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A B S T R A C T   

By the end of February 2021, COVID-19 had spread to over 230 countries, with more than 100 million confirmed 
cases and 2.5 million deaths. To control infection spread with the least disruption to economic and societal 
activities, it is crucial to implement the various interventions effectively. In this study, we developed an agent- 
based SEIR model, using real demographic and geographic data from Hong Kong, to analyse the efficiency of 
various intervention strategies in preventing infection by the SARS-CoV-2 virus. Close contact route including 
short-range airborne is considered as the main transmission routes for COVID-19 spread. Contact tracing is not 
that useful if all other interventions have been fully deployed. The number of infected individuals could be 
halved if people reduced their close contact rate by 25%. For reducing transmission, students should be prior-
itized for vaccination rather than retired older people and preschool aged children. Home isolation, and taking 
the nucleic acid test (NAT) as soon as possible after symptom onset, are much more effective interventions than 
wearing masks in public places. Temperature screening in public places only disrupted the infection spread by a 
small amount when other interventions have been fully implemented. Our results may be useful for other highly 
populated cities, when choosing their intervention strategies to prevent outbreaks of COVID-19 and similar 
diseases.   

1. Introduction 

Coronavirus disease 2019 (COVID-19) has been threatening human 
life. Hong Kong has a high risk for infection spread because of its high 
population density. In 2003, 1,755 out of a total of 8,096 (21.7%) 
confirmed SARS cases, were from Hong Kong (WHO, 2002). Other res-
piratory infections such as influenza (e.g. H1N1, H5N1, and H7N9) have 
also been widely spread in Hong Kong (Tam, 2002; Wu et al., 2014; Wu 
et al., 2010). Since the first confirmed COVID-19 case on 23 Jan 2020, 
Hong Kong confirmed 1,197 cases up to 30 June (HKCHP, 2020). 

SARS-CoV-2 possibly transmits via close contact, long-range 
airborne, and fomite routes. Many outbreaks showed that close con-
tact including short-range airborne is the predominant route for SARS- 
CoV-2 transmission (Chirizzi et al., 2021; Zhang et al, 2020b). 

Although some outbreaks such as a restaurant in Guangzhou (Li et al., 
2021) and a choir in Washington State, USA (Hamner et al., 2020) 
showed the possibility of long-range airborne route, there is no solid 
evidence for its predominance. In this study, we assume that the short- 
range airborne transmission due to close contact predominates. For 
fomite transmission, it has become increasingly clear that the fomite 
route is less important (Goldman, 2020; US CDC, 2021). Therefore, we 
only considered close contact as the main transmission route in the 
study. 

An agent-based SEIR model is frequently used for simulating infec-
tion spread because it has a high reliability, can consider more influ-
encing factors, involves the spatial relationship of a population, and 
links both social and environmental processes (Nishi et al., 2020; Du 
et al., 2021; Zhang et al., 2018; Zhang et al., 2020a). However, due to 
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the difficulties of data collection, almost all studies focused on simula-
tion are based on a series of hypothetical datasets rather than a 
comprehensive real dataset. These hypothetical datasets may result in 
estimation errors and unrealistic conclusions, and may therefore be 
unreliable in guiding the formulation of intervention plans. 

After it was recognized that there was human-to-human transmission 
of the SARS-CoV-2 virus, both pharmaceutical and non-pharmaceutical 
interventions, such as contact tracing (Cheng et al., 2020), social 
distancing (Morawska and Cao, 2020), vaccination (Curtis et al., 2020), 
mask wearing (Tang et al., 2020a), self-isolation (MacIntyre, 2020), 
temperature screening (Vilke et al., 2020), and mandatory quarantine 
(Tang et al., 2020b), have been implemented for infection prevention 
and control. The efficacy of interventions aimed at blocking trans-
mission vary, due to different implementation strategies used by local 
governments, as well as variation in compliance. Excessive prevention 
may also result in unnecessary economic losses (Ye et al., 2020). Opti-
mizing interventions is critical for preventing COVID-19 transmission, 
and preventing potential future pandemics. 

In this study, we used an improved agent-based SEIR model and 
simulated the COVID-19 spread in Hong Kong, using actual data. We 
analyzed the efficiency of several main non-pharmaceutical in-
terventions, such as school/workplace closure, contact tracing, health 
screening at all borders, reducing the rate of close contact, and reducing 
restaurant dine-in capacity. The results based on this real data strongly 
support non-pharmaceutical interventions in the future. 

