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ABSTRACT: 
Introduction: The SIR epidemic model is useful for measuring the rate of spread of COVID-19 strains 
(B.1.617.2/P.1/C.37/B.1.621), in terms of epidemiological threshold R0 over time. 
Objective: To evaluate a mathematical model of differential type, typical of the behavior of COVID-19 
for the Peruvian collective. 
Methods: A differential mathematical model of the behavior of the pandemic was developed for the 
Peruvian collective, based on the experience in the control of Kermack–McKendrick infections. The 
number of susceptible S, infected and spreading infection I and recovered R was estimated, using 
official datasets from the World Health Organization, based on the history between March 7 and 
September 12, 2020 and; projected for 52 weeks until September 11, 2021.  
Results: The lowest rate of infections will occur from April 3, 2021. Evidencing a prognosis of lower 
transmissibility for May 29, 2021 with an infected rate (β=0.08) and threshold (R0=0.000), the accuracy 
of the model was also quantified at 97.795%, with 2.205% of average percentage error, with the 
temporary average value being R0 <1, so each person who contracts the disease will infect less than 
one person before dying or recovering, so the outbreak will disappear.  
Conclusion: The curve of infections in Peru will depend directly on mitigation measures to curb the 
spread of infection and predict sustained transmission through vaccination against covid-19 type strains; 
with the observance of people of preventive measures.  
 
Keywords: infected, recovered, spread, susceptible, threshold. 
 
RESUMEN: 
Introducción: El modelo epidémico SIR es útil para medir la velocidad de propagación de las cepas 
COVID-19 (B.1.617.2/P.1/C.37/B.1.621), en términos de umbral epidemiológico R0 a lo largo del 
tiempo. 
Objetivo: Evaluar un modelo matemático de tipo diferencial, propio del comportamiento del COVID-19 
para el colectivo peruano. 
Métodos: Se desarrolló un modelo matemático diferencial del comportamiento de la pandemia para el 
colectivo peruano, partiendo de la experiencia en el control de infecciones Kermack–McKendrick. Se 
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estimó el número de susceptibles S, infectados y diseminando la infección I y recuperados R, con el 
uso de conjuntos de datos oficiales de la Organización Mundial de la Salud, partiendo del histórico 
entre el 07 de marzo y el 12 de septiembre de 2020 y; proyectado durante 52 semanas hasta el 11 de 
septiembre de 2021.  
Resultados: La menor tasa de infectados ocurrirá a partir del 3 de abril de 2021. Evidenciando un 
pronóstico de menor transmisibilidad para el 29 de mayo de 2021 con una tasa de infectados (β=0.08) 
y umbral (R0=0,000), además se cuantificó la exactitud del modelo en 97,795 %, con 2,205 % de error 
porcentual medio, siendo el valor promedio temporal R0 <1, así que cada persona que contrae la 
enfermedad infectará a menos de una persona antes de morir o recuperarse, por lo que el brote 
desaparecerá.  
Conclusión: La curva de contagios en el Perú dependerá directamente de las medidas de mitigación 
para frenar la propagación de la infección y predecir una transmisión sostenida a través de la 
vacunación contra las cepas tipo del COVID-19; con la observancia de las personas de las medidas 
preventivas.  
 
Palabras clave: infectado, recuperado, propagación, susceptible, umbral. 
 

INTRODUCTION 
 

Dynamic models are useful to useful the behavior of an infection when it manifests 
itself in a collectivity and investigate under which scenarios it will be mitigated or 
eradicated (1). At present, COVID-19 is of great concern to science, central, local 
governments, and all people due to the rapid spread of infection and the considerable 
number of deaths that occur (2). The virus that causes COVID-19 is primarily 
transmitted through droplets generated when an infected individual coughs, sneezes, 
or exhales. These droplets are dense to hang in the air and by gravity effect fall on the 
surface (3). Confirmed coronavirus cases reached four million in 187 countries, and 
approximately 295,000 people have lost their lives due to this virus. 
 
The evolution of the infection between the end of January and the beginning of 
February 2020 marks the beginning of a new model of behavior for a new infectious 
disease in the world, taking center stage the Emergency Committee for the 
International Health Regulations of the World Health Organization. The entity issued 
the SARS-CoV-2 outbreak as a Public Health Emergency of International Concern, 
PHEIC. (4). By February 6, 24554 confirmed cases had already been reported on the 
planet, of which 99.2% were in China, and the remaining 0.8% in Asia, Europe and the 
United States. From that moment the spread of the virus begins globally. 
 
