
Yu.M. Onopchuck, N.I. Aralova, P.V. Beloshitsky, O.M. Klyuchko  Mathematic Models and Integral Estimation …     109 
 

___________________________________________________________________________________________________________ 

© National Aviation University, 2015 
http://ecs.in.ua 

UDC 621.386:616-073.7 (045) 

Yu. M. Onopchuk, 
1N. I. Aralova,  

2P. V. Beloshitsky,  
3O. M. Klyuchko 

MATHEMATIC MODELS AND INTEGRAL ESTIMATION OF ORGANISM SYSTEMS 
RELIABILITY IN EXTREME CONDITIONS 

Aeronavigation Institute, National Aviation University, Kyiv, Ukraine 
E-mails: 1aralova@ukr.net, 2belosh@voliacable.com, 3iesy@nau.edu.ua     

Abstract—Suggested mathematic models may be useful for organism reliable functioning prognosis for the 
activities at different conditions. Objective characteristics of organism supply by oxygen are used for these 
models as well as stress degrees of organism regulatory systems for the compensation of perturbation ef-
fects in external and internal organism media. 
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I.  INTRODUCTION 

Human organisms during the workload at extreme 
conditions are seeking to maintain own vital func-
tions as well as to optimize the realization of stated 
tasks (although the high requests to physical and 
psychophysical organism status are demanded in 
such situation). For the successful work at extreme 
conditions the high requests to physical and physio-
logical organism status are necessary.  

II.  PROBLEM REVIEW 

For the estimation of these state and organism 
functional status in whole the series of mathematic 
models were developed [1]. The adequacy level of 
developed models depends on consideration of the 
real regularities of the self-control and 
self-organization of organism functional systems; 
that provide its normal vital functions under the in-
fluence of different inner and outer disturbances as 
well as under extreme workloads. During the work-
load an organism tends to optimize the realization of 
assigned task but not to maintain only its living ac-
tivity. At such problem statement the reliability of 
different functions fulfillment may serve for integral 
estimation of functional organism state. Such de-
mands are placed to sportsmen, polar explorers, pilots 
and others. Sure, professional activity has be defined 
by rules and its success would depend primary on 
organism functional state. This organism state in-
cludes integrally the estimation of physical state, 
psychophysiological functions as well as estimation 
of its energetic resources and the level of individual 
professional preparation. Obviously, the high relia-
bility of organism functioning (ROF) as a whole may 
be maintained only in conditions of reliability of all 
organism systems functioning – respiratory, circula-
tory, immune, central and peripheral nervous sys-
tems, etc. [4]–[7]. In case of normal functioning of all 

organism systems, the reliability depends in great 
degree on the state of psychophysiological functions 
and the abilities of respiratory and circulatory sys-
tems to maintain in tissues the metabolic level ap-
propriate to workload [3]. That is why during the 
estimation of physical state, for example for alpinists 
[5], physiological characteristics of functional respi-
ratory system (FRS) state are determinative. 

III.  PROBLEM STATEMENT  

The purpose of this article is a choosing of data 
model and development of algorithms for the esti-
mation of physical status of human organism on the 
base of FRS characteristics.  

Functional respiratory system is considered as 
self-organized dynamic system where the processes 
of respiratory gases mass transfer and mass exchange 
are considered as objects under control, and 
self-regulation is fulfilled by the system of physio-
logical mechanisms that includes central, local and 
humoral chains [2]. The aim of such self-regulation is 
maintaining of gas homeostasis under the different 
disturbances of external and internal media of or-
ganism. In contemporary physiology such structural 
chains for respiratory gases mass transfer and mass 
exchange are defined: respiratory ways, alveolar 
space, blood of the lung capillaries, arterial blood, 
tissues and blood of tissue capillaries, and mixed 
venous blood (Fig. 1).  

