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Abstract: Because of the lack of reliable information on the spread parameters of COVID-19, there is an
increasing demand for new approaches to efficiently predict the dynamics of new virus spread under
uncertainty. The study presented in this paper is based on the Case-Based Reasoning method used in
statistical analysis, forecasting and decision making in the field of public health and epidemiology.
A new mathematical Case-Based Rate Reasoning model (CBRR) has been built for the short-term
forecasting of coronavirus spread dynamics under uncertainty. The model allows for predicting
future values of the increase in the percentage of new cases for a period of 2–3 weeks. Information on
the dynamics of the total number of infected people in previous periods in Italy, Spain, France, and the
United Kingdom was used. Simulation results confirmed the possibility of using the proposed
approach for constructing short-term forecasts of coronavirus spread dynamics. The main finding of
this study is that using the proposed approach for Russia showed that the deviation of the predicted
total number of confirmed cases from the actual one was within 0.3%. For the USA, the deviation was
0.23%.
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1. Introduction

The prediction of the novel coronavirus COVID-19 dynamics is inevitably associated with the lack
of statistics from previous years and the need to adequately use the currently available information
on the developing epidemic parameters, for which the degree of uncertainty is extremely high.
Many research groups in the USA, China, and Europe are working on the development of effective
models and methods for predicting the spread of the new virus in the short term [1–5]. Models for
predicting the peaks and duration of the COVID-19 epidemic have already been presented in leading
periodical scientific journals [6–10].

The existing large-dimensional deterministic models of the Susceptible-Infected-Recovered (SIR)
or Susceptible-Exposed-Infected-Recovered (SEIR) type [11–13] are built based on the mechanisms
of virus spread from individual to individual. They use epidemiological parameter estimates of
known viruses, which is hardly suitable for modeling a new type of viral epidemic. Apart from the
epidemiological models, various time series models are proposed in order to model and predict the
coronavirus dynamics [14,15]. In addition, one can see an increase in the number of models based on
machine learning techniques. For example, the authors of the study [16] evaluated the performance of
a dynamic Bayesian network in infectious disease surveillance. In the article [17], a dynamic neural
network model for predicting the risk of Zika virus in real time is developed. The main condition for all
mentioned approaches is the availability of a sufficient amount of historical data. Data from previous
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periods are required to build forecast models suitable for use in national systems for monitoring and
controlling the epidemic dynamics. However, because of the lack of data on the development of the
new coronavirus epidemic a year or more ago, only statistical data from the time intervals immediately
preceding the current moment can be used. In such a situation, the Case-Based Reasoning method [18]
is apparently the most acceptable, the earlier version of which is the Method of Analogues [19].
This approach has showed good performance in different areas. For example, the authors of [20]
showed that case-based reasoning is a promising methodology for assisting conceptual product design
and monitoring new product development (NDP) projects. They propose to apply such an approach
towards using neural networks to estimate the cost of NPD. In [21], a case-based reasoning approach
in combination with a Bayesian optimization algorithm is used for solving optimization problems.
At the same time, until recently, this approach was not widely applied in the field of dynamic processes
forecasting. Schmidt and Waligora in [18] compared the statistical approach that is often used in practice
and the precedent method that they developed, using statistics from the previous time periods, as well
as the current data. They convincingly demonstrated the advantage of their method in predicting the
dynamics of an influenza epidemic, in which waves are characterized by irregular cycles that are hard
to predict using previous epidemic statistics.

2. Materials and Methods

2.1. Related Works

Currently, in journals and on the Internet, one can find various mathematical models predicting
the dynamics of new cases of COVID-19 [3,4,6–8,10–15,22]. In [3], the authors provided estimates of the
epidemic scale in Wuhan and other cities, including outside mainland China, to which the virus could
have been spread from Wuhan. The authors predicted the values of internal and global public health
risks from epidemics based on the use of the SEIR model, taking into account possible scenarios of
preventive interventions. In [6], the dynamics of coronavirus spread in India was studied using a system
of differential equations with constant coefficients and the concept of a basic reproductive number,
using Pontryagin’s maximum principle to solve the problem of optimizing preventive measures.
In [10], attention was drawn to the similarity of the dynamics of the total number of infected, recovered,
and dead people in China and Italy. It also analyzed the solutions to the system of differential equations
adopted in the Susceptible-Infected-Recovered-Deaths (SIRD) model. It is noted by the authors that
although the SIRD model is rather crude, its use gives a good chance to reflect at least the general
features of the epidemic evolution. The proposed methodology is aimed at predicting the onset of
the peak in the growth of new infections and the number of deaths in Italy for the entire period
of the epidemic. The authors of [10] showed that the trajectories generated by the SIRD model are
very sensitive to variations in its parameters, which significantly reduces the quality of forecasting,
especially over a long-term time horizon. In [7], a spatio-temporal approach was considered, based on
the use of Brownian motion and the SBDiEM (Stereographic Brownian Diffusion Epidemiology Model)
model for predicting the dynamics of infection. It was proposed to be used for creating a system for
monitoring and countering pandemics using artificial intelligence technologies. The authors of [8]
used a quantitative picture of the spread of COVID-19 disease in China as a test case and infection
statistics data from eight countries to assess the evolution of the epidemiological process in each
of these countries. This approach is based on the Gaussian hypothesis of virus spread and the SIR
basic model.

