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ABSTRACT

Based on the analysis, it is established that traditional approaches, such as the SIR (Susceptible-Infectious-Covered) and SEIR
(Susceptible-Exposed-Infectious-Covered) models, do not provide sufficient forecasting accuracy and do not take into account the
complex dynamics of the spread of infectious diseases. The need to develop a method that will improve forecasting accuracy and
provide support for managerial decision-making to predict the spread of epidemiological threats based on the telegraphic equation is
substantiated. The developed system allows for making effective management decisions aimed at reducing the negative impact of the
epidemic on the population and medical infrastructure. The use of the telegraphic level allows us to predict the wave spread of
infection, spatial and temporal delays, as well as sources of new infections, which ensures accurate forecasting of peak periods, the
duration of the epidemic, and the workload of medical facilities. The developed method integrates the classical SIR model with the
telegraphic level, which allows the modelling the dynamics of infection spread in a spatio-temporal environment. This method
provides forecasting of the spatial and temporal dynamics of infection spread, taking into account wave effects, delays, and the
influence of external factors. It provides an opportunity to accurately analyze key epidemic indicators, such as the peak of the
disease, its duration, and the distribution of the burden on hospitals. The developed method and mathematical model based on the
telegraphic level provided an appropriate level of accuracy in predicting the spatial and temporal dynamics of the spread of
epidemiological threats. Testing the model on historical COVID-19 data showed that the average forecast error was 5...10%. This
indicates the model's adequacy. In the case of high population mobility, the model accurately described the wave dynamics of the
infection. The proposed decision support system includes a user-friendly interface with four tabs for entering model parameters,
analyzing results, visualizing them, and generating recommendations. It allows to improve the accuracy of estimating the duration of
the epidemic, peak loads, and some resources. The developed system is a tool for managers to support the adoption of governmental
decisions aimed at predicting the infection of the population of regions and optimizing the use of medical resources. The results of
the study can be used to plan epidemic response measures at the local, regional, and global levels. The proposed system ensures
efficiency, flexibility, and accuracy, which are key to managing epidemiological situations in the face of modern challenges.
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factors, such as geographical features, social

INTRODUCTION contacts, immunization rates and the nature of the

Epidemiological threats, including infectious
diseases, remain a significant challenge in the
healthcare system, affecting all aspects of life and
activities of the community population [1, 2]. The
COVID-19 pandemic has demonstrated that timely
forecasting of the spread of infection is important.
This allows us to justify preventive measures and
minimize the negative consequences for the
population. The main problem in addressing this
issue is the complexity of modeling the spread of the
epidemic in real-time, taking into account many

© Malanchuk O., Tryhuba A., 2024

transmission of the infection [3, 4]. In this case,
using mathematical models involving computational
intelligence becomes a prerequisite for effectively
managing epidemiological threats.

Predicting the spread of epidemiological threats
requires substantiation of theoretical foundations
based on differential levels. In particular, SIR
(Susceptible-Infectious-Covered), SEIR
(Susceptible-Exposed-Infectious-Covered), and their
modifications can be wused for this purpose.
However, most of these models are focused on
describing processes under deterministic conditions,
which makes it difficult to adapt them to the real
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conditions of the project environment with a high
degree of uncertainty and spatial and temporal
variability.

In practice, forecasting is often limited to
statistical approaches or simulation modeling. These
methods do not always take into account the
dynamic nature of the spread of infection. At the
same time, current research shows that the use of the
telegraphic equation to model wave processes in the
spread of epidemics is a promising area [5, 6]. The
telegraphic equation allows us to describe not only
the rate of infection spread but also its spatial
patterns, which is quite important for decision-
making in a crisis.

The use of the telegraphic level in decision
support systems provides a qualitatively new
approach to modeling epidemiological processes.
This equation allows for wave and delay effects that
traditional models do not provide. In addition, the
integration of this mathematical framework with
modern computational intelligence and big data
methods allows for adaptive models that take into
account real-world conditions and are quickly
updated based on new data.

Today, there are no practical tools for
predicting the spread of epidemiological threats
based on the telegraphic equation. Therefore, there is
a need to develop an appropriate method and
decision support system that will improve the
efficiency of forecasting the spread of
epidemiological threats based on the telegraphic
equation.

LITERATURE ANALYSIS

Effective management decision-making in the
face of epidemiological threats largely depends on
the integration of mathematical modeling,
computational intelligence, and real-time data
processing [7], [8], [9]. We have analyzed modern
methods and approaches
related to forecasting the spread of infectious
diseases, focusing on their theoretical foundations,
practical implementation, and limitations.

Mathematical models in epidemiology deserve
special attention.  Epidemiological modeling
traditionally involves the use of deterministic
approaches. They are the basis for such models as
SIR and SEIR. They describe the dynamics of
disease transmission using systems of ordinary
differential equations [10, 11], [12]. These models
have been widely used to estimate infection rates
and predict disease trajectories under various
scenarios. However, they often assume a

homogeneous mixing of populations and neglect
spatial and temporal variations, which limits their
application in real-world settings.

