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Abstract—One of the most important directions of the research in medicine of labor is the development of
methodology and methods for the estimation and predicting of the functional reserves of organisms of
decision-makers, whose professional activity takes place under the extreme conditions, in particular, with
the joint action of hypoxic hypoxia and conditions of complex situational stress. In present article it was
proposed to apply mathematical model of the functional system of respiration for the simulation conflict-
controlled processes that appear during the self-organization of respiratory system under the conditions
of complex situational stress in process of decisions’ making. The mathematical model of mass transfer
and mass exchange of respiratory gases in human organism is represented as a system of ordinary
differential equations, which in the dynamics of the respiratory cycle describe the changes in the stresses
of oxygen and carbon dioxide at all stages of its path in human organism. The solution of this problem,
taking into account both intra- systemic as well as inter systemic mechanisms, allows to predict the
optimal values of active control parameters - ventilation, volume velocities of systemic and organ blood
circuits. The results of numerical experiments were presented. Their purpose was to study the behavior of
quality control functional for hypoxic and hypercapnic regulation stimuli in difficult situational
conditions during decision making and to find optimal control parameters when seeking a compromise
solution of conflict situation that appear between control elements and executive elements of self-
regulation. Numerical simulation has demonstrated that during the load compensation in difficult
situational conditions, during decision making the key role belongs to quality control functional of the
hypercapnic stimulus and to behavior of quality functional, which is minimized,; the change in the
parameters of ventilation influences greatly. The optimum control influences were determined at the
simulation of load compensation on the brain tissues for averaged person. Further developments can turn
this model into a rather simple and reliable research tool and have both theoretical and practical value.

Index Terms—Decision-makers; difficult situational conditions; hypoxic regulation stimulus;

hypercapnic regulation stimulus; cumulative effect of stimuli.

L INTRODUCTION

The scientific literature contains a limited
information only on the study of mechanisms of
organism adaptation of the human who works in
adverse conditions of professional activity. As it was
shown in [1], the professional activity of a person in
unusual conditions of the work leads to a sharp
change in homeostatic mechanisms, and as a
consequence, to the adaptation failure [2] — [4].

In this regard, one of the leading direction of
research is the development of methodologies and
methods for evaluating and forecasting of functional
reserves of organisms of persons whose professional
activities are carried out under extreme conditions.
The system study of physiological functions and
activities, particularly in extreme conditions of
flights by modern aircrafts is extremely important

with purpose to identify optimal conditions and
processes of the work. The use of comprehensive
system approach to the estimation and prediction of
operator labour efficiency can improve significantly
the reliabilities of "man-machine" systems and
eliminate uncertainty that appear if to use for this
purpose psychophysiological indicators only.

For obtaining of comprehensive information on
the state of organisms of the flight crew members,
an integrated approach based on modern diagnostic
and research methods is required. The part of this
approach is the simulation of adverse flight factors.
The data obtained using this approach on the
physiological characteristics of adaptation and
individual stress resistance of organism to extreme
activities extends the contemporary imaginations
about the ability of organism adaptation to the
environment, human reserve capacity, their
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realization in the restoring of damaged functions,
and complement modern ideas about regulatory
mechanisms that participate in homeostasis support
of the organism.

II. PROBLEM STATEMENT

Development of new methods of mathematical
modeling, methods of system analysis, theory of
dynamic process control and contemporary
information technologies had formed a favorable
ground for studying of the processes of self-
regulation of the human respiratory system. This is
especially true for the problem of optimality
criterion choosing at the self-regulation of functional
respiratory system during decision making in
conditions of complex situational circumstances.

The mathematical model of gas homeostasis
control allows to simulate the compensatory
reactions of the organism according to the principle
of providing of adequate reactions of respiratory and
cardiac centers in conditions of decision-making
under the difficult situational circumstances, and it
could be used for the resolution of conflict situation
that arises between the executive elements of self-
regulation and other tissues and organs in their
struggle for the oxygen.

The purpose of the work was to identify the role
of hypoxic and hypercapnic regulatory stimuli, as
well as their cumulative effect in the self-
organization of the respiratory system, and to
evaluate the contribution of each individual group of
tissues in the functionals that formalize these stimuli
under the conditions of complex situational
circumstances on the mathematical model of
respiration functional syste.