It should be noted that the SIR family models are good for simulating situations in the case of
standard infectious diseases, for example, influenza. When a new infection appears, the lack of reliable
information on the duration of the incubation period, the value of the reproductive number, mortality,
and other parameters makes it difficult to use this type of model. In [13], the deviation of the modeling
results from real data was at least 7%. According to the forecast for Italy, 238,465 cases were expected
by 13 September 2020, while, on 20 August, there were already more than 256,000 cases. In [14],
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the development of the epidemic in 15 countries was considered. In particular, the authors presented
a forecast that the number of cases in Italy by 7 July 2020, would reach 400,000 people. According
to official data, as of this date, 241,956 people were observed, i.e., the deviation was 65.3%. In [22],
an adapted SIR model was presented to predict the course of the epidemic in Portugal, with peak
values estimated to range from 7000 to 13,000. In fact, the peak observed on 10 April 2020, was 1516
cases, which was significantly lower.

Given the difficulties in using deterministic models such as SIR, SEIR, SIRD to predict the dynamics
of the spread of COVID-19, which use estimates of the parameters of the spread of known viruses,
the development of alternative methods for assessing the spread of the epidemic of a new virus is an
extremely topical issue.

2.2. Preliminary Insight on Recurrent Relations

The official statistics provided by the Center for Systems Science and Engineering (CSSE) at Johns
Hopkins University [23] present daily data on the total number of confirmed cases of I(t) (Infected)
on the current day t, number of recovered individuals R(t) (Recovered), number of deaths D(t),
and the number of currently active cases A(t). Let us note that the following balanced condition
I(t) = A(t) + R(t) + D(t) holds for any current day. In [10], the authors showed that, in the time
window 22 January–15 March 2020, the following day-by-day patterns took place for China, Italy,
and France

P(t + 1) = α[P(t)]β, t ∈ {1, 2, . . . , T}, (1)

where P = (I, R, D). This observation allows for the assumption that there is some universality in
epidemic spreading dynamics within each country. It leads to the idea that simple models of the
mean-field type can be adopted to describe epidemic spreading in time irrespective of the specific
country of interest. Authors propose to describe epidemic evolution by the following system of
differential Equation (2):

dS
dt = −ρ · S · I,

dI
dt = ρ · S · I − (a + d) · I,

dR
dt = a · I,

dD
dt = d · I,

(2)

with given initial conditions for some initial time. Parameter ρ is the infection rate, while a and d
are recovery and death rates, respectively. Average values of the best-fit parameters and associated
standard deviations were obtained from 30 independent runs of the stochastic differential evolution
algorithm. The analysis of SIRD model implementation revealed that the recovery rate is the same for
Italy and China, while infection and death rates appear to be different. The SIRD model has placed the
peak in Italy around 21 March 2020. This matches actual data. The model predicted the maximum
number of active cases about 26,000 at the peak of the outbreak, with the number of deaths at the end
of the epidemics about 18,000. Unfortunately, this prediction failed. The actual number of active cases
in Italy on 21 March 2020, according to data from [23], was more than twice higher. The number of
deaths was higher than 18,000 on 9 April 2020 and appeared to be 33,500 on 1 June 2020.

2.3. Case-Based Rate Reasoning Method

Thinking about the disadvantages of the SIRD model for forecasting COVID-19 dynamics,
we considered the possibility to model future epidemic evolution based on the idea of some universality
in epidemic spreading dynamics within each country expressed in Formula (1). The total number of
confirmed cases I(t) can be represented in the form (3):

I(t) = α(t) × I(t− 1), (3)



Mathematics 2020, 8, 1727 4 of 10

where α(t) ≥ 0 is a growing factor of the total number of confirmed cases on day t. For example,
the total number of confirmed cases increased by 7% at day t has a growth factor of 1.07.

