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Abstract

The use of methods for predicting epidemic processes and mathematical modeling of the
dynamics of morbidity allows the development and implementation of scientifically based
methods for the prevention and containment of the epidemic spread of an infectious disease.
The study focuses on the development and implementation of the linear Holt model for
predicting the incidence of COVID-19 in Ukraine. The advantage of the method is its high
accuracy for short-term forecasting for 10 days. The disadvantage of this method is the
impossibility of identifying factors that affect the behavior of the epidemic process.
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1. Introduction

In the 21st century, infectious diseases still remain a significant threat to humanity. From an
evolutionary point of view, the emergence and persistence of pathogens of infectious diseases is
inevitable, and any cellular form of life, including humans, is a target for parasitic microorganisms
[1]. In response to bacterial or viral (bacteriophage) threats, eukaryotic and prokaryotic organisms
have developed defense mechanisms to counteract pathogenic infectious agents, while the latter, in
turn, reacted by developing counter-protection mechanisms to overcome host defense systems [2].
This constant evolutionary "arms race" continues today, and therefore, unpredictable outbreaks of
infectious diseases remain a constant challenge for humanity [3]. The outbreak of coronavirus
infection (COVID-19) is the largest recent challenge for health systems [4]. The rapid spread of the
disease around the world is due to many factors, and globalization plays a key role in this process [5].

After the first reports in December 2019 of an outbreak of pneumonia in China, the new
coronavirus quickly spread across all countries and continents [6]. By the beginning of May 2021, the
number of registered cases of SARS-CoV-2 infection amounted to more than 163 million, almost 3.5
million people died due to coronavirus-related causes [7]. In Ukraine, according to official statistics,
by the beginning of May 2021, more than 2 million SARS-CoV-2 infected were detected and 48
thousand deaths were recorded [8]. However, the reported number of infected persons is only a
fraction of the actual number [9].

Ukraine became embroiled in the current COVID-19 pandemic later than other countries outside
of China. The first confirmed case was reported on March 3, 2020 in a man who returned from Italy
on February 26. The first death was recorded on March 13 in a woman who returned from Poland. By
March 24, 2020, the number of cases exceeded 100, by April 3, 2020 — 1000 [10]. On April 20, 2020,
5710 cases and 151 deaths were recorded. The peculiarity of the outbreak in Ukraine was that after
the announcement of the closure and blocking in many EU countries, primarily in Italy, a large
number of citizens who were employed in Italy, Poland and other EU countries began to return to
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Ukraine [11]. Thus, a stream of potential sources of infection poured into Ukraine from countries
where the epidemic was already raging.

On March 12, the first restrictive measures were introduced in the country. All educational
institutions were closed, all public events were prohibited. On March 17, only 10 passengers were
allowed in any public transport, and the metro was banned. Catering establishments and shopping
centers were closed. On March 18, intercity train and bus traffic within the country was stopped.
Since April 6, citizens are required to cover their faces with masks or respirators in public places;
visits to parks and recreation areas have been prohibited. From April 7, 2020, it became possible to
cross the Ukrainian border only by car at 19 checkpoints. However, the increase in the incidence of
COVID-19 continued.

The process of detecting infected people in Ukraine continues to demonstrate not just, but a
significantly growing trend, which shows the daily number of confirmed cases of COVID-19 from
March 24™, 2020 — the day of detection of the first 100 cases according to the Ministry of Health of
Ukraine [12].

The COVID-19 pandemic in Ukraine is characterized by territorial unevenness, which is
associated with different population densities, differences in communications, religious traditions,
uneven migration flows, regional characteristics of the fight against COVID-19, and the like. At the
beginning of the pandemic, an increase in incidence was observed in the western regions.

