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YV Oaniti pobomi 3anpononogano mooerv OUHAMIKU NOWUPEHHSI CMPECcO8UX HPOYecié HAaceNeHMs 6
O0eKIiIbKOX PIZHUX 30 CBOIMU XAPAKMEPUCTMUKAMU 2PpYNax, wo Oa3yemvpcsi HA CUCMEMI HeNiHItHUX
ougpepenyianvrux pieHsanv. Taxoodic ys mooeivb nepedbauac MONCIUSICMb GUBUEHHS 306HIWHIX 6NIUGILE,
moomo epexmusnocmi Oitl, AKi HANPAGLEHI HA NIOBUWEHHS NCUXOI02TuHOT cmitikocmi HaceneHHs. OCHOGHUM
3A80aHHAM O0O0CNI0NCEHH OVIO0 3aNPONOHY8AMU ANCOPUMMU 3HAXOONCEHHS 2aPAHMOBAHUX NPOSHOZHUX
OYIHOK OuHAMIKU makux mooeneu. byno pozenanymo 0ea eunaoxu yiei npoonemu: 0asi 8UNAOKy, KOAu €
HASAGHUMU MOYHI OaHI NPO KIIbKIiCMb 0CiO, wjo nepedysaiomv ni0 cmpecosum GNIU6OM, 8 KOMCHIU i3 epyn
NpOmMA2OM NEBHO20 HYACO08020 NPOMINCKY, ma Ol AHANO2IYHO20 BUNAOKY, dle KOAU € OaHi npo
cnocmepedcents npo OUHAMIKY Maxkux oci6. Y axkocmi npukiady po3eiaHymo CReyiaivbHull 6Uunadox
PIGHANHS OUHAMIKU RONYASAYIL Oe3 308HIUHbO2O BNAUGY OJisk OOHIET 2pynu 0Cio.

Knrouosi cnosa: ounamika nonynayii, cmpecocmitikicms, CnoCmepex#CeHHs, 2apaHmo8ana NpoSHO3HA
OYIHKA, NOXUOKA OYIHIOBAHHSL.

In this work, we propose a population dynamics model of the spread of stressful processes in several
groups with different characteristics. Such a model is described by a system of nonlinear differential
equations. Also, this model provides for the possibility of studying external influences, that is, the
effectiveness of actions aimed at increasing the psychological stability of the population. The main objective
of the study was to propose algorithms for finding guaranteed predictive estimates of the dynamics of such
models. Two scenarios of this challenge are considered: for the case when there are available accurate data
on the number of persons under stressful influence in each of the groups during a specific time interval; and
for a similar case, but when there is observational data on the dynamics of such individuals. In both cases,
we apply the methodology of finding guaranteed predictive estimations of the dynamics within these models.
As an example, we consider the special case of the equation of population dynamics without external
influence for one group of persons.

Key Words: population dynamics, stress resilience, observation, guaranteed predictive estimation,
estimation error.
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Introduction

Against the background of the recent tragic
events in Ukraine, a significant proportion of
military personnel and civilians fall under risk
factors for the development of various psychological
disorders, even up to post-traumatic stress disorder
(PTSD), that is, a mental health condition that can
develop after a stressful event or a situation of an
exceptionally threatening or catastrophic nature. Of
course, these problems can manifest not only as
PTSD, but also in the form of other disorders,
including substance abuse, depression, anxiety
disorders, dysregulated aggression, and more.

The results of international studies in war-torn
countries show that the prevalence of psychological
disorders (in particular, PTSD) among persons who
were in the war zone doubles (Lazarus, Folkman,
1984), (Nazarets, 2017). This result applies to both
the military and the civilian population. Military
actions, acts of terrorism, during which people
become the witnesses of deaths, lose their homes, are
subjected to torture, or are faced with the need to
seek safe conditions in new places and start life from
the beginning are considered traumatic events of an
exceptionally threatening or catastrophic nature
precisely because of their suddenness, scale,
unpredictability and difficulty of adaptation to new
conditions.