To address these limitations, stochastic models
and network approaches have been developed [13,
14], [15]. These models take into account the
randomness and complexity of the interaction
network, capturing the heterogeneity of population

dynamics. Despite their improvements,
computational complexity and data availability
remain serious challenges for their effective
deployment.

At the same time, modern methods of epidemic
forecasting are now being used. The use of partial
differential equations has become popular in
modeling the spatial and temporal dynamics of
disease spread [16]. In particular, it has been
proposed to use telegraphic equations, such as
hyperbolic partial differential equations, to account
for wave-like spread and delay effects in the spread
of an epidemic [17]. These equations offer the
advantage of describing more realistic dynamics
than traditional parabolic models such as reaction-
diffusion equations.

Decision  support systems (DSS) are
increasingly being used to improve the accuracy and
speed up management decision-making [18], [19].
These systems combine predictive models with
optimization algorithms to improve the efficiency of
vaccination, quarantine, and resource allocation.
However, most existing DSSs lack the functionality
to use mathematical models such as telegraphic
equations, which limits their ability to capture
complex spatial and temporal dynamics. In addition,
many systems are
designed for specific diseases or areas, which

reduces the possibility of using them for
management decisions [20], [21], [22].
Thus, there are several gaps in existing

research. Although scientists have made significant
progress in epidemiological modeling and DSS
development, there are still several unresolved
scientific and applied problems [23], [24], [25]. In
particular, many approaches do not take into account
the dynamic interaction between the spatial
distribution and temporal development of epidemics,
which is essential for accurate forecasts. There is
also limited integration of telegraphic equations.
Telegraphic equations are not used in practical DSS
implementations. In addition, existing systems are in
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most cases unable to adapt to the rapidly changing
design environment.

Taking into account the identified gaps, our
study proposes a method and DSS that use
telegraphic equations to predict the spread of
epidemiological threats. By integrating spatio-
temporal modelling capabilities with computational
intelligence, the proposed approach aims to
overcome the limitations of existing systems,
providing accurate results for management decision-
making.

FORMULATION OF THE PROBLEM

Effective management of epidemiological
threats requires accurate forecasting of their spread,
taking into account spatial and temporal
characteristics and a variety of factors that affect the
dynamics of infection. Traditional models, such as
SIR and SEIR, are unable to account for wave
effects, delays in infection transmission and uneven
spatial distribution, which limits their practical
application. To solve these problems, it is necessary
to develop a new approach that will improve the
accuracy of forecasting and increase the efficiency
of management decision-making.

Our study solves a scientific and applied
problem, which is to develop a method and DSS for
predicting the spread of epidemiological threats
based on the telegraphic equation. This ensures that
the spatial and temporal dynamics of the spread of
infections are taken into account and allows us to
develop effective response strategies based on real
data.

The object of our research is the process of
spreading epidemiological threats in the spatio-
temporal design environment, which reflects the
dynamics of infectious diseases due to their wave
propagation, transmission delays, and the influence
of external factors. The subject of the study is the
method and tools for forecasting the spread of
epidemiological threats using the telegraphic level,
as well as the development of a decision support
system for managing epidemiological processes
based on this method.

THE PURPOSE AND THE OBJECTIVES
OF THE STUDY

The study aims to develop a method and a
decision support system for predicting the spread of
epidemiological threats based on the telegraphic
level. This allows to ensure the efficiency and

reliability of epidemiological situation management
at all levels - from local to global.

To achieve this goal, the following tasks should
be performed:

— develop a method based on the telegraphic
equation for forecasting the spatial and temporal
dynamics of the spread of epidemiological threats,
taking into account wave effects, delays, and the
impact of external factors of the project
environment;

— to create a DSS that integrates the developed
method with real data for prompt forecasting of the
epidemiological situation and providing
recommendations for making effective management
decisions.

RESEARCH METHODS

The study uses systematic approaches that
combine  mathematical modeling,  numerical
methods, computational intelligence tools, and data
analysis methods. To describe the spatial and
temporal dynamics of the spread of epidemiological
threats, the telegraphic equation was used [5]. This
is a hyperbolic partial differential equation that
allows modeling wave processes, delays, and the
interdependence between spatial and temporal
parameters.

Numerical methods are used to solve the
telegraphic level and obtain forecasts. In particular,
the finite difference method for approximating
derivatives, as well as iterative solution methods for
computing numerical solutions in  complex
conditions with high dimensionality [6]. We also
verify numerical methods by comparing them with
analytical solutions for simplified scenarios.

We also use statistical methods to analyze
historical data on epidemiological threats, including
correlation analysis and hypothesis testing of the
relationship between changes.

The DSS is created by integrating a
mathematical model with computational intelligence
algorithms and a user interface.

The main functionalities include:

1. Real-time collection and processing of real
data.

2. Visualisation of the spatial and temporal
dynamics of infection spread.

3. Providing recommendations for management
decision-making.
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A METHOD FOR PREDICTING THE SPREAD
OF EPIDEMIOLOGICAL THREATS BASED
ON THE TELEGRAPHIC EQUATION

The proposed method for predicting the spread
of epidemiological threats with regard to spatial and
temporal dynamics involves their description using
the telegraphic equation. The telegraphic equation is
a mathematical model used to describe wave
processes. When solving the management task of
predicting the spread of epidemiological threats, this
equation allows for modeling the spatial and
temporal dynamics of the spread of infections.

