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Abstract. The traceability of COVID-19 is of great importance for Epidemio-
logical implications. Two robust and non-parametric traceability methods were
employed in the study to evaluate COVID-19’s traceability for the prevention of
epidemics. We first corrected the initial dates for eight countries using Solow
and smith’s method, and then the OLE method was applied to the corrected
dataset for traceability. Our model suggests that the first global case of COVID-
19 originated on 25 September 2019 (95%CI 23 September) and that the first
case emerged in Europe and spread rapidly to neighbouring countries, expand-
ing globally in early January 2021. Our study suggests that the spread of the
epidemic may be more rapid and earlier than we thought. The two methods we
use can be used in a robust traceability approach for small sample estimates,
providing additional explanations for epidemic traceability studies.

1. Introduction

COVID-19 is a highly contagious form of pneumonia caused by a coronavirus
known as SARS-CoV-2 [14]. Tracing the origin of COVID-19, it can identify the
source of transmission of COVID-19 , the initial transmission route, the mutation
pattern and the potential risk of COVID-19. This will enable more targeted and ef-
fective preventive and control measures. In addition, only by identifying the source
of COVID-19 can the mode of mutation of the virus can be studied and the resur-
gence of the epidemic can be stopped. The traceability and prediction of COVID-19
are among the hot spots of academic research.

Several studies have been carried out on the origin of COVID-19. These studies
can be broadly divided into two categories, the first of which is traceability through
the biological route [3]. The review by M.Morens et al. points out that the prevail-
ing view in biology currently uses a genetic backtracking approach. They suggest
that the SARS-CoV-2 virus evolved from a coronavirus in mammals like bats and
pangolins; however, there is still much debate about where it arose [3,14,21]. Some
argue that the virus could have been synthe-sized; for example, Law’s research sug-
gests that SARS-CoV-2 is highly unlikely to exist in nature as a highly complex virus
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and could be the product of human genetic engineering [18]. Notably, the study by
Segreto et al. also supports this opinion [27]. Inconclusively, due to the biological
complexity of the viruses present. It often takes years to make progress, as shown in
the traceability research of SARS-CoV and HIV viruses [24,?Hon2020Overview:].

Another type of traceability is through mathematical models, Cooper et al. used
the SIR model to investigate the origin of COVID-19, and their study revealed
that the outbreak developed much more rapidly than we thought [8]. Yang et al.
investigated this issue using curve fitting methods, and their model showed that the
United States was the likely origin of the pandemic [34]. There is also a study by
Nsoesie et al. using a big data approach to internet activity in Wuhan, China, in
late 2019, and their study side-by-side suggests that Wuhan may be the origin of the
epidemic [22]. These studies generally suffer from the following problems. Firstly,
the models have a wide range of errors, with some models estimating errors in years,
which is not applicable to accurate traceability studies. Secondly, the models are
too idealistic to simulate realistic and complex situations of all kinds, a problem
that is prevalent in the current widely popular models of infectious diseases [32].In
addition, the data sets used were not rigorous enough for science. For example, the
study by Nsoesie et al. has been widely debated due to the one-sided and subjective
nature of the data used [20] . Also, with the development of machine learning and
blockchain technology, researchers have been able to use several new techniques to
study the COVID-19 outbreak [23]. For example, Srivastava et al. have developed
a series of medical support platforms [11, 19, 31, 35], which have given researchers
new ideas for virus traceability.

The following improvements have been made to address these problems, which
are common in mathematical models. Firstly, we use data from a more reliable
and authoritative source (the WHO data) [33]. In addition, we imputed the data
by combining the virus detection results reported by countries in 2019. These data
were then tested for isolated cases using Solow and Smith’s ecological approach,
and the corrected dates were used as the dataset. Finally, another ecological model
called OLE was used for traceability studies.

2. Dataset

We use global epidemic data published by theWorld Health Organization (WHO),
which has a high degree of completeness and credibility as reported to the WHO
by national/regional health statistics departments. The dataset has eight columns,
reporting date, country, country code, region, new cases, new deaths and cumula-
tive cases and deaths [33]. The period is from 22 January 2020 to 14 September
2021. The dataset contains data from 233 countries or territories, covering almost
all countries and territories in the world. The dataset was first compiled on 22 Jan-
uary 2020, and the data was supplemented with data published by national health
authorities and relevant studies for previous cases [2, 5, 9, 17].