The COVID-19 pandemic is an unpredictable threat to public health, the national economy and
social development that can have uncontrollable consequences and cascading consequences for all
aspects of society [13]. To successfully cope with the threat that has arisen, to reduce the impact on
health systems and the economies of countries, to overcome the unforeseen consequences of public
health measures taken to combat the COVID-19 pandemic, it is necessary to respond in a timely
manner to the changing epidemic situation by introducing effective, scientifically based, adequate to
the current situation. rational measures [14].

The use of an adequate epidemiological model makes it possible to restore data on the COVID-19
incidence and, on their basis, to carry out computational experiments on a computer for various
variants of the development of the epidemic situation [15]. In this regard, it seems relevant to conduct
predictive and analytical studies based on the developed mathematical model of the spread of
COVID-19.

Mathematical modeling is an effective tool for predicting the dynamics of the development of the
epidemic process [16]. With the help of modeling epidemic processes, it is possible to solve the
problems of predicting the time series of morbidity [17], identifying factors affecting the dynamics of
morbidity [18], calculating the required proportion of vaccination of the population [19], diagnostics
[20], medical images analysis [21], etc.

The aim of the study is to develop a linear Holt model for predicting the incidence of COVID-19
in Ukraine, and to assess the possibility of its use.

2. Setting the epidemic process forecasting problem

The epidemic process is the only form of existence of infectious diseases. The living organism of a
person or animal, that is, the natural habitat of the pathogen, where the pathogen lives, multiplies and
is released in one way or another into the environment, was named the source of the causative agent
of the infection (hereinafter the source of infection), and the way the pathogen changes from one host
to another — the mechanism of transmission of the pathogen [22]. When the mechanism of
transmission of the pathogen from the organism of the source of infection is implemented, it enters a
susceptible organism, in which the pathogen multiplies, accumulates and begins to be released into
the environment, turning into a source of infection. The epidemic process ensures the continuity of
successive generations of the pathogen with a constant change of hosts and its preservation as a
biological species. The consequence of this process is the epidemiological state of the population [23].

Thus, the introduction of the category “epidemic process” makes it possible to clearly understand
the principles of the spread of diseases in society, provides a tool for understanding the concept of
“elimination of infections” and outlines ways to combat infectious diseases.



Methods for predicting the spread of infectious diseases have been actively developing since the
beginning of the 20th century and have proven to be a powerful tool for studying the patterns of
epidemic processes and predicting their development in time and space. Recently, there has been an
improvement in information systems for epidemiological surveillance, large volumes of statistical
data available for analysis have appeared, new mathematical approaches have been developed for
their processing, the power of electronic computers has increased, which has provided new
opportunities for researching epidemiological data for predicting the infectious morbidity of the
population.

The direct driving forces of the epidemic process are the source of infection, the transmission
mechanism and the susceptible human body, which create a chain of successive infections with
infections. Without these links, the existence of the epidemic process is impossible. The biological
hazard of the population is determined by the possibility of the emergence and spread of biological
agents that are pathogenic for humans. In this case, the process of spreading pathogens in space and
time, the distribution of cases among different groups of the population and the dependence of these
events on various phenomena and processes occurring in nature and society are important. Therefore,
no less significant are the secondary driving forces of the epidemic process - social and natural factors
that affect the intensity and manifestation of the epidemic process, slowing down or accelerating its
development.

The main tasks of practical epidemiology are to assess the existing epidemic situation, identify the
causal relationships due to which it has developed, and analyze risk factors, that is, factors whose
action on the epidemic situation determines the likelihood of its complication. In order to rationally
control the epidemic process, one should take into account the direction of evolution of the epidemic
process and evaluate the most influential factors affecting the incidence of the population.

Let the values of the time series be available at discrete times t = 1,2, ..., T. Let the time series be

Z(t) = Z(1),Z(2),..., Z(T). At the moment of time T, it is necessary to determine the value

of the process Z (t) at the moments of time T + 1,..., T + P. The moment of time T is called
the moment of forecast, and the value of P is the time of warning.