We represent α(t) in the following form: α(t) = 1 + r(t)
100 .

In our model, we consider r(t) as a key parameter determining the dynamics of I(t) and call it the
percentage growth rate of new confirmed cases recorded on day t ∈ {1, 2, . . . , T}. The formula used for
calculation r(t) is the number new cases on day t divided by the total number of cases on the previous
day t− 1 and multiplied by 100.

Let the time horizon of the development of the epidemic be divided into M intervals (Tm−1, Tm],
0 ≤ Tm−1 < Tm ≤ T, m = 1, 2, . . . , M. Then, for any interval (Tm−1, Tm] and any k = 1, 2, . . . , (Tm − Tm−1),
the dynamics of the number of infected can be presented as follows (4):

I(Tm−1 + k) =
(
1 +

r(Tm−1 + k)
100

)
× I(Tm−1 + k− 1), k = 1, 2, . . . , (Tm − Tm−1). (4)

Therefore, the following expression (5) is true for the total number of infected at the end of the
given interval:

I(Tm) =

(
1 +

r(Tm−1 + 1)
100

)
×

(
1 +

r(Tm−1 + 2)
100

)
× · · · ×

(
1 +

r(Tm)

100

)
× I(Tm−1). (5)

To build the predicted trajectory in the proposed CBRR (Case-Based Rate Reasoning) model on a
given Tm−1 and interval (Tm−1, Tm], a sequence of predicted rate values r̃(Tm−1 + k) and a value of Tm

are generated and the predicted value of the statistic indicators in future periods is determined.
The proposed model can be considered a special case of a predictive dynamic regression model

(PDRM) [24] for forecasting r̃(Tm−1 + k) on the interval (Tm−1, Tm] with a fixed level r̃m and random
input parameter Tm. Probabilistic properties of the input parameter Tm are characterized by the
corresponding parameters of spreading processes in country-predecessors. The corresponding
equation for predicted percentage growth has the following form (6):

r̃(Tm−1 + k) = r̃(Tm−1 + k− 1) −A(k) (̃r(Tm−1) − r̃m),
k = 1, 2, . . .

(6)

with deterministic or random values A(k)
∈ [0, 1] which satisfy balance condition (7):

Tm−Tm−1∑
k=1

A(k) = 1 . (7)

In the present study, we use uniformly distributed values (8):

A(k) =
1

Tm − Tm−1
, k = 1, 2, . . . , (Tm − Tm−1). (8)

The way of processing and analyzing data to predict the COVID-19 epidemic dynamics based on
the CBRR method can be schematically described as follows (Figure 1).Mathematics 2020, 8, x FOR PEER REVIEW 5 of 11 
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3. Results

The developed CBRR model includes an iterative procedure for the heuristic selection of interval
lengths (future value of Tm), a set of values of percentage growth and other significant parameters
(peaks in terms of the increase in new cases and possible periods of peak height, peaks in terms of
the number of active cases, etc.). This procedure is based on information about the values of similar
parameters during the development of previous dynamic processes of the epidemic. Its significant
component is the formation of the chain of countries with epidemic spread (Epidemic Spreading
Chain, ESC), which includes several countries ranked by the time these countries reach the same
levels of the selected parameters. The country for which the forecast is being built is called the
country-follower, the rest of the countries we refer to as country-predecessors [25]. At the same time,
the ESC countries must introduce relatively identical restrictions against the epidemic spread (decisions
made on quarantine, self-isolation, social distance, traffic blocking, etc.).

3.1. Modeling for the USA

The forecast for the USA was constructed for ESC consisting of the USA as the country-follower,
with Italy and Spain as country-predecessors. Based on the chosen ESC, the sequentially generated
evolution trajectory of the statistical data on the epidemic, for example, the total number of infected
people, was compared with the actual statistical data. Similar estimates were made for other published
statistical data. Analytical notes were published in the Research Repository of Saint Petersburg State
University [26] and on the web page [27]. They reflect the chronology of the short-term forecasts
(2–3 weeks) constructed in real time, comparing the obtained forecasts with actual data, and demonstrate
the possibility of using the CBRR model for forecasting based on incoming information.