The basis for the addition to the data set is as follows, according to the National
Institute of Oncology in Milan, Italy, the first case in Italy was reported in the
Veneto region precisely in September 2019 [2]. Based on this fact, we have added
an example of data for Italy on 30 September 2019. On 10 November 2019, molec-
ular traces of the SARS-CoV-2 virus were found in biopsy tissue collected from a
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Figure 1. Date of the first case reported. The order of dates varies
from blue to red, and this is the bluer the colour, the earlier the
report, and vice versa.

reddened skin area of the arm of an Italian woman who tested positive for COVID-
19 antibodies in blood tests after June 2020 [17]. According to this, another case
data was added on 10 November 2019. A retrospective study of approximately
2,500 chest scans performed between 1 November 2019 and 30 April 2020 at Albert
Schweitzer Hospital in France determined that the earliest case of novel coronavirus
infection at the hospital dates back to 16 November 2019. Accordingly, a case was
added in France on 16 November 2019. 106 of the archived samples from regular
blood donations from 13 December 2019 to 17 January 2020 tested positive for anti-
bodies to novel coronavirus in nine states in the United States, but the date of onset
of the first officially confirmed case in the US state was 19 January 2020. Accord-
ingly, novel coronaviruses were already present in the United States in December
2020 [4].

Furthermore, we therefore, added a case from the United States on 13 Decem-
ber 2019. On 27 December 2019, a pharyngeal swab sample from a patient with
haemoptysis in France tested positive for novel coronavirus nucleic acid by RT-PCR
[10]. Finally, we added a case to the French dataset on 27 December 2019.

In order to better represent the time of the first positive COVID-19 test in each
country that is currently publicly available, we have plotted Figure 1 as a distribu-
tion of the time of the first case reported in each country.

3. Method and result

3.1. Test for isolated cases. Due to the existence of isolated cases, that is, cases
that are isolated upon entry into customs, these cases do not cause mass trans-
mission. So using isolated cases as the date of the first test report may bias our
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estimates. It was, therefore, necessary to first test the first detection dates for each
country to screen out countries where isolated cases existed. Moreover, to correct
the dates.

The test proposed by Solow and Smith was therefore used to test whether cases
were isolated [29,30]. Solow and Smith’s test is a non-parametric method for testing
whether there is specificity in the extremes of a sequence and was first applied in
ecology to detect whether the reappearance of a species is a reintroduction [29,30].
Because of its simplicity and robustness, the method has also been used in fields
such as sports science to test whether a break in the sports record is worth being
questioned . Briefly, the null hypothesis of the method (H0) is that there is no
specificity in the extreme values of the series, and the alternative hypothesis (H1) is
that there is some specificity in the extreme values of the series, that is that there
is an abnormal deviation.

Using Solow and Smith’s method, it is possible to test whether the date of the
first report is an isolated case, giving a p-value for the confidence interval and thus
allowing us to have further confidence that a case is isolated. In addition, Solow and
Smith’s method can also correct for the date of the first test report. We can correct
for a reporting date of p < 0.05 so that the reporting date rejects the alternative
hypothesis of the Solow and Smith method. This makes the OLE estimates more
accurate than the uncorrected ones. It is also a non-parametric estimation method,
which does not rely on a specific distribution. The estimates are highly robust.

To test whether the earliest reported date of detection in each country was an
isolated case, we made the null hypothesis (H0) that the virus was generated from
within the local population, which indicates that the virus had begun to spread on
a large scale in the local community. The alternative hypothesis (H1) is that the
virus was introduced in isolation, which indicates that the case was isolated at the
time of introduction (e.g. it was isolated upon repatriation and did not contact the
community).

Let x1 > x2 > · · · > xk Be the k earliest cases of COVID-19, ordered from the
most recent to the earliest. If the earlier cases of COVID-19 are recorded at time
y, we are interested in whether the earliest reporting date is on the isolated case
report. Solow and Smith’s approach suggests that under the null hypothesis, the
same process generates the new record as the earlier record, the quantity tk Can be
determined by the following equation 3.1 ,

(3.1) tk =
y − x1

(y − t1) +
∑k−1

j=1(j + 1) (xj − xj+1)

The random variable Tk corresponding to it has a β distribution with parameters
one and k − 1, so the formula for testing the p-value is 3.2,

(3.2) p = prob (Tk > tk) = (1− tk)
k−1

We performed this test using the dates of the first five earliest COVID-19 cases
generated in each country. The abnormal dates were subsequently corrected so
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Country (incl. region) First case test date p Need to be corrected? Corrected date

Belgium 2020/2/4 0.02 Yes 2020/3/2
Cambodia 2020/1/27 0.03 Yes 2020/3/8
Sri Lanka 2020/1/27 0.01 Yes 2020/3/12
Sweden 2020/1/31 0.02 Yes 2020/2/27
Vanuatu 2020/11/11 0.05 Yes 2020/12/9
Viet Nam 2020/1/24 0.01 Yes 2020/3/24

Wallis and Futuna 2020/10/19 0.02 Yes 2020/11/23

Table 1. Test results for the earliest cases in each country

that the corrected dates accepted the null hypothesis (p ≥ 0.05). The results are
presented in Table 1 1 .