IV. PROBLEM SOLUTION 

The main parameters for characterization of FRS 
are partial pressures (tensions) of oxygen 2Op , and 
carbon dioxide 2COp  in alveolar space, blood and 
tissues. Functionally these chains are united into 
systems – external respiration, cardiovascular and 
blood systems.  
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The experience of FRS mathematic model use [2], 
[10], physiological and clinical data evidences that 
for the wide classes of disturbances influenced on 
organism the hypoxic stimulus is determinative dur-
ing the self-organization of the main function. In-
creasing of organism sensitivity for hypercapnia and 
its decreasing for hypoxia is linked usually with me-
dium-term adaptation to vital activity conditions. 
That is why in present work for the elaboration of 
data models and algorithms of organism state esti-

mations we used the data that characterizes processes 
of oxygen delivery to tissues and its mass exchange; 
these characteristics are measured in clinical practice 
usually. The estimation of reliability of respiratory 
system functioning we will do taking into account the 
simple (primary) data that characterize each chain of 
structure, and their derivative (integral) indices. 

Below the brief descriptions of data models for the 
each of examined chains is given.

 
Fig. 1. Structural scheme of respiration functional system

V.  RESULTS 
A Anthropometric data 

It is important that all such experimentally reg-
istered data depend substantially on the sex and age 
of examined individual. That is why these data mod-
els have to be supplemented by the system of anth-
ropometric data 0 .S  In our models the system 0S  is 
represented by the set of the following data: family 
name, personal name, father name, age ( A ), weight 
(W ), and height ( H ) of sportsman.  

 0 0 , ,S S A W H                    (1) 

B System of external respiration ( 1S ) and system of 
oxygen delivery in respiratory ways ( 2S )  

External respiration is provided mainly with the 
activity of respiratory muscles under the control of 
central and autonomic nervous system in correlation 
with oxygen needs of organism. It includes 2 sub-
systems: one for the organization of mass transfer 
process for the gas ( 1S ), other one for autonomic 
supply of external respiration. The most substantial 
index for providing of adequacy of main respiratory 
function in chain ( 1S ) is index (V ), more simple – 
respiratory frequency (f ) and respiratory volume (V). 

So, 1S  may be represented as: 

1 1( , , ).S S V f V                      (2) 

The system of oxygen delivery at respiratory ways 
is S2. Final aim of this chain is formation of 2Ap O  
(partial oxygen pressure in alveolar space), necessary 
for defined vital conditions. The most informative 
index for this chain of process is 2Aq O  – the velocity 
of oxygen arrival to alveoli. 

Quantity of the process is estimated by economy 
index (VE ), and effectiveness index (VA ). The data 
that characterize this FRS chain may be represented 
by following parametric expression: 

2 2 2 2( ; , , ),A AS S q O VE VA p O               (3)  

where derivative indices (integral) are placed before 
the “point and comma” symbol, and after it are the 
simple (primary) indices. 

Regulatory mechanisms support index (V ) at the 
level that is adequate to disturbance influence. The 
degree of their tension at compensation of distur-
bances is estimated by the values that may be ob-
tained in result of statistical processing of the data 
registered in series of planned experiments. 

The best way to calculate the tension degree of 
autonomic supply for external respiration is to cal-
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culate it separately for parameters f and V. That is 
why in the system of external respiration autonomic 
supply the subsystems S3 and S4 are subdivided; data 
model descriptions for them are the same. As exam-
ple let demonstrate in details the data, used for S3. 

Derivative (integral) index for S3 is an index of 
autonomic system tension according to f ( fTI ); it 
reflects correlation between the main statistic indi-
cators of external respiration, also it characterizes the 
degree of tension for systems of short-term adapta-
tion to changes of vital conditions as well as degree of 
centralization of control process [16]. As primary 
(simple) indices are used: 

fМ  is the expectation value ;f  f  is the relative 
number of average deviation of f from normal value 
(in %); f  is the length of maximal dispersion of 

f observation in experiments; fD  is the total va-
riance of f; 1 fD , 2 fD , 3 fD  are dispersion of slow 
waves of the first, the second, and the third order for 

;f  the formation of averaged f  under the influence 
of high frequency subcortical nervous signals  using 
them is analyzed.  