In general, the telegraphic equation has the
form:

2 2
o°u(x,t) 2 au(x,t) _ ou(x,t)

~ o v R CHAEY

where u(x,t) is a function that describes the number

of abjects (infected population) in space x and time
t; « Iis the attenuation coefficient (characterizes
losses or extinction in the process of infection
spread); c is the rate of infection spread in space
(analogous to wave speed); f(x,t) is the source of

new infections or external influences that lead to the
emergence of additional infected people in the
region.

When predicting the spread of epidemiological
threats, the telegraphic equation is proposed to be
used
to model the wave-like spread of epidemics. Unlike
diffusion models (which are based on equations such
as heat conduction and describe the gradual spread
of infections), the telegraphic equation has its
characteristics and allows for several components of
the project environment to be taken into account
(Fig. 1).

In particular, the spatial and temporal delay in
the spread of the infection. The infection does not
spread instantly. That is, it takes time for the wave to
reach new territories or regions. The model also
takes into account the presence of a spreading wave.
During an epidemic, waves of infections can be
observed when the first outbreak is followed by a
wave of decreasing numbers of patients and then a
new outbreak. This is due to repeated contact or
other factors in the project environment.

The telegraphic equation describes such
oscillatory processes well. In addition, the proposed

method takes into account the rate of spread of the
infection.

Spatial and temporal delay
in the spread of infection

— Speed of infection spread

| Sources of new outbreaks
of infection

Predicting the spread of epidemiological
threats based on the telegraphic equation

Fig. 1. Components of the telegraphic equation

used to predict epidemiological threats
Source: compiled by the authors

The rate of spread of infection varies depending
on the mobility of the population, quarantine
measures, etc. This method also takes into account
the source of new infections. The function f(x,t)

describes the emergence of new outbreaks of
infection in different places or at different times.
This allows modeling situations where an epidemic
may break out in remote regions with a delay.

The telegraphic equation assumes that the
infection spreads in waves with a speed of c. These
waves are damped by attenuation «, which
describes the natural processes of epidemic decay or
the measures implemented (e.g. quarantine). At the
beginning of the epidemic, the function u(xt)
describes a sharp outbreak, when the number of
infected people increases sharply in the center of the
epidemic and gradually spreads to other regions. For
example, if the epidemic started at point x, , then
the wave of infection will spread from this point at a
rate of c. After a certain time, the infected will
appear at points x,X,..X,. The change in the
intensity of infection of the population with
infectious diseases in different regions depends on
the attenuation coefficient « .

When predicting epidemiological threats, the
initial number of infected people at a point x, , time
t=0, level of population mobility and the impact of

quarantine are set. Quarantine or vaccination affects
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the parameter « , increasing or decreasing the rate
of epidemic decay. This makes it possible to
simulate the spread of the infection in different
regions with given initial conditions, as well as to
assess how the infection spreads in the hospital
district.

Knowing u(0,x) and u(l,x) — functions that

describe the process of the epidemic at two points x
in time, according to the differential-symbolic
method [6], it is possible to find a solution to this
problem, i.e. a function that analytically describes
the process of epidemic spread at any point and at
any time. At the same time, u(0,x) is a function that

describes the number of infected people (or other
related quantities) at time t=0 for a certain point in
space x. At the same time, u(l,x) is a function that

describes the number of infected people (or other
related quantities) at time t =1 for a certain point in
space x. In the case of f(x,t)=0, there are no

sources of new infections or external influences that
lead to the emergence of additional infected people
in the region, equation (1) is homogeneous and the
finding of its analytical solutions is shown in [5].

In general, the telegraphic equation allows us to
accurately describe the wave-like dynamics of the
spread of infections in a given region, taking into
account time delays, the rate of infection spread and
the sources of new outbreaks. The proposed method
is used to predict peaks in population morbidity, the
spread of infection to new territories, and to estimate
the total burden on medical institutions in an
epidemic.

The algorithm of the proposed method for
predicting the spread of epidemiological threats
based on the telegraphic equation is shown in Fig. 2.

To take into account the spread of infection not
only in time but also in space, it is proposed to
slightly adapt the telegraphic equation (1) to the
problem of forecasting the spread of epidemiological
threats with regard to spatial and temporal dynamics:

O*1(x,1) al(x,1) O°1(x,1)

e +2a - =c’ v +f(xt), (2
where I(x,t) is a function that defines the
dependence of the number of infected persons at a
point in space xat a given time t; « is the

attenuation coefficient; ¢ is the rate of infection
spread; f(x,¢t) is external sources of infection,

including new outbreaks in other regions or other
influences.

Subsequently, the telegraphic equation is linked
to the classical SIR model. This makes it possible to
expand the spatial and temporal approach to
modelling the spread of epidemiological threats. The
combination of these two approaches allows us to
simultaneously take into account both the dynamics
of infectious disease infection in a region of a given
population and the spatial distribution of infection.