Today, military personnel carry out combat
missions in extreme conditions. Methods of the
assessing the stability of servicemen (physical,
psychological, spiritual, social) seem to be very
important (Bekesiene, et. al. 2021; 2022; 2023),
which allow identifying destructive influences aimed
at demoralization, desertion, passivity, refusal to
perform one's duties. However, the difficult factor of
extreme conditions is the fact that they occur under
conditions of uncertainty, which significantly
reduces the effectiveness of classical methods of
assessing the potential of stress resilience. Therefore,
the development of new and the application of
existing mathematical approaches to assessing
resilience to stress in military personnel and
predicting the number of persons with existing
deviations becomes an important topic of research.

In this article, we focus on the estimation and
forecasting of parameters in a model that reflects the
dynamics of individuals experiencing stress
syndrome in conditions of uncertainty, based on
methods and mathematical models of population
dynamics  (Nakonechnyi, Marzenyuk, 2004),
(Nakonechnyi, Shevchuk, 2018), (Nakonechnyi, et.
al., 2020).
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The article is organized as follows.

First, we solve the problem of predicting the
number of people who experience stress in several
groups, taking into account the influence of the
studied stress process. In this context, we assume
that the number of people in each group who
experience stress during certain periods of time is
known.

Then we investigate the problem when only
observations of the number of people during these
time intervals are available. To solve such a problem,
we use the method of guaranteed estimation
(Kapustian, Nakonechnyi,  2002), (Mallet,
Nakonechnyi, Zhuk, 2013).

As an example, we consider the special case of
the equation of population dynamics without external
influence for one group of individuals.

Setting of problem

In  emergency situations, the problems of
determining the number of persons under stress are
particularly relevant.

We propose to use differential equations to
describe the evolution of stress processes over time
in the population and the role of influences leading
to a decrease or increase in the number of such
individuals.

To solve such a problem, we use the equation of
population dynamics in the form:

d ~ m
a¢i(t)_7i(Nl_kZ:;¢kj¢i +bu; (1), (1)

0<t<T, i=1,m,

2 0) =@, i=1m.

Here parameter y;,i =l,_m1 is a rate that
means a change of number of persons under a stress;
u.i=1,m is an external influence; @ (t),
0<t<T, is the number of persons in the groups
under investigation (i is number of group i = 1,_ml)
in a state of stress (slow dynamics).

In special case of (1) we canuse m =1, u, =0,
N, =1 then we have differential equation with
initial condition:

d
a(ﬂl(t) =7n(1-0)e, ¢(0) =0, 0<t<T. (2)

The solution of this Cauchy problem (2) has the
form:
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~ t and we use the inequalit . L <C,
¢ = 1—(1+ Do exp{—joal(r)dr}) , quality >, 1 I G <c

. I=1,m , where ¢, 1=1,m are some known

o= Oexp{—joal(r)d r}. values.

In this article we investigate two problems:
1. Suppose that parameter y; is known, u, =0,

i=1,m and we have certain values @ (t),
k=Ln, <t <..<t.

Then we need to find the predictive values
) t, <T, i=1m.

2. Suppose that parameter y, is known, u, =0,
i =1,m, and we have observation of values (),
k=1,n,t <t,<..< t, with unknown errors.

Then we need to find the predictive values
a(M). t, <T, i=1m.

Main result

As the main result of this study, we present a
model of dynamics and propose methods for
obtaining guaranteed predictive estimates of the
number of individuals experiencing stress in
different social groups with different characteristics.
These methods are designed to adapt to different
types of input data, whether the values are well
known or unknown. The results of this study can
contribute to solving the problem of forecasting and
effective external control of the spread of the stress
process in the population, similar to the application
to the processes of information spreading
(Nakonechnyi, et. al., 2022).

