
Supplementary Materials and Methods 

Contact Matrices and R0 
We integrated age-dependent matrices and reproductive numbers in 177 countries to more precisely 
describe the transmission trajectory. The countries without data are assumed to have a same R0 and age 
matrix with China. A sample age matrix is shown.
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Figure 2. Synthetic age- and location-specific contact matrices for China 
The synthetic age-specific contact patterns across all locations during normal circumstances (i.e. under no 
intervention) 

Geographical-structured model 
We included all county/province-level administrative units that have airports. Overall, there are 250 
countries/regions and 2154 province-level districts in our model. We acquired the census data of 2048 
province-level units. The population of regions without census data were assumed to be 1,000,000 (ie, OM-
BA, Federal Dependencies of Venezuela, Venezuela). 

Initial Epicentre 
Since the origin of the virus is still unknown, this study will not address the location where the virus 
emerged, but focus on the date of the onset of the first case of COVID-19. Due to the reason that the first 
case of COVID-19 was reported in Hubei, China in December, 2019, we assumed the location of the first 
case of COVID-19 to be in Hubei, China in between the time interval from September 1, 2019 to November 
1, 2019 

Lockdown 
We assumed two types of lockdown – local-level lockdown and country level-lockdown – that will be 
triggered if the number of deaths in a region surpasses a certain threshold. 
The local-level lockdown will be enforced only if the local threshold is surpassed, it will not affect the flight 
plans and the lockdown in other parts of the country. 
The country-level lockdown will be triggered when the number of cumulative deaths of any province inside 
the country reached a threshold, it will cause the whole country to lockdown regardless of the number of 
cumulative deaths in other provinces (i.e. China was locked down due to the high number of cumulative 
deaths in Hubei). 
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Stochastic algorithm for flight assign 
We integrated 21,081,805 flights from September 1, 2019 to June 1, 2020 to describe the mobility of the 
population. We used a stochastic algorithm to determine the number of patients on board. 
For a region with a population of 𝑁𝑁 , a number of fights taken off of on a certain day 𝑛𝑛 , numbers of 
passengers of each flight of 𝛼𝛼𝑛𝑛, and the passenger load factor of 𝜇𝜇 (82.6%), the possibility of each individual 
to be onboard is: 
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The expectancy of the number of exposed/infectious individuals onboard (𝐸𝐸𝑂𝑂 and 𝐼𝐼𝑂𝑂)is: 

𝐼𝐼𝑂𝑂 + 𝐸𝐸𝑂𝑂 = 𝜇𝜇
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However, to reduce the amount of computational power required for the model, we simplified this 
algorithm to a normal distribution function. Therefore, the probability function of the number of 
exposed/infectious passenger is: 

𝐼𝐼𝑂𝑂 + 𝐸𝐸𝑂𝑂 = 𝜇𝜇(1 + 0.3𝑒𝑒−𝜂𝜂2)(�𝛼𝛼𝑖𝑖
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Table 1: Sample flight record on January 11, 2020 

Flight 
number 

Departu
re Arrival Departure 

time Arrival time Aircraft Seats Passenger code 

MU735 PVG SYD 2020-01-10 
00:36:00 

2020-01-10 
11:12:00 B787 285 𝜇𝜇 (0-285) 

K6861 PVG REP 2020-01-10 
01:05:00 

2020-01-10 
05:09:00 A320 180 𝜇𝜇 (286-465) 

SQ825 PVG SIN 2020-01-10 
00:41:00 

2020-01-10 
05:47:00 B777 264 𝜇𝜇 (466-729) 

LH727 PVG MUC 2020-01-10 
00:58:00 

2020-01-10 
12:04:00 A380 509 𝜇𝜇 (730-1238) 

MU219 PVG FRA 2020-01-10 
00:50:00 

2020-01-10 
12:11:00 A350 288 𝜇𝜇(1239-1526) 

MU771 PVG AMS 2020-01-10 
01:17:00 

2020-01-10 
12:30:00 A350 288 𝜇𝜇 (1527-1814) 

MU553 PVG CDG 2020-01-10 
01:03:00 

2020-01-10 
12:59:00 B777 316 𝜇𝜇(1815-2130) 

MU779 PVG AKL 2020-01-10 
00:47:00 

2020-01-10 
12:41:00 B787 285 𝜇𝜇(2133-2415) 

