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Abstract

In this study, the application of a mathematical method already developed in other articles for the study of the
speed of propagation of the number of people infected by Covid-19 has been validated. The proposed
mathematical model has been contrasted with models based on quantitative prognostic methods in order to seek
its validation. At the same time, the forecast errors of the proposed methods and the mathematical model have
been calculated and compared. The results obtained have been applied to the four autonomous communities in
Spain with the highest number of coronavirus infections during the study period, obtaining very satisfactory
results and achieving very good approximations to the real data on the number of infected people in all the
autonomous communities studied.
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1. Introduction

Doing a little scientific history, it can be indicated that coronaviruses are a kind of big family of viruses that can
cause diseases that have a wide range of impact in terms of their severity in people. The first known serious illness
caused by a coronavirus emerged with the 2003 Severe Acute Respiratory Syndrome (SARS) epidemic, also in
China. A second serious disease outbreak was detected in Saudi Arabia with the Middle East Respiratory
Syndrome (MERS) in 2012.

In late December last year, Chinese authorities alerted the World Health Organization (WHO) to an outbreak of a
new strain of coronavirus that was causing a serious, rapidly spreading disease, and was subsequently named
SARS-CoV-2. Until 20th February 2020, almost 167,500 cases of 19-COVID have been documented worldwide,
although many mild cases may not have been well diagnosed because the symptoms were very mild or because the
tests and equipment needed to diagnose them were not available, it is estimated that the number of actual cases of
people infected may be as much as ten times higher. So far, the virus has killed more than 6,600 people worldwide,
a number that is a global warning.

If we focus on Spain, the coronavirus disease pandemic has spread throughout almost all of its territory,
currently being the second country with the highest number of confirmed cases and the second in number of
deaths, behind Italy. The first positive diagnosis was confirmed on 31 January 2020 on the island of La Gomera,
while the first death occurred on 13 February in the city of Valencia, a fact that became known twenty days later.
As of April 4, 2020, there are 124,736 confirmed cases in Spain, of which 34,219 have been discharged and
11,814 have died according to the Spanish authorities, the majority of the deceased being persons over 65 years
of age (CCAYES, 2020).

The most affected region by the epidemic is the Community of Madrid, which as of April 4 accumulated 36,249
confirmed cases (29% of the total number of confirmed infections in the country), with 4,723 deaths and 15,342
recoveries, followed by Catalonia, Castilla La Mancha and Castilla y Leon. The rate of confirmed infections in
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the region of Madrid is 542 positive cases per 100,000 inhabitants, while in the community of La Rioja, this rate
rises to 765 confirmed cases per 100,000 inhabitants. The main outbreak of the epidemic during the first weeks
was in the town of Torrejon de Ardoz, Madrid. The Canary Island of La Graciosa is, at the moment, the only
area in the whole country without any confirmed case (CCAyES, 2020).

During the month of March, the virus has spread very quickly, forcing the governments of the different
Autonomous Communities (AC) to take measures, mainly health, urgent in the most affected areas, until finally
on March 14, the Spanish government decreed the entry into force of the state of alarm throughout the national
territory that extends to date.

The study carried out in this work, corresponding to the statistical data provided by the CCAyES (Centre for the
Coordination of Health Alerts and Emergencies of the Ministry of Health) during the period from 25 February to
29 March of this year, and are referred to the Spanish Autonomous Communities that had the greatest number of
infected people, such as the communities of Madrid, Catalufia, the Pais Vasco and La Rioja that are going to be
studied.

2. Methods
2.1 Experimental Procedures

As indicated above, the proposed mathematical model, which has been applied in this article, was already
developed by some of the authors before (Sanglier, Robas & Jimenez, 2020).

In that article, it was commented that viral infections of the respiratory tract are common acute diseases among
the human population, and that the transmission of the virus, whether by direct or indirect routes, occurs in the
most dispersed areas of the world, and that a more in-depth analysis would lead to a consideration of how the
transmission of these viruses can have a broad impact on public health.

The development of the mathematical model took into account various meteorological factors: ambient
temperature (0), air currents (Ca) related to ventilation processes and air flows, air humidity or absolute humidity
(H) and rainfall (Pr). It is possible that these meteorological factors play a more important role in some regions
than others (CDS, 2009; Checkoway, Pearce & Crawford-Brown, 1989; Chen, Xu & Salyards, 2012; Khiabanian,
Farrel, St George & Rabadan, 2009).

The mathematical model was also developed taking into account other effects such as non-environmental ones:
family and social structures (Efs), seasonal changes in behavior (Ce) and pre-existing immunity (Ip), which have
been considered to also play an important role in the transmissibility of respiratory viruses and infection rates
(Lofgren et al., 2007; Lowen, Mubareka, Steel & Palese, 2007; McKinney, Gong & Lewis, 2006; Pica &
Bouvier, 2011).

Below are the environmental and non-environmental data belonging to the four autonomous communities that
have been introduced into the mathematical model proposed for obtaining part of the final data (Table 1).

Table 1. Data recording for the Autonomous Communities studied

Autonomous Capital Population Surface Surface Population Density Precipitation Wind
Communities (number of inhabitants) (Km2) (m2) (inha./Km2) (L/m2)year (m/s)
Comunidad de Madrid Madrid 6685471 8028 8028000000 832,77 436 4,2
Cataluiia Barcelona 7609499 32113 32113000000 236,96 640 5
Pais Vasco Vitoria 2181919 7234 7234000000 301,62 779 5
La Rioja Logrofio 314487 5045 5045000000 62,34 399 4,5

Starting from the variables previously indicated, and using the mathematical tool of Classical Dimensional
Analysis (CDA), we proceeded to determine the mathematical model that was already deduced, and that will be
used in this article to determine the number of infected people in the four Spanish communities most affected by
the epidemic (Velasco, 2007).