So, 

 3 3 1 2 3; , , , , , , .f f f f f f f fS S TI М D D D D     (4) 

In the same way may be formed the data model 
that characterized the tension of the system for au-
tonomic supply of external respiration according to 
(V) definition: 

 4 4 1 2 3; , , , , , , .V V V V V V V VS S TI М D D D D     (5)   

C System of gases transportation by circulating 
arterial blood 

System of gases transportation by arterial blood 
consists on subsystems for blood circulation supply 
(S5), transportation of gases by blood S6, and sub-
systems S7, S8 for control and regulation of oxygen 
transportation to tissues by blood. 

Blood circulation is provided by the work of car-
diac muscles (executive regulatory organ). 

The most general index that characterizes an 
adequate level of heart functioning is (Q). As simple 
indices are used: stroke volume (SO), heartbeat fre-
quency (HR), total peripheral resistance (TPR), vo-
lume of cardiac output (VSO), systolic (SD) and di-
astolic (DD) arterial pressure. All parameters are 
linked through the (Q) formation, but the role of each 
in pathologies development is absolutely specific. 
Parametric expression of data model for subsystem S5 
may be represented as:  

5 5 ( ; , , , , , ).S S Q SV HR TPR VSO SD DD      (6)    

System of gas transportation by arterial blood is 
described usually by the data model:  

6 6 2 2( ; , , ),a aS S q O HE HA p O                (7)       

where 2aq O  is the velocity of oxygen transport; HE 
is the haemodynamic equivalent that characterizes 
efficacy of oxygen delivery to tissues; HA is the 
coefficient of oxygen delivery efficacy; 2ap O  is the 
oxygen tension in arterial blood. 

The tension of regulatory mechanisms of blood 
circulation system may be characterized by the data 
that are formed on the base of statistical methods for 
processing of the primary haemodynamic indices – 
(SO) and (HR). With the aim of differentiation of 
disturbances in the system of regulation the data 
models for subsystems 7S , 8S  are elaborated; the 
role of these systems is autonomic supply of cardiac 
muscle control for the formation of (SO) and (HR). 
Main derivatives in these models are tension indices 

SVTI  and HRTI . We would like to notice that the 
synergism in work mechanisms of external respira-
tory system regulation and haemodynamic system 
were taken into account by using in 7S , 8S  of dis-
persion values (SO), (HR) under the influence of 
external respiratory waves ( 0 0,SV HRD D ). 

7 7

0 1 2 3

( ;
       , , , , , , , ),

SV

SV SV SV SV SV SV SV SV

S S TI
М D D D D D



 
   (8) 

8 8

0 1 2 3

( ;
       , , , , , , , ).

HR

HR HR HR HR HR HR HR HR

S S TI
М D D D D D



 
 (9) 

D System of tissue respiration 
The main characteristics of intensity of metabolic 

processes that are examined and defined in medical 
examinations is the velocity of oxygen consumption 
by organism 2tq O . During the estimation of organism 
health the information about this index may be suf-
ficient. From other side, for characterization of tissue  
respiration at different organs it is necessary to know 
the values of 2pO  and peripheral resistance to blood 
stream in tissue capillaries. Unfortunately, contem-
porary methods give no possibilities for simultaneous 
registration of such data at different organs of or-
ganism. That is why additionally to this data model it 
is necessary to use mathematic models of the main 
respiratory function [2]. In suggested approach 2tq O  
is supposed as the simple and integral indicator of 
tissue respiratory system: 

9 9 2( ).tS S q O                          (10) 
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E System of person special workability 

All data above may be obtained in rest state of the 
person (main state of metabolism), and during train-
ings at bicycle ergometer. But each of human activity 
type is specific so, has peculiar necessity in oxygen 
consumption and peculiar demands to some chains of 
oxygen transportation system. In some cases this 
specificity may be examined using special bicycle 
ergometers, in other cases for person examination 
ordinary bicycle ergometers are used without taking 
into account the specificity of person professional 
activity. 