III. PROBLEM SOLUTION

A. The task of optimal control

The mathematical model of mass transfer and
mass exchange of respiratory gases in human
organism in the dynamics of respiratory cycle [5],
[6], which is based on the assumption that the main
function of respiratory system is the timely and
adequate oxygen supply of tissues of working organs
and the output of carbon dioxide and metabolic
products; this model is represented by the system of
ordinary differential equations that describe the
dynamics of stresses of oxygen and carbon dioxide
at all stages of its path in the human organism. In
parametric form it looks like as:

dp,0, _

. o(p.0,, p.CO,,M,.V,0,0,,

Gt,.o27 qt,.o2 )’

(1.1)

PEe (0., pCOLM, V0.0,
G,CO,,q,CO, ),
(1.2)
where the functions ¢ and ¢ are described in
details in [S] and [6]; V is the ventilation; n is the
degree of hemoglobin saturation with oxygen; Q is
the volume velocity of systemic and O, local blood

circulations; ¢, 0O, is the speed of oxygen
consumption by ith tissue reservoir; ¢, CO, is the
rate of carbon dioxide release in i th tissue reservoir.
The velocity of G, O, is the oxygen flow from blood
to tissue and G, CO, is the carbon dioxide from

tissue to blood is determined by the ratio

Gt‘. = Dt‘. Sz’. (pcz,. - pz’. )’ (2)
where D, are the coefficients of gas permeability

through the aerohaematic barrier; S, is the surface

area of gas exchange.

The problem of optimal control is formulated as
following one.

The purpose of control [7] is the transformation
of perturbed system to a stationary mode, in which
the following ratio is executed:

| Gt‘OZ _Qt,.oz < €,
G,CO, +¢,C0, [<s,, 3)
|G, N, [<¢,

where €, €, €, are are sufficiently small positive
numbers given in advance.

In this case, the control parameters are limited by
restrictions:

0<V<V,,., 0<0<0,..

00,20, Y0,-0. @

where m is the number of tissue reservoirs in the
organism. Besides of this, to resolve the conflict
situation between the executive organs of regulation
(respiratory muscles, cardiac muscle and smooth
muscles of the vessels), which at the same time are
also consumers of oxygen, and other tissues and
organs, lets introduce the ratio:

qreSp.mOZ = f(V), Qheartoz = Q(Q)a
qsmooth.mOZ = F?(Q)a (5)

The quality criterion will be presented as
functional:
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T
I= J[p, >'6,(G,0,-4,0,)’+p,> 5, (G,CO, +¢,CO,)’ }dr,
t i

T i
where V' is the alveolar ventilation; Q and 0, ,

i=1,m are volume velocities of the systemic and
tissue blood circulations; G,O, and G,CO, are

values of the flows of oxygen and carbon dioxide
through the walls of tissue capillaries; ¢, O, is the

velocity of oxygen consumption; ¢,CO, is the

velocity of formation of carbon dioxide; t, is the
moment of the beginning of the influence of
perturbation on the system; 7' is the length of this
perturbation; p, and p, are coefficients that
characterize the sensitivity of a particular organism

. are coefficients that

to hypoxia and hypercapnia; ©
reflect the morphological features of a separate
tissue reservoir i .

The solution of this problem leads to the
prediction of optimal values of active control
parameters — ventilation, volume velocities of
systemic and organ blood circulations.
The minimum of functional (6), taking into account
the restrictions (4) can be written as:

I, = min [,
0<r<y,

max

where

’
I= .[[Plzcz, (thOZ _ql‘fo2)2

Ty I

(7
+p, .0, (G,CO, + qtfcoz)z}dr, i=1m.
t!
Taking into account that integral function is
additive, / can be represented as:
I=1+1,, (8)

where

)
I,=p, j{z(q 0,-4,0, )2 %]dr, ©9)

To

7

t; t;

t 2V,
Izzpzj{Z(G,’C02+qu02) ’]dr, (10)

The meaning of the functionals /,and I, is quite

clear. Since G, O, in (9) characterizes the velocity

of delivery, and q, O, is velocity of oxygen

i=1m, (6)

utilization in ith tissue region, the functional /, is
essentially a hypoxic stimulus of regulation known
in physiology. Similarly, the functional /, is the

functional that reflects the hypercapial stimulus of
regulation.

B. Investigation of the behavior of functional of
quality

In difficult situational conditions x , when taking
decisions, the consumption of oxygen by muscle
tissue increases mnot so much [8], oxygen
consumption is carried out mainly by brain tissues.
A series of experiments [9] — [12] was carried out to
study the processes that happened as a result of
oxygen consumption. The aim was the studying of
the behavior of functional of the quality control for
hypoxic and hypercapnic regulatory stimuli (7)
under the difficult situational conditions when

making decisions and finding optimal control
parameters.
During the simulating difficult situational

circumstances, oxygen consumption by brain tissue
was increased by 100%. Then ¢, O, will be

increased from 0.6 ml/s (under the condition of main
metabolism) to 1.16 ml/s. In addition, lets increase
the velocity of oxygen consumption by muscle tissue
by 10% (up to 1.64 ml/s). Then the total
consumption of oxygen by organism will be
5.4 ml/s. The body weight of the average person is
75 kg. The time of simulation is 300 s. By changing

the controlling parameters V', Q, O, ... lets choose

and find the optimal values of functional of the
quality control for the hypoxic and hypercapnic
regulatory stimuli, as well as its constituents.

