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Abstract

The swdy of infectous disease models has become increasingly important during the COVID- 19 pandemic. The fore-
casting of disease spread using mathematcal models has become a common practice by public health authorities. assist-
ing in creatng polides to combat the spread of the virus. Commaon approaches to the modeling of infecdous: diseases
include compartmental differental eguations and ceftufar automao both of which do not describe the spatial dynamics
of diseaze spread over unigue gecgraphical regions: We introduce 2 new methodology for modaling disease spread
within a pandemic using peographical models. We demonstoate how geography-based Cell-Discrete-Event Sysiems
Specificavon (DEVS) and the Cadmium javaScript Object Momsion (JSON) library can be used 1o develop geographical
ceflular modets. Ve exemplify the use of these methodolomes by developing different versions of a comparomenal
model that considers geographical-lovel ransmission dyramics {eg. movement restricion or population disobedience to
puobfic healdh guidelines), the effect of asympiomacc population, and vaconation smages with I varying imawmity race
Owr approach provides an easily adapoable framework thar allows rapid prototyping and modificatdons. in addidon, i
offers deterministic predicions for any number of regions simulated simultaneously and can be easily adapred to unigue
geographical areas. While the baseline model has been calibraved using real datz from Ontario, we can update andlor
add different infection profiles 2s soon as new informaton about the spread of the disease become-availzble:
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I. Introduction The COVID-19 pandemic highlishis the importance of
studving and combatting the spreed of pathopens so that
thetr cioct on duly Iifc may Se controlled. 1F the mochan-
s of diseose spread oreunderstood, then efficient inter-
ventions may be implemented to contmn local pondemics:
before they spread globally, and me the ovenl they do

Bacterin, vimnses, fung, dnd parasites are all infeeticues
apents, cxpable of infecting many people md causing mass
fallities: In December 2009, o novel coromavines mmmed
SARS-COV-2, which produces a disease known as
COVID-19, cmerped wmd becme o global mumdeniic
within the spun of | month. Never n the hisory of oar
species have pathopons such as SARS-COV-2 been able
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hizvome global to prepare for the impacts. In particular, the
stisdy of pundemics and pathogens can be used to develop
predicive models of how partrentur infectious apents may
sproad in specific peogrphical envirnments over bmie,
which can assrsl gpovernments and health authotics in
planninge sl mplementing contamment policies

Despite the effors of health agencies, muny coonirics
are still copimnpwith new waves of COVID: 19 cases, ofton
tgsictited with varants of concern, are ¥ ically: reaching
ligher peaks thon the first wave in 2020-™ One difficulty
with the conirol of the pandemic of COVID-19 s due o
the wsymptomatic carers  (hat s, those mdividuasl mot
showing sympioms and being  wnoware (hat they are
infected. As these individialzdo not take precautiony, they
may spread the discase 1o aknsk mdividonls onboue-
'mgiy_‘ The proporfion of asymptomatic camers ¢an bo ax
high s 80%.° * In Deécember 2021, & new variant of
COVID-19, Omicron wis distovered in over 29 counfries:
Omitcron spread theouphout the world Gaster than any other
vartonts of concern. Stoadies were performed oo sub-
Suhnran Afnen to study the new vanonl, one of these stud-
iex found that the Omicron variant hod o mich higher rate
of moymplormatic camage compared o other vanants of
concern. The stiudy found many of these ssymptomatic
carriers hiud high nisal viral loads, suigpesting these asymp-
tomatic carmers misy hove boen d miajor factor i the rapid
spread of Omicron.” Due to these issues, short of regubar
tosting of the populabon (which did oot prove overly
cifective n the fow countrics atfempting i), modelmg and
stmulatron showed to be helpful for cstimating the spread
of the disease, including the prevalence of ssymptomatic
carriers"”