The population and surface area data for the different autonomous communities have been obtained from the
National Institute of Statistics (INE) for the year 2019 (INE, 2020). With these parameters it has been possible to
determine the population density (inhabitants/Km?2 ) in each autonomous community.

Meteorological data related to ambient temperature, absolute humidity and wind speed have been obtained from
the State Meteorological Agency (AEMET) (AEMET, 2020). With regard to the data on the parameter average
annual wind speed, it should be noted that these have been collected at 30 m from the ground as this is
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considered the height with the least influence in order to subsequently determine the air mass flow for a given
surface. The time-related Ce parameter should be entered in days since this is the time period in which the study
has been carried out.

2.2 Mathematical Model

n this study, the application of a mathematical system developed in another article for the study of the speed of
propagation of the number of people infected by Covid-19 has already been validated. The equation that was
obtained is shown below (Sanglier, Robas & Jimenez, 2020).
2

Vpi= Y%, a.i—g + b.% Eps. Ip| + Z0al (Voo + Vi) - F] (1)
The first term of the formula has been determined by Classical Dimensional Analysis (Brand, 1957; Alhama &
Madrid, 2011; Kunes, 2012) discussing the same for the different parameters that compose it. The second term is
an adjustment term of the first part where F is determined as a function of the actual death curve data. The
compensation variable F is obtained by iterations to adjust the curve of the proposed model to the real data
model as closely as possible. The results obtained by pairs of points (real model and proposed model) are
compared, and depending on the best approximation, the value of F is determined.

The values of parameters a and b of the proposed model correspond to the values obtained from making a linear
adjustment to the real data curve of the deceased in Spain due to Covid-19.

The other parameters that appear in the formula are related to meteorological factors and non-environmental
effects. The other parameters that appear in the formula are related to meteorological factors and
non-environmental effects. Meteorological factors have been associated with virus infection rates such as
ambient temperature (0), air currents (Ca) referring to ventilation processes and air flows, air or absolute
humidity (H) and precipitation (Pr). All these data have been obtained from the INE-Instituto Nacional de
Estadistica (INE, 2020). It is possible that meteorological factors play a more important role in some regions
than in others. Non-environmental effects such as family and social structures (Efs), seasonal changes behaviour
(Ce) and pre-existing immunity (Ip), could also play an important role in the transmissibility of respiratory
viruses and infection rates (Pica & Bouvier, 2012).

Using the above equation, the successive data on the number of infected persons in each Spanish Autonomous
Community analyzed for the different days of the study period have been determined.

2.3 Methodology

The following diagram aims to show the methodology followed in this work in order to make the necessary
adjustments to accurately determine the number of infected (Figure 1).
Non-
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Figure 1. Organizational chart of the development of the study

by comparison between the different adjustment models proposed

An organization chart of the process carried out to accurately determine the number of actual coronavirus
infections in the four communities studied. The study has been initiated from the environmental and
non-environmental data that have been introduced in the mathematical model formula to determine the first two
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terms of the model, this has been done with the first term of the formula. The second term of the formula has
been used to obtain the rest of the terms of the mathematical model. The factor 'F' that appears in the equation of
the mathematical model, is a compensation factor as indicated above. The values of F for the Communities
studied of Madrid, Catalufia, Pais Vasco and La Rioja have been 0.73, 0.74, 0.72 and 0.64 respectively. The
values of the compensation variable F are obtained by iterations in order to adjust the curve of the proposed
model to the real data model as well as possible. The results obtained by pairs of points (real model and proposed
model) are compared, and depending on the best approximation, the value of F is determined.

The proposed mathematical model has been compared with the real model (real data of infected persons),
obtaining the corresponding errors. The real data on the number of people infected by coronavirus in Spain from
the time the first case of infection was detected on 25 February to 29 March 2020 have been obtained from the
reports of Redaccion Médica) (Redaccion Médica, 2020).

To validate the proposed mathematical model with respect to the real one, it has been compared with
mathematical models based on quantitative prognostic methods such as weighted average and simple exponential
smoothing for values of 0.3, 0.5 and 0.7 of the alpha smoothing constant (o).

For all the models applied, the forecast error (CFE), the mean absolute deviation (MAD), the mean square error
(MSE) and the mean absolute percentage error (MAPE) have been determined (Dietz & Heesterbeek, 2002;
Armitage & Berry, 1994; Cadarso & Gonzalez, 2007; Altman & Goodman, 1994; Cobo et al., 2007; Anderson,
Sweenney & William, 2008).

2.4 Forecasting Methods and Errors

These methods aim to eliminate random fluctuations in the time series by providing less distorted data of the actual
behaviour of the time series.

The time series, also called time series or historical series, is a set of numerical data obtained in regular and specific
periods through time. This type of method is appropriate for a stable time series, that is, one that does not exhibit
significant trend, cyclical or seasonal effects (Brauer, 2008; Munayco, 2009; Martin del Rey, 2009; Bowerman et
al., 2007; Canovas, 2003; Diebold, 2001; Diekmann & Heesterbeek, 2000; Dowell, 2001; Elandt-Johnson, 1975).