The classical SIR model describes the dynamics
of an infectious disease in a population, dividing the
population into three groups:

S (susceptible) — the population of the region
that may be infected,;

| (infected) — the population of the region that is
infected and can transmit the infection to others;

R (recovered) — the population of the region
that has recovered or become immune, i.e. can no
longer transmit the disease.

The model is described by the system of
differential equations:

ds St dl drR

I
= B2 =82 —yl, —=yl, 3
a- v ow PN w T )

where S(t) is the number of vulnerable persons
over time; 7(¢) is the number of infected persons
over time; R(t) is the number of recovered persons;
B is the rate of infection of the region's population;
y is the rate of recovery of the region's population;

N is the total population living in the region.

Model (3) is the basic model for calculating the
dynamics of infectious diseases. However, it does
not take into account spatial features, such as
changes in different regions, migration of people or
delays in the spread of infection. Combining it with
the telegraphic equation makes it possible to
overcome these shortcomings.

The SIR model is good at describing the overall
dynamics of infection within a population, but it
does not take into account the spatial aspect of
infection spread. To model not only the temporal but
also the spatial and temporal dynamics of the
infection, the telegraphic equation (2) is introduced.
This equation allows us to model the spread of
infection in the form of waves that propagate at a
certain speed c inspace xandtime t.
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1. Input of initial data (infection rate (), recovery

7. Determining the effectiveness of quarantine

rate (y), total hospital capacity, total population,
initial number of infected, etc.)

e

&

2. Set the modelling scenario (basic, quarantine,
vaccination)

-

3. Formulation of the telegraphic equation for the
spread of infection

.

4. Creating a SIR model
(vulnerable, infected, resentful)

A 4

through the coefficient 4 of infection transmission

(infection rate)
I

8. Determining the change in the number of

vulnerable people due to the vaccination rate v

A 4
9. Modelling the spatial and temporal dynamics of
> infection spread and its impact on hospital district
resources

|

10. Analysis of the dynamics of infectious diseases

5. Is the scenario of quarantine scenario?

no

6. Is a vaccination scenario being
considered?

11. Have you modelled all scenarios?

yes
h 4

12. Displaying recommendations for making
management decisions on the implementation of
no anti-epidemic measures

| ¥

( Finish >

Fig.2. Flowchart of the algorithm of the proposed method for predicting the spread of

epidemiological threats based on the telegraphic equation
Source: compiled by the authors

Let us consider the connections between the
models. The telegraphic equation (2) for spatial
propagation is improved as follows. The SIR model
is extended by introducing a dependence on spatial
coordinates x. For this purpose, the telegraphic
equation is used to describe the processes of how an
infection spreads from one region to another at a rate
(the rate of spread).

Thus, for each of the parameters S(x,t), I(x,t),

and R(xt), it is proposed to use the telegraphic

equation (2) to describe the spatial and temporal
dynamics.

The classical SIR model assumes that the
infection spreads instantaneously throughout the
population. In practice, however, the infection
spreads in stages, invading new regions. The
telegraphic equation (2) describes this spatial spread
¢ at a certain rate, which corresponds to real-world
conditions.

In real-life situations, the infection spreads with
a certain time delay as the wave of infection spreads
from the initial epicentre of the epidemic to other
regions. The telegraphic equation (2) takes this delay
into account by means of the second time t
derivative.

The proposed method allows to take into
account the movement of people between regions,
due to which the infection spreads to new territories,
which is very important for  modelling
epidemiological threats in large hospital districts.

Spatial differentiation makes it possible to
obtain more accurate forecasts, as the infection
spreads in different regions and this will affect the
resources of hospitals and medical institutions.
Based on this method, it is possible to predict the
burden on hospitals in different regions and ensure
their even distribution. The telegraphic equation
allows you to predict disease waves and periods of
decay, which will help determine when to expect
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new outbreaks and how to respond to them in a
timely manner. Using the source function f (x,t), it

takes into account the emergence of new outbreaks
in different regions or interventions (e.g. vaccination
or quarantine), which allows for better planning of
preventive measures.

The combination of the classical SIR model
with the telegraphic equation makes it possible to
model not only the dynamics of population infection
over time t, but also the spatial spread x of the
infection. This makes it possible to create a more
accurate and efficient decision support system for
predicting epidemiological threats and planning the
resources of medical institutions in hospital districts.

It is also important to take into account possible
scenarios of actions during the spread of infections
related to quarantine and vaccination. Our method
provides for the implementation of such scenarios
when modeling the dynamics of the epidemic
spread, which relates to the introduction of anti-
epidemic measures for quarantine or vaccination.

The introduction of quarantine affects the
parameter S, reducing it by the quarantine

efficiency coefficient & :

By =Bx(1-¢), (4)

Vaccination provides an additional period of
time to change the number of susceptible individuals
to infectious diseases through the vaccination rate,
which leads to changes in equations (3):

al _
dt

)

ds Sl
=—f—-VS,
g N dt

S|
D __ 2,
at PR

where v is the vaccination rate, which directly
reduces the number of susceptible persons S to
infectious diseases and adds them to the recovered
ones R.