For integral estimation of special work ability of 
examined person we suggest as necessary to use 
following dependence:  

10 10 ( ),iS S P                      (11)             

where 10S  is a system, iP  are parameters of respira-
tory system, registered in experiments during the 
tests for studying of person special work ability. 

It is known that data models for the systems of 
regulatory supply of respiratory process are built on 
the base of statistically processed experimental data 
obtained usually in rest conditions, during physical 
loadings of different intensity and after loadings. 
Further data models will be described in compliance 
with different experimental conditions, used for the 
making of estimation spectrum on the base of its 
analysis the integral estimation of testee physical 
state may be done.  

Each of above described subsystems may be es-
timated by analysis of its integral indicators with a 
glance of its main function provision. Besides of such 
abovementioned estimations, there are also another 
set of substantial complex estimations of observed 
subsystems; the last ones are elaborated on the base 
of all subsystem simple indices analysis. These data 
will be used for obtaining of estimations of more high 
level including also estimations of all organism (as 
will be described below).  

It is supposed that for each index kx  the norm 

intervals are set min max,n n
k kx x   . 

Estimation 
kxV  that points on the degree of kx  

deviation from its norm interval is calculated ac-
cording to rule (%):  

0 0

0 0

0

50, 50;

50, 50;

0, 50,

k k

k k k

k

X X

X X X

X

V V

V V V

V

  

   




            (12) 
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          (13) 

where 0
kxV  is an order of deviation of kx  from its 

optimal one (in %). 
From (12) and (13) is follows that “zero” estima-

tion of index kx  will be formed in a case when kx  is 
in of its norm. Indication of “not zero” estimation 
points on direction of kx  deviation from the norm 
interval, and its meaning – on degree of deviation. 

Complex estimation of 0S  subsystems (anthro-
pometric data) is elaborated using following regres-
sion model: 

0
,S w w H H TCh TChV V V V                (14) 

where , ,W W TCh    is the group of normalized weight 
coefficients  that characterize the importance of ela-
borated according to (12) and (13), estimations 

, ,W Y TChV V V  (for indices , ,W H TCh ) in elaboration 

of estimation 
0SV . 

By analogy other complex estimations are elabo-
rated , 1,10, 1, ,

i

j
SV i j r   where j  is the number of 

experiment in which the data of tested person were 
measured ( r  is the total number of experiments, data 
from which are used for the obtaining of integral 
estimations): 

1
,

i

j j
i k k

n
j

S x x
k

V V


                       (15) 

where in  is a number of simple indices j
kx  of sub-

system ;iS  j
kx

  is the weight coefficients for the 

fixed j, they form the separate group of normalized 
coefficients; j

kx
V  is the estimation of index j

kx  of 

system iS , it is measured in j th experiment. 
Based on (14), the formula for the complex esti-

mation of the system 1S is: 

2 2
.j j j j j ji A A

j
S VE VE VA VA p O p O

V V V V          (16) 

For subsystems 109,SS  that characterized by one 
index only in present work, the estimation is fol-
lowing: 

9 2
,j

t

j
S q O

V V                       (17) 

10
.

i

j
S PV V                        (18) 
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According to obtained estimations rjV j
Si

,1,   

for each subsystem ,iS 1,10i   the estimation of 
more high degree is formed: 

1
,

i i i

r
j j

S S S
j

V v V


                       (19) 

where j
S i

v  is the weight coefficients, in case of fixed 
i  they compile the group of normalized coefficients. 

Estimation of system of oxygen delivery 
2SOV  

and total estimation of physical organism state SV  
are elaborated according to formulas: 

2

9

1
,

i

j
SO i S

j
V V



                           (20) 

0 20 1 .S S SOV V V                        (21) 

Equations (15) – (21) represent one of two 
branches of described algorithms. Estimations ela-
borated according to these formulas were obtained on 
the base of analysis of estimations for the simple 
indices for systems iS 1,10,i   and anthropometric 
data of person. 