2. Methods 

2.1. Data sources 

An improved agent-based SEIR model was used to simulate the 
spread of infection in Hong Kong between 23 Jan and 31 Apr 2020. The 
data for COVID-19 cases were obtained from case reports issued by the 
Centre for Health Protection of Hong Kong (HKCHP, 2020). Based on the 

data log from HKCHP (2020), the imported date and whether or not 
quarantined of each imported infected case were recorded. All de-
mographic data were obtained from the Hong Kong Census and Statistics 
Department (HKCSD, 2020). All locations were simplified into seven 
groups: residence (D: households in residential communities); work-
places (W: offices in companies); schools (S: classes in schools); restau-
rants (R); markets (K); shopping malls (M); and hospitals (H) (Zhang 
et al., 2018; Liu et al., 2020). Information and location of all residential 
buildings, hospitals, schools and kindergartens, universities, restau-
rants, and shopping malls were obtained from the Hospital Authority, 
Hong Kong government, population census, the Education Bureau of 
Hong Kong, and Midland Housing Agency. 

2.2. Data processing 

Based on characteristics of COVID-19, we divided all patients into 
three categories: local case; imported case; and possible local case 
(Appendix A). The population of Hong Kong was 7,500,700 at the end of 
2019. By projection from the 2016 by-census, 1,154,246 were students 
and 4,005,916 were workers. We assigned all Hong Kong residents to 
different residential buildings for all 431 district council constituency 
areas (DCCAs) and the 511 major housing estates reported in the 2016 
Hong Kong population by-census (Appendix B). There were more than 
28,000 residential buildings, 16 hospitals (that can receive COVID-19 
patients), 130 big shopping centres, 30 university districts, 2179 
schools (primary, middle, and high school) and kindergartens, and over 
16,000 registered restaurants (Fig. 1). As there is no known database for 
the location of markets and office buildings, we randomly distributed 
them by population density. All people were assigned to a residential 
building, school, and workplace according to the real distribution of age, 
gender, and school location. Detailed data for each type of building is 
given in Appendix C. 

Hong Kong has high departure and arrival populations to and from 
other countries and territories. Zhang et al. (2021) shows the arriving 

Fig. 1. Building and 431 district council constituency area distribution in Hong Kong.  
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and departing populations between 1 January and 30 April 2020. Hong 
Kong implemented strict travel restrictions starting on 30 January 2020. 
The total arriving and departing populations gradually decreased after 
the Chinese New Year (CNY) holiday. Following the 14-day mandatory 
quarantine order for individuals arriving from mainland China, the 
number of arrivals decreased by 94% compared to the levels during the 
period of 1–20 January. After travel restrictions were extended to all 
countries and territories on 26 March, the daily arriving population has 
not exceeded 5,000 (including local residents and foreign visitors). 

The report of confirmed cases of COVID-19 was obtained from the 
Hong Kong Centre for Health Protection (CHP). After data processing 
(Appendix A), there were 623 imported cases, 322 local cases, and 93 
possible local/imported cases. 

2.3. Improved Agent-based SEIR model 

The SEIR model is widely used in simulations of infection spread, and 
especially in simulations of COVID-19 transmission (Annas et al., 2020; 
Yang et al., 2020). We improved the SEIR model with an agent-based 
approach, and considered both symptomatic and asymptomatic trans-
mission (Fig. 2a). All individuals were categorised into 5 groups: the 

susceptible (S); the exposed without symptoms (E; non-infectious); the 
infected without symptoms (asymptomatic) (IA; infectious); the non- 
hospitalized infected with symptoms (symptomatic) (IS); and the 
removed (R), namely the infected who have recovered or who died. 
Since SARS-CoV-2 virus is mainly transmitted via the indoor close 
contact route (Zhang et al., 2020b; Chirizzi et al., 2021), we only 
considered this route of virus transmission in our model. Therefore, in 
this simulation, the susceptible who were in close contact with the 
infected for longer periods, were more likely to be infected. 

In the agent-based model, all individuals were divided into 4 groups: 
students (Std); workers (Wrk); people without mobility (Pnm, termed 
‘immobile individuals’); and people with mobility with no formal 
occupation (Pm, termed ‘mobile individuals’). The total number of 
workers and students were obtained from the Hong Kong by-census. 
Anyone younger than 3 or older than 85 years was considered to be 
an immobile individual, while all residents between 3 and 85 were 
considered to be mobile individuals with the exception of students and 
workers. 

The time step was set to 1 h in the simulation. The assumptions 
concerning individuals’ daily routines are shown in Fig. 2b. These as-
sumptions include: immobile individuals stay at home the entire day; 

Fig. 2. Model introduction. (a) An improved 
SEIR model; (b) daily commutes in the agent- 
based model (the ratio of workers/students 
going to companies/schools, and of P1 to P4, 
are time-variant parameters); (c) construc-
tion of the agent-based SEIIR model (Y: yes; 
N: no; NAT: nucleic acid testing; Q: policy for 
mandatory quarantine for arriving popula-
tion; P: precision of nucleic acid testing for 
exposed and asymptomatic cases; PTD: prob-
ability of fever detection when entering 
public areas; PTS: precision of fever detection 
for symptomatic individuals; βl: the trans-
mission rate during close contact per hour; 
EM: mask efficiency for infection risk reduc-
tion; tE: incubation period; tI : infectious 
period).   
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students/workers stay at their places of study/work between 8 a.m. and 
12 noon, and between 1 p.m. and 6 p.m.; they will eat in their class-
rooms/offices or randomly choose one of the ten restaurants nearby 
between 12 noon and 1 p.m.; After school/work, they will eat at a 
restaurant or at home (6 p.m. to 7 p.m.); For mobile individuals (the 
third column in Fig. 2b), they may go to markets in the morning (8 a.m. 
to 12 noon) and afternoon (1 p.m. to 6 p.m.). Everyone except immobile 
individuals may go to shopping malls or stay at home from 7 p.m. to 9 p. 
m. Different patterns of movement during the week and on weekends 