Based on the modeling of spatio-temporal
dynamics, the impact of the spread of infectious
diseases in the population of the region on the
resources of hospital districts is estimated. To take
into account the workload of hospital districts, we
introduce a variable H(t) that reflects the workload

of hospitals over time t. The maximum hospital
utilization over time can be expressed as the double
integral of the number of infected people in a given
hospital district. This allows us to take into account
how the number of infected people varies depending

on the spatial and temporal dynamics of the spread
of infections within the district:

H(t) :Hl (x,t)dS , (6)

where Q — is the boundary of the hospital district.
Hospital utilization depends on the number of

people infected with the disease in a given area. If

the number 7(¢) of infected persons exceeds the

hospital's capacity over time t, this leads to a
critical overload of hospitals H,,, .

The proposed forecasting model the spread of
epidemiological threats, taking into account spatial
and temporal dynamics, allows us to predict the
following indicators (Fig. 3):

1. the peak period of morbidity, which accounts
for the maximum number of infected persons 1, , IS

defined as the maximum 1 (x,t) for all values of t;

2. the duration of the epidemic, defined as the
time during which the number of infected persons
becomes less than 1;

3. the burden on hospitals, which is determined
from the forecast H(t) of the burden on hospitals

and its compliance with the maximum number of
hospital beds H,, .

Peak period of
morbidity

|

A model for predicting the
spread of epidemiological
threats based on the
telegraphic equation

e .

The burden on Duration of the
hospitals epidemic

Fig. 3. Scheme of indicators that can be
quantified on the basis of the proposed method of

forecasting the spread of epidemiological threats
Source: compiled by the authors

The proposed method for predicting the spread
of epidemiological threats based on the telegraphic
equation allows for taking into account both the
temporal and spatial dynamics of the spread of
infection, which is important for assessing the
workload of hospitals and making appropriate
management decisions by project managers.
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DEVELOPMENT OF A DECISION SUPPORT
SYSTEM FOR FORECASTING THE SPREAD
OF EPIDEMIOLOGICAL THREATS

Based on the proposed method and
mathematical model, a decision support system for
predicting the spread of epidemiological threats in
hospital districts based on the telegraphic equation
has been developed. The system is based on a
combination of the classical SIR model and the
telegraphic equation to take into account the spatial
and temporal dynamics of infection spread. The
system integrates a four-tab interface for easy
parameter input, analysis of results, and generation
of recommendations.

Let us consider the architecture and
functionality of a decision support system for
predicting the spread of epidemiological threats
based on the telegraphic equation. The system is
implemented in Python using Tkinter libraries for
building a graphical interface, Matplotlib for
visualising graphs of epidemic dynamics, Scipy
(odeint) for the numerical solution of the system of
differential equations describing the dynamics of the
SIR model, and PIL (Python Imaging Library) for
working with images.

The proposed decision support system for
predicting the spread of epidemiological threats
based on the telegraphic equation consists of four
main tabs: “Model Parameters”, “Results”, “Model
Parameters” and “Recommendations”.

The “Model Parameters” tab of a DSS for
predicting the spread of epidemiological threats
allows the user to enter all the necessary input data
for modeling an epidemic. It includes several fields
for entering values, a drop-down list for selecting
scenarios, and function buttons for running the
model, clearing fields, and saving the results to a file
(Fig. 4). The key elements of the “Model
Parameters” tab are described below.

The start tab ‘“Model Parameters”
fields for entering initial data. They include:

1) recovery rate (y) — a field for entering the
recovery rate, which shows how long it takes for
infected people to recover;

2) total hospital capacity — a field for entering
the maximum load on medical institutions, i.e. how
many patients can be admitted to hospitals in the
hospital district at the same time;

3) total population (N) — a field for entering the
total population of the region for which the

contains

forecast is made (for example, it can be the number
of people in a particular hospital district);

4) initial number of infected (lo) — a field for
entering the number of infected people at the
beginning of the epidemic. This allows you to
determine the starting point of the disease spread,;

5) number of simulation days — this field
defines the duration of the simulation in days. The
user specifies the number of days for simulating
the spread of the epidemic;

6) number of hospitals — this field defines the
number of medical facilities available to provide
care to patients during an epidemic. The more
hospitals there are, the greater the capacity of the
healthcare system to provide care to the infected;

7) efficiency of hospitals (0-1) — this field
allows you to indicate the efficiency of hospitals in
providing medical services during the epidemic.
The value is measured in the range from 0 to 1,
where 0 means complete inefficiency (hospitals
cannot cope with the load) and 1 means maximum
efficiency (hospitals are fully capable of handling
all cases);

8) quarantine effectiveness (0-1) — this field
determines how effective quarantine measures are
in containing the spread of infection. The value is
also indicated from 0 to 1: 0 means that quarantine
is ineffective and does not affect the spread of the
virus, and 1 means full effectiveness when
quarantine practically stops the transmission of the
Virus;

9) vaccination rate (% per day) — this field sets
the rate of vaccination of the population as a
percentage per day. The parameter indicates how
many percent of the wvulnerable population is
vaccinated daily, which reduces their vulnerability
to infection. This allows you to model the impact
of mass vaccination on slowing the spread of the
epidemic.

