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Abstract: Taking the Chinese city of Xiamen as an
example,  simulation  and  quantitative  analysis  were
performed  on  the  transmissions  of  the  Coronavirus
Disease  2019  (COVID-19)  and  the  influence  of
intervention  combinations  to  assist  policymakers  in
the  preparation  of  targeted  response  measures.  A
machine  learning  model  was  built  to  estimate  the
effectiveness  of  interventions  and  simulate
transmission  in  different  scenarios.  The  comparison
was conducted between simulated and real cases in
Xiamen. A web interface with adjustable parameters,
including  choice  of  intervention  measures,
intervention weights,  vaccination, and viral  variants,
was  designed  for  users  to  run  the  simulation.  The
total  case  number  was  set  as  the  outcome.  The
cumulative  number  was  4,614,641  without
restrictions  and  78  under  the  strictest  intervention
set.  Simulation  with  the  parameters  closest  to  the
real situation of the Xiamen outbreak was performed
to  verify  the  accuracy  and  reliability  of  the  model.
The  simulation  model  generated  a  duration  of  52
days before the daily cases dropped to zero and the
final cumulative case number of 200, which were 25
more  days  and  36  fewer  cases  than  the  real
situation,  respectively.  Targeted  interventions  could
benefit  the  prevention  and  control  of  COVID-19
outbreak  while  safeguarding  public  health  and
mitigating impacts on people’s livelihood.
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The  Coronavirus  Disease  2019  (COVID-19)
pandemic  challenges  government  leaders  to  make
proper  decisions  that  balance  public  safety  and
people’s  livelihood.  At  the  time  of  the  outbreak,
interventions  must  be  imposed  immediately  to

ensure  public  safety.  However,  after  the  outbreak
has  been  brought  under  control,  easing  restrictions
could  also  be  a  hard  task.  If  the  restrictions  are
relaxed  slightly,  then  people’s  livelihood  remains
affected.  If  restrictions  are  relaxed  too  much,  then
the outbreak may become uncontrollable again. This
challenge  was  highlighted  when  the  Omicron  strain
recently  became  popular  in  some  areas  and  was
designated  as  a  variant  of  concern  by  WHO.  The
restrictions  of  various  countries  have  undergone
great  changes  since  the  emergence  of  the  previous
variants.  The  number  of  countries  adopting  stricter
interventions,  such  as   “close  public  transport”
“restrict  travel ”  and   “stay-at-home  requirement, ”
has  increased  remarkably.  However,  China  has
always  adopted  targeted  interventions  and
implemented  no  significant  change  with  the
emergence of the Omicron strain, indicating that this
country  may  have  an  exceptional  response  to  virus
mutations.

Quantitative  analysis  of  the  impact  of
interventions  will  greatly  assist  policymakers  in
maintaining  social  stability  while  safeguarding
people’s  livelihood;  however,  some  obstacles  might
be encountered. The traditional compartment model
uses  fixed  parameters  to  implement  the  prediction,
thus  leading  to  large  deviations  in  long-term
forecasts.  In  addition,  data  on  daily  cases  are  not
sufficient  to  accurately  depict  the transmission,  and
no  quantifiable  association  can  be  made  between
daily onsets and interventions.

To  solve  these  problems,  Brauner  et  al.[1]

proposed  a  Bayesian  hierarchical  model  that  links
intervention  implementation  dates  to  case  and
death count. Similarly, Flaxman et al.[2] collected case
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data,  population  data,  and  non-pharmaceutical
interventions  for  each  country  to  build  a  Bayesian
hierarchical  model  that  simulates  intervention
impacts  on  infections.  Both  models  have  sufficient
theoretical support. However, as a linear model, the
Bayesian hierarchical model has a strong assumption
that  features  are  independent  of  each  other  and
interventions  are  not  necessarily  independent.
Another  study[3]  analyzed  geographical,
demographic, and epidemiological data in Singapore
to  create  an  agent-based  model  that  simulates
future infections. However, agent-based models run
even  slower  than  Bayesian  models  and  require  too
many  parameters  as  input.  In  the  real  world,  these
parameters  are  difficult  to  obtain  accurately.  Other
investigations  in  China  and  the  US  developed
susceptible-exposed-infectious-removed  (SEIR)  or
regression  modeling  frameworks  and  quantitatively
evaluated  the  effectiveness  of  interventions[4,5].
Although  both  studies  proved  that  non-
pharmaceutical  interventions  (NPIs)  have  helped
contain  the  outbreak  to  varying  degrees,  they  were
published early in the outbreak and did not consider
the impact of vaccination or viral mutations.