2.4.1 Prognosis of the Number of Infected with the Weighted Average Method

This method discards the oldest data and considers the most recent, as we work with simple moving averages,
the difference is that historical data are weighted, meaning, they are assigned different weights, in the model the
weights have been 40%, 30% and 30% for the most recent, intermediate and furthest periods respectively, using
an n=3 for the most recent period.

For the calculation of the forecast using this methodology, the formula (IE, 2016) has been used:

W1.D¢_1+W2.D¢_2+wW3.D¢_3++Wn.Di_n

Ff=

2

Wy +Wo+Wa+- Wy
where:

Ft: forecast for the next period (day) t.

Dt: observed value of the number of infected people in the period (day)

wi: weight or weighting for the observed value of the number of infected in period t-i.

2.4.2 Exponencial Simple Prognosis of the Number of Infected with the Simple Exponential Smoothing Method

To generate a forecast by this method, you need the most recent forecast, the value of the number of infected
people for that day, and the alpha smoothing constant (o). Each time the forecast is calculated, the previous
observation is removed and replaced by the most recent number of infected, and this is where this method is
interesting (IE, 2016).

The prognosis has been calculated using the following formula:
Fr=F_1+a(A-y —Fq) 3)
Where:
Ft: forecast for the next period (day) t.
Ft-1: forecast of the previous period.

At-1: number of infected in that day's period.
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At-1 - Ft-1= error of previous forecast.
Alpha: smoothing constant (values used: 0.3; 0.5 and 0.7).
2.4.3 Error Calculation Method

The following table presents the forecast errors determined in this work, as well as the formulas used in their
calculations

Table 2. Error measurement factors and applied formulas

PARAMETERS: FORMULA:
Cumulative forecast error total (CFE):
allows you to evaluate forecast bias. For
example, if over time periods (days) the
actual value of the number of infected
people is always higher than the forecast
value, the CFE will be larger, indicating the
existence of a systematic error in the
calculation of the speed of spread of the
infection.

CFE = Z Forecast error

Mean Absolute Deviation (MAD): This
parameter measures the dispersion of the
forecast error, or in other words, the Y[Real — forecast]
.. . . MAD =
measurement of the error size in units. It is n
the absolute value of the difference between
the actual and forecast number of infected,

divided over the number of periods (days).

Mean square error (MSE): is a measure of
the dispersion of the forecast error. The
measure maximizes the error when squared,
punishing those periods where the difference Y.(Forecast error)?
was higher than others. Consequently, the MSE = n
use of MSE is recommended for periods

with small deviations.

Mean percentage absolute error (MAPE):
this is the average of the absolute error or

difference between the actual and forecast ™., 100 = [Real; — Forecast |
infection values, expressed as a percentage Real;

. N MAPE =
of the actual values. It gives the deviation in n

percentage terms and not in units as the
previous measures.

3. Results

In this section, the results obtained from the proposed mathematical model compared with the real data provided
for the four Autonomous Communities studied (Tables 4,5,6 and 7) will be determined and presented by means
of data tables.
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Table 3. Comparison of the real data and those obtained by the mathematical model for the communities studied
in Spain

Autonomous
Communities

MADRID CATALUNA PAIS VASCO LARIOJA
Date Time Real Data Model Data Real Data Model Data Real Data Model Data Real Data Model Data

dd:mm (days)

25-feb 1 1 5,09 1 2,96 0 2,00 0 6,93
26-feb 2 1 5,45 1 3,01 0 2,03 0 6,97
27-feb 3 1 7,69 1 4,42 0 2,90 0 8,90
28-feb 4 5 9,59 3 5,50 0 3,55 0 10,15
29-feb 5 10 10,98 6 6,30 3 4,02 0 10,96
01-mar 6 14 15,02 9 8,73 3 5,45 0 13,51
02-mar 7 32 18,98 17 11,12 11 6,82 1 15,66
03-mar 8 49 24,82 15 14,69 13 8,84 3 18,67
04-mar 9 70 31,97 15 19,10 17 11,27 7 21,97
05-mar 10 90 41,46 24 25,00 28 14,48 11 26,01
06-mar 11 137 53,61 32 32,63 28 18,54 17 30,71
07-mar 12 174 69,40 24 42,65 45 23,78 39 36,30
08-mar 13 202 89,79 49 55,71 102 30,47 55 42,89
09-mar 14 469 116,21 101 72,78 149 39,06 81 50,68
10-mar 15 1024 150,38 156 95,08 225 50,06 179 59,89
11-mar 16 1024 194,61 156 124,22 225 64,16 185 70,76
12-mar 17 1388 251,84 260 162,28 346 82,24 220 83,62
13-mar 18 1990 325,91 316 212,01 417 105,41 259 98,80
14-mar 19 2940 421,76 509 276,98 417 135,11 275 116,75
15-mar 20 3544 545,80 715 361,85 630 173,17 300 137,95
16-mar 21 4165 706,32 903 472,73 630 221,96 312 163,01
17-mar 22 4871 914,05 1394 617,59 765 284,49 355 192,62
18-mar 23 5637 1182,87 1866 806,84 973 364,65 419 227,60
19-mar 24 6777 1530,76 2702 1054,08 1190 467,38 468 268,94
20-mar 25 7165 1980,95 3270 1377,08 1465 599,06 497 317,78
21-mar 26 8921 2563,54 4203 1799,06 1725 767,84 564 375,50
22-mar 27 9702 3317,48 4704 2350,34 2097 984,17 654 443,70
23-mar 28 10575 4293,15 5925 3070,56 2421 1261,45 747 524,29
24-mar 29 12352 5555,76 7864 4011,47 2728 1616,84 802 619,52
25-mar 30 14597 7879,13 9937 5665,62 3271 2302,63 928 915,05
26-mar 31 17166 9807,47 11592 7161,04 3946 2822,02 995 982,12
27-mar 32 19243 12911,21 12940 9491,73 4601 3689,75 1236 1214,19
28-mar 33 21520 16584,63 14263 12323,05 5136 4688,48 1436 1405,64
29-mar 34 22667 21531,97 15026 16142,94 5740 6032,32 1629 1676,69

As can be seen from the table above, the actual data in some cases are very similar to the data obtained by the
proposed mathematical model applying the equation described in section 2.2.