In addition, there is a drop-down list that allows

you to select one of the possible epidemic scenarios:

1. “Base” — a scenario in which no additional
measures are envisaged;

2. “Quarantine” — a scenario in which the
infection rate is reduced through restrictive
measures;

3. “Vaccination” — a scenario that takes into
account mass vaccination of the population and a
decrease in the number of vulnerable people.
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Epidemic Threat Spread Forecast Model based on Telegraph Equation

Model Parameters \ :

Recovery Rate (y): 0.1
Total Hospital Capacity: 1000
Total Population: 10000
Initial Infected: 100
Simulation Days: 60
Number of Hospitals: 5
Hospital Efficiency (0-1): 0.8
Quarantine Efficiency (0-1): 0.5
Vaccination Rate (% per day): 0.01
Model Scenario: |Base

=

Save Results

¥ +

Fig.4. On-screen form of a decision support system
for predicting the spread of

epidemiological threats based on the telegraphic equation
Source: compiled by the authors

The “Models parametrs” tab contains the
function buttons “Calculate”, “Clear” and “Save
results”. The Calculate button is used to start
calculations based on the entered data. By clicking
it, the user initiates the process of numerical solution
of differential equations and receives the results in
the Results, “Model Parameters”, and
Recommendations tabs. The Clear button allows you
to quickly reset all input fields to their initial values.
This is useful for running new simulations with
different data. The “Save Results” button allows you
to save the entered parameters to a file for further
use or analysis. This is useful for comparing several
scenarios.

All the elements of the “Model Parameters™ tab
are made using the Tkinter library for convenient
and intuitive use. The input fields are aligned
symmetrically, with labels that clearly explain each
parameter. Buttons are located at the top of the tab
for easy access.

The “Results” tab in the decision support
system for predicting the spread of epidemiological
threats is the key to visualizing the modeling results
(Fig. 5). It is designed to view and analyze the
dynamics of the epidemic based on selected
parameters.

In the “Results” tab, the user can set the time
frame for displaying the simulation results. The
choice is to set the start and end dates of the
simulation to get data only for a specific period. This
is useful when you need to focus on certain stages of
the epidemic, such as the initial outbreak or the peak
period.

There is a field for selecting the administrative
district or hospital region where the simulation takes
place. This allows you to track the spread of the
epidemic and its impact in a particular county. The
“Apply Filter” button is used after setting the
parameters (date and county). The user clicks the
“Apply Filter” button, which allows you to update
the display of graphs and results according to the
selected filters. This helps to fine-tune the display of
results and adapt them to the specific needs of the
analysis.

The graphical representation of the epidemic
dynamics (Fig. 5) shows the dynamics of changes in
the number of people in three categories (vulnerable,
infected, and recovered) on the Y-axis during the
simulation period (X-axis). The graph also shows a
line representing the maximum utilization of
hospitals. It allows you to visually assess whether
the epidemic is exceeding the capacity of the
healthcare system.
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Epidemic Threat Spread Forecast Model based on Telegraph Equation

Model Parameters o s  Current C

Start Date: 11/17/24 ~ End Date: 01/17/25 ~ District: All

Epidemic Dynamics (Scenario: Base)

10000 {

8000 {

2
g
8
8

Number of People

Peak Infection:

Peak Day:

Epidemic Duration:
Maximum Hospital Load:

Fig.5. On-screen form of a decision support system
for predicting the spread of epidemiological threats based on the telegraphic equation

with the Results tab active
Source: compiled by the authors

Below the graph are fields displaying the main
modeling results, which allow for a quick
assessment of the key indicators of epidemic spread:

“Peak Infection” the highest number of
infected individuals during the simulation;

“Peak Day” The specific day on which the
peak infection occurs;

“Epidemic Duration” the total length of time
the epidemic lasts, from the start to the end of the
simulation.

“Maximum Hospital Load” the highest
demand on hospital resources during the epidemic.

The “Results” tab of the decision support
system helps visualize the dynamics of the epidemic
and allows you to make informed decisions about
medical planning and resource management in crisis
situations.

The “Model Parameters” tab is the main
component for analyzing the results of modeling the
spread of an epidemic based on the telegraphic
equation It provides users with detailed data on the
daily dynamics of the epidemic spread in the form of
a table and provides an additional graph to assess the
impact of measures on the spread of the
epidemiological threat.

The “Model Parameters” tab helps project
managers and medical professionals make
management decisions based on detailed information

about daily changes in the epidemiological situation,
allowing them to quickly adapt strategies to combat
the epidemic and improve the management of
medical resources.

In the “Recommendations” tab, based on the
modeling  results, the  system  generates
recommendations  for  quarantine  measures,
vaccination, or other measures to control the
epidemic. The recommendations are based on the
predicted peak values of infection rates and the
possibility of exceeding hospital capacity.

The “Save Results” button allows users to save
the results of forecasting the spread of
epidemiological threats based on the telegraphic
equation in JSON format. The obtained results in
separate files allow project managers to store them
and share information with other stakeholders.