By 2020, the Peruvian population is estimated at 32 million 626 thousand inhabitants. 
The demographics of the country indicate that there will be 568,000 births and 192,000 
deaths, not including COVID-19 infection, in turn a positive net migration of 57,000 
inhabitants. Therefore, in 2020 the entire population will grow exponentially by 433 
thousand inhabitants (5).  
 
The first cases of COVID-19 in Peru were confirmed on March 10, in the Metropolitan 
Lima region. For the beginning of the investigation, Peru registers 738020 infected and 
30927 dead in its accumulated (6).  
 
Researchers have been watching the spread of the virus, have come together to 
speed up the most assertive diagnoses, and are working on a number of vaccines to 
protect against COVID-19 (7). In the present study, a Kermack–McKendrick epidemic 
model or also called SIR modified to project the real number of infected cases is 
developed; is measured with the epidemiological threshold parameter (R0) (8, 9). The 
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research aims to evaluate a mathematical model of a differential type, typical of the 
behavior of COVID-19 for the Peruvian collective, building on Kermack–McKendrick's 
infection control expertise.  
 

METHODOLOGY 
 

The research applied theoretical and empirical methodology for the understanding of 
the WHO COVID-19 statistical data set for Peru, based on documentary and 
bibliographic analysis (10). Direct observation was used for the construction of the 
indicators, in conjunction with Kermack–McKendrick modeling.  
 
The SIR model, which connects the number of susceptible S, infected and spreading 
infection I and recovered people R, was applied. The parameters of this model were 
estimated using the individual and cumulative number of cases (11). Validating the 
results with Holt-Winters exponential smoothing and thus measuring the goodness of 
fit of the model (12). The hypothesis of the research is: The Kermack–McKendrick 
model explains the speed of spread of COVID-19 strains (B.1.617.2/P.1/C.37/B.1.621) 
in the context of the Peruvian collective. 
 

Kermack-McKendrick model 
 

The Kermack-McKendrick model is an SIR model (susceptible, infected, recovered) for 
the number of people infected with COVID-19, applied in the Republic of Peru, based 
on the historical one between March 7 and September 12, 2020 and projected until 
September 11, 2021. It was proposed to explain the growth and decrease in the 
number of infected patients, taking as a representative value the epidemiological 
threshold R0 (13). It is assumed that the population size is fixed, the incubation period of 
the infectious agent from 5 to 14 days and the duration of infectivity is the same as the 
duration of the disease (14)."  
 
The model consists of a system of three articulated nonlinear ordinary differential 
equations: 
 
 

= −𝛽𝑆𝐼  (1) 

= 𝛽𝑆𝐼 −  𝛾𝐼  (2) 

=  𝛾𝐼  (3) 

 
Where  
t is time  
S is the number of susceptible people 
I is the number of infected patients 
R is the number of people who have recovered and developed, immunity to infection 
β is the infection rate  
γ is the recovery rate 
 
The conditions for the interpretation of the model are as follows: 
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- When R0 <1, each person who contracts the disease will infect less than one 
person before dying or recovering, so the outbreak will disappear (dI/dt <0). 

- When R0> 1, each person who contracts the disease will infect more than one, so the 
epidemic will spread (dI/dt>0) (15)."  

The key value that governs the temporal evolution of these equations is the so-called 
epidemiological threshold, 
 

𝑅 =    (4) 

 
Holt-Winters exponential smoothing 

 
Holt-Winters is a robust technique for constructing time series with additive tendency 
(16). The recursive form of the Holt-Winters exponential smoothing equation is 
expressed as follows: 
 

 
𝐹 (𝑚) = (𝑆 + 𝑚𝑏 )𝐶    (5) 

 
𝑆 =∝ + + (1−∝)(𝑆 + 𝑏 ) (6) 

 
𝑏 = ɛ(𝑆 − 𝑆 ) + (1 − ɛ)𝑏   (7) 

-  

𝐶 = ɵ + (1 − ɵ)𝐶    (8) 

 
Where:  
Xt is the value of the time series in time t. 
L is the length of the season or duration. 
St is an estimate of the smoothing of the level component. 
bt is an estimate of the smoothing of the trend component. 
Ct is an estimate of the smoothing of the seasonal index component. 
α is the level of smoothing coefficient. 
ɛ is the trend of the smoothing coefficient. 
ɵ is the seasonal smoothing coefficient. 
Ft (m) is the forecast value of smoothing in the forward step m for X in time t. 
 