The first problem. Here we propose the method
for finding the guaranteed predictive estimate of

number of individuals who experience stress.
Let's introduce denotation:

t +.
Ag = t.)-ot)=7 ka 1fi (p,t)dt =

=7 %(fi (p(te.s b)) + fi(o(t) 4)) + 1 =

= j/lFI (¢(tk+l’tk+l) +77ik ) K :]'1_nl1

Then an aposteriori set has the form:

" _
Z(Ak¢i F)?q; <c’,i=1,m,
k=1

i @) <y <y (@)i :1,_”11,
M= (G 7) (@) <7 <1 (@)} B
Hence average predictive estimate can be
calculated as:
1
()

The guaranteed predictive estimate can be
calculated as

4M)=——[ a.7)dri=1m. @

2,0 = @ M) +a @)=L, ©)
where
o (1) = max ¢, (T, 7),
o (1) = mm a7 i=1m,

The formula for the finding an error of the
guaranteed estimation has the form

0y =5 M- M)i=1m. @

The second problem. Assume that the
observations of values @(t), k=1,n,
t1<t2<...<tnlareknown:

Vi =)+ k=Lni=Lm.  (7)

We rewrite previous formula in the matrix form:
Yo = Hk(”(tk)+0k1k :1’nl!|6k |Sdk’k :1’n1'
Aposteriori set

G, = {7:| Y —H o)< dk}' (8)
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The guaranteed predictive  estimate  of Error of the guaranteed predictive estimation has
-1 - the form
(M), i=1,n:

. 1, . . —
@ (T,) = E(q’i +¢),i=1,n,. )

We find an error of the guaranteed predictive
estimate ¢, (T,),1 =1,n, from the formula

o(p) = %(¢i+ @)l ::rnl’ (10)

where

o =max ¢, (T, 7),
G

a

¢ =min g, (T,y), i=1,n.

The example
As an illustration of the method, let’s consider the

special case of problem (1) (with m =1, u, =0,
N, =1):

d
a(oq (t) = 7/§0Q (1_(0Q)v

P,(0)=¢,, 0<t<T.

11)

Let the observation vy, =¢,(t)+6,, 6 <d,,

k =1,n, be known.

The solution of Cauchy problem (11) has the
form:

o (t,) = 1—(1+ s exp{yQ})_l.

Then we can obtain the formula for the
aposteriori set:

S <exprot, <67, k=1,n,,
t s, <y, <tIng; k=1,n,

= { (7)) 61N S, <7 <IN}

The guaranteed predictive estimate for problem
(11) has the form

R 1 .
@(T)) = = (maxe(T,, @) + ming(T,, @)).
2 yell yell

o1 _
5(p) = E(max(D(Tl, ) —mine(T,, 7)),
yell yell

where

1
max@(T,,7) =1-exp| 1+ @,exp| T, min :
rell k=Lt LIndy.

-1
ming(T,, ) =1-exp £1+ Py EXP [Tl max D :
el k=Lt tingy

Thus, we can calculate the average predictive
estimate

. 1 ! N -
7.0 = —— [ (- W+ @ep(Ty) )7 =
T

_ In 1t Poexp(T7))
A

1+ @oexp(Tyyy)

Error of the average predictive estimation has the
form

5C={ .
i

1
2

+@uexp(Tyy)) *)dy - ¢; (E))}

Conclusion

In the article, we discussed the relevance of
determining the number of people who are under
stress in emergency situations. The study aimed to
provide methods for building reliable predictive
estimates of dynamic models under two scenarios:
with accurate data and with observational data on
individuals under stress. To predict the parameters in
the model reflecting the dynamics of individuals
experiencing stress syndrome in conditions of
uncertainty, we used mathematical models of
population dynamics and the method of guaranteed
estimation.

Given recent tragic events in Ukraine, especially
psychological affects on military personnel and
civilians, the study is important for evaluating the
increased risk of psychological disorders.

In future research, we plan to focus on parameter
estimation and prediction, as well as on the
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validation

development of optimal control strategies. These
results have a potential application in the modeling
and analysis of population processes, in particular for
solving the problem of forecasting and effective
external control of the spread of the stress process in
the population.
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