To calculate the values of the time series at future points in time, it is necessary to determine the
functional dependence, reflecting the relationship between the past and future values of this series

Zt)=F(Z({t—1),Z(t —2),Z(t —3),...) + &. 1)

This relationship is called the forecasting model. It is necessary to create a forecasting model for
which the average absolute deviation of the true value from the predicted value tends to the minimum
for a given P
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In addition to obtaining future values of Z (T + 1), ..., Z(T + P), it s necessary to determine
the confidence interval of possible deviations of these values.

3. Holt’s linear model

Forecasting models are divided into statistical models and structural models. In statistical models,
the functional relationship between the future and actual values of the time series, as well as external
factors, is set analytically. Statistical models include the following groups:

e regressive models;
e autoregressive models;
e exponential smoothing models.



Exponential smoothing is a method for smoothing time series, the computational procedure of
which includes the processing of all previous observations, taking into account the aging of
information as it moves away from the forecast period [24]. In other words, the “older” the
observation, the less it should influence the value of the forecast estimate. The idea behind
exponential smoothing is that as we “age”, corresponding observations are given decreasing weights.
This forecasting method is considered to be quite effective and reliable. The main advantages of the
method are the ability to take into account the weights of the initial information, the simplicity of
computational operations, and the flexibility of describing various dynamics of processes. The
exponential smoothing method makes it possible to obtain an estimate of the trend parameters that
characterize not the average level of the process, but the trend that has developed by the time of the
last observation. The method has found the greatest application for the implementation of medium-
term forecasts. For the exponential smoothing method, the main point is the choice of the smoothing
parameter (smoothing constants) and initial conditions.

Identifying and analyzing the trend of a time series is often done by flattening or smoothing it [25].
Exponential smoothing is one of the simplest and most common techniques for aligning a series.
Exponential smoothing can be represented as a filter, the input of which sequentially receives the
members of the original series, and the output forms the current values of the exponential average.

Let X = {Xy,...,X} is a time series. Exponential smoothing of the series is carried out
according to the recurrent formula (3):

Ss =ax, + (1 —a)S;_4, a€(0,1) 3)

The smaller o, the more filtered and suppressed the oscillations of the original row and noise. If we
consistently use this recurrent relationship, then the exponential average S; can be expressed through
the values of the time series X.

Ss =axy + (1 —a) (o, + (1 — a)S;_5) =« (4)
t—1
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If earlier data exists by the time smoothing starts, then the arithmetic average of all available data
or some part of it can be used as the initial value So.

If earlier data exists by the time smoothing starts, then the arithmetic average of all available data
or some part of it can be used as the initial value So.

When making forecasts using trend models, it must be borne in mind that the model is rigidly
anchored, and all time series data equally affect the forecasts. If there is a need to give more weight to
the new data, exponential smoothing can be used. However, we noted earlier that the exponential
smoothing method does not give satisfactory results if the data is monotonically increasing or
decreasing, that is, it contains a trend. In such cases, the trend-based exponential smoothing method
(Holt's method, or two-parameter exponential smoothing method [26]) can be applied.

Simple exponential smoothing of time series containing a trend leads to a systematic error
associated with the lag of the smoothed values from the actual levels of the time series. To take into
account the trend in non-stationary series, a special two-parameter linear exponential smoothing is
used. Unlike simple exponential smoothing with one smoothing constant (parameter), this procedure
smooths both random disturbances and a trend using two different constants (parameters).

Holt's model consists of three equations.

The first is the data smoothing equation:

ar = aye + (1 —a)(a—q + be_q). ®)



The second is the trend smoothing equation:
by = B(a; —ar—1) + (1 — B)be1. (6)
And the last is the forecast equation for the period t = k:

Visre = a; + bk )

where a; is the smoothed value of the predicted indicator for the period t,
b is the estimate of the growth trend,
a is smoothing parameter (0 <a <1),
B is smoothing parameter (0 < £<0),
k is the number of time periods for which the forecast is made.