In articles [9] — [12] it was shown that in case of
uncompensated loading under the difficult
situational circumstances, during the decision-

making, the part of the functional /, increased from
4% within the norm to 16%, and the proportion of
functional [, decreased accordingly from 96% to

84%. However, as in the conditions the main
metabolism, the leading role belongs to the
functional of quality of the hypercapnic stimulus. It
is possible to estimate the contribution of hypoxia
and hypercapnia in certain tissue groups in

and 1,

conditions. In the functional of the hypoxic stimulus,
the proportion of brain hypoxia is 34%, heart muscle

functionals /| under the simulated
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4%, skeletal muscle 62%. In the functional of the
hypercapnic stimulus, the proportion of hypercapnia
in tissues is 3%, 22%, 75%, respectively.

The value of the functional / with constant
ventilation and increased blood circulation in the
brain tends to decrease. If to fix the cerebral
circulation with an increase in the volume of
alveolar ventilation, it is possible to register a sharp
increase in values /. The minimal value of the
functional of the joint effect of the hypoxic and
hypercapnic stimuli of regulation obtains at the
following values of the control parameters:
V' =9.75/min, Q=1123mls, Q,.. =29.8 mls.
With these optimal values of control influences, the
contribution of 7, to the general functional is 7%,
and the contribution of the functional of the
hypercapnic stimulus /,, respectively, is 93%. With

such control parameters, the values of oxygen and
carbon dioxide in brain tissues are stabilized.

IV. CONCLUSION

The functional of quality control of the
hypercapnic stimulus plays the main role in case of
compensating of the load in difficult situational
conditions, during the decision-making. On the
behavior of the functional which minimizes, the
changes in the parameters of ventilation influence
greatly. The optimal control effects when simulating
the compensation of the load on the brain tissues in
the average person have the following values
V=9.75/min, Q=1123mls, Q. =29.8 ml/s

(increase by 100%). Determining the optimum of
human-operator and its corresponding changes in the
most informative indicators opens the possibility of
forecasting its efficiency, and in the prospect — to
move to the management of the functional states of
operators.