were also considered (Figures S2B and S2C). 
We considered three operations in this simulation: personal parameter 

setting, mobility, and infection (Fig. 2c). In personal parameter setting, all 
individuals are given a gender, an age, an occupation (e.g. student, 
worker), a home address, an office address (only for workers), a class-
room address (only for students) based on the distribution projected 
from the latest Hong Kong population by-census. Each individual will be 
assigned COVID-19-related factors (e.g. symptomatic/asymptomatic 
and super-spreader/normal-spreader if infected) based on the 

Fig. 2. (continued). 
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distribution from the CHP case report. Personal preferences and gov-
ernment policy-related factors were also included as time-variant pa-
rameters (Figure S2). In mobility, all residents travel between buildings 
(lines between locations in Fig. 2b). If there is fever detection at a public 
place, symptomatic people have a probability of being detected when 
entering the place, and therefore to be hospitalized. If someone is found 
to be infected, their family members will be isolated at home for the 14- 
day mandatory quarantine. In infection, all susceptible individuals have 
a probability of being infected if they are in the same indoor environ-
ment as infectious people (IS and IA). The infection probability is 
dependent on any risk reduction brought about by mask wearing and 
other intervention measures. All agents have a timer in the simulation, 
and the timer has a resolution of one hour per step. Once infected, the 
personal status (E, IS, IA, or R) (Fig. 2a) would move to the next status 
when the personal timer reaches the threshold of each period. At the 
start, imported cases are the only infection source until the first local 
case is infected. At this point, both imported and local cases spread the 
infection in Hong Kong. 

2.4. Parameter setting in the simulation 

Infection spread between 14 January (date of symptom onset of the 
first confirmed case) and 30 April 2020. The following data was ob-
tained from the HKCHP (2020) reports: the date of entering Hong Kong 
(only for imported cases); whether the case had been mandatorily 
quarantined at home (only for imported cases); the date of symptom 
onset; and the date of hospital admission of each confirmed case. The 
data for all imported cases were used for the input setting of the simu-
lation. Individual status (S,E, I) upon entering Hong Kong was deduced 
from the case report and the time distribution of incubation and infec-
tious periods. We randomized the exact timing within the day of arrival 
for the imported population. In the simulation, we used the effective 
reproduction number per day, Rt, which was defined as the number of 
secondary infection(s) generated by an infected index case in the pres-
ence of control interventions (Cowling et al., 2010), to show the extent 
of the infection spread. The detailed calculation for Rt refers to Appendix 
D. All fixed and time-variant parameters for the simulation are listed in 
Table 1 and Figure S2. 

The average incubation period of COVID-19 is around 5 days, with 
the 95th percentile of the distribution at 12.5 days (Li et al., 2020; Linton 
et al., 2020), and it fits a log-normal distribution (Linton et al., 2020; 
Lauer et al., 2020). The infectious period was set to 5 days (Kissler et al., 
2020). Among all infected patients, the asymptomatic proportion has 
been estimated to be 17.9% (95% Crl: 15.5–20.2%) (Mizumoto et al., 
2020). For viral shedding, some studies showed that onset of symptom is 
usually 1 day after peak infectiousness (He et al., 2020) and significantly 
diminish 1–2 days after symptom onset (Goyal et al., 2021). Some re-
searchers concluded that the maximum viral RNA copies appear at day 4 
to 8 after symptom onset (Lui et al., 2020; Wölfel et al., 2020; Zheng 
et al., 2020; Zou et al., 2020). In this study, we hypothesized that pa-
tients have no infectivity during the latent period and have a constant 
infectivity during the infectious period. 

In the simulation, all time-varying parameters involved the proba-
bility of workers/students eating at restaurants, workers going to 
workplaces or students going to schools, visiting markets and shopping 
malls per day, a successful fever detection at a public area, delay from 
symptom onset to taking a NAT, home isolation after symptom onset, 
mask wearing rate in workplaces, schools, markets and shopping malls, 
people who are not in education, employment or training deciding to 
dine out, and the close contact rate in homes, offices, schools, restau-
rants, markets and shopping malls. The detailed setting of these pa-
rameters can be found in Appendix E. 

Table 1 
Fixed and time-variant parameters in the simulation.  