The following algorithm is used to generate
results in DSS:

1. Initial data input — the user enters data on
the number of infected persons, population mobility,
available health care resources, and infection rates;

2. Modeling process — based on the input data,
the system applies telegraphic-level equations to
model the spread of the epidemic in time and space;

3. Generating results — DSS generates key
results such as peak infection, peak day, duration of
the epidemic, and maximum hospital utilization.
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4. Generating recommendations — DSS
generates recommendations based on the analysis of
the current spread of the epidemic, the availability of
resources, and potential measures. For example, it
suggests optimizing hospital capacity or adjusting
vaccination strategies based on projected infection
rates and available resources.

Recommendations are made based on a
comparison of the projected spread of infections and
available resources (hospital beds) to minimize the
risk of overloading healthcare facilities. Key
parameters that influence recommendations include
infection rates, available medical resources, and the
effectiveness of various interventions.

The developed decision support system for
predicting the spread of epidemiological threats
based on the telegraphic equation allows one to
effectively predict the spread of epidemics in a given
region, taking into account various scenarios. It
provides basic information for project managers to
make management decisions based on the projected
spread of infection, as well as quarantine and
vaccination scenarios. This makes it an important
tool for project managers as well as for regional
governments and healthcare facilities during crisis
situations such as pandemics.

DISCUSSION OF THE RESULTS

The results of the study confirm the feasibility
of using the telegraphic level to model the spatial
and temporal dynamics of the spread of
epidemiological
threats. The developed method and DSS provided
forecasting accuracy, flexibility in changing
conditions, and the ability to integrate with real data.

The developed method and mathematical
model based on the telegraphic level provided an
appropriate level of accuracy in predicting the
spatial and temporal dynamics of the spread of
epidemiological threats.

Testing the model on historical data, such as
COVID-19 data, showed an average forecasting
error of 5-10%. This result was obtained by
comparing the predicted values of the dynamics of
the spread of the infection with actual data, using the
root mean square error (RMSE) method and other
statistical indicators to assess the accuracy of the
forecasts. The comparison showed that the model is
able to adequately reflect the dynamics of the spread
of the infection, in particular in conditions of high
population mobility, which is confirmed by an
accurate description of the wave dynamics of the

infection. In the case of high population mobility,
the model accurately described the wave dynamics
of the infection spread.

To compare the effectiveness of the developed
DSS with existing systems, such as EpiEstim and
COVID-19Sim, an analysis was conducted
according to certain criteria: forecast accuracy,
spatial and temporal detail, and flexibility. The
developed DSS showed an average forecast error of
5...10%, while for traditional models the error varied
within 10...15%. The telegraphic level-based DSS
ensured that the wave processes of the epidemic
spread were taken into account, while most analogs
use simplified deterministic approaches. The
developed DSS adapts to changes in data, which is
not provided by the above-mentioned traditional
systems.

The developed DSS can be used to predict the
spread of new infections, develop epidemic
management strategies at the regional and national
levels, and optimize the use of medical resources,
such as the number of beds, vaccines, and personnel.

At the same time, there are limitations to the
use of the developed DSS. In particular, the
accuracy of the forecasts depends on the quality and
volume of input data. Integrating the model with big
data in real-time requires significant computing
resources. There is a need to accurately calibrate the
telegraphic level coefficients for each scenario and
regional conditions.

Further research should improve the DSS by
integrating machine learning models for automatic
parameter calibration. Expand the scope of the
model to take into account the impact of new strains
of infections. Optimize computing resources to
ensure the speed of the DSS.

The results demonstrate that the use of the
telegraphic level is a promising approach to
modeling epidemiological threats. The proposed
decision support system can improve the efficiency
of epidemic management, ensuring the accuracy of
forecasts and the practical usefulness of
recommendations.

CONCLUSIONS

The improved method for predicting the spread
of epidemiological threats taking into account spatial
and temporal dynamics involves their description by
using the telegraphic equation to model the wave-
like spread of epidemics, which, unlike existing
models, has its own characteristics and allows taking
into account a number of components of the project
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environment, in particular, the spatial and temporal
delay in the spread of infection, sources of new
infections, the presence of an epidemic wave, which
underlies the accurate prediction of the peak period
of morbidity, the duration of the

The developed decision support system for
predicting the spread of epidemiological threats
based on the telegraphic equation is based on an
improved method that combines the classical SIR
model and the telegraphic equation to take into
account the spatial and temporal dynamics of the
spread of infection, integrates an interface with four
tabs for convenient parameter input, which is the
basis for effective analysis of results and the
formation of recommendations for project managers.

FUTURE WORK

Further research, is planned to improve the
developed decision support system by integrating
more complex mathematical models based on the
telegraphic equation. This will ensure that more
factors of the project environment regarding
epidemiological infection of the population are taken
into account. Computational intelligence methods
will also be applied to automatically calibrate system
parameters. Particular attention will be paid to
expanding the functionality of the system, its
validation based on data on other epidemiological
threats, and adaptation to the global level of
epidemic management.
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AHOTALIS