Continuation of the works, further developments
can turn this model into a rather simple and reliable
research tool; they have both theoretical and
practical importance.
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H. I. Apanosa, O. M. Kmouko, B. . Mamkun, I. B. Mamkuna. KoMnpomicHuii po3B’si30k KoH(IiKTHHX
CUTYyalili B 3aa4i oNTUMAJIBHOr0 KePyBaHHS i\ Yac NPUITHATTA pillleHb Y CKIATHUX CUTyaliiiHUX 00CcTaBHHAX
OpHUM i3 aKTyallbHHX HAaIpSMKIB JOCIIDKEHHS B MEAWIIMHI Mpaili € po3po0ka METOMONOrii Ta CIOCcO0iB OLIHKU Ta
MIPOrHO3yBaHHs (DYHKIIOHAIILHUX PE3EpBiB OpraHiamy oci0, 110 NPUIMAIOTh pillleHHs, NpodeciiiHa JTiSUTbHICTD SKHX
BiIOYBAETHCSI B EKCTPEMANbHHX YMOBAaX, 30KpeMa IpH CyMICHIA Aii TIMOKCHMYHOI TiMmoKcii Ta yMOB CKJIaJHOL
curyauiiinoi Hampyru. IIponoHyeTbesi 3acTOCYBaTH MaTeMaTHYHY MOJAENb (DYHKIIOHAJIBHOI CHCTEMH JMXAHHS IS
iMiTanii KOH(QIIKTHO-KEpOBaHUX MPOIIECIB, SIKi BUHUKAIOTH IIPY CaMOOPTaHi3allil CHCTEMH JUXaHHSI B yMOBaxX CKJIaIHOI
CUTYyalliiHOI HANPYTH NPU MPUHHATTI pilieHb. MaTeMaTH4YHa MOJIETh MacOIIEPEHOCY Ta MacOOOMIHY pecHipaToOpHHX
ra3iB B OpraHi3Mi JIFOJMHHU MPEJCTaBICHA CHCTEMOIO 3BHUAHMX JAu(epeHIIIHHUX PIBHAHbB, SKI B JUHAMII JUXATBHOTO
LUKy ONHMCYIOTh 3MiHY HalpyXXeHb KHCHIO Ta BYIJIEKHCIIOTO ra3dy Ha BCIiX €Tallax HOro HUIsSXy B OpraHi3Mi JIIOJWHU.
Po3B’s130K 1i€i 3amavi 3 ypaxyBaHHSAM SK BHYTPIIIHBRO CHCTEMHHX, TaK 1 MiX CHCTEMHHX MEXaHi3MIB I03BOJISE
MPOTHO3YBAaTH ONTHUMAaJIbHI BEJUYMHM AKTHBHUX MapaMeTpiB KepyBaHHS — BEHTWIAMiI, 00 €MHHUX IIBHIKOCTEH
CHCTEMHOTO Ta OPraHHHMX KpOBOOGIriB. IIpelcTaBieHO pe3ynbTaTH YHCETbHHMX EKCIEPHMEHTIB. IX MeTow Oyio
JIOCITIJPKEHHS TIOBEIIHKH (DYHKIIIOHAITY SIKOCTI KepYBaHHS 32 TIMOKCUYHHUM Ta TiNepKaITHIiYHUM CTUMYJIAaMH PEryIsiii y
CKJIaJIHUX CUTYallilHUX YMOBAax IpU MPHUHHATTI PillIeHb Ta MOIIYK ONTHMAIBHHUX MapaMeTpiB KEpYBaHHS IPU MOMIYKY
KOMITPOMICHOTO PpO3B’sI3Ky KOH(QJIIKTHOI cHTyallii, ska BHHHUKA€ MiXK KEpPIBHUMH Ta BHKOHAaBYMMH OpTraHaMU
camoperysnii. YucensHe MOAETIOBaHHs ITOKA3ajio, IO IPU KOMIIEHCAIl HAaBaHTaXXEHHS B CKJIQJHUX CHUTYalliHHHX
YMOBax IpH NPUHHATTI pillleHb BU3HAYallbHA POJIb HAJEKHUTh (PYHKIIIOHATY SIKOCTI KEPYBaHHS 3a TillepKaIlHIiYHUM
CTHUMYJIOM 1 Ha NOBEAIHKY (DYHKIIIOHATY SKOCTi, KU MiHIMI3y€TbCS, BEJIMKHH BIUIMB 3/1HCHIOE 3MiHAa MapaMeTpiB
BEeHTWIALI1. BU3HaYeHO onTUMaibHI Kepylodi BIUIMBY MU iMiTalii KOMIEHcalil HABaHTaKEHHS! HA TKAHUHH MO3KY Y
cepeqHbOCTATUCTHYHOL JfoAuHH. [lomankii po3poOKH MOXKYTh MEPETBOPUTH MOJENb B AOCHUTH MPOCTUH Ta HaAiHHHUI
IHCTPYMEHT JOCIIiDKEHHsI Ta MAaTH SIK TEOPETUYHE, TaK i IPaKTUYHE 3HAUCHHSI.

Karwudosi cioBa: ocodu, 110 NpuiMaroTh pillleHHS; CKJIJHI CUTYalliliiHi 0OCTaBHHU; TITOKCHYHUHA CTUMYIN PEryisiii;
rilepKanHiYHUA CTUMYJ PETYJISLii; CyMiCHA JIisl CTHMYIIB.
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H. M. Apanosa, E. M. Kmouko, B. 1. Mamxkun, U. B. Mamkuna.KomnpomuccHoe pa3pemenne KOH(QpINKTHBIX
cUTyalMii B 3aJavyax ONTHMAJBHOIO YNPABJEHHS] NPH NPUHATHM PeEIICHHI B CJIOKHBIX CHUTYallMOHHBIX
00CTOATENBCTBAX

