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a  b  s  t  r  a  c  t

COVID-19  is a new  member  of  the  Coronaviridae  family  that  has  serious  effects  on respiratory,  gas-
trointestinal,  and  neurological  systems.  COVID-19  spreads  quickly  worldwide  and  affects  more  than  41.5
million  persons  (till  23  October  2020).  It  has  a high  hazard  to the  safety  and  health  of  people  all  over
the  world.  COVID-19  has  been  declared  as a global  pandemic  by  the World  Health  Organization  (WHO).
Therefore,  strict  special  policies  and  plans  should  be made  to face  this  pandemic.  Forecasting  COVID-19
cases  in  hotspot  regions  is a critical  issue,  as  it helps  the  policymakers  to develop  their  future  plans.  In
this  paper,  we  propose  a new  short  term  forecasting  model  using  an enhanced  version  of  the adaptive
neuro-fuzzy  inference  system  (ANFIS).  An improved  marine  predators  algorithm  (MPA),  called  chaotic
Chaotic marine predators algorithm
Forecasting
Artificial intelligence
Russia
Brazil

MPA (CMPA),  is  applied  to  enhance  the ANFIS  and  to avoid  its shortcomings.  More  so,  we  compared
the  proposed  CMPA  with  three  artificial  intelligence-based  models  include  the  original  ANFIS,  and  two
modified  versions  of ANFIS  model  using  both  of the original  marine  predators  algorithm  (MPA)  and  par-
ticle  swarm  optimization  (PSO).  The  forecasting  accuracy  of  the  models  was  compared  using different
statistical  assessment  criteria.  CMPA  significantly  outperformed  all  other  investigated  models.

© 2020  Institution  of  Chemical  Engineers.  Published  by  Elsevier  B.V. All  rights  reserved.
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1. Introduction

The new Coronavirus disease, COVID-19 has been reported in
Wuhan, Hubei province, China, in December 2019 (Mi et al., 2020).

Thereafter, Wuhan became the center of that outbreak, which
spreads globally with a high prevalence rate. The COVID-19 out-
break was declared by WHO  as a pandemic on 11 March 2020. The
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OVID-19 pandemic has spread rapidly all over the world causes
bout 41,570,883 infected cases and about 1,134,940 deaths around
he world (till 23 October 2020). This pandemic has serious effects
n the world economy. Therefore, it has been considered as the
ost critical universal crisis since the World War-II (Boccaletti

t al., 2020).
COVID-19 spreads among humans via contacting infected per-

ons or touching objects contaminated with viral particles (Wu
t al., 2020). The incubation period of COVID-19 ranges from one
ay to fourteen days (with a median of three days) (Kang et al.,
020). The most critical issue related to the spreading of this virus
s that it can transmit from undiagnosed infected persons with no
ymptoms of disease (Cao et al., 2020). The main symptoms of
OVID-19 are fever, cough, sore throat, shortness of breath, and
eadache. There are three main levels of these symptoms; mild,
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moderate, and severe depending on the immunity of the person
(Ye et al., 2020). Severe symptoms may  cause respiratory failure,
which needs mechanical ventilation. The worst-case scenario may
occur in elderly patients with other chronic diseases such as hyper-
tension, diabetes, cancer, autoimmune and cardiovascular diseases.

The modeling and prediction of the prevalence of COVID-19 out-
break, as well as exploring its epidemiological characteristics, are
critical topics that should be seriously investigated (Xu et al., 2020).
Subsequently, protection policies and thorough plans could be
implemented to control the outbreak of COVID-19 diseases. Math-
ematical and statistical modeling approaches have been utilized
to determine the spreading of that outbreak in different countries.
The epidemic curve of the confirmed COVID-19 cases was modeled
using the exponential growth approach (Zhao et al., 2020a). The
increasing rate of the confirmed cases was estimated to increase 21-
fold within less than three weeks. The rate of under-ascertainment
of COVID-19 infection was estimated based on the evacuation
flights data of Japanese citizens from Wuhan, China, at the end
of January 2020 using mean serial interval approach (Nishiura
et al., 2020). COVID-19 forecasting and transmission in Marche,
Italy, were estimated by employing the R statistics approach.
Incidence/projections package as a probability-based prediction
model was incorporated with a Poisson regression model to pre-
dict the geographical characteristics and transmission dynamics of
the virus. An autoregressive integrated moving average approach
was employed for forecasting the recovered and confirmed COVID-
19 cases in Italy (Chintalapudi et al., 2020). Reasonable prediction
accuracy of 93.75% and 84.4% were achieved for the confirmed cases
and recovered cases, respectively.

