and physiology
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Application of mathematical models of functional respiratory
system for the analysis and correction of hypoxic states

Analysis of oxygen and carbon dioxide organism regimes on
statics models

_[ Analysis of dynamics of pO; and pCO,

nisms to compensation of hypoxia

—[ Analysis of organism adaptive reserves ]

—[ Forecasting of FRS state under various disturbing actions

Estimation of contribution of individual biological mecha-

Fig. 3. Application of mathematical models of FRS for analysis and correction
of hypoxic states

This model also permits the resolution of conflicts that arise between organism

subsystems, which provide hypercapnic, hyperazotic stimulation of respiration due to
the quality criterion in the form of criterion (13), which provides a compromise mini-
mization of inconsistencies in flows and utilization (release) of gases in tissues.
This approach to the problem of optimal control for the investigation of self-
organization process of the functional respiratory system in adaptation to extreme
disturbances has been widely used to solve practical problems in occupational medi-
cine and sports (Fig. 2). In particular, in the authors’ investigations with determining
the parameters of self-organization of mountain rescuers respiratory systems at mid-
term and short-term adaptation to hypoxic hypoxia [35] — [37], and athletes special-
ized in combat sports [38], [39]. Also, the proposed models could be used for the
analysis and correction of hypoxic states as well (Fig. 3).

CONCLUSIONS

The mathematical model of functional system self-organization, which is based
on the taking into account the conflict situation between the controlling and
executive organs of self-regulation is described in present article. The purposes
of the functioning, resource of control, criteria of effective self-organization are
defined in present study. This approach has made it possible to solve a number
of problems in occupational medicine and sports of the highest achievements,
related to the prediction of parameters of self-organization of respiratory and
blood circulatory systems in adaptation to extreme environmental disturbances.
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MATEMATUYHA MOJIEJIb KOH®JIIKTHO-KEPOBAHHMX ITPOLIECIB
ITP11 CAMOOPAHIZALII CUCTEMHU INXAHHA

Beryn. PisHomaniTHI miporiecy, siki BiIOyBalOTBCS B CEPEOBHILI, € KEPOBAHUMH, TOOTO iX cTaH
BHU3HAYAETHCS B 3QJIC)KHOCTI BiJl KOHKPETHOIO BILUIMBY CHCTEMH, 5IKa Kepye. BoHouac npupoiHuM €
HaMaraHHs BUOPATH ONTUMAIBHHN KEPYIOUHid BIUTMB, HAUKPAIIMI Y MOPIBHIHHI 3 IHITUMHA MOYIIH-
BUMU CIoco0aMu KepyBaHHs. Po3B’s30k HpoOieMu Mi3HAHHS IIpolecy caMoopraHizamii Iux
00’€KTIB KepYBaHHS Ma€ 3/iHCHIOBATHCS 3a JIOTIOMOTOI0 METOJIIiB MATEMATHYHOTO MOJICITFOBAHHS Ha
MPHKIIA]I TIepeOiry MpoIeciB y )KMBOMY OpraHi3Mi y pasi 3a0e3MeueHHs JOCSITHEHHS 3a/JaHHX LITCH.

Mertoro po6oTH € o0y 10Ba MaTeMaTHIHOT Mozieni (pyHKIIHHOT CHCTEMHU IMXaHHS ISl JOCIi-
JDKEHHST MEXaHI3MIB CaMOOpraHi3allii OpraHi3My JIFOIHU IPH eKCTPEMaIbHUX 30yPEHHSX.

Metomu. [Tporec TpaHCOpTy Ta MacOOOMiHY pecHipaTOpHHX ra3iB Ha iX IUIIXY B OpraHizMi
OIMHCYETHCS 32 JOMOMOTOF0 CHCTEMH 3BHYAHHX HETIHIHHUX TU(EpEeHIIHHIX PIBHSIHB.

Pe3yabTtaTu. Po3pobneHo mateMaTHuHy Mojeib (QYHKIIHHOI CHCTEMH AUXaHHS AN
JIOCITI/DKEHHST TIOTOYHOTO CTaHy Ta MPOTHO3YBaHHS IapaMeTpiB caMOOpraHizailii CHCTeMH
JUXaHHS [IPU aIanTallii 10 30ypro0YKX BILTHBIB 30BHIIIHBOTO Ta BHYTPIIIHEOTO CEPEIOBHILI,
sIKa TPYHTY€EThCS Ha 3aJ1adi ONTUMAJIBHOTO KEPYBaHHS 3 ypaxyBaHHSAM KOH(MIIKTHHX CUTya-
il MiXK KEpYIOUHMHU Ta BUKOHABYMMH OpPTraHaMHU CaMOpPETYJISIIIT.

BucHoBKHU. 3aIIpONIOHOBaHO MaTeMaTH4YHy Mozenb (yHKuiiiHOI camoopranizanii cuc-
TEMH JUXaHHS Ta KPOBOOOIry, sSiKa BpaXOBY€E B3aEMOJIII0 Ta B3a€MOBIUIMB (DYHKIIHHUX CHC-
TeM OpraHi3My, KOH(QIIKTHICTh CUTyallill MiX KepyIOUUMHU Ta BUKOHABUMMU OpraHaMU CaMo-
peryisilii, ska IPyHTYEThCS HA MPHITYHICHHI MO0 ONTHMAIBHOCTI PEryJslii KUCHEBHX
PEKUMIB OpraHizMy Ta JI03BOJISIE MPOTHO3YBAaTH MapaMeTpPH CaMOOpraHizalii OopraHizmy
JIOHU TIPU eKCTPEMAaNbHUX 30YpPIOIOYNX BIUIMBaX. MOJENb MOXXE BUSBHTHUCS KOPHCHOIO
JUISL PO3B’SI3Ky MPUKIIAJAHUX 3a/1a4 (Pi3i0JI0rii Ta MEAUIMHY.

Kniwouoei cnosa: ynxyiina cucmema ouxanns, Kepoeana OUHAMIYHA cucmemd, CAMOOP2aHi-
3ayia cucmemu OuxamHs, 30yproloyull BNIUG cepedosuLyd.
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