Below, these data collected in the previous table are shown in graphic form, and it is possible to appreciate what
was mentioned above (Figure 2).
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Figure 2. Graphic representation of real data (brown) versus data by mathematical model (blue) of the

communities under study
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Next, the data obtained (actual deaths) will be compared with those obtained with the proposed mathematical
model and with the quantitative prognosis models indicated above, obtaining the data reflected in the following
tables (Tables 4, 5, 6 and 7) for the different Spanish communities under study. In the first column appears the
initial date of the study and the final date, in the second the number of days elapsed until the end, in the third the
data obtained from actual deaths (INE, 2020), in the fourth column appear data calculated with the proposed
model, the fifth, seventh and ninth columns correspond to the data calculated with the simple exponential
prediction model for the smoothing factors of 0, 3, 0.5 and 0.7 respectively, the sixth, eighth and tenth columns
show the prediction errors corresponding to the three cases of the exponential model, the eighth column has
calculated the prediction error, and finally the last two columns correspond to the data obtained for the averaging
model and its prediction error (IE, 2016).

Table 4. Comparison of actual data and forecast models with prediction error for the Community of Madrid

COMMUNITY OF

MADRID Simple Weighted
Exponential Model average
alfa=0,3 alfa=0,5 alfa=0,7 Model
Real

Date Time Data Model Data Exponential Prediction Exponential Prediction Exponential Prediction Average Prediction
dd:mm (days) Data error Data error Data error Model error
25-feb 1 1 5,09 1,00 1,00 1,00 1,00
26-feb 1 5,45 1,30 -0,30 1,50 -0,50 1,70 -0,70 1,00
27-feb 3 1 7,69 0,91 0,09 0,75 0,25 0,51 0,49 1,00
28-feb 4 5 9,59 1,03 3,97 1,13 3,88 1,34 3,66 2,20 2,80
29-feb 5 10 10,98 6,19 3,81 6,94 3,06 7,56 2,44 4,60 5,40
01-mar 6 14 15,02 11,14 2,86 11,53 2,47 11,71 2,29 10,80 3,20
02-mar 7 32 18,98 14,86 17,14 15,23 16,77 15,60 16,40 20,40 11,60
03-mar 8 49 24,82 37,14 11,86 40,38 8,62 43,48 5,52 38,40 10,60
04-mar 9 70 31,97 52,56 17,44 53,31 16,69 52,87 17,13 66,20 3,80
05-mar 10 90 41,46 75,23 14,77 78,35 11,65 81,99 8,01 106,80 -16,80
06-mar 11 137 53,61 94,43 42,57 95,83 41,17 95,60 41,40 149,20 -12,20
07-mar 12 174 69,40 149,77 24,23 157,59 16,41 165,98 8,02 210,20 -36,20
08-mar 13 202 89,79 181,27 20,73 182,21 19,79 179,62 22,38 286,00 -84,00
09-mar 14 469 116,21 208,22 260,78 211,90 257,10 217,67 251,33 370,00 99,00
10-mar 15 1024 150,38 547,23 476,77 597,55 426,45 644,93 379,07 582,20 441,80
11-mar 16 1024 194,61 1167,03 -143,03 1237,22 -213,22 1289,35 -265,35 1151,20 -127,20
12-mar 17 1388 251,84 981,09 406,91 917,39 470,61 838,26 549,74 1808,80  -420,80
13-mar 18 1990 325,91 1510,07 479,93 1623,31 366,69 1772,82 217,18  2471,20 -481,20
14-mar 19 2940 421,76 2133,98 806,02 2173,35 766,65 2142,03 797,97  3123,60 -183,60
15-mar 20 3544 545,80 3181,81 362,19  3323,33 220,67  3498,58 45,42  4466,40  -922,40
16-mar 21 4165 706,32 3652,66 512,34 3654,34 510,66 3575,79 589,21 6070,40 -1905,40
17-mar 22 4871 914,05 4318,70 552,30 4420,33 450,67 4577,45 293,55 7686,20 -2815,20
18-mar 23 5637 1182,87 5036,69 600,31 5096,33 540,67 5076,49 560,51 9089,80 -3452,80
19-mar 24 6777 1530,76 5817,09 959,91 5907,33 869,67 6029,36 747,64 10611,00 -3834,00
20-mar 25 7165 1980,95 7064,97 100,03 7211,83 -46,83 7300,35 -135,35 12472,60 -5307,60
21-mar 26 8921 2563,54 7195,01 1725,99 7141,58 1779,42 7070,26 1850,74 14230,20 -5309,20
22-mar 27 9702 3317,48 9438,80 263,20 9810,71 -108,71 10216,52 -514,52 16506,20 -6804,20
23-mar 28 10575 4293,15 9780,96 794,04 9647,65 927,35 9341,84 1233,16 18690,00 -8115,00
24-mar 29 12352 5555,76 10813,21 1538,79 11038,68 1313,32 11438,22 913,78 21243,40 -8891,40
25-mar 30 14597 7879,13 12813,64 1783,36 13008,66 1588,34 12991,65 1605,35 23632,80 -9035,80
26-mar 31 17166 9807,47 15132,01 2033,99 15391,17 1774,83 15720,75 1445,25 27099,80 -9933,80
27-mar 32 19243 12911,21 17776,20 1466,80 18053,42 1189,58 18177,68 1065,32 31858,80 -12615,80
28-mar 33 21520 16584,63 19683,04 1836,96 19837,79 1682,21 19988,73 1531,27 36956,20 -15436,20
29-mar 34 22667 21531,97 22071,09 595,91 22361,10 305,90 22591,89 75,11  34757,40 -12090,40