Parameter Default Value Source 

Simulation period Jan. 14 to Apr. 
30 

First case had the symptom on 
Jan. 14 (HKCHP, 2020) 

Efficiency of mask 50% Assumed based on Sickbert- 
Bennett et al.(2020) 

Rate of contact tracing 50% Assumed 
Percent of asymptomatic 

cases 
18% HKCHP, 2020 

Incubation period 5.2 days (log- 
normal 
distribution) 

Li et al., 2020; Linton et al., 
2020; Lauer et al., 2020 

Infectious period 5 days Kissler et al., 2020 
Total population 7,500,700 Hong Kong government 

(https://www.censtatd.gov. 
hk/hkstat/sub/so20.jsp) 

Total workers 4,005,916 
Total students 1,154,246 
Distribution of students – Based on census data 

(Appendix C) 
Number of residential 

buildings 
28,063 Estimated based on census of 

major housing estates (https: 
//www.bycensus2016.gov. 
hk/en/bc-dp.html) and 
Midland housing agency 
(https://www.midland.com. 
hk/). All buildings are 
accurately located 

Number of homes 2,675,849 Estimated based on CSD 2019 
(https://www.censtatd.gov. 
hk/press_release/pressRele 
aseDetail.jsp?charsetID =
1&pressRID = 4612) 

The maximum number of 
family members 

10 Assumed 

Number of offices 400,799 Assumed based on the total 
number of workers and 
average number of workers 
per office (Zhang et al., 
2020a) 

Number of companies 4226 Assumed based on total 
number of offices and average 
number of offices per 
company (Zhang et al., 
2020a) 

Number of schools 2209 Education Bureau of the Hong 
Kong Government (htt 
ps://www.edb.gov.hk) 

Number of classes 37,900 Education Bureau of the Hong 
Kong Government (htt 
ps://www.edb.gov.hk) 

Number of restaurants 15,979 Food and Environment 
Hygiene Department, HKSAR 
(https://www.fehd.gov.hk) 

Number of markets 1,884 Food and Health Bureau of 
Hong Kong (http://www.fhb. 
gov.hk) 

Number of major shopping 
malls 

130 Based on the list on 
Wikipedia, and then manually 
confirmed by our team 
https://en.wikipedia.org/wik 
i/List_of_shopping_centres_in_ 
Hong_Kong 

Number of hospitals (only 
received COVID-19 
patients) 

16 HKCHP, 2020 

Capacity for COVID-19 
patients of all hospitals 

1000 Assumed 

Time to start work/school in 
the morning 

8:00 Zhang et al., 2020c 

Time for lunch 12:00 Zhang et al., 2020c 
Time for work/school in the 

afternoon 
13:00 Zhang et al., 2020c 

Time for dinner 18:00 Zhang et al., 2020c 
Time for shopping 19:00 Zhang et al., 2020c 
Time for going home at night 21:00 Zhang et al., 2020c 

15% 

(continued on next page) 
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3. Results 

3.1. Basic results 

Up until 30 April 2020, Hong Kong had recorded 1,038 confirmed 
cases of COVID-19. From the data analysis, the average time from 
symptom onset to hospital admission in Hong Kong was 4.7 days. The 
majority of infected patients were male (53.8%), and the average age of 
these patients was 37.8. As Fig. 3 shows, 60.0% of cases were imported, 
31.0% were local, and 9.0% were possible local/imported. Among all 
the imported and possible local/imported cases, 64.9% were manda-
torily quarantined. The number of non-quarantined imported cases 
peaked around Mar. 22, which led to a peak of local infections between 
Mar. 26 and Apr. 5. 

Based on the developed agent-based model, we did 1,000 simula-
tions of the spread of infections from Jan. 14 to Apr. 30 (Fig. 4a). The 
peak of the number of exposed and infected appeared around Mar. 24 
and Mar. 29, respectively. The results for local cases showed that 69.4% 
were infected at home, 12.2% in companies/offices, 2.5% in schools/ 
classes, 12.0% in restaurants, 1.4%, in markets, and 2.5% in shopping 
malls. The effective reproduction number (Rt) was initially 2.1, and then 
gradually decreased to 0.7 after the first wave (Fig. 4b). Rt returned to 
2.1 on Mar. 11, and gradually decreased to 1 after 9 days. Rt was no more 

than 0.5 at the end of April. 

3.2. Contact tracing 

Contact tracing helps isolate potential infection sources. When the 
contact tracing rate increased from 10% to 50% and from 50% to 90%, 
the infection risks were respectively reduced by 20.9% and 12.2% 
(Fig. 5A). The risk reduction efficiency would be higher if earlier contact 
tracing had been implemented during the outbreak. If the local gov-
ernment had started contact tracing on January 24, infection risk could 
have been reduced by 14.6% compared with starting contact tracing 
three weeks later (Fig. 5B). 