MU739 PVG MEL 2020-01-10 
00:38:00 

2020-01-10 
11:03:00 A330 234 𝜇𝜇(2416-2649) 

UL867 PVG CMB 2020-01-10 
01:09:00 

2020-01-10 
07:58:00 A330 297 𝜇𝜇(2650-2946) 



After determining the number of patients onboard, the model will randomly pick certain patients to be 
exported from the province. The algorithm will then assign them flights and destinations. 
We picked 10 flights on January 11, 2020 from Shanghai, China (ISO-3166: CN-SH) to demonstrate our 
algorithm (Table 1). 
Overall, there are 2946 seats available (𝑆𝑆𝑎𝑎) to choose from. However, there may be some seats that do not 
have passengers; therefore, we will multiply 𝑆𝑆𝑎𝑎  by the passenger load factor (𝜇𝜇 = 82.6%) to find the number 
of passengers on board (𝑆𝑆𝑜𝑜), which 𝑆𝑆𝑜𝑜  equals: 

𝑆𝑆𝑜𝑜 =  𝜇𝜇 𝑆𝑆𝑎𝑎 = 0.826 𝑆𝑆𝑎𝑎
In this case, 𝑆𝑆𝑜𝑜  is 2,433. The algorithm will then generate a random integer from 0 to 𝑆𝑆𝑜𝑜  (2433) for each 
passenger, this number is the passenger code for them (Table 1). The passenger code is corresponding to 
one flight (which the passenger is going to take). For example, if passenger has a code of 500, he/she will 
be assigned to flight SQ825 with passenger code ranging from 385 to 602. 

Key parameters in the model 
Table 2: Fatality rate of COVID-19 patient by age in China. 

Age Fatality rate 

≤20 0.2% 
20~ 0.2% 
30~ 0.2% 
40~ 0.4% 
50~ 1.3% 
60~ 3.6% 
70~ 8.0% 
≥80 14.8% 



The key epidemiological parameters in our model were acquired from published studies. We used a serial 
interval of 7 days and a latent period 4.5 days. The patient will be determined whether to enter a “dead 
“state or a “recovered” state after a median of 18.8 days (95% credible interval [CrI] 15.7–49.7).  
The fatality rate of the model for each individual was determined based on their age according to the table 
(Table 2). 

Figure 1: Social activeness and contacts. 

Distribution of the social activeness of the population. The black curve represents the overall distribution 
of the social activeness in the population. The point on the black curve represents the social activeness of 
an individual. The red and blue lines are the probability of people contacted on a certain day by these two 
individuals. 
We defined social activeness (𝜏𝜏) as the number of people contacted by infectious individuals to describe 
the heterogeneity of the population. Each individual in our model will be assigned with a dedicated 𝜏𝜏 which 
determines their social activity pattern. The distribution of social activeness amongst a population can be 
written as (without intervention):  

𝑃𝑃(𝜏𝜏) = 𝑒𝑒−0.03(𝜂𝜂−15)2   
Each individual has randomly generated social activeness according to the distribution function. The 
number of individuals they contact (c) on each day will be calculated according to another probability 
function. Th number of people they contact will demonstrate a normal distribution pattern and peak on 𝜏𝜏. 

𝑃𝑃(𝑐𝑐) =  𝑒𝑒−0.1(𝜂𝜂− 𝜏𝜏)2   



A SEIR model is constructed for each county-level unit. Consider a population of  𝑁𝑁 with suspectible (𝑆𝑆), 
exposed (𝐸𝐸), infectious (𝐼𝐼), removed (𝑅𝑅), demised (𝐷𝐷), recovered (𝑜𝑜). 
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Where 𝛽𝛽 represents the possibility of transmission of each contact, 𝜎𝜎 represents the rate of the transition 
from the exposed state to the infectious state, 𝛿𝛿 represents the rate of the transition from the infectious 
state to recovered state, and the 𝒟𝒟 represents the rate of the transition from the infectious state to 
demised state. 



Fig. S1. 