The second branch of algorithm is intended for the 

elaboration of estimations that are formed on the base 
of analysis of estimations of integral indices for sys-
tems iS 1,10,i   where the compensatory functions 
of self-regulatory mechanisms are taken into account. 

According to calculated by (12) and (13) estima-
tions 

2 2
, , , , ,i j j j j о

A a SVfq O V Q q O TITI
V V V V V V  the general 

integral regulatory systems are elaborated. They 
characterize the functional state of chains of regula-
tory system that is responsible for the provision of 
proper values of integral indices. Calculation of such 
estimations is done using formula: 

1
,j j

r

x x x
j

V V


                         (22) 

where xV  is the general integral estimation of 

integral index x; jx
V  is the estimation of integral 

index by data of j th experiment; jx
  is the norma-

lized weight experiment. 
Than were elaborated the general estimations for 

2SO
jV – system of oxygen delivery in organism for 

each rj ,1 , in which the compensatory reactions 
for mechanisms of integral regulation were provided

2 1 6 1 6 2 6 2 5 3 3 42 2

7 8 8 97

SO - -O O

-                                                                                      

j j j о j
VA f

j j j
HRSV

j j j j j j j j j
S S S S S S S S S S SV Qq q TI

j j j j
S S S S qS TI TI

V K V K V K V K V Kj K V

K V K V V

       

    



2O
,j

t

 

where ,
1 6, 2 5 3 4 7 8 9 10, , , , , ,j

l l S S S S S S S S S S       
is a group of normalized weight coefficients for each 
one; 

1
1, ; , 1,8j

Sj r K i   are numeral coefficients that 
signify an order of compensatory reactions for the 
maintaining of necessary values of integral indices. 

Calculations of general estimations for the system 
of oxygen delivery 

2SO
RV  and organism physical state 

,R
SV  where the compensatory reactions for regula-

tory mechanisms are foreseen, were provided on the 
base of following decisive rules: 

2 2SO
1

,
r

R j j
SO

j
V V



                      (23) 

0 20 1 SO ,R R
S SV V V                    (24) 

where 0 1, 1, , ,j j r     are the groups of normalized 
weight coefficients. 

VI.  CONCLUSIONS 
Appears from the above, the suggested algorithm 

permits to obtain the spectrum of integral estimations 

that have different levels and degrees of their infor-
mative values. Models of linear regression are used in 
present work. As input data for algorithm were used: 
medical examination and functional probes data that 
characterize oxygen regime of organism; norm in-
tervals for each index and for each model for expe-
rimental data; weight and other coefficients equipped 
in algorithm. 

Integral estimations elaborated by suggested me-
thod may be useful for the forecasting of ROF – or-
ganism reliable functioning – in different spheres of 
human activity. Prerequisites for this are the use of 
objective indicators of person (f. e. sportsman) oxy-
gen supply as well as degrees of regulatory systems 
tension that are able to compensate disturbance ef-
fects in external and internal organism media. 

REFERENCES 
[1] V. M. Belov, A. B. Kotova, and Yu. N. Onopchuk. 

“Conceptual bases of the health as a problem”. Bio-
ecomedicine. United information space. Kyiv, Nau-
kova dumka. pp. 190–206, 2001. (in Russian). 

[2] Yu. N. Onopchuk. “Homeostasis of functional respi-
ratory system as result of information interactions: 



114                                                                    ISSN 1990-5548   Electronics and Control Systems  2015. N 4(46): 109-115 
 

internal system and system-media ones”. Bioecome-
dicine. United information space. Kyiv, Naukova 
dumka. pp. 59–81, 2001. (in Russian). 

[3] Yu. N. Onopchuk, P. V. Beloshitskiy, and N. I. Ara-
lova. “To problem of reliability of functional systems 
in organism”. Cybernetics and computing technique. 
Kyiv, Institute of Cybernetics. Glushkov NASU, 
Is. 122. pp. 72–89. (1999). (in Russian). 