Three simple exponential series not dependent on level, trend and seasonal were 
assessed. They are interdependent in the sense that the three components must be 
updated every period. The study was based on the history of infected, deaths and 
recovered in Peru, with a projection of 52 weeks (17). 

 

RESULTS 
 

Figure 1 shows the behavioral trend of the rate of infections β, recovery rate γ, number 
of susceptible people S and the epidemiological threshold R, calculated by the 
Kermack-McKendrick model; for 28 weeks of COVID-19 pandemic from March 07 to 
September 12, 2020. Week 1 represents an R0 of 2.50, but that at week 5 stood at 
1.62, increasing in week 7 by 1.81 and so on until reaching week 28 with a value of 
0.86. This value represents the number of people who are infected by an infected 
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person. Therefore, as R0 <1, each person who contracts the disease will infect less 
than one person before dying or recovering, so the outbreak will disappear.  
 
Subsequently, with the data obtained from Kermack-McKendrick, the behavior of 
COVID-19 was projected, with exponential smoothing for 52 weeks; estimating the 
threshold R0 and predicting the mitigation and eradication of the disease.  
 

Figure 1: Infection rate of the Kermack-McKendrick SIR model for Peru. 
 

 
 

SIR projection model 
 

In Table 1, the ASM estimates at 20.427 the average percentage of the forecast error 
a step forward for the epidemiological threshold R0, on average the prognosis is 
correct in a percentage difference of 79.573. The MPE value for the series is 2.205 
and manifests the average percentage error, that is, between the prediction and the 
real values. In this sense, the future forecast for the end of 2021 quantifies an 
accuracy of the model at 97.795%, these are the statistics that make the prediction 
dependable.  
 

Table 1: Goodness of fit of the Kermack-McKendrick model forecast 
Statistical Value 
Remarks 28 

GL 26 
SEC 1,891 
MEC 0,073 

RMSE 0,270 
ASM 20,427 
MPE 2,205 

DUDE 0,209 
Iterations 501 

 
Figure 2 shows the prediction of the infection rate β from the history of the pandemic, 
from March 7 to September 12, 2020 and projected until September 11, 2021. As seen 
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in the blue dimming points; as there is a trend of decrease in the slope of distribution 
since August 8, 2020 (β = 0.379), with a second peak two weeks after August 22 (β = 
0.354), which varies according to the number of daily infected.  
 
The gray dots show the best and worst scenario. It is important to observe in the ideal 
Kermack-McKendrick model, which estimates for the best, a decrease in those 
infected from January 16, 2021 and for the worst, an increase from December 21, 
2021. Now, the actual trend is explained in the red trend line, whose forecast based on 
the historical one is 0 infected by August 28, 2021 (β=0.001). It should be explained 
that the number of susceptible people is constant 2.5, that is, if the confinement 
measures are relaxed; there is a greater probability of contagion. 
 

Figure 2: Infection rate of the Kermack-McKendrick model for Peru. 
 

 
 
 
Figure 3 shows the prediction of recovered γ from the history of the pandemic, from 
March 7 to September 12, 2020 and projected until September 11, 2021. As seen in 
the blue dimming points; since there is a pronounced increase in the pending 
distribution on two dates; August 22 (γ=0.987) and September 5 (γ=0.984) of 2020, 
but which decreases on September 12 (γ=0.972). 
 
The gray dots show the best and worst scenario. It is important to observe in the ideal 
Kermack-McKendrick model, which estimates for the best, a decrease in those 
recovered from October 24, 2020 and for the worst, an increase from January 16, 
2021. Now, the real trend is explained in the red trend line, whose forecast based on 
the historical one is 88.50% recovered by September 11, 2021. This means that at 
least 88.50 people will recover for every one hundred infected.  
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Figure 3: Recovery rate of the Kermack-McKendrick model for Peru. 
 