The data for the average forecast model are obtained by applying the value n=3, that is, by choosing the first
three values of the number of infected and multiplying them by the respective weights chosen (according to their
adaptability to the real data model), then the result is divided by the sum of the three weights, in this way we
would already have the fourth value in the table, and so on until the end of the study period.
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Table 5. Comparison of actual data and forecast models with prediction error for the Community of Cataluia

COMMUNITY
OF CATALUNA Simple Weighted
Exponential Model average
alfa=0,3 alfa=0,5 alfa=0,7 Model

Date Time Real Data Model Data Exponential Prediction Exp ial Prediction Exp ial Prediction Average Prediction
dd:mm_ (days) Data error Data error Data error Model error
25-feb 1 1 2,96 1,00 1,00 1,00 1,00
26-feb 2 1 3,01 1,30 0,30 1,50 -0,50 1,70 0,70 1,00
27-feb 3 1 4,42 0,91 0,09 0,75 0,25 0,51 0,49 1,00
28-feb 4 3 5,50 1,03 1,97 1,13 1,88 1,34 1,66 1,90 1,10
29-feb 5 6 6,30 3,59 2,41 3,94 2,06 4,16 1,84 2,90 3,10
01-mar 6 9 8,73 6,72 2,28 7,03 1,97 7,29 1,71 5,80 3,20
02-mar 7 17 11,12 9,68 732 9,98 7,02 10,20 6,80 10,80 6,20
03-mar 8 15 14,69 19,20 -4,20 20,51 -5,51 21,76 6,76 19,00 -4,00
04-mar 9 15 19,10 13,74 1,26 12,25 2,75 10,27 4,73 25,70 -10,70
05-mar 10 24 25,00 15,38 8,62 16,38 7,62 18,31 5,69 29,90 -5,90
06-mar 11 32 32,63 26,59 541 27,81 4,19 27,98 4,02 33,00 -1,00
07-mar 12 24 42,65 33,62 -9,62 34,09 -10,09 34,81 -10,81 43,30 -19,30
08-mar 13 49 55,71 21,11 27,89 18,95 30,05 16,43 32,57 51,20 -2,20
09-mar 14 101 72,78 57,37 43,63 64,02 36,98 71,80 29,20 63,70 37,30
10-mar 15 156 95,08 114,09 41,91 119,49 36,51 121,44 34,56 101,60 54,40
11-mar 16 156 124,22 168,57 -12,57 174,26 -18,26 180,19 -24,19 183,00 -27,00
12-mar 17 260 162,28 152,23 107,77 146,87 113,13 139,07 120,93 257,90 2,10
13-mar 18 316 212,01 292,33 23,67 316,56 -0,56 344,65 -28,65 348,40  -32,40
14-mar 19 509 276,98 323,10 185,90 315,72 193,28 295,94 213,06 449,20 59,80
15-mar 20 715 361,85 564,77 150,23 605,64 109,36 658,14 56,86 657,70 57,30
16-mar 21 903 472,73 760,07 142,93 769,68 133,32 754,80 148,20 935,00  -32,00
17-mar 22 1394 617,59 945,88 448,12 969,66 424,34 1006,74 387,26  1308,30 85,70
18-mar 23 1866 806,84 1528,44 337,56 1606,17 259,83 1665,08 200,92 1829,60 36,40
19-mar 24 2702 1054,08 1967,27 734,73 1995,92 706,08 2006,64 695,36  2540,90 161,10
20-mar 25 3270 1377,08 2922,42 347,58 3055,04 214,96 3188,75 81,25 3633,00 -363,00
21-mar 26 4203 1799,06 3374,27 828,73 3377,48 825,52 3326,87 876,13 4832,60 -629,60
22-mar 27 4704 2350,34  4451,62 252,38 4615,76 88,24 4816,29  -112,29 6281,90 -1577,90
23-mar 28 5925 307056  4779,71 114529 4748,12 1176,88 462540  1299,60 7583,10 -1658,10
24-mar 29 7864 4011,47 626859 159541 6513,44 1350,56  6834,72  1029,28 9197,40 -1333,40
25-mar 30 9937 5665,62 8342,62 1594,38 8539,28 1397,72  8584,50  1352,50 11372,30 -1435,30
26-mar 31 11592  7161,04 1041531 1176,69 1063586 956,14  10883,75 708,25 14620,80 -3028,80
27-mar 32 12940 9491,73 1194501 994,99  12070,07 869,93  12087,77 852,23 18256,70 -5316,70
28-mar 33 14263 12323,05 1323850 1024,50 13374,97 888,03 13536,56 726,44 21540,30 -7277,30
29-mar 34 15026 16142,94 1457035 455,65 14707,02 31898 1477151 254,49 19397,50 -4371,50