A total of eight countries rejected the null hypothesis (p < 0.05), which indicates
that the first cases detected in these countries may be at risk of isolated isola-
tion. They were Belgium, Cambodia, Sri Lanka and Sweden, among others. We
subsequently corrected the dates for these countries.

3.2. Traceability using OLE methods. The OLE method (Optimal Linear Es-
timation) is a non-parametric estimation method of ecological dates proposed by
Roberts and Solow [26]. It can estimate the historical date of species extinction
given a series of sightings. Clements et al. have experimentally demonstrated that
the OLE method is robust to extinction extrapolation under various scenarios and
can effectively estimate biological extinction dates.

As the underlying assumptions of the OLE algorithm are not just specific to
organisms and species extinction processes, the method does not include any bio-
logically specific parameters. It considers the time interval at which sightings occur
and their distribution, regardless of the type of phenomenon under study. This
makes it easily applicable to various phenomena, such as archaeology and environ-
mental science [15,25].

In addition, OLE does not require us to provide a complete and continuous
record of sightings, which makes it suitable for exceptional cases where data are
enormously missing, such as the missing cases that often occur in the tracing of
new crown outbreaks. Finally, OLE is a non-parametric method that does not make
assumptions about sighting rates or data distribution, making it more flexible than
other methods [28]. Finally, OLE is based on extreme value theory, which suggests
that the distribution of maximum values can be approximated by a generalized
extreme value distribution regardless of the actual distribution of records [6].

For these reasons, in this study, we used the OLE algorithm to trace the COVID-
19 epidemic in each country to estimate when the COVID-19 epidemic appeared in
each country. Since COVID-19 tracing can be seen as tracking the date of origin of
a species, which means the opposite direction of species extinction. We, therefore,
need to replace the nend dates of the last observation used in the original algorithm
with the nstart dates of the original COVID-19 report.

1All tables in this paper can be found in https://github.com/williamlorder/The-systematic-
traceability-and-analysis-of-COVID-19-Supplementary-materials
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We make T1 > T2 > · · · > Tk be the first K earliest reporting dates for each
country COVID-19. In this case, the OLE algorithm is consistent with the fact
that the joint distribution of the first K earliest reporting dates has the exact and
approximate extreme Weibull distribution, regardless of the original distribution of
the complete reporting dates.In short, the OLE form of θ is a weighted sum of the
reporting dates, calculated as equation 3.3,

(3.3) θ̂ =
k∑

i−1

aiTi

The following equation 3.4 give the weight vector α

(3.4) a =
(
etΛ−1e

)−1
Λ−1e

where e is a vector of k ones, and Λ is a k × k matrix with typical elements of
λij , which the following equation 3.5 can determine as,

(3.5) λij = (Γ (2ν̂ + i) Γ (ν̂ + j)) / (Γ (ν̂ + i) Γ (j)) , j ≤ i

In addition, Γ is the standard gamma function and ν̂ is an estimate of the shape
parameter of the joint Weibull distribution for the k most recently observed times,
which is given by the following equation 3.6,

(3.6) ν̂ =
1

k − 1

k−2∑
i−1

log
T1 − Tk

T1 − Ti+1

The approximate one-sided upper bound on the 1−α confidence interval for the
final θ is T u

E can be determined by the following equation 3.7,

(3.7) T u
E =

tn − c (α) tn−k+1

1− c (α)

where the c (α) the function is equal to equation 3.8,

(3.8) c (α) =

(
k

−logα

)−v̂

As OLE assumes an extreme Weibull distribution for sightings, it should only
be used for the most recent sightings [28] . However, there is still debate about
the optimal number of sightings, according to Collen, Purvis, and Mace et al. [7],
increasing the number of sightings used (tested to a maximum of 18) would improve
prediction accuracy. We therefore compromised by selecting up to 12 initial new
crown reporting dates in each country as sightings for estimation. This means that
the starting point is the date of the first day of reporting with new cases in each
country and the endpoint is the twelfth date of reporting with new cases. We used
this period for our estimates. The Solow and Smith’s method was used first to
correct the reporting date for the first example earlier. In the following estimates,
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Country (incl. region) Corrected date N Time interval θ T u
E Estimated date (θ) Estimated date (T u