 
 
Figure 4 shows the prediction of deaths from the history of the pandemic, from March 
7 to September 12, 2020 and projected until September 11, 2021. As seen in the blue 
dimming points; as there is a pronounced decrease in the slope of distribution since 
September 5, 2020 (R0 = 0.724), but that decreases since September 5, increasing in 
the week of September 12 again (R0 = 0.738).  
 
In the ideal Kermack-McKendrick model, the actual trend is explained in the red line, 
whose forecast based on the historical is (R 0=0.000) for May 29, 2021. When R0 <1, 
each person who contracts the disease will infect less than one person before dying or 
recovering, so the outbreak will disappear; if R0> 1, each person who contracts the 
disease will infect more than one. Based on this, the result of the exponential 
simulation for May 29 explains that there will be no infected or susceptible, considering 
the disease eradicated. These results are representative of 501 iterations of the 
model.  
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Figure 4: Epidemiological threshold R0 of the Kermack-McKendrick model for Peru. 
 

 
 
 
Table 2 shows the predictions of the next 52 weeks of COVID-19 behavior, in relation 
to the historical data of the Kermack-McKendrick model. The results are statistically 
significant, since the value of the epidemiological threshold (R0=0.00) for the week of 
May 29, 2021, represents the eradication of the disease, with a rate of infected 
(β=0.08). This in turn will decrease completely (β=0.00) by the week of August 28, 
2021.  
 

Table 2: Holt-Winters Model predictions for the 52-week COVID-19 projection 

Period Date (b) (c) (S) (R0) Period Date (b) (c) (S) (R0) 

1 19-09-20 0,31 0,94 2,50 0,78 27 20-03-21 0,15 0,91 2,50 0,22 

2 26-09-20 0,30 0,94 2,50 0,76 28 27-03-21 0,14 0,91 2,50 0,20 

3 03-10-20 0,30 0,94 2,50 0,74 29 03-04-21 0,13 0,91 2,50 0,17 

4 10-10-20 0,29 0,94 2,50 0,72 30 10-04-21 0,13 0,91 2,50 0,15 

5 17-10-20 0,28 0,94 2,50 0,70 31 17-04-21 0,12 0,91 2,50 0,13 

6 24-10-20 0,28 0,94 2,50 0,67 32 24-04-21 0,11 0,91 2,50 0,11 

7 31-10-20 0,27 0,94 2,50 0,65 33 01-05-21 0,11 0,91 2,50 0,09 

8 07-11-20 0,26 0,94 2,50 0,63 34 08-05-21 0,10 0,91 2,50 0,07 

9 14-11-20 0,26 0,93 2,50 0,61 35 15-05-21 0,10 0,90 2,50 0,04 

10 21-11-20 0,25 0,93 2,50 0,59 36 22-05-21 0,09 0,90 2,50 0,02 

11 28-11-20 0,25 0,93 2,50 0,57 37 29-05-21 0,08 0,90 2,50 0,01 

12 05-12-20 0,24 0,93 2,50 0,54 38 05-06-21 0,08 0,90 2,50 0,01 

13 12-12-20 0,23 0,93 2,50 0,52 39 12-06-21 0,07 0,90 2,50 0,01 

14 19-12-20 0,23 0,93 2,50 0,50 40 19-06-21 0,06 0,90 2,50 0,01 

15 26-12-20 0,22 0,93 2,50 0,48 41 26-06-21 0,06 0,90 2,50 0,01 

16 02-01-21 0,21 0,93 2,50 0,46 42 03-07-21 0,05 0,90 2,50 0,009 

17 09-01-21 0,21 0,93 2,50 0,44 43 10-07-21 0,05 0,90 2,50 0,0086 
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18 16-01-21 0,20 0,92 2,50 0,41 44 17-07-21 0,04 0,89 2,50 0,0085 