Davies  et  al.[6]  compared  several  scenarios  for
interventions,  estimated  the  impact  of  the  Alpha
(lineage  B.1.1.7)  variant  of  SARS-CoV−2  in  England,
and assumed some vaccination scenarios. The study
predicted a new wave in COVID-19 cases and deaths
with  the  presence  of  virus  mutations,  but  the  peak
time  of  the  wave  would  vary  with  policy  changes.
Buckner  et  al.[7]  built  a  compartmental  model
parameterized  to  optimize  vaccine  deployment  and
minimize  the  overall  burden  of  disease.  With  the
presence  of  highly  transmissible  variants  and  the
availability of vaccines, Giordano et al.[8] proposed a
compartmental  model  named  SIDARTHE−V  to
forecast  epidemic  scenarios  with  the  consideration
of vaccines and viral mutations. However, this model
added  vaccination  as  a  compartment,  which  needs
to  be  analyzed  in  combination  with  practical  cases.
Therefore,  SIDARTHE−V  has  certain  limitations  and
may not be suitable for all scenarios; accurate results
will  be  difficult  to  obtain  when  applying  this  model
to  new scenarios.  A  recent  study[9]  assessed  the  UK
government’s  roadmap out of  lockdown restrictions
with an advanced model that incorporated the delta
(B.1.617.2)  variant  of  SARS-CoV-2  and  vaccinations
and found that even when the vaccination coverage
is  relatively  high,  the  complete  cancelation  of  NPIs
may bring about new crises due to the emergence of
new  variants.  The  study  offered  suggestions  for
lifting  control  measures  but  did  not  propose

appropriate and targeted interventions.
By  taking  full  account  of  daily  cases,

interventions,  populations,  economy,  vaccines,  and
viral variants, we built a machine learning enhanced
compartment  model  and  web  service  to  simulate
current real-world scenarios. The model dynamically
learns  parameters  through  real−world  data  from
multiple  countries  and  thus  is  compatible  with
different scenarios. We also used a nonlinear model
to  overcome  the  issue  of  multicollinearity  so  that
simulations  can  be  carried  out  without  the
assumption  of  policy  independence.  In  addition  to
the  interventions  commonly  used  by  countries
around  the  world,  we  added  two  of  China’s  most
favorable  prevention  and  control  measures  against
the  epidemic,  which  are  also  the  core  interventions
in  China’s   “dynamic  zero-COVID  strategy ”.  This
approach allowed us to select tailored interventions
in  different  scenarios  and  balance  economic
development, social stability, and human health.  

Epidemic Simulation

An overview of our method follows a pipeline, as
shown  in  Figure  1.  First,  real-world  factors  were
collected,  including  interventions  such  as  school
closing,  regional  factors  such  as  population,  and
virus-related  factors  such  as  virus  mutation.  The
suitable  model  was  carried  on  to  map  the  above
factors to the parameters of infection. Finally, those
parameters were applied to the compartment model
to run the simulation.