The smoothing parameters « and £ are selected subjectively, that is, by the forecaster based on the
experience of previous forecasts, or by minimizing the forecast error. At larger values of the
parameters, there will be a faster response to changes that occur, since the larger the parameter, the
more smoothing the data will be. and vice versa, if the smoothing parameters are small, which tend to
zero, then the model's response to changes in the data will be weaker, and the structure of the
smoothed values will be less even.

4. Results

For the experiments, data on the COVID-19 new cases, provided by the Center for Public Health
of the Ministry of Health of Ukraine, were used. Holt's model for predicting the incidence of COVID-
19 was implemented as a software product in the Python programming language.

One of the most important stages in the creation of any information system is the design of a tool
that can implement all the tasks set at the beginning of the project. A diagram of work execution,
information exchange, workflow is graphically presented, visualizes a model of a business process.

To model business processes, the IDEFO and DFD methodologies were used. Within the
framework of the IDEFO (Integration Definition for Function Modeling) methodology, a business
process is represented as a set of function elements that interact with each other, and also show
information, human and production resources consumed by each function. The IDEFO methodology
prescribes the construction of a hierarchical system of diagrams - single descriptions of system
fragments. The functional model of the system is shown in Figure 1.
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Figure 1: Functional model of system.



The model is based on the concepts of an external entity, process, data storage (storage) and data
flow.

An external entity is a material object or individual acting as sources or receivers of information,
for example, customers, personnel, suppliers, bank customers, and the like.

Process is converting input data streams to output in accordance with a certain algorithm. Each
process in the system has its own number and is associated with the executor who performs this
transformation. As in the case of functional diagrams, the physical transformation can be carried out
by computers, manually or by special devices. At the upper levels of the hierarchy, when the
processes have not yet been defined, instead of the concept of "process™, the concepts of "system" and
"subsystem™ are used, which respectively denote the system as a whole or its functionally complete
part.

A data warehouse is an abstract device for storing information. The type of device and methods of
placement, removal and storage for such a device are not detailed. Physically, it can be a database, a
file, a table in RAM, a card file on paper, and the like.

Data flow is the process of transferring some information from a source to a receiver. Physically,
the process of transferring information can occur through cables under the control of a program or
software system, or manually with the participation of devices or people outside the designed system.

Functional diagram was decomposed and decomposition is presented in figure 2.
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Figure 2: Decomposition of functional model.

The development plan is depicted in the IDEF3 diagram. The IDEF3 method is designed to
develop models that describe any activity as an ordered sequence of events and objects that participate
in this activity. The diagram is presented on Figure 3.

The application includes both data on COVID-19 morbidity in the world, which are automatically
loaded from the John Hopkins University database, and more detailed data on Ukraine provided by
the Center for Public Health of the Ministry of Health of Ukraine (fig. 4).
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Results of COVID-19 morbidity in Ukraine using Holt’s linear model is shown in Figure 5.

The results of the forecasting of incidence for 10, 20 and 30 days show that short-term forecasting
for 10 days is the most accurate. Nevertheless, for use in practice, you can also use the results for 20
days, since such a forecast shows what will happen to the population after the 14-day incubation

period.
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Figure 5: Results of experimental study.

5. Conclusions

In this work, as a result of the analysis of various models and methods for predicting machine
learning in order to predict the incidence rate and compare the results of calculations of each of the
models, the Holt method was studied. As part of the study, a linear Holt model was developed, the
quality of the models was shown in the form of the size of the forecast error, and a graph was built on
which you can clearly see the calculation of the predicted incidence of COVID-19 for 10, 20 and 30
days.

On the basis of the developed model, an information system has been implemented that allows
analyzing the dynamics of the incidence of COVID-19 in the regions of Ukraine.

The results of the forecasting of incidence for 10, 20 and 30 days show that short-term forecasting
for 10 days is the most accurate. Nevertheless, for use in practice, you can also use the results for 20
days, since such a forecast shows what will happen to the population after the 14-day incubation
period.
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