3.3. Close contact rate 

We considered different close contact rates for various indoor envi-
ronments (Fig. 6). The simulation showed that home was the most 
sensitive place for infection spread due to the frequency and duration of 
close contact. The total number of infected individuals would decrease 
by 32.4% if all co-residents could reduce time in close contact by 50% 
(Fig. 6A). Offices and restaurants were also sensitive to the close contact 
rate. The total number of infected individuals would decrease by 16.6% 
and 19.6% if all workers and diners could reduce their close contact 
rates by 50%, respectively (Fig. 6B and 6D). Since almost all schools in 
Hong Kong were closed during this period of the COVID-19 pandemic, 
the reduction on close contact rate in schools was relatively insignifi-
cant. The total number of infected individuals only decreased by 5.7% if 
all students reduced their close contact rate by 50% (Fig. 6C). Markets 
and shopping malls had a low sensitivity with regard to the close contact 
rate. The total number of infected individuals could be reduced by 4.9% 
and 7.6% if there is no close contact in markets and shopping malls, 
respectively (Fig. 6E and 6F). In general, if the close contact rate was 
reduced by 50% in all indoor environments, the infection risk could be 
reduced by 68.5% (Fig. 6G). 

3.4. Vaccination 

The percentage of successful vaccinations can be easily estimated by 
multiplying the vaccine efficacy and the percentage of vaccinated resi-
dents. Vaccines have different efficacies, and in order to simplify dis-
cussion, we used effective vaccination rate (vaccination rate × vaccine 
efficacy) in the simulation and did not take the time lag to develop 
immunity into account. In Hong Kong, if 20%, 40%, 60%, and 80% of 
residents were successfully vaccinated, the total infection risk could be 
reduced by 31.5%, 57.4%, 75.4%, and 89.5%, respectively (Fig. 7A). 
Vaccinating different groups also has various risk reduction outcomes. 
Students had the longest time on close contacts and also contacted with 
many people per day. Students had the longest time on close contacts 
and also contacted with more people per day. If there is no association 
between the vulnerability to SARS-CoV-2 and age, students are the most 
vulnerable group for infection, followed by workers, then the mobile, 
and finally the immobile (Fig. 7B). If 35,000 students were effectively 
vaccinated, the total number of infected individuals could be reduced by 
7.9%. However, there is a negligible effect if 35,000 immobile in-
dividuals were vaccinated. Vaccination is much more crucial if there are 
no strict strategies to prevent and control infectious disease spread. If 
there had been no preventive measures, approaching 50% of residents 
would have been infected before the end of April (Fig. 7C). The total 
number infected could be reduced by 90.0% if 40% of residents are 
successfully vaccinated. The infection could be naturally controlled if 
80% of residents were successfully vaccinated even in the absence of 
preventive strategies, and in this case, only 159 individuals would get 
infected. 

Table 1 (continued ) 

Parameter Default Value Source 

Percent of non-mobile 
individuals in the 
population 

Calculated based on the Hong 
Kong 2016 Population By- 
census 

Percent of super-spreaders 19% Adam et al., 2020 
Infectivity of super-spreaders 17 times greater Adam et al., 2020 
Probability of fever1 during 

the infectious period 
50% Buckner et al., 2020 

Mandatory quarantine for 
arrivals 

Gradually 
quarantine 

Zhang et al., 2021 

Percentage of workers/ 
students eating at 
restaurants 

Time-variant Figure S2(A) 

Percentage of ‘work at home’ Time-variant Figure S2(B) 
Percentage of school closure Time-variant Figure S2(C) 
Probability of residents going 

to markets and shopping 
malls per day 

Time-variant Figure S2(D) and S2(E) 

Probability of staying at home 
when having symptoms 

Time-variant Figure S2(F) 

Mask wearing rate in 
workplaces, schools, 
markets, and shopping 
malls 

Time-variant Figures S2(G) to S2(I) 

Close contact rate2 in homes, 
workplaces, schools, 
restaurants, markets, and 
shopping malls 

Time-variant Figures S2(K) to S2(P)  

1 Fever is defined as a reported temperature of 38.0 degree or higher. 
2 Close contact rate is the percentage of indoor time spent on close contact. 

100% of close contact rate shows a person spent all indoor time on close contact. 
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Fig. 3. Cases reported in Hong Kong between Jan. 14 and Apr. 30.  
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3.5. Other intervention strategies for infection control and prevention 

The infection risk would be much lower if patients had a NAT 
immediately after symptom onset. The average delay from symptom 
onset to hospital admission during the COVID-19 pandemic in Hong 
Kong was 4.7 days. If the delay in seeking care was reduced from 5 days 
to 2 days (Fig. 8A), 41.1% of infections could be avoided. If symptomatic 
patients could seek help within half a day, 63.5% of the infections could 
be prevented. Instead of visiting a doctor, home isolation after symptom 
onset is also effective. If all patients could isolate themselves at home 

after symptom onset with their family members, the total number of 
infections would be only one fifth of what they would be if there were 
totally free movement (Fig. 8B). Wearing a mask in public places can 
reduce the infection risk via the close contact route. If all people could 
wear masks in all public indoor environments, the total infection risk 
could be reduced by 32.5% (Fig. 8C). Fever detection can help filter 
those patients who have fever. Comparing 100% fever detection rate 
with no fever detection in public places finds that 30.8% of the number 
of infections could be eliminated (Fig. 8D). If the severity of the disease 
doubles (e.g., due to mutations or a weak immune system), the total 

Fig. 4. Simulation results. (a) Spread of local infections with time (officially reported and simulated data show the daily number of newly infected cases; the grey 
area denotes the 95% confidence interval); (b) daily effective reproduction number Rt . 