For  intervention  assessment,  the  Oxford  Covid-
19  Government  Response  Tracker  (OxCGRT)[10]

compiled  by  the  University  of  Oxford  was  analyzed
and  disassembled.  A  previous  study[1]  showed  that
school  closing  (P1),  workplace  closing  (P2),
restrictions on gatherings (P3), close public transport
(P4),  and  stay  at  home  requirements  (P5)  are
executed  by  most  countries.  Therefore,  an  OxCGRT
dataset  of  165  countries  from  February  1,  2020,  to
December  31,  2020,  covering  containment  and
closure  indicators  C1  school  closing,  C2  workplace
closing,  C4  restrictions  on  gathering  size,  C5  close
public transport,  and C6 stay at home requirements
for each day was used in our model to calculate the
effectiveness  of  interventions.  Data  in  2020  were
chosen to avoid the impact of variants and vaccines;
during this year, the original strain was still the main
source  of  transmission,  and  vaccines  had  not  yet
been released.  Daily  confirmed COVID-19 data from
Johns  Hopkins[11]  from February  1,  2020,  to  January
10, 2021, were also selected to match each country’s
OxCGRT  data.  Gross  domestic  product  (GDP)  and
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total  population  could  also  affect  transmission;
therefore,  2020  GDP  and  2020  population  for  each
country  from  United  Nations  Statistics  Division[12]

were  collected  as  confounders  in  evaluating  the
effectiveness of individual interventions. Considering
that  the  input  interventions  are  not  independent,  a
nonlinear model must be applied to provide accurate
measurement  of  interventions.  Thus,  a  gradient
regression tree model (Gradient Boosted Regression
Tree,  GBRT)[13]  was  built  based  on  the  above  data.
Owing  to  the  limited  information  on  interventions,
the  results  from  a  single  model  were  not  stable.
Therefore,  1,000  iterations  were  performed  on
current data, and the weights of P1–P5 are shown as
a box plot in Figure 2.

Quarantine  and  testing  for  high-risk  people  are
the  most  powerful  measures  in  China.  Therefore,
quarantining high-risk people (P6) and the time cost
of testing for quarantined high-risk people (P7) were
added  as  interventions  in  our  study.  The
effectiveness  of  P6  and  P7  was  quantified  by  rates
between cases from high-risk people and all cases in
Guangzhou’s  outbreak  in  China  in  mid-2021.  Data
were  collected  from  Guangzhou  Municipal  Health
Commission[14].

In  the  epidemic  simulation,  the  basic
reproduction  number  R0  was  calculated  using  the
information  on  vaccines,  strains,  and  environment.
Diffusion  environment  (R2)  was  classified  into  five

Rt

types[15], and the average basic reproduction number
of  each type was used to represent  the spread rate
of the original strain. In addition, the spread rate for
each  variant  (R1)  was  obtained  and  compared  with
that  for  the  original  strain[16,17].  The  effectiveness
(R3)  and  coverage  (R4)  of  the  vaccine  were  also
considered  in  our  model.  Finally,  R1–R4  values  can
functionally  lead to R0.  Imported cases number (C1)
and  population  number  (C2)  were  also  required  to
initialize  a  scenario.  Days  of  the  virus  spreading
freely (P8) were recorded as the time length before
interventions.  A  functional  relationship  was  then
established  between  intervention  effectiveness  and
effective  reproduction  number    for  days  after
interventions[1]. The details of these factors are listed
in Appendix A (available in www.besjournal.com). 

Web Service

A  web  service  for  simulation  of  COVID-19
development  was  built  using  the  above  parameters
to  simulate  the  transmission  scenario  that  comes
with a  sudden imported case.  In  the SIR  model,  the
coefficient  of  different  intervention  measures  was
inputted to simulate the impact of each intervention
with  the  outcome  of  predicting  the  infected  daily
cases.  The  web  service  was  built  on  the  global
pandemic data analysis and risk assessment platform
as  a  tool  (Figure  3)  for  decision-makers  to  analyze
the collocation of interventions. On the web service,
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Figure 1. Summary of the simulation.
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any combination of parameters can be set according
to  the  user’s  objective  to  compare  the  epidemic
status after interventions. 