Ha mixcrasi npoBeneHOro aHaiizy BCTaHOBIJICHO, IO TpauuLiiHi migxomu, Taki sk moneni SIR Tta SEIR, He 3a0e3neuyrors
JOCTaTHBOI TOYHOCTI TMPOTHO3YBaHHS Ta HE BPAxXOBYIOTh KOMIUICKCHY JHHAMIKy MOIIMPEHHS 1H(EKIiHHNX 3aXBOPIOBaHb.
OOrpyHToBaHO MOTpedy B po3poOdli METOMy, SIKMH JO3BOJHTH ITiIBUIUTH TOYHICTH MPOrHO3YBAHHS Ta 3a0€3MEYHTH MHiJTPHMKY
NPUHHATTS YIPABIIHCHKUX PIIICHb U1 TPOrHO3YBAaHHS PO3MOBCIO/DKEHHS EIMiJeMiONOriYHUX 3arpo3 Ha OCHOBI TenerpadHoro
piBHsAHHS. Po3pobiieHa cucrema n03Bonsie MpUiMaTH e(EeKTHBHI YNPABIIHCBKI PIlICHHS, CIPSIMOBAHI Ha 3MEHILICHHS HETraTHBHOIO
BIUTHBY €ITijieMil Ha HACeJICHHs Ta MeANYHY iHppacTpykTypy. BukopucranHs TenerpadHOro piBHS J03BOJISIE Mepei0aYnTH XBUIIBOBE
PO3MOBCIO/DKEHHS  iH(EKIil, MPOCTOPOBO-4acoBi 3aTPHMKH, a TaKOXK JDKepella HOBUX iH(QEKUill, mo 3abes3medye TOYHE
MPOTHO3YBAaHHS IIKOBHUX IIEPiOAIB, TPHUBAJOCTI emifieMil Ta 3aBaHTAXEHHS MEAMYHMX 3aKianiB. Po3poOnenmii merox iHTerpye
knacuuny SIR-Mozens i3 TenerpagHUM piBHEM, IO JO3BOJISIE MOJISIIOBATH TMHAMIKY HOIIMPEHHS iHPEKIiT B IPOCTOPOBO-4aCOBOMY
cepenoBuii. Lleil Merox 3abe3rnedye NMPOrHO3yBaHHA IIPOCTOPOBO-4AacOBOi AMHAMIKM PO3MOBCIO/PKEHHS 1H(EKIi, BpaxoBYHOUH
XBHJIBbOBI e(peKTH, 3aTPUMKHU Ta BIUIMB 30BHILIHIX (akTopiB. BiH 3a0e3mnedye MOXIMBICTD TOYHOIO aHAJi3y KIIOUYOBUX IOKA3HUKIB
emiieMil, TaKuX sIK MiK 3aXBOPIOBAHOCTI, ii TPUBAIICTh Ta PO3MO/LT HABAaHTaXKCHHS Ha JiKapHi. Po3pobieHi Meron Ta MaTeMaTuyHa
MOJIENTb Ha OCHOBI TenerpapHoro piBHs 3a0e3Meunii HaJIeKHUH PiIBEHb TOYHOCTI B MPOrHO3YBaHHI IPOCTOPOBO-YaCOBOI JMHAMIKU
MOIIUPEHHS emifeMionoriyaux 3arpo3. IlepeBipka moneni Ha icropuunux ganux npo COVID-19 nokasana, mo cepenHs moxuoOka
nporHo3y ckiana S...10%. Lle cBigunTh MpofOCTaTHIO aJIeKBaTHICTh MOAEII. Y BHUIAAKY BUCOKOI MOOUIBHOCTI HACENICHHS MOZAEIb
TOYHO OIKMCYBaja XBWIbOBY JMHAMIKy NMOIIMPEHHS iHQekuii. 3anpornoHoBaHa cuCTeMa IIATPUMKU MPUHHATTS PillleHb BKIIOYAE
3py4dHHil iHTepQelic i3 YoTUpMa BKIIJAKaMH [UIsl BBEACHHS IIapaMeTpiB MOJIEN, aHai3y pe3yabTaTiB, iX Bizyauizalii Ta GpopmyBaHHsS
pexomeHpauiid. BoHa 103BONsE MiJBHUIIMTHA TOYHICTH OLIHKH TPHUBAJIOCTI €MijfeMii, MIKOBUX HABAHTaXXEHb Ta JICSKHX PECYypCiB.
Po3pobiniena cucremMa € iHCTpYMEHTOM MJisi MEHEKEpiB, L0 3a0e3nedye MiATPUMKY HPUHHSITTS YHAPBIIHCHKUX PIllICHB,
CIPSIMOBAHMX HA MPOTHO3YBAHHS 3apa)KCHHS aHCEJICHHS PEriOHIB iH(QEKIIE0 Ta ONTHMI3aLil0 BUKOPUCTAHHS MEAWYHHUX PECYpCIB.
Pesynpraté  mOCHiIKEHHS MOXYTh OYTH BHKOPHCTaHI IJisl IUIAaHYBaHHS 3aXOMiB pearyBaHHs Ha emigeMil Ha JIOKaJbHOMY,
perioHanibHOMY Ta TJ100aJbHOMY DIBHSIX. 3alpoNOHOBaHA CHUCTeMa 3abe3ledye ONEepPaTHUBHICTh, THYYKICTh Ta TOYHICTb, IO €
KJIFOYOBHMMH JUIs YIIPABITiHHS €11ieMiOIOr YHUMHU CUTYAL[isIMU B YMOBaX Cy4aCHUX BHKJIHKIB.
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