Table 6. Comparison of actual data and forecast models with prediction error for the Community of Pais Vasco

OMMUNITY
OF PAIS VASCO Simple Weighted
Exponential Model average
alfa=0,3 alfa=0,5 alfa=0,7 Model

Date Time Real Data Model Data ial Prediction Exp ial Pred ial Pred| ge Prediction
dd:mm (days) Data error Data error Data error Model error
25-feb 1 0 2,00 0,00 0,00 0,00 0,00
26-feb 2 0 2,03 0,00 0,00 0,00 0,00 0,00 0,00 0,00
27-feb 3 0 2,90 0,00 0,00 0,00 0,00 0,00 0,00 0,00
28-feb 4 0 3,55 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
29-feb 5 3 4,02 0,00 3,00 0,00 3,00 0,00 3,00 0,00 3,00
01-mar 6 3 5,45 3,90 0,90 4,50 1,50 5,10 2,10 1,50 1,50
02-mar 7 11 6,82 2,73 8,27 2,25 8,75 1,53 9,47 3,60 7,40
03-mar 8 13 8,84 13,48 -0,48 15,38 -2,38 17,63 -4,63 9,70 3,30
04-mar 9 17 11,27 12,86 4,14 11,81 5,19 9,76 7,24 16,30 0,70
05-mar 10 28 14,48 18,24 9,76 19,59 8,41 22,07 5,93 25,30 2,70
06-mar 11 28 18,54 30,93 2,93 32,20 4,20 32,15 4,15 35,00 -7,00
07-mar 12 45 23,78 27,12 17,88 25,90 19,10 25,09 19,91 45,50 -0,50
08-mar 13 102 30,47 50,36 51,64 54,55 47,45 58,93 43,07 61,70 40,30
09-mar 14 149 39,06 117,49 31,51 125,72 23,28 132,15 16,85 102,10 46,90
10-mar 15 225 50,06 158,45 66,55 160,64 64,36 160,80 64,20 177,40 47,60
11-mar 16 225 64,16 244,96 -19,96 257,18 -32,18 269,94 -44,94 288,20  -63,20
12-mar 17 346 82,24 219,01 126,99 208,91 137,09 193,54 152,46 374,30  -28,30
13-mar 18 417 105,41 384,10 32,90 414,55 2,45 452,72 35,72 488,00  -71,00
14-mar 19 417 135,11 426,87 -9,87 418,23 -1,23 392,00 25,00 608,20 -191,20
15-mar 20 630 173,17 414,04 215,96 416,39 213,61 434,50 195,50 742,60 -112,60
16-mar 21 630 221,96 694,79 -64,79 736,81  -106,81 766,85  -136,85 898,80 -268,80
17-mar 22 765 284,49 610,56 154,44 576,60 18840 534,21 230,79 1047,90 -282,90
18-mar 23 973 364,65 811,33 161,67 859,20 113,80 926,56 46,44 1264,50 -291,50
19-mar 24 1190 467,38 1021,50 168,50  1029,90 160,10 100551 184,49 1463,00 -273,00
20-mar 25 1465 599,06 1240,55 224,45 1270,05 194,95 1319,14 145,86 1811,60 -346,60
21-mar 26 1725 767,84 1532,34 192,66 1562,47 162,53 1567,10 157,90 2246,60 -521,60
22-mar 27 2097 984,17 1782,80 314,20  1806,26 ~ 290,74 183553 261,47 2721,00 -624,00
23-mar 28 2421 1261,45  2191,26 229,74  2242,37 178,63  2280,03 140,97 3281,50 -860,50
24-mar 29 2728 1616,84 2489,92 238,08 2510,32 217,68 2519,68 208,32 388590 -1157,90
25-mar 30 3271 2302,63 2799,42 471,58 2836,84 434,16 2873,82 397,18 4526,60 -1255,60
26-mar 31 3946 2822,02  3412,47 533,53  3488,08 457,92  3549,02 396,98 5239,80 -1293,80
27-mar 32 4601 3689,75 410606 49494 417496 426,04  4223,88 377,12 6172,30 -1571,30
28-mar 33 5136 4688,48 4749,48 386,52 4814,02 321,98 4864,98 271,02 7352,40 -2216,40
29-mar 34 5740 6032,32 525196 483,04 529699 443,01 532571 414,29 6841,50 -1101,50
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Table 7. Comparison of actual data and forecast models with prediction error for the Community of La Rioja