Fig. 5. Efficiency of risk reduction using close contact tracing. (A) percent of traced individuals; (B) the date of implementing close contact tracing at the actual level 
(with a 10-day interval). 
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number of infected individuals would increase four folds (Fig. 8E), and 
the disease would be hardly controlled by the current intervention levels 
in Hong Kong. 

4. Discussion 

Pandemics are strongly associated with human behaviour (Zhang 

Fig. 6. Efficiency of risk reduction due to close contact rate in (A) home; (B) workplace; (C) school; (D) restaurant; (E) market; (F) shopping mall; (G) all indoor 
environments. (100% reduction in close contact rate means that there is no close contact in a specific indoor environment). 

Fig. 7. Vaccination. (A) different effective vaccination rates combining with strategies which have been implemented; (B) only 35,000 used in each group; (C) 
different effective vaccination rates under uncontrolled condition. 

Fig. 8. Other intervention effects on infection control and prevention. (A) Delay in receiving a NAT after symptom onset (days); (B) probability of home isolation 
after symptomatic onset; (C) rate of mask wearing; (D) fever detection rate in public places; (E) initial R0. 
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et al., 2021). The effective reproduction number (Rt) decreases when 
human behaviour is controlled, and vice versa. Before the end of April 
2020, Hong Kong experienced two waves of COVID-19 transmission. 
The local government imposed restrictions on Hong Kong residents for a 
15 day period (January 20 to February 3) followed by a 19 day period 
(March 1 to March 19), to get Rt below 1 during the two waves. The Rt 
remained around 0.71 after the first wave, and around 0.57 after the 
second wave. Strict interventions lead to a lower Rt, but can be disad-
vantageous by causing economic loss, and potentially resulting in 
mental crises in the community. Less strict interventions will lead to a 
higher Rt but are more convenient for residents. The goal is therefore to 
deploy different interventions to control Rt to an optimal value (i.e., less 
than one) while balancing all factors that are important. 

4.1. Contact tracing 

After recognizing that human-to-human transmission of the SARS- 
CoV-2 virus was occurring, many interventions were implemented for 
infection prevention and control of this transmission route. Contact 
tracing is an efficient and necessary strategy to disrupt the transmission 
chain (Cheng et al., 2020), but it requires enormous resources to be 
effective. To reduce the associated workload while protecting privacy, 
public digital contact tracing systems were developed in many countries 
(Bengio et al., 2020). The Exposure Notifications System, a privacy- 
preserving contact tracing framework developed by Apple and Google, 
was also deployed in several regions to notify users if they had spent 
time near a diagnosed person during the past 14 days. The effective 
reproduction number can be reduced by 33% if contact tracing is 
implemented (Kretzschmar et al., 2020). For all contact-traced in-
dividuals, the infection risk for household contacts is 5.2 times higher 
than that for non-household contacts (Park et al., 2020). Contact tracing 
is much more useful in the early stages of an outbreak, when specific 
treatments are limited (Keeling et al., 2020). In Hong Kong, we also 
found that if 70% of contacts were traced, the infection risk would be 
reduced by only 22.9% when compared to less-than-10% of contacts 
being traced. This relatively low improvement was mainly due to a se-
ries of other interventions. If contact tracing is combined with self- 
isolation, transmission can be reduced by 47%-64% (MacIntyre, 
2020). Therefore, governments should make use of other strategies in 
tandem with contact tracing to effectively block transmission. 

4.2. Common health interventions in the community 

Many other interventions were implemented during the pandemic. 
Temperature screening at public areas were popular in many countries 
and territories. However, this temperature screening has been found to 
have negligible efficacy for COVID-19 control because a limited per-
centage of COVID-19 patients experience a fever during the infectious 
period (Buckner et al., 2020), temperature detection devices are 
frequently inaccurate, and there is increased personal awareness of 
prevention and control during a pandemic, (Vilke et al., 2020; Zhang 
et al., 2020a). In this study, we observed that temperature screening 
yielded a more noticeable effect at the beginning of the outbreak when 
other interventions had not been fully implemented. This agrees with 
other studies that also found that temperature screening tends to be 
outshone by other mitigation measures taken during this pandemic 
(Moghadas et al., 2020; Quilty et al., 2020). When compared to no 
temperature screening being done in any public space, only a 25% 
reduction in infection risk could be achieved, even when 80% of 
symptomatic people could be identified at public areas. 