This s not the first time that onomafons and sovern-
ments use mathomatical models: and simolations o fore-
cast and prevent the sproad of infectious: discases. Models
hivie been osed o predict the spread of senoos pathogens
such ax Eboln and HIV,'™" and health agencics have Tong
relied on predictive models wy estimate foture frends and
tiy assess the potential cffeetivenesy of vanoas disesse con-
trol methods.'” One of the most widely used models usos
compartmonin]l  differential eguation models, describing
how individunls in different stotes of infection interact and
influenee tne wnother. These comparimental epidemiolo-
gicnl models, introduced by Kermack and MeKendrick."
classify the populabon in ndividuals Susceptible to the
discase;, Infected (e can fanemil the discase), oand
Recovered (SIR). Modifying the paramicters of thie model,
public health officinls can investipate how much o disiase
mipht evolve depending on the measures pol o place
(such @4 lockdowns, mandatory quammtines, and physical
distnncing). With the emorgence of the SARS-CoV-2
virus, these models have become relovant, being wsod o
track and momitor the polential spread of the discase

Often missipg from the differentia] cguation approach
to modeling iy the consderntion of how populnbons arc

distributed ovier physical space, and how thoy  travel
between geopmphical romions with unigue charneteristics.
Sorh sieculled peographical models allow For peéolocated
simulstions of vanous phenomena; ther resolutionm type-
cully ronpes” from contmental models’ (o ety neighbor-
heiods. ' For instance, cach component in city areas can
use its own defined popalation and charactenstics, allow-
mg for un secorde reprosentation of a given geography.
Geographical modeling can detérmine which regions are
most impacied by d mven mfection. These insighits cin
help ereate improved publie hedlth medsures.

A populsr method to model spatial distribution of the
disesize s celluler ptormutn (CA), which has beon widely
s i recont yours o investipate the spotiol dynamics of
disedse spread " " CA divides physical space into a prid
reprosentotion of cells, with rules of micraction botween
wdfacient or neighboring cells: This division s traditiomally
w twn-dimensional (2D) onifiem sgonee orid, where cells
ure rolnied to one anothier in 2 aniform noighborhood pai-
ferm. However, the geography in which populations resade
15 rarcly umiorm, contradictory (o the wse of regobar neigh-
bortiood patterms i traditional CA

Considering  these iskues, this rescarch’ discosses the
definition of fow mighods (o represent the speead  of
COVID-19, 'with the ohjective ol predicting the spread of
COVID-19 m  distinel geographicil areas using 2
peoaraphy-basied model. Our search considors thie popu-
Ition of cach geogmphical ‘arca in 2 non-gniform  oeigh-
bartiood topology, where cach ecll populuiion 1% divided
mio e proups: cach of which may have different infee-
tion. characteristics and behaviors. We use groups s an
cxample of a populufion division whire the behavior for
transrmtting thie divcawe differs. In other secnorios, npe
groups could represent people with diffecont levels of edo-
cation, socral statis wealth, amd so onc

More spectfically, the contnbution of this paper I8 infro-
ducing o new mcthodoloey for: modeling: discase sprowd
using peographical models, Cell-Discrete-Event Systomb
Specification  (DEVS), and the Codmom  JavaSenpt
Object Notbion (JSON) libriry. We demonsirate how
these methodolopics ind tools can be oxed by developing
different versions of SIR-type compartraentil models that
cortsider peonraphical-level transmaskion  dynbmics” (eg.
movement restriction or popolatton disobedience 1o public
health gmdelines), the cifect of asymptomatic population,
and vicemihon dagsswith o varying immunity rate

Our approach provides an easily adaptable framewotk
that allows rapd prototyping and modifications. We show
how the model can be guickly rovised s now disesse
mifomation = discovered (for instanee, the chanpe of
mifcctivity by new vimrionts Tike Omicron). Our implemicn-
tufion allows users (o run the model i user-speafied
goosgrphical romons, o0 visddloe bow  COVID-19
mipght spriad throuph o city, town, of country. For exam-
ple. Ralli ctal® show the negutive effects of axyrmplesmntic
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COVID- 19 infections within homeless shelters. Our model
could be usad to peopruphically locate homieless shelters
within specific neiphborhoods amd stmulate the effect of
homeless shelters on sumounding nenthborhoods

Sectibn 2 exploing the foundations of the SIR model,
CA, the Cell-DEVS formalism, and inepulsr peography-
batsed cell spaces. Usmg this knowledge, dection 3 defines
a bagcline Cell-DEVS model and mives simulstions of the
midel m the peoprnphy of Ontund, Canadi. Section 4
mves an extension of the bascline nusdel fo accommodate
the effeet ol usympiomatic infection carmors Sechon 5
mves 4 further extension of the baseline wicddel 1 which a
two=dosi: vaceination schodule s implemented, and Fmally,
thas-paper conclodes:in section 6.