An enhanced autoregressive time series model was  developed
to estimate the recovered and confirmed cases of COVID-19 in the
world by Maleki et al. (2020). The developed model was estab-
lished based on fitting the model parameters to the reported
data of recovered and confirmed cases. The model succeeded in
estimating the recovered and confirmed COVID-19 cases with rea-
sonable accuracy as the mean relative percentage error was 1.6%
and 0.22% for the recovered and confirmed cases, respectively. A
hybrid statistical approach composed of an autoregressive inte-
grated moving average model (ARIMA) integrated with a wavelet
model was developed to produce short term forecasting for the
COVID-19 daily confirmed cases for five countries, namely, Canada,
the United Kingdom, South Korea, France, and India (Chakraborty
and Ghosh, 2020). The prediction performance of the proposed
model was compared with that of the moving average model and
wavelet model. The proposed model had outperformance over
the other two models for all investigated countries. RMSE ranged
between 50.83–710.46, 68.38–740.06, and 55.25–631.91 for the
moving average model, wavelet-based forecasting model, and the
hybrid model, respectively. Another hybrid approach composed of
an ARIMA incorporated with an additive regression model, general-
ized autoregressive conditional heteroskedastic, and Holt-Winters
exponential smoothing model was developed by Abdulmajeed
et al. (2020) to forecast the number of COVID-19 cases in Nigeria.
A hybrid model composed of a wavelet decomposition model
integrated with and ARIMA was developed to forecast COVID-19
confirmed cases in five different countries, the United Kingdom,
the United States, France, Italy and Spain (Singh et al., 2020). The
accuracy of the forecasted results obtained by the hybrid model is
better than that of the autoregressive integrated moving average
model by about 50% in cases of France and the United States and 80%
Spain, Italy, and the United Kingdom. In another study, an ARIMA
was incorporated with the Alpha-Sutte indicator for forecasting the

COVID-19 cases in Spain (Ahmar and del Val, 2020). The proposed
hybrid approach had better accuracy compared with a conventional
autoregressive integrated moving average model based on differ-
ent forecasting accuracy measures. Zhao et al. (2020b) proposed
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 hybrid forecasting approach composed of Metropolis-Hastings
arameter estimation algorithm incorporated with Susceptible
xposed Infectious Recovered model, to predict the prevalence of
he COVID-19 epidemic in several African countries, namely, Alge-
ia, Egypt, Senegal, Nigeria, Kenya, and South Africa. Santosh (2020)
roposed an AI-Driven model to improve healthcare applications
o deal with coronavirus outbreak. This model depends on active
earning (Bouguelia et al., 2018) and cross-population train/test

odels.
Apart from statistical-based modeling methods, artificial

ntelligence-based techniques such as artificial neural networks
ANN) have been proposed as a robust predictive tool to model dif-
erent engineering systems (Shehabeldeen et al., 2020, 2019; Essa
t al., 2020; Babikir et al., 2019; Elaziz et al., 2019a). ANN has a num-
er of advantages over other traditional modeling approaches such
s generalization capabilities, handling massive amounts of data,
equired less conventional statistical training, identifying complex
elationships between independent and dependent variables, and
dentifying the interactions between different variables. Chimmula
nd Zhang (2020) developed a long short-term memory approach
s a well-known artificial recurrent neural network to forecast
he COVID-19 outbreak in Canada. The trends of the outbreak, as
ell as possible stopping time of it, are also predicted. Saba and