19 23-01-21 0,20 0,92 2,50 0,39 45 24-07-21 0,03 0,89 2,50 0,0080 

20 30-01-21 0,19 0,92 2,50 0,37 46 31-07-21 0,03 0,89 2,50 0,0076 

21 06-02-21 0,18 0,92 2,50 0,35 47 07-08-21 0,02 0,89 2,50 0,0078 

22 13-02-21 0,18 0,92 2,50 0,33 48 14-08-21 0,01 0,89 2,50 0,0079 

23 20-02-21 0,17 0,92 2,50 0,30 49 21-08-21 0,01 0,89 2,50 0,0081 

24 27-02-21 0,16 0,92 2,50 0,28 50 28-08-21 0,00 0,89 2,50 0,0085 

25 06-03-21 0,16 0,92 2,50 0,26 51 04-09-21 0,00 0,89 2,50 0,0073 

26 13-03-21 0,15 0,91 2,50 0,24 52 11-09-21 0,00 0,89 2,50 0,0074 

 
Figure 5 models the COVID-19 contagion curve from March 14, 2020 to September 
11, 2021 for the Republic of Peru; with the representativeness of three peaks of 
growth in the same month, specifically for August 2020, with a decreasing trend for the 
first days of September. However, it again experiences a peak on the 19th of the same 
month. This has been the behavior of the pandemic during six continuous months of 
confinement measures by the central government.  
 
Finally, the forecast of the Holt-Winters simulation explains that if the decrease in the 
contagion curve is maintained; this will experience its end by May 29, 2021, whose 
cut-off point with the date axis is seen in the figure. The estimates are consistent with 
the epidemiological analysis of the first 28 weeks of the pandemic in Peru (18). In this 
sense, the research hypothesis is confirmed: The Kermack-McKendrick model 
explains the speed of spread of COVID-19 in the context of the Peruvian collective. 

 
Figure 5: Forecast of the COVID-19 contagion curve for the Republic of Peru. 

 

  
 
Based on the results of the study, it is recommended to adopt flexible mitigation 
measures as of April 10, 2021, where the lower transmissibility of the strains is 
observed (B.1.617.2/P.1/C.37/B.1.621). The Kermack-McKendrick model since 
September 12, 2020, maintains the threshold of contagion with a value R0 <1, 
therefore, each person who contracts the disease will infect less than one person 
before dying or recovering, so transmissibility will decrease.   
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DISCUSSION 
 

The authors have developed a dynamic simulation model for the Republic of Peru in 
the period 2020-2021; this is an analytical simulation based on Kermack-McKendrick's 
SIR principles, with historical DATA from the COVID-19 Dashboard by the Center for 
Systems Science and Engineering (CSSE) at Johns Hopkins University (JHU) (19); and 
projected with Holt-Winters exponential smoothing additive trend. The differential 
model of the study explained the rates of susceptible, infected and recovered with a 
level of accuracy of 79.5%, a difference of one percentage point compared to the 
results of Viña and Pernalete (20), who demonstrated a success of 80.5%. The 
difference between the two models was in the strains, for this research they were 
taken a (B.1.617.2/P.1/C.37/B.1.621), while the compared only took to 
(B.1.617.2/P.1/C.37). That is, the variant B.1.621 (Mu), detected in January 2021 in 
Colombia, was included. It is reasonable that, by including an additional strain, the 
percentage of restraint decreased.  
 
The results are in line with those of Kucharski et al. (21),the model applied in Wuhan, 
China; it recorded exponential growth in cases that emerged in early January 2020, an 
increasing number of export cases between January 15 and 23, 2020, and the 
infection rate was measured on ten evacuation flights from Wuhan to seven countries; 
where 94.8% of the population remained susceptible. as of January 31, 2020. In the 
case of susceptible in Peru, the dynamics showed 94% until the first half of 2020, with 
a decrease to 91% until September 2021. These results may be influenced by 
emergency protocols in the primary care of patients with COVID-19, since the 
evolution of the infection made it necessary to verify that the patient is negative in 
coronavirus by Polymerase Chain Reaction (PCR) and, therefore, corroborate that he 
no longer has the virus.  
 
Consequently, the authors Ramírez et al. (22) described the behaviors of the second 
and third epidemic outbreaks of COVID-19 for the province of Santiago de Cuba 
applying the SEIR model. The results of the simulation show evidence in the decrease 
in active cases, with variation in the reproduction curve to a more negative slope, a 
discovery that was observed as of September 26, 2021. This change of slope 
suggests the pre-existence of synergistic factors that counterbalance the growth of the 
infection, occur at par and predominate on prospective scales.  
 