2. Background

Methematical discase models dite back w the 1Tih cen-
wry, where Bemoulli' published the frst formal diseise
sproid model which issiessed the cffieel that variolation (o
smillpox  eould have om avernge life expectmey m
France."™ In 1927, Kermack und MoKendrick'® definied
the SIR model wang differontin] equations. This model
romaing the hasis of momy infections disease spread miod-
cls uséd at present becouse of its success im describing the
spread of dischse. In this seetion, we will discuss the
relateé] work wsed ns a basis for our model specifieations.

2.1. SIR models

Fullowing Ross™ and Riess ond Hudson ™! Kermick aned
MeKendrick ' defined a model that classificd o/ piven pop-
ulabion nto three “compartmenin™: SIR. They defined
how ndividiils within o population could move from one
companment to another over tme, The SR mode] divides
cach momber ol g populstion Into one of thrée cateponics:
susecphible (8), infeeted (1), snd recovered (R). Susceptible
mdividuals are vulnerable o the pathogen and will become
mfected if they have suifitient contuct with infected peo-
ple. Infected people spreail the disesse to susceptible midi-
vidimls through their daily comtucts. Reécovered people
have overcome the discase ind hiive permement momminity
(ur died)y und sre no Jopger infectious.

The amoimt of pegple m the snles S F and R over time,
cin be expressed ok a fonetion of time, and as a faction of
totul populition (N). For cxample, s() = S{{VV ropresent
the fraction of susceptible people ot tme £ Al time zero
(and thorefore. ot dmy other time), the sum of these fme-
tians moast be [00% (1o () + d0) + Al)= 1)

By making some assmmplions about the behavior of the
population, the model is completed by the sct of differen-
tinl cquotions (Equaticn (1)), which describe the mate of
chanpe between siates ovar time, typically megsurcd m
dnys:

ds
o~ Al (1a)

“T;= Asli)i(e) —vite) (1b) (1)

i/

7~ Y (1c)

Two now paametors e mirodoced m e set of cquu-
tions (Eguation (1)) o model disesse clometenistics A
(the virulence of the discuse), which describes the level of
infectios  contaet  thal  Infected  people  huve  with
Susteptible people, and oy (the rooovery mic), which
defines the mic ot which Infoected pepple become
Rocoverod cach day. The change m the Suscoptible popu-
Iation is described i Equation (la) as being: proportional
o 5(1), (1), and the vinslence rate of the dissase, The nean-
tive sign indicates thot this s always a net decresse  the
numbar of people m the Suscoptible popalation; as mom-
bers of the population transition to Infocted. Equation (1)
descnibes the change n the Infocted population as the
addition of now mfcctions (As()i)) and the subtraction of
new recovenes (¥i(f)). The daily change in the Recovered
population is-given n Equation (1c) a5 the product of the
Infected population §i/) and the recovery mitc -y, All mem-
bers of the population arc also assumed to have a conss-
tent number of daily contacts with others, implicd A, oo
matter thoir mfection stofe, These assumpbions scrve (o
simplify the model, but certminly decrease the sccumcy of
prodictions: o sddition, since the sum of &(4), i), snd n(i)
ts 1o af time wero and the model assumes thore 15 oo
barth, desth, or mipraton m the popointon, thon comiition
will be sansficd ot any time.

The typical tmjectory of on STR model  pandemic as
shown m Figune |, where-the ewrves shown are thevalues:
of s(r), i{1), and rif) 1o percentage as defined in Equation
(1), The myjectory descnbed by the SIR model is prodict-
able: @ populnton begms: as NP Suscepoblie before a
pathogon sprewds, the Tnfected then mses exponcentially os:
the pathogen spreads and anfocts: the population, sod the
numwher of Recovered: mororses over ime as 1o the graph
of Figure 1. The exponential srowth of the Infeeted 15 slo-
wod by the decréasing number of Suscoptible that wiay
become Infocted, as the Recovered state is torminal