COMMUNITY
OF LARIOJA Simple Weighted
Exponential Model average
alfa=0,3 alfa=0,5 alfa=0,7 Model
Date Time Real Data Model Data Exp ial Prediction Exp ial Prediction Exp ial Prediction Average Prediction
dd:mm  (days) Data error Data error Data error Model error
75-Teb T 0 6,93 0,00 0,00 0,00 0,00
26-feb 2 0 6,97 0,00 0,00 0,00 0,00 0,00 0,00 0,00
27-feb 3 0 8,90 0,00 0,00 0,00 0,00 0,00 0,00 0,00
28-feb 4 0 10,15 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
29-feb 5 0 10,96 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
01-mar 6 0 13,51 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
02-mar 7 1 15,66 0,00 1,00 0,00 1,00 0,00 1,00 0,00 1,00
03-mar 8 3 18,67 1,30 1,70 1,50 1,50 1,70 1,30 0,50 2,50
04-mar 9 7 21,97 3,51 3,49 3,75 3,25 3,91 3,09 2,10 4,90
05-mar 10 11 26,01 8,05 2,95 8,63 2,38 9,16 1,84 5,90 5,10
06-mar 11 17 30,71 11,89 5,11 12,19 4,81 12,29 4,71 11,50 5,50
07-mar 12 39 36,30 18,53 20,47 19,41 19,59 20,30 18,70 19,30 19,70
08-mar 13 55 42,89 45,14 9,86 48,80 6,20 52,09 2,91 36,30 18,70
09-mar 14 81 50,68 57,96 23,04 58,10 22,90 57,04 23,96 61,10 19,90
10-mar 15 179 59,89 87,91 91,09 92,45 86,55 97,77 81,23 96,90 82,10
11-mar 16 185 70,76 206,33 21,33 222,28 37,28 235,86 50,86 171,10 13,90
12-mar 17 220 83,62 178,60 41,40 166,36 53,64 149,40 70,60 24850  -28,50
13-mar 18 259 98,80 232,42 26,58 246,82 12,18 269,42 -10,42 328,40  -69,40
14-mar 19 275 116,75 266,97 8,03 265,09 9,91 251,71 23,29 372,50  -97,50
15-mar 20 300 137,95 277,41 22,59 279,95 20,05 291,31 8,69 424,90  -124,90
16-mar 21 312 163,01 306,78 5,22 310,02 1,98 306,09 5,91 470,40  -158,40
17-mar 2 355 192,62 313,57 41,43 312,99 42,01 316,14 38,86 501,00 -146,00

18mar 23 419 227,60 367,43 51,57 37601 42,99 382,20 3680 544,70 -12570
19-mar 24 468 26894 43447 3353 44050 27,50 44476 2324 609,70 -141,70
20-mar 25 497 317,78 47806 1894 481,75 1525 48427 12,73 698,40 -201,40
21-mar 26 564 37550 502,68 61,32 50462 59,38 50591 5809 780,70 -216,70
22-mar 27 654 44370 582,40 7160 593,69 6031 60466 4934 861,00 -207,00
23-mar 28 747 52429 67548 7152 68416 62,84 68854 5846 963,60 -216,60
24-mar 29 802 619,52 768,46 3354 77842 2358 787,92 14,08 110430 -302,30
25-mar 30 928 91505 812,06 11594 81379 11421 811,85 116,15 1241,60 -313,60
26-mar 31 995 982,12 962,78 32,22 985,11 9,80 100930  -1430 1393,40 -398,40
27-mar 32 1236 121419 100467 231,33 999,95 23605 98499 251,01 153550 -299,50
28-mar 33 1436 140564 130540 130,60 135403 81,97  1411,71 2429 1771,80 -335,80
29-mar 34 1629 167669 147518 15382 147699 152,01 145300 17600 183350 -204,50

All these data will be graphed in the discussion part of this paper in order to be able to compare the different
models made against the real model (built with real data on the number of deaths). A study of forecast errors will
also be carried out, taking into account four measurement factors.

The calculation of the forecast error allows for decision making when faced with the different forecast methods
used in this work. In addition, they are able to detect when the forecast of the speed of propagation of the virus,
as in this case, does not adjust to the real data obtained from reliable sources such as the INE. This allows for the
adaptation of decisions made in terms of a better solution. Forecasting errors occur due to systematic and random
errors. The former are caused by a constant error: misinterpretation of the problem, not using the right variables
or using inappropriate relationships between them. Minimizing this error will be achieved with the greatest
experience of the calculator or specialist scientist (Enders, 2008; Farnum, 1989; Guisande, Vaamonde &
Barreiro, 2011; Gujarati & Porter, 2010; Hanke & Wichen, 2006; Kirklang & Viguerie, 1997; LaPointe, 2004;
Levine, Sthepan, Krehbiel & Berenson, 1997; Montesino & Hernandez, 2007).

Below are the graphs obtained for the numerical data reflected in tables 4,5,6 and 7 of the four Spanish
communities analyzed. In the four graphs, the curves corresponding to the real model, the proposed
mathematical model and the four forecast models that have been studied (the average model and the three simple
exponential smoothing models) given for the different values of the smoothing coefficient will be represented.
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Figure 3. Graphic representation of the real model against the mathematical models in the different autonomous

communities of Spain analysed

In general, it can be seen from the four graphs of the Autonomous Communities that the forecast model based on
exponential smoothing is the model that comes closest to the real data curve (strong orange curve). The model
based on average (blue curve) always moves away from the real data curve, in the same way as the proposed
mathematical model (grey curve), it does so from below, except in the final days of the study that the model
tends to follow the number of real infected people well.

With regard to the prognosis errors obtained for the Spanish Autonomous Communities analysed, the following
data have been obtained (Table 8):
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Table 8. Data on forecast errors for the Autonomous Communities of Spain analysed