lsheikh (2020) employed nonlinear autoregressive artificial neu-
al networks to forecast the outbreak of the COVID-19 epidemic in
gypt. The number of confirmed COVID-19 cases was estimated to
e triplicated during May  2020. The results of this model were com-
ared with that of the autoregressive integrated moving average,
nd the former had a better reasonable absolute percentage error
less than 5%) for all investigated cases. A new adaptive neuro-fuzzy
nference system (ANFIS) hybrid model was proposed to forecast
OVID-19 confirmed cases in China (Al-qaness et al., 2020a). Flower
ollination optimization algorithm integrated with the salp swarm
ptimization algorithm was  employed to enhance the accuracy of
he model via determining the optimal values of the model param-
ters. Another attempt to improve the forecasting accuracy of the
NFIS via integration with a new metaheuristic optimization tech-
ique called marine predators optimization algorithm was made
y Al-qaness et al. (2020b). The developed algorithm was  employed
or forecasting the COVID-19 cases in Italy, South Korea, the United
tates and Iran.

In this study, an improved ANFIS model is proposed for forecast-
ng COVID-19 confirmed cases in Brazil and Russia. The traditional
NFIS is a well-known time series prediction and forecasting
ethod that confirmed its performance in various applications,

uch as Liu et al. (2017), Xidias and Zissis (2017), Alsharif and
ounes (2019). However, traditional ANFIS faces some shortcom-

ngs and limitations. Therefore, in the recent decade, optimization
pproaches had been employed to enhance its performance, such
s particle swarm optimization (PSO) (El Aziz et al., 2017), Sine
osine algorithm (SCA) (Al-Qaness et al., 2018), Multi-verse opti-
izer (MVO) (Al-qaness et al., 2019), whale optimizer algorithm

WOA) (Ewees and Elaziz, 2018), and a hybrid of genetic algorithm
GA) and salp swarm algorithm (SSA) (Elaziz et al., 2019b).

The MPA  is a natural inspired optimization method presented
ecently by Faramarzi et al. (2020) based on the foraging strate-
ies of the ocean predators depending on two procedures, called
évy and Brownian motion, where the predators select these two
trategies for optimal foraging. It has been tested using various opti-
ization tasks, and it showed promising performance compared to

ther optimization approaches.
In this study, we  apply a chaotic MPA  to enhance ANFIS per-
ormance and avoid the shortcomings of the conventional ANFIS.
he proposed CMPA-ANFIS is applied to forecast the number of
OVID-19 cases in two  countries, namely Russia and Brazil. The
otivation of using chaotic maps to improve MPA  is their proper-
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Fig. 1. Total COVID-19 confirmed ca

ties that improve the metaheuristic techniques in general and MPA
in specific. The random number used to enhance the exploration
ability of the MPA  can lead to stuck in local optima and final degra-
dation of the quality of the final output. However, the chaotic maps
avoid this problem since they simulate the behavior, for example,
dynamical properties, which give a high ability to MPA to produce
a solution with suitable diversity in the search domain.

The CMPA-ANFIS for forecasting the COVID-19 dataset starts by
preparing the time series of COVID-19 and split them into training
and testing. Followed by generating a set of chaotic values using the
Tent map  and assigned them to the parameter of MPA. Then build
a population of solutions that refer to the parameters of ANFIS and
assess the quality of each of them using RMSE based on the training
set. The best solution is determined, and the solutions are updated
using the value of the chaotic map  and the operators of MPA. After
finishing the training process, the best ANFIS network is used, and
the testing set is applied to and compute the final COVID-19 output
and compute the performance measure.

Our main contribution can be listed as follows:

1. Forecast COVID-19 confirmed cases in two countries, Russia and
Brazil, since these two countries have a serious situation accord-
ing to the official reports in the current time. Therefore, this
model may  help these countries’ governments to make more
strict plans.

2. Present a new short term time series forecasting model based on
improving the performance of the conventional ANFIS using an
enhanced version of the MPA, called, CMPA.

3. Evaluate the performance of the proposed model using WHO
official datasets; more so, we compared the CMPA with existing
optimization models to confirm its quality and good perfor-
mance.