Simulation Results for the USA
As a result of applying the iterative procedure for generating the Ĩ(t) trajectory for the USA using

the CBRR model, the following forecast for the time period 5 April–4 June 2020 was built (Figures 2
and 3). Average deviation of the real-time trajectory of the total number of infected from the one
predicted was 0.23%. Standard deviation for the considered time period was 3.9%.
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3.2. Modeling for Russia

The epidemic in the Russian Federation (RF), the country-follower, is characterized by a later
moment when the same percentage growth rates were reached in comparison with other countries.
Based on this fact, when modeling and predicting the dynamics of the epidemic in Russia, we included
Italy, Spain, Great Britain, and France as country-predecessors in the ESC chain.

In our first analytical note on the dynamic of the COVID-19 epidemics in Russia, presented online
at [27] on 1 May 2020, the question was posed: What could be the estimated date of the epidemic peak
in Russia?

As a result of applying the procedure for generating the Ĩ(t) trajectory using the CBRR model for
Russia, the following forecast was made on 1 May 2020. It was predicted that the epidemic would
reach the peak in the number of active cases not earlier than 16 May 2020. By that time, the total
number of confirmed cases could pass the milestone of 160,000.

De facto, the peak of the epidemic in the number of active cases in Russia was reached on May 25,
2020, when 230,996 infected people were registered. In Russia, the total number of 160,000 active cases
was surpassed on 5 May 2020, when the total number of confirmed cases was 165,929.

The following forecast was created on 5 May 2020. Given the decrease in the growth rate of the
number of active cases in Russia from 9.6% on 22 April 2020 to 6.5% on 5 May 2020, it was believed
that, within 2–3 days, the growth rate of the number of active cases would fall below 5% and would
reach zero around 18 May 2020. Russia could reach the peak of the epidemic (in terms of the number
of active cases) when the growth rate of the total number of infected people would be about 2% and
the number of active cases would begin to decline, approximately on 18 May 2020, reaching the level
of the total number of 230,000 infected people.

De facto, 217,747 active cases were officially observed on 18 May 2020. The percentage increase
in the number of active cases on 20 May 2020 fell below zero (−0.29%). However, later, it began to
increase and reached a new negative value of −1.55% on 26 May 2020. Russia reached the first local
peak of the epidemic in terms of the number of active cases on 25 May 2020.

The next forecast was presented on 12 May 2020; according to it, considering that the growth
rate of the number of active cases in Russia fell below 5% (3.94%) (as predicted on 5 May 2020),
the possibility of Russia reaching the peak of the epidemic (in terms of the number of active cases)
around 20–21 May 2020 was quite likely. Due to the fact that the absolute value of the increase in the
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number of infected people over 10 days prior to 12 May 2020 stabilized at around 11,000, a possible
option in the next 2–3 days was the change of the number of infected people dynamics to steadily
decrease. Thus, it was highly possible that Russia would shortly see the peak of the epidemic in terms
of the growth in the number of new cases of the disease (11,656 cases on 11 May 2020). With an average
daily growth rate of the number of confirmed cases at 3%, in the period from 12 to 21 May 2020 to May
2020, the total number of infected people by 20–21 May 2020 could reach the level of 305,000.

De facto, Russia indeed reached the peak of the epidemic based on the increment in new cases of
the disease on 11 May 2020. The total number of confirmed cases recorded was 308,705 on 20 May and
317,554 on 21 May 2020.

In the forecast dated 16 May 2020, it was noted that with growth dynamics similar to the one at
that time, the period of reduction in the percentage increase from 5% to 2–2.5% could take at least
12 days. Russia could reach the peak of the epidemic in terms of the number of active cases on 24 May
2020, with an average daily increase of 3–3.5% (between 12 May and 24 May 2020), reaching the level
of the total number of 305,000–350,000 infected individuals.

According to real-world statistical data, the transition from the level of percentage growth of 5%
to 2–2.5% took 15 days. The percentage increase crossed the level of 2.5% on 27 May 2020, becoming
equal to 2.3%. The total number of confirmed cases on 24 May 2020 was equal to 344,481.

The next forecast was presented on 25 May 2020. It stated that if the slowdown in the growth rate
of the number of infected people continued, the projected date of reaching the level of less than 1%
should have been adjusted. Under the assumption that the growth rate drops to the level of 2% in
5 days, then the transition from the current level of 2.6% to the level of 1% could take at least 17 days.
Therefore, considering the situation at that time, the percentage increase could reach a level of less
than 1% on 10–11 June 2020. The local maximum of the number of active cases 230,996 was registered
on 25 May 2020. It was necessary to continue monitoring and to check whether the recorded peak was
local. At an average rate of the percentage increase in new cases at 1.5% in the period after 25 May
2020, the total number of infected people could increase up to 455,000 on 10 June 2020.