[4] Yu. G. Antomonov, G. S. Gedevanishvily, A. B. Ko-
tova and et al. “Estimation synthesis for functional 
states of cardio-vascular system and pressure regula-
tion system at psycho-emotional probe”. Cybernetics 
and computing technique. Kyiv, Institute of Cyber-
netics. Glushkov NASU, Is. 98, 1993, pp. 45–50. (in 
Russian). 

[5] A. A. Aralova, N. I. Aralova, P. V. Beloshitsky, and 
Yu. N. Onopchuk. “Authomatic information system 
for functional diagnostics of alpinists”. Sportive 
medicine. Kyiv, no. 1, 2008, pp. 83–94. (in Russian). 

[6] P. V. Beloshitsky, Yu. M. Onopchuk, Ch. A. Kurda-
nov, P. V. Beloshitsky and N. I. Aralova, 

“Mathematic model of organism functioning reliabil-
ity at hypoxia conditions”. Physiological journal, 
Scientific-theoretical journal, Kyiv, vol. 44, no. 3, 
1998, pp. 131–132. (in Russian). 

[7] N. I. Velichko, L. B. Kvashnina, D. I. Marchenko and 
Yu. N. Onopchuk. “Data models about functioning of 
respiratory system and estimation of physical health”. 
Control systems and machines, Kyiv, Institute of 
Cybernetics. Glushkov NASU, no. 5, 1999, pp. 7–13. 
(in Russian). 

[8] Yu. M. Onopchuk and D. I. Marchenko. “Dynamics of 
organism oxygen regimes at conditions of hypoxic 
hypoxia. Numerical analysis”. Cybernetics. Kyiv 
no. 4, 1983, pp. 134–137. (in Russian). 

[9] M. K. Oskolkova. Functional methods for investigation 
of child blood circulating system. Мoscow, Medicine. 
272 p. (in Russian). 

[10] K. B. Polinkevich, Yu. M. Onopchuk. “Conflict situ-
ations during the regulation of main function of or-
ganism respiratory system and mathematic models for 
their solution”. Cybernetics. Kyiv no. 3, 1986, 
pp. 100–104. (in Russian). 

Received  July 30, 2015.
 
Onopchuk Yuri. Doctor of Physical and Mathematical Sciences. Professor. 
Institute of Cybernetics of V. M. Glushkov National Academy of Sciences of Ukraine, Kyiv, Ukraine. 
Education: Lviv State University, Lviv, Ukraine, (1961).   
Research area: theory of control, modeling of biological and medical systems.  
Publications: 170. 

Aralova Nataliya. Ph.D. (Engineering).Senior researcher. 
Senior researcher. Institute of Cybernetics of V. M. Glushkov National Academy of Sciences of Ukraine, Kyiv, Ukraine. 
Education: National University named after Taras Shevchenko (1978), Kyiv, Ukraine.  
Research area: control  in biological and medical systems.  
Publications: 86. 
Е-mail: aralova@ukr.net 

Beloshitsky Pavel. Doctor of Medical Sciences. Professor. 
Head of Elbrus Medical and Biological Station, National Academy of Sciences of Ukraine in Russia (1972–1993). 
Education: Kyiv Medical Institute (1961), National University named after Taras Shevchenko, Kyiv (1972)   
Research area: organism state in extreme conditions, influence of high mountain factors on organisms   
Publications: 310. 
Е-mail: belosh@voliacable.com 

Klyuchko Olena. Ph.D. in Biological Sciences (biophysics). Docent. 
Aeronavigation Institute, National Aviation University, Kyiv, Ukraine.  
Education: National University named after Taras Shevchenko, Kyiv (1981), National Aviation University (2003), Kyiv,  
Ukraine.  
Research area: biophysics, ecology, bioinformatics, brain sciences. 
Publications: 168.  
E-mail: iesy@nau.edu.ua 
Ю. М. Онопчук, Н. І. Аралова, П. В. Білошицький, О. М. Ключко. Математичні моделі та інтегральна  
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організму, так і ступені напруженості регуляторних систем, що компенсують впливи збурень зовнішнього й 
внутрішнього середовища організму. 
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