Parameters of Xiamen Outbreak

The  Xiamen outbreak  that  started  in  September
2021  was  selected  as  an  example  to  demonstrate
the  partial  function  of  our  system.  According  to
Xiamen  Municipal  Health  Commission[18],  the  first
case  was  imported  on  September  6,  and  the
interventions  were  executed  on  14.  Hence,  the
imported  case  number  (C1)  on  Day  1  was  set  as  1,
and the days of the virus spreading freely (P8) were
set  as  8.  The  population  of  Xiamen  is  5,163,970,
according  to  the  Xiamen  Municipal  Bureau  of
Statistics[19].  The  virus  variant  (R1)  was  the  Delta
strain, and the diffusion environment (R2) was set to
be  the  easiest  to  spread  the  virus  because  the  first
case  was  reported  to  be  working  in  a  confined  and
crowded  factory  before  testing  positive  for  SARS-
CoV-2.  For  vaccines,  the  effectiveness  (R3)  and
coverage  (R4)  were  set  as  30%  and  77%,
respectively, according to CDC expert experience and
the  report  from  Xiamen  Municipal  Health
Commission[20].  With  the  above  parameters

unchanged,  three  intervention  settings  were
implemented  to  generate  three  different  scenarios.
Scenario  A  had  the  strongest  intervention
combination  and  the  largest  P1–P7.  Scenario  B  had
no  restrictions  at  all,  with  0  for  P1–P7.  Scenario  C
had  the  settings  closest  to  those  carried  on  by  the
Xiamen  government  in  the  real  world  in  this
outbreak, with P1 as 2, P2–P6 as 1, and P7 as 3. The
detailed  definition  of  the  intervention  code  is  listed
in Appendix A. The graphs in Figure 4 were scaled to
give  an  overview  of  the  epidemic  trends  for  the
three scenarios. For the measurement of the weight
of  interventions,  the  95%  confidence  interval  (CI)
was calculated to represent the trends,  as shown in
Figure  3.  Thus,  the  final  predictions  of  the  three
scenarios  also  had  corresponding  95%  CIs.  For
comparability,  the  mean  of  the  interval  was  only
plotted  in  Figure  4.  The  epidemic  curve  of  the
Xiamen  outbreak  was  also  plotted  to  compare  the
simulated and real-world data. 

Simulation Results

The  comparison  among  scenarios  A,  B,  and  C  is
plotted in Figures  4I and 4II.  When all  interventions
were taken at the strictest level, the number of daily
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intervention variables, and the y-axis indicates the impact on daily growth. Detailed definitions of P1–P5
are listed in Appendix A.
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cases dropped to zero in the shortest time (16 days),
and  the  cumulative  number  of  cases  was  78  at  the
end. Under no restrictions at all, the daily cases rose
dramatically  before  reaching  the  peak,  and  the
cumulative  cases  could  reach  a  huge  number  of
4,614,641  on  the  96th  day.  The  result  for  the
interventions  of  the  Xiamen  government  was

between  the  above  two  scenarios;  that  is,  the
cumulative  cases  dropped  from  4,614,641  to  200,
and  the  daily  cases  returned  to  zero  52  days  after
the first case was imported.

The comparison between scenario C and the real
epidemic situation in the Xiamen outbreak is plotted
in Figures 4III and 4IV. The Xiamen outbreak actually

 

Total popula�on

Popula�on Default

Virus transmission & vaccina�on Default

Es�mate R0 Input R0

Virus variant

Original Alpha (B.1.1.7)

Beta (B.1.351) Gamma (P.1)
Omicron (B.1.1.529)Delta (B.1.617.2)

Transmission scenario

Imported cases

Hardest Hard Baseline Easy

8.2836

30%

70%

Easiest

Es�mate R0

Vaccine effec�veness

Vaccina�on coverage

Interven�ons Default

School closing

Workplace closing

Restric�ons on
gatherings 

Close public
transport 

Stay at home
requirements 

High risk people
for quaran�ne

Tes�ng days for 
high risk people

Days before
implementa�on 

No measures Require closing
all levels

Require closing
some levels

Require closing
for some sectors

Require closing
all-but-essen�al
workplaces

No
restric�ons

>1,000 people >100 people >10 people ≤10 people

No measures Reduce volume/
route/means

Require closing

Require not leaving
house with excep�ons

Require not leaving
house

Close contacts &
secondary
close contacts

Visitors of
high risk
regions

No measures 5 Days 3 Days 1 Day

Cancel Save as Save & run

Days

Days

Interven�ons were implemented 8 days since the first case was imported.