On 31 May 2020, the forecast was adjusted, taking into account the dynamics of the epidemic.
The forecast confirmed that the maximum number of active cases registered on 25 May (230,996)
most likely only had a local character. Given the fact that between 25 May 2020 and 30 May 2020 the
percentage increase in the total number of cases did not fall to the 2% level (as expected in the forecast
dated 25 May 2020), the transition from the current level of 2.34% to 1% could take, according to our
estimates, not less than 15 days. Therefore, the percentage increase in the total number of confirmed
cases could reach a level of less than 1% on 14–15 June 2020 (with an average of 15 days, the daily
percentage increase in new cases was 1.5%). The total number of infected people by 10 June 2020 could
increase up to 467,000.

In fact, the new local peak of the epidemic in terms of the number of active cases was on 31 May
2020 (234,146 cases). The forecast on the possible locality of the epidemic peak in the number of
active cases falling on 25 May 2020, presented in analytical notes dated 25 May 2020 and 31 May 2020,
was confirmed. Russia overcame a new local peak of the coronavirus outbreak.

The forecast of 2 June 2020 noted that the transition of the percentage increase in the number of
confirmed cases from 5% to 2% had already taken 21 days, which was more than in Spain (8 days),
Italy (15 days), Great Britain (18 days), France (11 days), and the USA (14 days). Provided that there
was the same rate of growth decline, Russia could drop to the level of 2% in 1–2 days. In that case,
by 10–11 June 2020, the total number of infected people could increase up to 491,000. By 20–21 June
2020, the total number of confirmed cases could increase up to 569,000 people.

The transition of the percentage increase in the number of confirmed cases from 5% to 2% ended
on 5 June 2020. It took 24 days (instead of the predicted 23 days), that is, the forecast of 2 June 2020,
was almost confirmed. The total number of infected people recorded on 10 June 2020, was 493,657,
that is, the forecast error was only 0.54%.
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On 1 June 2020, a new local peak of the epidemic took shape in terms of the number of active
cases—234,146. The previous peak, recorded on 25 May 2020 (230,996), lasted only a week. However,
that peak was also surpassed in a week. The number of active cases on 8 June 2020 was 239,999. Thus,
in Russia, there was a process of building a chain of several peaks in terms of the number of active
cases, which gave food for thought. Based on that information, it was concluded that Russia’s move to
a new local peak within the next five days was quite possible.

The following forecast was presented on 10 June 2020. It predicted that, in the event that the
percentage increase went down at the same rate, the indicator would reach 1% in about 20 days, on 30
June 2020. The total number of infected people according to the statistics as of 30 June 2020, could
reach 655,000. By 20 May 2020, the value of this indicator was about 582,000, which was 2.3 % more
than the forecast of 2 June 2020.

On 15 June 2020, the forecast on the possibility of Russia reaching a new epidemic peak concerning
the number of active cases from 11 to 15 June presented in a note dated 10 June 2020 was confirmed.
On 15 June, the highest value for the entire epidemic was recorded—245,580 active cases. Thus,
the supposedly third local peak was registered.

Simulation Results for Russia

The result of the experiment on the use of the CBRR model for predicting the trajectory of the
percentage increase rate and the absolute number of confirmed cases during the time period from 20
April to 31 July 2020 is shown in the graphs (Figures 4 and 5). The predicted dynamics is compared
with the actual dynamics provided in the official statistical reports. The average deviation of the
predicted trajectory of the number of confirmed cases from the actual one in the time period from 20
April 2020 to 31 July 2020 is 0.28%. The standard deviation for the considered time period was 3.7%.Mathematics 2020, 8, x FOR PEER REVIEW 9 of 11 
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4. Discussion

The results of the study exceeded our expectations. The hypothesis about the effect of the dynamics
of percentage growth in the ESC countries on the future dynamics of the total number of confirmed
cases in the country-followers was confirmed. That allowed us to make 2–3 week forecasts with three
predicting intervals for the epidemic development in Russia, as well as in the USA. Similar modeling
could be performed for other countries for which ESCs with a sufficient lead time in terms of percentage
growth dynamics would be formed.
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