Kermack aml MeKendrick's worlt defined the framie-
work and mathematics: that STR-type models contmoe to
follow todoy. The model mssumes that every porsom
behaves' identically, having o constont number of daly
contarty @l random, repandless of any person’s infection
status. These assumpbions’ muke such 2 simple model
wmpractical for predicting thie real world. To mereise the
necuriey of this model, more infection stotes can be
ndded  This standsrd SIR model has evolved over the
vesrrs W incomporate more advanced disease spresd Tules
and meore compartments. The simplest of these evolutions
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i the SIRD model which meorporates a Deceased (DY)
compartment which models terminal fllness md the per-
muanent rermoval of mdividusle from the population and
includes denth Factors and fatality mtes™ SEIRD models
add 1n Exposed (L) stale ‘which describe the latenoy
periadd preceding contagions infoction need o4 o mnsition
from Susecptible to Infected ™ Over time, these misdels
became significantly mow advanced, having diffcront.
complex  compartments  such  as  guarantined,  which
describe a period of roducsd humun contuct while m
phase of infection;”® Asymplomatic sates (A) which
define mdividuals who sre mot aware of their infection but
ar¢ contugions; Hospitaliaed™ Dingnosed™, and among
othars, The mifcction statcs thet do vary over thme n the
real world (Exposed, Infocted, Recoverod) can alsn be
mudeled with sub-states that represent time-varyng: dis-
case charncteristics m sequental days of mifcction, Real-
world data can then be uscd to profile how the infection
hehaves on average per infection day, from initial cxpo-
sme to oventoal reeovery or fatality. Populations i the
Exposcd state can fransition 1o the Infected state according
to a sintistical curve of the ppthogon’s incubaton time.
Each duy of the Infocied stote can bave varmble conts-
prowsness, probamlity of recovery. amd probobility of fatal-
iy, A stale transition disgram of an SEIRDS model =
given i Fimme 2 Addmye & scoond S to the end of the
model type name dicates that the: Recovored population
becomes Susceptible sgmn after scvernl doys: spent an the
Recoverod sinte,

The spread of COVID-19 usmg non-geogmplucal SIR
modcls has been sucecssfully prodicted in individual cities
and countries. Caceave™ deseribes an' SIRD model that
corroctly edtnmies thie spread of COVID:19 1 Clina and
Fraly. An SEITR model presented in Dunon ot al.” having
two distmet phoses of Infected was shown to predict the
COVID-19 outbreaky in Wales snd Enpland. Similar com-
purtmintal differcntial equation 'models have becuntely
predicled the spread of COVID (s discossed in detnil in
the next seetion). Howevir, not may offer spebific cxtima-
ticms of wpatinl discise spread dynamics

Susceplible .-

\

L]

]

1
Exposed Recovered
Doy 1, DAy 3 ., Day T Oy & P 2 e T

Infectad .
#  Deceased

Dy 1. D T DY T

Figure 2. SEIRDS stato dagram.

2.2. Asymptomatic infection and SIR-type models

In medicine, pn asymptomatic puticnt is onc thot fosts
positive  for n discase but shows oo symptoms>!
Asymptomatic carmers can shed the discuse to those
around thorm: ot st 2 slower maic thun those thnt ore symp-
tomuatic ! The main issue is that asympiomabic carrers do
not know thoy have the discase; thus, they may oot follow
the same procodornes: os someone: who knows thoy o
micctioes: For cxnmple, somcone who hos o cough may
cower thar mouth (o protect those around them; however,
if they did not have @y noticcable symptoms, they will
spreaid the disease anknowingly.”

The: asymptomatie effect hes caused problems m
trocking ond plommng for mony  discases: mchuding
COVID-19." ' The proportion of asymptomatic infec-
tions that muke gp the COVID-19 pandemic has been
widely debated, and ranpes between 4% and 800
The problem with these studics is how (o collect and
validate thinr dutn, which 15 more complex considening
the asymptomatic carriers.