The rest sections of this study are presented as follows. We
describe the study area and the collected data in Section 2. Section 3
presents the methods applied in this study. In Section 4, we  present
the evaluation experiments and comparisons. lastly, in Section 5,
we present our conclusion and recommendation.

2. Study areas and dataset
2.1. Study areas

In this study, two COVID-19 hotspot countries have been con-
sidered; Russia and Brazil. Russia has the largest area (17.1 million

t
c
2
F

401
r million people, 24 October 2020.

m2) among all world countries. It is a transcontinental country
ocated in Northern Asia and Eastern Europe. Russia lies between
ongitudes 19◦ E and 169◦ W,  and latitudes 41◦ and 82◦ N. Russia
s bounded to the east and north by the Pacific and Arctic oceans.
ussia has boundaries with fourteen countries: Finland, Norway,
stonia, Belarus, Lithuania, Latvia, Georgia, Poland, Ukraine, Kaza-
hstan, Azerbaijan, Mongolia, North Korea, and China. It has a
opulation of 146.7 million as of 2020, and it is considered as
he most populous European country. The enormous size of Rus-
ia results in the domination of the continental climate. Russia has
n extreme climate with very low temperatures. Healthcare in Rus-
ia is regulated by the Russian Ministry of Health. Expenditure on
ealthcare in Russia as a percentage of gross domestic product

s 3.2%, which is lower than that of all other European countries.
owever, there are only 8 hospital beds and 4.8 doctors per one

housand of the population. The main causes of death in Russia are
irculatory and neoplastic diseases.

Brazil is the fifth-largest country in the world and is the largest
ountry in South America, with a total area of about 8.5 million km2.
razil lies between longitudes 28◦ and 74◦ W,  and latitudes 6◦N and
4◦S. The population of Brazil is more than 211 million, as estimated

n May  2020. It is the sixth most populous country in the world.
razil has highly diversified climate patterns with a wide range of
eather conditions. Brazil has six main climatic patterns: tropi-

al, equatorial, oceanic, desert, semiarid, and subtropical. Brazil is
ounded to the east by the Atlantic Ocean. It is also bounded by
ine different countries: Argentina, Colombia, Venezuela, Uruguay,
araguay, Peru, Bolivia, Guyana, and Suriname. Healthcare in Brazil
s a basic right, according to the Brazilian constitution. Expenditure
n healthcare in Brazil as a percentage of gross domestic product is
.4%. However, there are only 1.9 hospital beds and 2.1 doctors per
ne thousand of the population. Infectious diseases such as hepati-
is B, hepatitis C, tuberculosis, and HIV/AIDS are the main causes of
eath in Brazil.

Russia and Brazil are considered the two biggest hotspots of
OVID-19 infection worldwide, as shown in Fig. 1. Russia has 10,373
ases/million people, while Brazil has 25,313 cases/million peo-
le, according to WHO  reports on 24 October 2020. Brazil and
ussia have the third and fourth ranks after the United States
nd India in total and daily confirmed COVID-19 cases. Brazil has
,380,635 total cases and 25,380 daily cases. Russia has 1,487,260

otal cases and 7015 daily cases. The reported daily and total
ases, as well as the number of deaths as reported by WHO  on
5 October 2020 for the most infected countries, are plotted in
ig. 2.
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Fig. 2. COVID-19 statistics on 25 October 20

Due to the inefficient funding in the Russian and Brazilian health
systems, the prevalence of COVID-19 pandemic may  be worth
among all European and Latin American countries.

2.2. Data collection

The official COVID-19 reported cases in Russia and Brazil
declared by WHO  for the period from 26 March to 1 June 2020 was
employed to train and test the proposed methods in the current
study.

3. Methods

3.1. The basics of the traditional ANFIS model

Generally, the ANFIS generates a mapping between the input
and the output using “IF-THEN rules” (which is also known as
the “Takagi–Sugeno inference model”). Fig. 3 presents the general
structure of the ANFIS, in which the inputs of Layer 1 are repre-
sented by x and y. Where O1i is the output of node i, as formulated
by the following equations:

O1i = �Ai
(x), i = 1, b, O1i = �Bi−2

(y), i = 3, 4 (1)

�(x) = e
−
(

x−�i
˛i

)2

; (2)

where � is the generalized Gaussian membership function. Ai and
Bi are the membership values of �. In addition, ˛i and �i are the
premise parameter set.