Comparing the imaginary situations where mask-wearing is 0% or 
100%, we found that infections would be reduced by 47.1% outside the 
home, by requiring all residents to wear face masks. In contrast to many 
other regions, the Hong Kong community has been advocating the use of 
face masks from the start of this pandemic, largely due to the experience 
of the 2013 SARS epidemic. The rate of face mask wearing increased 

from 74.5% in Jan 20–23 to 97.5% in Feb 11–14 (Cowling et al., 2020). 
Because the mask wearing percentage was already high, raising this 
number to 100% at the beginning of this simulation did not have a 
significant impact on the total infection risk. The total infection risk was 
reduced by only 7.6% when everyone wears a mask in public. This 
finding is similar to that for Shenzhen (7.8%) where mask usage in 
public spaces was also recommended (Zhang et al., 2020a). Note that the 
trend of mask wearing did not apply to familiar locations (e.g. home) 
(Zhai, 2020; Zhang et al., 2020c), resulting in a much lower percentage 
of mask usage in private areas and workspaces comparing with public 
areas. Compared to the actual situation, infection risk could be reduced 
by 40% if all people wore a mask at all times in all indoor environments, 
including their homes and offices. A legal requirement to wear a face 
mask in all public areas does not yield an observable effect in regions 
where mask wearing is already common, thus the implementation of 
other government-led interventions may be more time- and cost- 
effective. 

The reduction of close contact rate also played a part in mitigating 
the speed of infection spread. During the pandemic, the daily number of 
close contacts in Hong Kong, Wuhan, and Shanghai declined from 17.6 
to 7.1 (60%), 14.6 to 2.0 (86%), and 18.8 to 2.3 (88%), respectively. 
(Zhang et al., 2020c; Zhang et al., 2020d). The close contact rate reduced 
by 66% at schools, 48.6% at shopping malls, 38.5% at restaurants, 
31.0% at markets, 30.8% at offices, and 10.0% at home (Zhang et al., 
2020c). Half of infections could be avoided if the indoor close contact 
rate was reduced by 25%. 

4.3. Infection spread within households 

After analysing the use of these intervention methods and the effect 
of changing the close contact rate, we noticed that there was a very high 
in-household infection risk – virtually 70% of local infections were 
found to occur at home. The use of different interventions did not yield 
any improvement in such cases. There was a mere 10% reduction in 
close contact rate in homes. Although wearing a mask is efficient in 
blocking transmission via the close contact route, people did not 
consistently wear a mask at their familiar places (e.g. home, office), even 
when they presented COVID-19 related symptoms (Zhai, 2020; Zhang 
et al., 2020c). People spent, on average, 32.6% more time indoors 
because of the pandemic, and almost 75% of residents spent this indoor 
time at home during the pandemic (Zhang et al., 2020c). In mainland 
China, the infection risk for household contacts is 10 times higher than 
the rest (Lei et al., 2020). In Shenzhen, roughly two-thirds of local pa-
tients were infected in their homes (Zhang et al., 2020a). Unfortunately, 
we have not noticed any feasible means to prevent infection spread in a 
household other than herd immunity, meaning the health department 
should not overestimate health intervention methods when making 
policy. To prepare for the next pandemic, we believe that there is a need 
to develop a system to reduce the risk of infection spread between co- 
residents. 

4.4. Priority for vaccination 

Vaccinations help to decrease the infection risk although the efficacy 
may be not very high (Hitchings et al., 2021). Because demand is likely 
to outstrip supply during a pandemic, an optimal strategy for maximum 
public health and societal benefits should be formulated (Hassan-Smith 
et al., 2020). High-risk and indispensable workers in occupations such as 
healthcare, essential services, and the food and transportation sectors 
should be prioritized for vaccination (Yang et al., 2021). In addition to 
these people, the Joint Committee on Vaccination and Immunization 
suggests that the population aged 65 and older should be prioritized for 
vaccination (DHSC, 2020). The latest COVID-19 Vaccination Pro-
gramme of Hong Kong, also defined “persons aged 60 years or above” 
and “residents and staff of residential care homes for the elderly/persons 
with disabilities” as two of the five priority groups (GHKSAR, 2021). 
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However, our study showed that students should be prioritized for 
vaccination after those in the high-risk and indispensable occupation 
categories, closely followed by workers, and mobile people. Although 
older people are more vulnerable to COVID-19 (Mueller et al., 2020), 
they had the lowest number of contacts during the pandemic (Zhang 
et al., 2020d). As a result, vaccinating this age group is unlikely to 
effectively utilize the herd effect and control the number of infected 
cases. The priority for vaccination maybe changed if mortality of people 
with different age is considered. The health department should also 
consider the potential adverse reactions to which elderlies and people 
with chronic diseases are more prone (Torjesen, 2021) when deciding 
who should have a higher priority. Retired people and preschool aged 
children should not be prioritized for vaccination, unless there is evi-
dence that vulnerability to SARS-CoV-2 is strongly associated with age. 