8

No measures

No measures

No measures Visitors of regions
where cases have
been found

5,163,970

1
12

333129272523211917151311

350

5054774494213933653373092812532251971691411138557291

300

250

200

150

100

50

0

97531

10

8

6

4

2

0

Figure 3. Web service of  our  model  on the global  pandemic data analysis  and risk  assessment platform
results.

 

9785736149
Days Days

Days

372513

1,000,000

Scenario A
Scenario B
Scenario C

Scenario C
Xiamen

Scenario A
Scenario B
Scenario C

100,000

10,000

1,000

100

10

45

554943373125191371
Days

554943373125191371

40
35
30
25
20
15
10

5
0

1

1,000,000
10,000,000

100,000
10,000

1,000
100

10

250

200

150

100

50

0

1
1 97857361493725131

Lo
g 

sc
al

e 
of

 d
ai

ly
 c

as
es

Da
ily

 c
as

es

Lo
g 

sc
al

e 
of

 c
um

ul
a�

ve
 c

as
es

Cu
m

ul
a�

ve
 c

as
es

Scenario C
Xiamen

I II

III IV

Figure 4. Epidemic trends of three scenarios and Xiamen outbreak after an imported case. (I) Daily cases
of scenarios A, B, and C with a log scale. (II) Cumulative cases of scenarios A, B, and C with a log scale. (III)
Daily cases of scenario C and the Xiamen outbreak. (IV) Cumulative cases of scenario C and the Xiamen
outbreak.

416 Biomed Environ Sci, 2022; 35(5): 412-418



involved  236  people  and  ended  on  the  27th  day[21].
Xiamen  intensively  reported  confirmed  cases  in  the
early  stage  of  the  outbreak.  Meanwhile,  scenario  C
presented  a  smooth  trend  during  this  period  with
small  case  numbers.  The  duration  of  the  Xiamen
epidemic  was  25  days  shorter  than  the  simulation
result  in  scenario  C,  but  the  cumulative  number  of
cases increased by 36. 

Discussion

We took the Xiamen outbreak as  an example to
verify  the  reliability  and  practicability  of  our  model.
According  to  the  Xiamen  Municipal  Government’s
announcement  on  October  2,  the  number  of  daily
cases dropped to zero, and a total  of 236 cases had
been  reported  since  September  12.  Our  simulated
results showed that the cumulative number of cases
was  36  fewer  than  the  actual  number  and  the
deviation was within the 95% CI, consistent with the
actual  values.  The  actual  duration  of  the  Xiamen
outbreak  was  25  days  shorter  than  the  simulation
result.  A  certain  amount  of  time  and  process  are
needed  for  the  deployment  of  intervention
measures  by  the  government  up  to  the  actual
implementation.  Therefore,  the  number  of
cumulative  cases  in  the  early  outbreak  of  Xiamen
was  slightly  greater  than  the  number  in  the
simulation.  With  the  development  of  the  epidemic,
the Xiamen Municipal Government had continuously
strengthened  and  adopted  additional  targeted
interventions,  such  as  expanding  the  number  of
people being tested and canceling dine-in services in
some  restaurants.  The  outbreak  was  more  quickly
brought  under  control  than  we  expected  in  the
model.