More so, Eq. (3) illustrates the output of Layer 2:

O2i = �Ai
(x) × �Bi−2

(y) (3)

The output of Layer 3 can be represented as Eq. (4):

O3i = wi = ωi∑2
(i=1)ωi

, (4)

where the output of ith nodes from the previous layer is repre-
sented by wi.

Furthermore, Eq. (5) represents the output of Layer 4:

O4,i = wifi = wi(pix + qiy + ri) (5)

in which f represents the function which combines the parameters
and inputs of the networks. ri, qi, and pi represent the consequent
parameters of node i.
Eq. (6) represents the output of Layer 5:

O5 =
∑

i

wifi (6)

3

t
f

402
) Total cases; (b) Deceased; (c) Daily cases.

.2. Marine predators algorithm (MPA)

This section introduces the basics of the MPA  (Faramarzi et al.,
020). Like other metaheuristics, the MPA  begins by creating ran-
om values based on the search space for a set of solutions, as
resented by Eq. (7):

 = LB + r1 × (UB − LB)  (7)

here LB is the lower boundary, LB is the upper boundary, and
1 ∈ [0, 1] is a random number.

The MPA  considers predator and prey as search agents because
hen a predator searches for prey, the prey also searches for food.

hus, at the end of each population (generation), the matrix of the
ttest predators (elite matrix) is updated. Eq. (8) formulates the
lite and prey (X) (Faramarzi et al., 2020):

lite =

⎡
⎢⎢⎢⎣

X1
11 X1

12 . . . X1
1d

X1
21 X1

22 . . . X1
2d

. . . . . . . . . . . .

X1
n1 X1

n2 . . . X1
nd

⎤
⎥⎥⎥⎦ , X =

⎡
⎢⎢⎢⎣

X11 X12 . . . X1d

X21 X22 . . . X2d

. . . . . . . . . . . .

Xn1 Xn2 . . . Xnd

⎤
⎥⎥⎥⎦ ,

(8)

Thereafter, the prey X position is updated using three stages,
alled high-velocity ratio, unit velocity ratio, and low-velocity ratio.
hese stages are based on the variant ratio of velocity, with respect
o rational velocity amongst the predator and prey. The following
ubsections describe the details of each stage.

.2.1. High-velocity ratio
In the high-velocity ratio stage or so-called exploration phase,

ach predator moves faster than X, which is performed at the first
hird of the number of iteration (i.e., 1

3 tmax). Thus, the prey can be
pdated using Eqs. (9) and (10):

i = RB ⊗ (Elitei − RB ⊗ Xi), i = 1, 2, . . .,  n (9)

i = Xi + P.R ⊗ Si (10)

ere, R ∈ [0, 1] is a vector of uniform random numbers, and P = 0.5
s a constant number. The Brownian motion is represented by the
andom vector RB. Furthermore, ⊗ refers to the element-wise mul-
iplication process.
.2.2. Unit velocity ratio
In this phase, the predator and prey move in the same space, and

hese movements simulate the processes of searching for prey and
ood. Therefore, this refers to changing the status of the marine
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Fig. 3. The ANF

predator algorithm from the exploration phase to exploitation
phase. In this stage, both of exploration to exploitation have the
same chance to occur. According to Faramarzi et al. (2020), the
exploration is implemented using the predator, where the exploita-
tion is implemented by the prey. More so, the Lévy flight represents
the prey movement, where Brownian motion represents the preda-
tor, as presented in Eqs. (11) and (12), when 1

3 tmax < t < 2
3 tmax:

Si = RL ⊗ (Elitei − RL ⊗ Xi), i = 1, 2, . . .,  n (11)

Xi = Xi + P.R ⊗ Si (12)

in which RL contains random numbers which follow the Lévy dis-
tributions. Eqs. (11) and (12) are employed to the front half of the
generation, which depicts the exploitation. Where the next half of
the generation implements the following equations:

Si = RB ⊗ (RB ⊗ Elitei − Xi), i = 1, 2, . . .,  n (13)

Xi = Xi + P.CF ⊗ Si, CF = (1 − t

tmax
)
2 t

tmax
)

(14)

CF represents a parameter which controls the step size of move-
ments of the predator, where tmax is the total number of iterations
(generations).