Figure 1: Description of the transmission model. 
(A) Individuals in the stochastic compartmental model are classified into susceptible,
exposed, infectious, and removed states. The patient will be determined to become
whether an exported case or a local case by the stochastic algorithm. (B) Flow chart of
local and non-local transmission of COVID-19. Each circle represents a patient. The blue
arrow represents a non-local infection, whereas the red arrow represents a local
infection. The tag indicates the epidemiological information about the individual. (C)
Sample map for case exportation from California, the United States to Nevada, the
United States



Fig. S2. 

Fig S2: Number of cumulative deaths worldwide by May 1, 2020. 
(A) Number of cumulative deaths caused by COVID-19 from February 1, 2020 to May
1,2020. The colored curves represent the 97.5th percentile and 2.5th percentile of the
number of cumulative deaths from each scenario; the colored areas represent 95%
prediction interval. The bold line is the actual number of cumulative deaths worldwide.
Red, purple, light purple, yellow, blue, sky blue, pine green, green, and light green
represents the emergence of the first case of COVID-19: September 1, 2019, September
8, 2019, September 15, 2019, September 22, 2019, October 1, 2019, October 8, 2019,
October 15, 2019, October 23, and November 1, 2019, respectively. (B) The number of
cumulative deaths resulted from the simulation when changing the date of the
emergence of the first case of COVID-19. The horizontal blue line represents the actual
number of cumulative deaths on May 1, 2020; the vertical droplines represent 95%
prediction interval. The x-axis represents the date of the emergence of the first case. The
figures are on a logarithmic scale.

10000

100000

1000000

2020/2/1 2020/3/1 2020/4/1 2020/5/1
100

1000

10000

100000

1000000

D
ea

th
s

Date

2020/2/1 2020/3/1 2020/4/1 2020/5/1
100

1000

10000

100000

1000000

Date

September 1, 2020 September 8, 2020

September 15, 2020 September 22, 2020

October 1, 2020

November 1, 2020

October 8, 2020

Actual number of deaths by May 1, 2020

October 15, 2020 October 23, 2020

Actual

A

A

B

Simula�on resul�ng median number of de aths

B

D
ea

th
s

Actual



 
 
 
 
 

Fig. S3. 

 
Fig S3: Detailed number of cumulative deaths in the eight major epicentres. 
Number of cumulative deaths resulted from 50 realisations from five scenarios with 
different dates of the emergence of the first case in the eight major epicentres (United 
States, United Kingdom, Spain, Germany, Belgium, France, Canada, and Italy). The bold 
lines represent the actual number of cumulative deaths; the dash line is the trial resulting 
in a median number of cumulative deaths; the transparent line represents one realisation. 
Scenarios where the actual number of cumulative deaths is not within the 2.5th to 97.5th 
percentile of the simulation result (September 1, 2019, September 8, 2019, October 23, 
2019, November 1, 2019) were excluded for clarity issues. The actual number of 
cumulative deaths is not within the 95% prediction interval if it is not inside the interval 
between the trial with the greatest number of cumulative deaths and the trial with the 
lowest one. 
 
 
 
 
 
 
 
 
 
 





Fig. S4. 

 
Figure S4: Dates of the first death in 155 countries. 



(A) Dates of the first death caused by COVID-19 in 155 countries around the globe (that 
have COVID-19 death cases); the countries are categorized into Europe, North America 
and South America, Africa, and Asia and Oceania based on their continents. The points on 
the bold line represent the actual date of the first death in the countries. Each y-value on 
the colored line represents the date of the first death in these countries from the trial 
that resulted the median number of cumulative deaths from each scenario with different 
dates of the emergence of the first case. The countries are sorted by the date of the first 
death from the simulation when September 1 is date of the emergence of the first case. 
Red, purple, light purple, yellow, blue, sky blue, pine green, green, and light green 
represents the emergence of the first case of COVID-19 on September 1, 2019, September 
8, 2019, September 15, 2019, September 22, 2019, October 1, 2019, October 8, 2019, 
October 15, 2019, October 23, and November 1, 2019, respectively. (B) The average 
Pearson product-moment correlation coefficient between the date from the simulation 
and the actual date in four geographical divisions. The transparent green line represents 
the correlation coefficient in Africa after removing the outliers (Namibia, Lesotho, and 
Uganda). (C) The global correlation coefficient before and after removing the outliers. The 
x-axis represents the date of the emergence of the first case of COVID-19. The light purple 
curve represents the trendline. 
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