The  duration  of  the  COVID-19  outbreak  can  be
affected  by  many  factors,  such  as  testing  capacity,
medical  resources,  and prevention strategies  of  each
country[22].  However,  China  adopted  targeted
prevention and control  measures that contributed to
shortening  the  duration  of  the  epidemic[23].  As
observed in the Xiamen outbreak, China implemented
targeted  interventions  in  response  to  the  pandemic
according  to  the  situation.  For  example,  the  first
imported case was quickly observed and quarantined
after  entering  Xiamen.  The  case’s  living  and  travel
histories were reported afterward, and close contacts
were  also  quarantined.  Owing  to  the  sensitive
surveillance  system  and  sufficient  epidemiological
investigations  in  China,  local  outbreaks  can  be
controlled within a relatively short time.

Since  the  outbreak  of  COVID-19,  numerous
studies  on  simulation  or  prediction  models  focusing

on  public  data  have  been  carried  out[24].  However,
the  traditional  curve  fitting  prediction  method  does
not involve the characteristics of infectious diseases
and,  therefore,  cannot  predict  ideal  results[25].
Meanwhile,  the  transmission  dynamics  model
considers  various  factors,  such  as  the  transmission
mode of infectious diseases and policy interventions.
Although  the  effects  of  different  prevention  and
control  measures  have  been  documented,  previous
studies  did  not  consider  multiple  intervention
combinations  and  influencing  factors  such  as
vaccinations and viral variants. Here, we proposed a
set  of  general  tools  that  can  be  simulated  and
adjusted with different intervention combinations to
help  find  the  most  suitable  prevention  and  control
methods  for  policymakers  in  a  country  or  a  region.
We  also  added  two  more  important  interventions
that  were  implemented  in  China  for  the  following
reasons. During an outbreak, the rapid identification
of  the  quarantined  population  can  quickly  control
the  viral  transmission  to  a  certain  group  of  people,
thereby  reducing  the  risk  of  continued transmission
in  the  community.  In  addition,  the  speed  of  testing
on these quarantined populations can determine the
development  of  the  spread  and  adjust  other
interventions  in  time.  However,  one  of  the
limitations  of  our  model  is  that  it  used  global  data,
assumed  homogeneity  in  population  structure,  and
ignored  differences  between  regions.  Therefore,
regional  differences  must  be  carefully  considered
when  using  the  model.  In  addition,  the  accuracy  of
the  model  prediction  depends  on  the  quality  and
quantity  of  input  data.  The  current  structured
database  on  intervention  measures  and  epidemic
control  effects  is  helpful  for  modeling.  However,
when new mutant strains appear or when data such
as  their  spread  speed  and  vaccine  effectiveness  are
lacking,  the  model  cannot  perform  simulation.
Therefore, data, parameters, and algorithms must be
consistently  updated  according  to  the  development
and changes of the epidemic in real time. Our model
established  a  connection  to  the  real  world  and
especially  covered  quarantine  and  testing  for  high-
risk  people  interventions  as  common  measures
taken in China.

On  the  global  pandemic  data  analysis  and  risk
assessment  platform,  the  machine  learning
methodology  and  web  service  for  COVID-19  policy
simulation are combined with the advantages of the
transmission  dynamics  model  to  integrate  multiple
factors,  such  as  policy  stringent,  vaccination,  and
speed  of  viral  variants  spread.  This  platform  can
adjust the parameters according to actual situations
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of  different  activity  scenarios  and  participating
groups  and  build  a  dynamic  system  that  calculates
the  risk  of  transmission  and  evaluate  the
interventions’  effectiveness  in  an  actual  scenario.
The output provides a scientific and reasonable basis
for  decision-making  departments  to  maximize  the
benefits of activities and prevent the epidemic.

On  the  basis  of  the  high-quality  data  monitored
in actual time on this global platform, the changes in
the  epidemic  situation  in  countries  with  which  our
country  has  economic  and  trade  relations  are
presented  in  actual  time.  This  feature  can  help  us
identify  risks  and  take  effective  prevention  and
control  measures  to  ensure  the  safety  of  our
population.  In  the  future,  this  technology  will  also
help  in  the  prevention  and  control  of  common
infectious diseases and provide technical support for
the  prevention  and  control  of  emerging  infectious
diseases all over the world.
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