In this way, in Peru the real trend is explained in the forecast of 88.50% of recovered 
by September 11, 2021, in agreement with the authors. This means that at least 88.50 
people will recover for everyone hundred infected. Both studies allow us to infer that 
the peak of the infection (crest of the wave) takes on average 12 weeks, with a 
constant in its reproduction of 26 weeks from the appearance, and a decrease or less 
transmissibility from week forty.  
 
In a study carried out in Uganda by Mugisha et al. (23),the results showed that this 
disease will not disappear, they even proposed that the scenario of halving the number 
of imports will not have an immediate effect, since the epidemic will continue to grow 
exponentially for several months, the disease will persist in the country beyond the 
simulation time of 1 year. Even more worrying is the fact that prevalence was higher at 
the highest levels of the susceptible population. Similar findings occurred in Peru, the 
SIR model applied for 52 weeks evidenced a trend of infected in decrease from 31% to 
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15%, under the faithful fulfillment of the rules of social confinement of importation of 
the virus.  
 
In the study it was confirmed that the strains (B.1.617.2/P.1/C.37/B.1.621), had a lower 
transmissibility of the infection until November 2021, where their aggressiveness 
decreased on average to (Ro = 0.24). However, on that date the Ómicron variant 
(B.1.1.529) begins, specifically on November 24 in South Africa and on December 19, 
2021 in Peru (24). The appearance of Ómicron in Peru was recorded on December 19, 
2021 in 10 regions as it should be noted that to intelligently use growth rates based on 
specific R values and make assertive public health decisions, other issues must be 
addressed, such as the collection of data that are necessary to generate standardized 
estimates with strict confidence intervals Ridenhour et al. (25). 
 
Based on the random difference of strains mentioned in this research, Hellewell et 
al.(26) recently predicted the efficacy of contact tracing and isolation of COVID-19 
cases using patterns other than Ro. In analogy with the authors, the likelihood of 
control decreases transmissibility with increased isolation, fewer cases proven by 
contact tracing, and increased transmission before symptoms.  
 
Therefore, the Kermack–McKendrick model explained the speed of spread of COVID-
19 strains (B.1.617.2/P.1/C.37/B.1.621) in the context of the Peruvian collective, and 
accommodates the continuation of this dynamic modeling, but with the inclusion of the 
B.1.1.529 strain (ómicron). The authors recommend making this estimate for the 
second half of 2022, when the data would be more accurate for the study.   

 
CONCLUSION 

 
The pattern of behavior of the strains (B.1.617.2/P.1/C.37/B.1.621) COVID-19 for the 
Republic of Peru, was modeled by means of Kermack-McKendrick differential 
equations, specifically to measure the epidemiological threshold variable R0, also 
known as the contagion curve index, which contribute to the epidemiological 
assessment, that is, to determine the number of people infected by contact with a 
single infected person before their death or  recovery. Modeling began on September 
12, 2020; the forecast of the 52 weeks of the pandemic evidenced an eradication 
forecast for May 29, 2021 with an almost zero infection rate (β=0.08), considering 
transmission by contact as one of the main routes of COVID-19.  
 
In this sense, the forecast for mid-2021 quantifies an accuracy of the model at 
97.795%, these are the statistics that make the prediction dependable; with an 
average value R0 <1, therefore, each person who contracts the disease will infect less 
than one person before dying or recovering, so the outbreak will disappear. As a 
result, it is confirmed that the Kermack–McKendrick model explains the speed of 
spread of COVID-19 in the context of the Peruvian collective. The contagion curve for 
Peru will depend directly on the mitigation measures that aim to slow the spread of 
infection and anticipate sustained transmission until we have a vaccine to suppress 
COVID-19; provided that preventive measures are implemented by the population.  
 
In general, the best prognosis of the Kermack-McKendrick model explained that the 
lowest rate of infections will occur from April 3, 2021, where the contagion curve will 
begin to show a steep decline slope, until disappearing completely in mid-May 2021. 
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The model is adjusted to the context of propagation of the strains 
(B.1.617.2/P.1/C.37/B.1.621). However, the start of omicron in November 2021, with a 
transmissibility pattern different from that assessed in this study, is a matter of study in 
the medium term, with the premise of knowing the population dynamics of the SARS-
CoV-2 virus. 
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