4.5. Delay in taking NAT and home isolation 

The average infectious period of COVID-19 is around 5 days, and 
therefore if all symptomatic patients could self-isolate at home after 
symptom onset, the cross-infection risk could be drastically reduced. 
Infection risk could be reduced by almost 50% if the probability of self 
isolation increased from 40% to 80%. Self isolation results in a more 
significant risk reduction than either mask wearing or thermal 
screening, and its effectiveness would be even more dramatic if all co- 
residents isolated at the same time. Seeking medical help as soon as 
possible after symptom onset is also a good way to reduce the chance of a 
susceptible person approaching an infected person during the infectious 
period, thus mitigating the overall infection risk. In Hong Kong, the 
delay in seeking medical care during the COVID-19 pandemic was 4.7 
days after symptom onset, which is longer than in Shenzhen (3.9 days) 
and other Chinese cities (2.7 days) (Zhang et al., 2020a). Comparing the 
days people delay before seeking medical care for infections that cause 
flu-like symptoms in different countries and cities, the lengthy delay in 
Hong Kong was notable. In Belgium, the median delay was estimated to 
be 1 for people younger than 20 and 3.8 days for those aged 20–60 for 
suspected COVID-19 infection (except from nursing home) (Faes et al., 
2020). Globally, there was an average of a 4-day (2–6 days) delay for 
H5N1 infections between 1997 and 2013 (Patel et al., 2014). Patients 
infected by MERS-CoV (mainly from Saudi Arabia and South Korea) in 
2012–2015 delayed by 4.91 days from symptom onset to seeking med-
ical care (Rivers et al., 2016). This delay value reflects the level, con-
venience, and cost of a local health care system. When taking the 
economic situation (i.e., GDP per capita) into account, the delay to 
seeking medical care in Hong Kong was unexpectedly high. By requiring 
all Hong Kong residents to seek medical care (e.g., undergo a swab test) 
and isolate themselves at home if they develop COVID-19 symptoms, we 
anticipated that the number of infected cases would be effectively 
reduced, based on our study. 

4.6. Implementation of interventions 

Many interventions should be implemented together to control the 
COVID-19 infection spread. Self-isolation and taking NAT immediately 
after symptom onset are only effective for symptomatic patients. It is 
likely that the pre-symptomatic and asymptomatic patients would 
continue to spread the disease such that non-symptom-based measures 
must be implemented alongside to control the infection spread (Mog-
hadas et al., 2020). Measures like mask wearing, contact tracing and the 
implementation of social distancing policies play a crucial role. 

Although the economic cost of not containing the virus would be 
unimaginably high, especially when the chance of mutation is taken into 
account, the costs of these mitigation measures are still a major concern 
for the government and many stakeholders. For the simple preventive 
means such as the use of facemask and temperature screening in public 
areas, they should be very feasible with a relatively low expense for most 
people (e.g., some autistic people may be unable to wear a face mask). 

Cost for contact tracing should also be low with the help of existing 
systems such as Exposure Notification from Apple and Google. However, 
there could be a high personal economic expense when a possible case is 
forced to self-isolate, and the government should consider monetarily 
compensate the qualified individuals. The cost efficiency of delay to 
hospitalization and percentage of quarantine may depend on 
geographical factors like the sporadicity of an area (Wang et al., 2020). 
Study has also shown that social distancing lowers the GDP losses by 
slowing the pace of COVID-19 infection (Thunström et al., 2020). For 
more complicated macroeconomic concerns when stricter measures like 
lockdown or a mix of measurements is to be implemented, “flattening 
the recession curve” may be the primary goal (Brodeur et al., 2020), but 
this is generally a mix of policies of infection control and fiscal and 
monetary policy and thus will not be discussed further. Nonetheless, it is 
clear that a mix of symptom-based and non-symptom-based measures is 
essential to thoroughly control the disease. 

4.7. Limitations 

There are some limitations in this study. We assumed that trans-
mission of infection was only via the close contact route, which means 
that long-range airborne, and distant fomite routes do not play any part. 
Other assumptions on individual pattern of daily routines and spatial 
distribution of some buildings (e.g. workplace, market) would also bring 
some small errors. Although vertical and horizontal infection spread in a 
few local high-rise residential buildings was suspected (Kang et al., 
2020), this was ignored in our simulation. In addition, some geographic 
data such as office distribution was not extracted from the actual dis-
tribution. Exposure on public transport was assumed to be negligible, 
since previous literature had shown that the infection risk on local 
public transport is very small (Zhang et al., 2018). These limitations will 
inject some error into the simulation result. Similar models could be 
constructed to examine contact-borne, food/water-borne, and vector- 
borne disease in future research to improve the accuracy and reli-
ability of the simulation. 
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