OpHUM M3 aKTyaJbHBIX HaNpaBIICHWH WCCIEIOBaHHMS B MEIUIMHE TPyAa SIBIsieTCS pa3paboTka METONOJOTHH U
CHocOOOB OIIEHKM M IPOTHO3UPOBaHUS (DYHKIMOHAJIBHBIX pPE3epBOB OpraHM3Ma JIMI, MPUHUMAIOIIUX pEIIeHUS,
npoeccroHaNbHasl NEeITebHOCTh KOTOPBIX MPOUCXOAHUT B SKCTPEMAJbHBIX YCIOBHUSX, B YACTHOCTH IPU COBMECTHOM
JIeCTBUU TMIIOKCHYECKOM TMIOKCHU M YCIOBUM CIOXXHOTO CHUTYyallMOHHOTO HampspkeHus. Ilpeanaraercd mpuMEHHUTH
MaTEeMaTU4ECKyI0 MOJENb (DYHKIIMOHAIBEHON CUCTEMBI JIBIXaHUS Ul IMUATAIUHA KOH(IMKTHO-YIIPaBIIsIEMbIX TPOLIECCOB,
BO3HHUKAIOIIUX NPU CaMOOPTaHU3ALMM CHUCTEMBI JIbIXaHHA B YCIOBHUSX CIOXKHOTO CHUTYAI[IOHHOTO HAINpPsDKEHUs NPHU
NIPUHATHH pelieHnii. MaTemaTHdeckasl MOJIENIb MaccollepeHoca U MaccooOMEHa PECIMpPaTOPHBIX Ta30B B OpraHH3Me
YeJoBeKa IpE[CTaBlIeHa CHCTEMOW OOBIKHOBEHHBIX IU(QQEpeHIHaNbHBIX ypaBHEHUH, KOTOphle B JIMHAMHKE
JIBIXaTeIbHOTO LMKJIA OMUCHIBAIOT U3MEHEHUS HaNpsHKeHUI KUCTIopoJa M YIIIeKUCIIOro ra3a Ha BCeX dTanax ero nyTH B
OopraHusMe 4ejoBeka. PeleHue 3Toi 3a1aud ¢ y4eTOM KaK BHYTPUCHUCTEMHBIX, TaK U M@K CHCTEMHBIX MEXaHH3MOB
TMO3BOJISIET MIPOTHO3UPOBATH ONTHMAJIbHBIE BEJIMYMHBI AKTUBHBIX MAPaMETPOB YIPABICHUS - BEHTWISIIMU, 00bEMHBIX
CKOPOCTEH CHCTEMHOr0 W OpraHHOro KpoBooOpameHui. [IpeacTaBieHsl pe3yabTaThl YUCICHHBIX YKCIIEPUMEHTOB. Mx
LeTIbI0 OBIIO MCCIIeIOBaHUE MTOBEACHHS (PYHKIMOHANIA KAYeCTBA YIPABIICHUS 10 TUIIOKCHYECKAM M THUIEPKATHHYECKUM
CTUMYJIaMU PETYSIIMA B CIOXKHBIX CHUTYAI[MOHHBIX YCIOBMAX IpPHU NPUHATUU PELICHUH M TOUCK ONTHMAalbHBIX
MapamMeTpoB YIIPABIIEHUsI TIPH MOUCKE KOMIIPOMHCCHOTO PEIICHUsI KOHPIMKTHONW CHTYaIllH, KOTOPast BO3HUKAET MEXKIY
PYKOBOIAIIMMHU U HCIIONHUTEIBHBIMM OpPraHaMH caMoperyssiuuu. UncieHHoe MOAEIMPOBAHUE I0Ka3ajo, 4YTO Hpu
KOMIIEHCAIlUd HAarpy3Kd B CJIOXHBIX CHUTYAallMOHHBIX YCJIOBUSX IPH NPUHATHM pPEIISHUHA OmIpeiessiomas poib
MIPUHAUISKUT (DYHKIIMOHATY KauecTBa yHpaBJICHHsS IO THUIEPKAITHUYECKOMY CTHMYJY U Ha IoBefeHue (QyHKIMOHAa
Ka4yecTBa, KOTOPHI MUHHMHU3UPYETCs, OOJBIIOE BIMSHHE OKa3blBaeT HM3MEHEHHE IapaMeTpOB BEHTHIISIIHU.
OnpeneneHsl ONTUMANbHbBIE YIPABIAIONIME BO3ACHCTBUSA NMPU MMUTALUN KOMIEHCAI[MM HArpy3kM Ha TKaHM MO3ra y
Cpe/IHECTAaTUCTUYECKOro YenoBeka. JlanbHeinme pa3pabOTKH MOTYT IPEBPATUTh MOZAETb B JOCTATOYHO MPOCTOW U
HaJEXKHBIN HHCTPYMEHT UCCIIEIOBAaHUS U UMETh KaK TEOPETHUECKOe, TaK U MIPAKTUIECKOe 3HaYCHUE.

KnroueBble ciioBa: juIia NPUHUMAIONINE PEUICHUS; CIOXKHBIE CHTYAI[IOHHBIE OOCTOSTENHCTBA; TMIOKCHYECKHH
CTUMYJI PETYJISIINYU; TUIIEPKAITHIYECKUI CTUMYIT PEryJIsILUU; COBMECTHOE NEHCTBUE CTUMYIIOB.
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