E)

Italy 2019/9/30 12 173 4.52 6.54 2019/9/25 2019/9/23
France 2019/11/16 12 38 7.32 23.1 2019/11/8 2019/10/23

United States of America 2019/12/13 12 68 2.81 11.49 2019/12/10 2019/12/1
Spain 2020/1/20 12 41 20.64 84.54 2019/12/30 2019/10/27
China 2020/1/4 12 22 3.8 9.87 2019/12/31 2019/12/25

Republic of Korea 2020/1/19 10 18 15.38 20.71 2020/1/3 2019/12/29
Japan 2020/1/14 12 23 9.97 43.1 2020/1/4 2019/12/1

Thailand 2020/1/13 12 18 7.16 21.2 2020/1/5 2019/12/22
The United Kingdom 2020/2/1 12 29 20.88 4.1 2020/1/11 2020/1/27

Table 2. Estimation of the first 10 first origin dates using the OLE method

Figure 2. Estimated origin date by OLE(θ).The order of dates
varies from blue to red, and this is the bluer the colour, the ear-
lier the report, and vice versa.

the corrected dates will be used for estimation. The estimation results using the
OLE method are given here in Table 2.

4. Discussion

Our results show Italy as the first country where the new crown epidemic origi-
nated. This is followed by the USA, France, Spain and China.

Figure 2 shows the estimated start dates for each country using the OLE point
estimate (θ), and Figure 3 shows the estimated start dates for each country after
taking the upper limit of the OLE estimate.

According to our modelling results, the first global cases of COVID-19 infection
appeared in Italy, followed by France, the USA, Spain and China. After the initial
cases appeared in Italy, they seem to have spread rapidly to the countries around
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Figure 3. Estimated origin date by OLE(Upper).The order of dates
varies from blue to red, and this is the bluer the colour, the earlier
the report, and vice versa.

it (France and Spain), making Italy the center of infection in Europe, which is
consistent with the published epidemic data for each country and the WHO study.

According to the results of our model, the epidemic broke out after China in
South Korea, Japan and Thailand in Asia, and we assume that the virus spread
from Europe and the United States to China through the global transport network,
turning China into the center of transmission in Asia. This led to the further
spread of the virus to various countries and regions in East Asia. Many studies and
reports have pointed out that the early symptoms of COVID-19 are fever, cough and
malaise, which can easily be mistaken for common influenza and thus overlooked
[1, 12, 36]. Before being recognised by humans, the virus spreads silently through
a tight global network of countries. This partly explains how epidemics in various
countries can break out almost simultaneously in a concise period [16]. Our study
raises the possibility that the origin of COVID-19 was not China, that the virus may
have spread in Europe before spreading to China, and that humans only gradually
recognised it in a large outbreak in Wuhan, China.

This paper has some innovations over previous studies. We have used more cred-
ible and authoritative sources (WHO data). We have also supplemented the data
with a synthesis of country-reported virus testing results for 2019. The data were
also tested for isolated cases using the method of Solow and smith [2, 5, 9, 17] and
estimated using corrected dates [29,30]. Finally, we chose up to 12 reporting dates
as the estimation period according to Collen et al. According to their simulation
experiments, the confidence interval of the model reached convergence when the
number of reporting dates was 12 [7].
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5. Conclusion

In this study, we used the authoritative WHO dataset for our research modelling,
and the model reveals that the time and place of origin of the epidemic was far
less straightforward than we thought, with rapid spread through the population as
early as late 2019. The study offers a new way of thinking about epidemiological
investigations, using a combination of the Solow and Smith method and the OLE
method to make relatively robust inferences despite small samples. This approach
allows for more accurate traceability in the absence of early cases, which often occurs
in epidemiological surveys.

Future researchers could extend our research by several points.Firstly,Using more
estimation methods to compare results more comprehensively, some of the current
time series methods in the field of deep learning cope better with extreme values, and
this could be transferred to retrospective studies; Secondly,more tuning and study
of the parameters used in the model, we used the parameter estimates suggested
by Collen et al. suggested parameter estimates. However, they used a simulated
dataset, which is at variance with reality.
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