3.2.3. Low-velocity ratio
This stage is the latest optimization process that occurs when

the predator’s movement is faster than the prey’s movement. It
represents the exploitation phase where t > 2

3 tmax, as presented
by Eq. (13):

Si = RL ⊗ (RL ⊗ Elitei − Xi), i = 1, 2, . . .,  n (15)

Xi = Xi + P.CF ⊗ Si, CF = (1 − t

tmax
)
2 t

tmax
)

(16)

3.2.4. Eddy formation and FADs’ effect
Fish aggregating devices (FADs) is one of the environmental

factors that may  affect the behaviors of the marine predators; there-
fore, Faramarzi et al. (2020) formulated the effect of FADs as (17):

Xi =
{

Xi + CF[Xmin + R ⊗ (Xmax − Xmin) ⊗ U r5 < FAD

Xi + [FAD(1 − r) + r](Xr1 − Xr2) r5 > FAD
(17)

Where FAD = 0.2, and U are binary solutions, which can be imple-
mented by creating a random solution, which is converted into
binary solutions by using threshold 0.2. More so, r ∈ [0, 1] is a
random number, where r1 and r2 represent the prey indices.
3.2.5. Marine memory
According to Faramarzi et al. (2020), the memory of the marine

predator can remember the good position that it reached. This is
performed by comparing the fitness values of each solution with

(
s

p

403
del structure.

revious fitness values. Then, the memory can save the best fitness
alue.

. The proposed CMPA-ANFIS forecasting model

In this section, the developed forecasting COVID-19 model is
ntroduced. The proposed model aims to enhance the prediction
f the ANFIS model by estimating its parameters using modified
PA  based on the chaotic tent map  (CTM). The use of CTM aims to

nhance the convergence of the MPA  algorithm during the explo-
ation phase, and this is achieved by replacing random number R
in Eqs. (10) and (12)). Then, the improved MPA, called CMPA, is
mployed to determine the suitable parameters of ANFIS. The full
teps of the developed CMPA-ANFIS are discussed in the following.

.1. Implementation of CMPA-ANFIS model

The CMPA-ANFIS begins by receiving the historical time series of
he confirmed cases of COVID-19 (for either Russia or Brazil), then
sing the Autocorrelation function (ACF) to determine the patterns
f the COVID-19 dataset in which the 8-lags is used. The next step is
o divide the historical data into a training set (here 75% from data)
nd a testing set (25%). Followed by determining the parameters of
PA. Then, using the CTM to generate chaotic value as defined in

he following equation:

k+1 =

⎧⎪⎨
⎪⎩

Rk

0.7
, Rk ≺ 0.7

10
3

(1 − Rk), Rk ≥ 0.7

(18)

The next process is to generate a set of N solutions, repre-
enting the configuration of ANFIS parameters. Each solution is
valuated by constructing the ANFIS network according to its value
nd applied the training set to the constructed ANFIS. Then predict
he output and compute the Root mean square error (RMSE), which
s applied as fitness value, as in Eq. (19):

MSE =

√√√√ 1
Ns

Ns∑
i=1

(Ti − Pi)
2 (19)

n which T and P are the original target, and the predicted output,
espectively. Ns refers to the size of the sample.

After that, the best configuration/solution is determined, which
as the best fitness value. Then the X solutions will be updated using
he operators of CMPA. This is performed by using the value of R
hat generated using Eq. (18), and replace the random value in Eqs.

10) and (12) during the updating process of MPA. The updating
teps are performed till reaching the main stop condition.

Lastly, the testing set is applied to the best configuration of ANFIS
arameters and computes the predicted value of the testing set.
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NFIS forecasting COVDI-19 model.

Table 1
Statistical evaluation of the developed models.