COMUNIDAD DE MADRID CATALUNA
Model Data Exponential Data Average Model Model Data Exponential Data Average Model
alfa=0,3 alfa=0,5 alfa=0,7 Model alfa=0,3 alfa=0,5 alfa=0,7 Model
CFE 85373,33 17573,67 15213,30 13364,46  -107250,00 CFE 1939,95 1024,50 888,03 726,44 -7277,30
MAD 2510,98 516,87 447,45 393,07 3154,41 MAD 57,06 30,13 2612 21,37 214,04
MSE  [214370736,84 9083351,46 6807189,94 5253196,69 338310661,76 MSE |110688,01  30870,71  23194,30 15521,07 1557620,45
MAPE (%) 99,38 168,65 174,26 178,72 308,57 MAPE (%) | 54,63 47,53 49,53 51,22 74,40
PAIS VASCO TARIOIA
Model Data Exponential Data Average Model Model DataExponential Data Average Model
alfa=0,3 alfa=0,5 alfa=0,7 Model alfa=0,3 alfa=0,5 alfa=0,7 Model
CFE 447,52 386,52 321,98 271,02 -2216,40 CFE 30,36 130,60 81,97 24,29 -335,80
MAD 13,16 11,37 9,47 7,97 65,19 MAD 0,89 3,84 2,41 0,71 9,88
MSE 5890,52 4393,99 3049,16 2160,33  144483,20 MSE 27,11 501,66 197,64 17,36 3316,52
MAPE (%) 45,05 98,95 102,90 107,01 159,36 MAPE (%) 93,97 67,21 6843 69,54 100,25

The cumulative forecast error total (CFE) is the basic measure and the measure that gives rise to the others. You
can indicate that it is the cumulative sum of all previously calculated forecast errors. It allows you to evaluate the
bias of the forecast. If, over the analysis time, the actual value of the rate of spread of the infection is greater than
the forecast value, the CFE will be higher, which is indicative of a systematic error in determining or calculating
the rate of spread of the infection. Therefore, it is of interest to obtain values below the forecast value. In this
study, we have compared the values obtained by means of the mathematical model. This occurs for all the
communities analysed, except for some cases in the community of La Rioja.

The mean absolute deviation (MAD), measures the dispersion of the forecast error, obtaining the measurement
of the error in units. The least dispersion observing the data in the tables occurs for the forecast models based on
simple exponential with a smoothing factor of 0.7 in the four Autonomous Communities.

The mean square error (MSE) is also a measure of the dispersion of the forecast error, but this measure, unlike
the previous one, maximizes the error by squaring it, penalizing periods of time where its difference was higher.
The use of this parameter is highly recommended for study periods with very small deviations (MAD). The
results are identical to the previous parameter, the less dispersion is produced in the use of the same forecast
model for the four analyzed communities.

And finally, the mean percentage error (MAPE) or percentage of mean absolute error (PEMA) gives us the
deviation in percentage terms and not in units as in the previous parameters analyzed. As can be seen from the
tables above, for the Community of Madrid, the model that best fits is the simple exponential smoothing model
with a coefficient of a=0.7. However, the mean percentage absolute error (MAPE) is better for the proposed
mathematical model.

For the Communities of Catalufia, Pais Vasco and La Rioja it is exactly the same as for the Community of
Madrid, also the model that best fits the real data of the number of infected is the simple exponential smoothing
model for alpha=0.7 as it gives lower errors for CFE, MAD and MSE. On the other hand, as far as ASM is
concerned, in Catalufia very similar results appear between the proposed model and the exponential models for
the three alpha values studied. For the community of La Rioja, very similar ASM results appear for the
exponential models, but they are further away from the value obtained for the real model. For the Pais Vasco, the
best ASM corresponds once again to the proposed model.

Finally, and taking into account that the mean percentage absolute error (MAPE), also known as the mean
percentage absolute deviation (MAPD), measures the accuracy of a method for the adjusted construction of time
series values in statistics, in our case with respect to the real data of infected persons (real model), the proposed
model is better in two of the four cases studied (Madrid and the Pais Vasco), and in a third case (Barcelona), it
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can be concluded that the adjustment of the proposed mathematical model is satisfactory with respect to the real
data model.

4. Discussion

Mathematical modelling of communicable infectious diseases is attracting increasing interest, and major
innovations can be expected in the coming years, especially if their use is extended and applied to "neglected"
communicable diseases or other health problems. It is a challenge for countries to invest money and apply it to
research in these fields of epidemiology, virology and mathematics.

The equation of the proposed mathematical model presented in this paper for validation, obtained in a previous
work through classical dimensional analysis in one part, is created based on environmental and
non-environmental parameters that have been studied as very influential in the spread of communicable diseases
of this type (Murray & Morse, 2011; Sadique et al., 2007; Shaman & Kohn, 2009; Velasco, 2007).

The cumulative sum of prognostic errors (CFE) indicates that no values below the prognosis have been obtained,
but it is true that this has been with respect to the values obtained through the mathematical model and not the
actual data model. It has been deduced that this occurs for all the communities analysed, except for some cases,
in the community of La Rioja.

For the values of deviations with respect to the forecast error, it has been obtained that the smallest are produced
for the forecast model that uses the simple exponential methodology with a smoothing factor a=0.7.

Within the models based on the prognostic methods studied in this work, the simple exponential smoothing
method with a smoothing factor a=0.7 is presented as the method with the highest adjustment to the real model
fed with real data from people infected by coronavirus in the Spanish autonomous communities that have been
proposed for analysis. However, this method is only based on numerical data from the real model, not taking into
account other types of factors or situations that might require a more sensitive model.

The proposed mathematical model shows the best results in terms of average absolute percentage error, a
parameter that measures the accuracy of its adjustment to another model, in this case the real one. In contrast, the
simple smoothing forecast model, for the values of the smoothing constant analyzed, shows a better fit to the real
one, data confirmed by the values obtained from the forecast error, the mean absolute deviation and the mean
square error in all the Autonomous Communities studied.

Therefore, it is possible to validate the equation of the mathematical model presented, depending on the data
obtained for the communities analyzed and for the period of time studied.
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