Country Model RMSE MAE  MAPE RMSRE Time

Brazil

ANFIS 24,100 18,272 0.3973 0.0052 –
PSO 21,182 15,111 0.3293 0.0045 18.92
MPA  21,953 16,658 0.3628 0.0047 35.12
CMPA 19,432 14,273 0.3117 0.0042 34.57

Russia

ANFIS 683 578 0.05041 0.00058 –
PSO 504 387 0.03286 0.00041 19.40
MPA  515 416 0.03561 0.00042 35.21

B

I
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t
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v

Fig. 4. The proposed CMPA-A

Followed by evaluating the performance of this predicted COVID-
19 value using different measures. The structure of the CMPA-ANFIS
is depicted in Fig. 4.

5. Results and discussion

The reported total COVID-19 confirmed cases in Russia and
Brazil for 215 days (26 March–26 October 2020) have been used
to train the four proposed models, namely, ANFIS, PSO, MPA, and
CMPA. Once the models are trained, they may  be used to forecast
the cases of further days ahead. First, all models have been trained
and tested using the time series data of the reported cases. The
reported data by WHO  for 151 days was used as a time series data
to train the models. 70% of the collected data was  used to train the
models, and 30% was used to test them to ensure their validity as a
forecasting tool. The predicted data during the test stage obtained
by all models are compared with the real reported data by WHO.
Four statistical criteria have been employed to evaluate the perfor-
mance of the investigated models: root mean square relative error
(RMSRE), mean absolute error (MAE), mean absolute percentage
error (MAPE), and root mean square error (RMSE) (Elsheikh et al.,
2019).

The relative percentage errors between the predicted results
and of total cases in Russia and Brazil are plotted in Fig. 5. Obviously,
CMPA predicted results have less relative percentage error than

that of ANFIS, PSO, and CMPA, which indicate the outperformance
of CMPA over other investigated models. The outperformance of
CMPA over other investigated models may  also be observed from
qq plots shown in Figs. 6 and 7 for Russia and Brazil, respectively.

1
M
w
m

404
CMPA 493 379 0.03223 0.00040 34.43

old as in almost published papers is indicating the best acheived results.

t is observed that CMPA predicted results have a better fitting
uring training and test processes compared with that of other

nvestigated models for both investigated countries.
To compare between the investigated models quantitatively,

our statistical criteria (RMSE, MAE, MAPE, and RMSRE) were com-
uted for all predicted results during training and test processes.
he computed values of these statistical criteria are plotted in Fig. 8
nd tabulated in Table 1. Among all investigated models, CMPA has
he lowest RMSE, MAE, MAPE, and RMSRE values of 833, 667, 0.22,
nd 0.0024 in the case of Russia and 1407, 1073, 0.30, and 0.004 in
ase of Brazil. ANFIS has the highest RMSE, MAE, MAPE, and RMSRE
alues of 4029, 3952, 1.18, and 0.0120 in the case of Russia and 2583,

880, 0.51, and 0.007 in case of Brazil. The low values of RMSE, MAE,
APE, and RMSRE show the high accuracy of the proposed model,
hile the high values of them indicate the low accuracy of the
odel. Therefore, CMPA has the best accuracy among all models.
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Fig. 5. Relative percentage error between the predicted and real data for the four models: (a) Russia; (b) Brazil.

Fig. 6. Fitting of total confirmed cases in Russia data using: (a) ANFIS; (b) PSO; (c) MPA; (d) CMPA.

405
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Fig. 7. Fitting of total confirmed cases in Russia data using: (a) ANFIS; (b) PSO; (c) MPA; (d) CMPA.

Fig. 8. Assessment criteria of different algorithms for training and test process: (a) Russia results; (b) Brazil results.

406
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Fig. 9. Forecasted results against the real data for Brazil.

 again

•
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Fig. 10. Forecasted results

Moreover, the proposed CMPA, as a modified version of MPA, has a
better accuracy of the conventional one. From the aforementioned
discussion, it can be concluded that CMPA has better accuracy in
predicting the total cases compared with other models. That is due
to the important role of the application of chaotic search in the
conventional MPA  algorithm.

Fig. 11 depicts the average of all measures for both countries to
show the improvement of the proposed method compared to the
other methods. From Fig. 11, we can see that the MPA  obtained the
smallest and best values in all measures followed by the PSO. It also
shows that the adding of the chaotic map  improves the results of
the CMPA compared to its original version (i.e., MPA).

In the aforementioned discussion, the predictive capabilities of
the proposed models have been evaluated. Now, we will apply
these models to forecast the cases of further days ahead. The fore-
casting processes have been employed as follows:

• The models were applied to forecast the confirmed cases for 12
days ahead (27 October–7 November) in Russia and Brazil using
the experience that the model gained during the training process
using the training data from 26 March to 23 August, and test-
ing data from 24 August to 26 October. The forecasted results
showed a good agreement with the reported cases by WHO. For

the forecasting process, CMPA has the lowest RMSE, MAE, MAPE,
and RMSRE values of 493, 379, 0.03223, and 0.0004 in the case of
Russia and 19,432, 14,273, 0.3117, and 0.0042 in case of Brazil.
These statistical results indicate the better accuracy of CMPA in

t
a
t
p

407
st the real data for Russia.

forecasting the total COVID-19 cases compared with other mod-
els.
Once the outperforms of the proposed CMPA model is verified,
it could be applied for forecasting the total COVID-19 cases for
longer periods. Thus, the CMPA was applied to forecast the total
confirmed cases of COVID-19 in Russia and Brazil for 12 days (27
October to 7 November). The forecasted results are presented in
Figs. 9 and 10, respectively. These forecasted results could help
decision-makers in Russia and Brazil to modify their policies to
face this epidemic.

From the results, it can be concluded that the CMPA has a
igh ability to forecast the total COVID-19 cases in two hotspot
ountries, whereas it outperformed the other algorithms in the
xperiment measures. The main reason for the best results of the
MPA is due to the use of the chaos theory properties such as
tochastically intrinsic, ergodicity, and sensitive to initial condi-
ions to enhance the exploration phase of the MPA, which increased
ts ability to balance between exploration and exploitation phases
s well as saved it from getting trap in local optima. In addition, the
ast convergence of the CMPA and the simplicity of implementation
ncourage us to apply it to solve different optimization problems.
lthough the computation time of the CMPA is slightly better than
he original version of MPA, it needs to be improved to be faster such
s the PSO algorithm. However, in general, the current computation
ime of the CMPA is acceptable to work with offline optimization
roblems.
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Fig. 11. Average of all m

6. Conclusion

In this paper, four artificial intelligence-based models are
employed for forecasting the total COVID-19 cases in two  hotspot
countries, Russia and Brazil. The reported cases by WHO  were uti-
lized as time-series data to train the models. The forecasted results
of CMPA have a good accuracy based on different statistical assess-
ment criteria; it has RMSE, MAE, MAPE, and RMSRE of 1407, 1073,
0.3, and 0.004 for Brazil and 833, 667, 0.22, and 0.0024 for Russia,
respectively. COVID-19 total cases are expected to be increased by
about 40.42% and 17.23% for Brazil and Russia, respectively, during
the upcoming two weeks. Thus, the proposed CMPA achieved better
performance than the original ANFIS, original MPA, and PSO in all
performance measures. The application of chaotic maps improved
the performance of the original MPA  and enhanced its exploration
and exploitation phases. However, the proposed CMPA has a limi-
tation in the computational time, which is not faster than the PSO,
since PSO achieved shorter computation time in the experimental
tests. Therefore, the proposed models are efficient tools to forecast

the total infected people with many days in advance. This will help
decision-makers to develop their plans to face this pandemic. The
following recommendations should be considered: (1) Instituting
total lockdown with more restrictions. (2) Increasing health system

A

A

408
res for both countries.

apacities. (3) Building more quarantine hospitals. (4) Providing the
ealth care workers with adequate personal protective equipment.
5) Providing better monitoring strategies and COVID tests to the
ealth care workers. (6) Establishing public hand hygiene stations.
7) Preventing social gatherings. (8) Prohibiting of transportation
etween provinces.
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