Scyvernl studics’ have explored the intégration of the
ngymplormatic state m disease spresd modeling. For exam-
ple. Sen and Sen™ proposed an SIARD (Suseeptiblie,
Infected,  Asymptomoatic, Recovered, Dead) and an
SOIARD maodel (where ) a8 the Quamntine stafe) The
SIARD 'model uses o wample rnsition Tom the
Susceplible stule to the Infected or Asymptomatic state
using & given infectious rate. The SQLARD model incorpo-
mled the Adsymplonztic stale #8 o znsition from the
Quarmnting stale. The mode]l splitd the population (hit
moves from the Quarantine =tate 1o the Agymptomatic or
Infected state wsing spécific micy. This model provides
rosults that resemble real-world cse counts in different
comtrizs such as Ching, Indin, laly, and the United States.
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Giordano ot 0l.™ proposed an advanced SIDARTHE
mindel, ‘which ulso ncludes: stites (or Dingnosed (D),
Ailing (A), Recognized (R), Threatened (T), Healed (H),
and Extinet (E) individuals. Asympilomatic indiadals are
added wing muoltple dissise subentéeones onder one
state: ASymplomatic is a subeattiory of the Infected state.
When on mdivedunl moves from Susceptible (o Infected,
they can beeome Asymptomafic, Tnfected, or undetocted.
The Asympiomaobe individiunbs will thon move 1o cither
Dingmewsed, Aidling, or Healing. I an Asympiomatic ndi-
vidonl hécomes detected, they sre considered dinpmosed
Asymptomatic. Asymptomutie individusts who movwe o
Ailing develop symptoms and become undingnosed symp-
tornatic, and those who move to Healing will secover from
thie infoction. The proportion of wdividinls who giove o
cach stote i dofined by the atotéx spedific transition fate;
that 1=, those who move from Asymptomatic (o Athng s
denoted by the probability for a host to develop symptoms.
The nuthors ulso remurk the imporiance of those who ore
daxymplomatic oF undeteeted 25 they will not be isplating
like thiosis who are kaiown infochous,

Barman o al™ presented an SEAIRD miodel  that
shivwed n similar trensition micthod ax those deseribed pre-
vioushy, They use an Asymptoratic stote wherne an asymp-
tomatic mic @ is defined to split the infected popalation
into Infiected (1) or Asymptomatic (AL Suseeptible mdi-
vidunls ean become exposed o the virus (E) or remom
the susteptible (5) date. Exposed tndividuals ean become
axymptomatic {4 = &E) or mfectows (Ff= ol — E)). The
model shovwed bow isympiomotic cuses can affect the rte
and magmitnde of now infoetious cases in o populidion,
The authors also describad o more advanced model called
the SEATRD-Control model where o Quorinting stnte and
a Hospitalization stute have been mmodoced. Althougrh our
focus is on the influence of asymptomabe cises, these
catra states [ Quarantined, Hosmibnlized, ¢te)) can be con-
sidered as fimure additions o our model

Mone of the models ahove include the goographicnl
aspect of (he discase where the reltionship between fwo
niighborhoods impacts how the disense can ‘spread. The
model deseribed in this paper aditresses this idea and incor-
porales peopraphical atiributes in disesase  transmission
dymommnics.

23. CA pandemic models

Traditiomal SIR models have no consideration of physical
space; and theecfore, geoErphical spread of pathopen. CA
can be wsed together wath differentu] eguntions o create a
spatinl pundemic model. CA 15 o mathemaiical formalism
that deseribes an N-dimensional spice of adjacent cells that
cormuin values that can change over tme. Any numboer of
dimensions may be represented in CA, bot the mast practi-
il models are in cither two or three dimensions: The value
of euch eell 1 compated by the same et ol tmnstion riles

oxcoutod m diverete time stopi; which deseribe hiow (he
valoe of noighboring cclls affocts cach other

SIR-based diderete time CA models have widcly sfud-
icd, meluding to shidy the spatinl spresd of COVID-19.
Medrek and Pastucmk'™ deseribed o CA SEIR model thut
uses the age proup distabutions and popalation counts o
rogions o stochastically  gencmte heterogencons cell
spacies: The model includes seopraphical considerations m
creatimig the cell spaces nmd wdes o regulnr neiphborhood
paticrm. A probabilistic SEIQR CA diefined in Ghosh and
Bhuttachorya'’ use similar methods of cell space senera-
tion hased on popalabion density and virution (o dofine a
cell spaie representing o couniry. The aithors use o ponetie
algorthm to find the aptimal discase parmmeters based on
whitl 15 known from the epidemiological data of near
nrcis,

A Timitation of traditional CA is that it may not provide
realistic neighborboods when modeling loree and complex
reogmphical arcas; Using real geopraphical data to disfine
cell spaces s prefermed to hypothetcal ‘seennmos becauve
the model ‘results are venfinble to'a degree and offer more
useful results to decision-makers. The reseanch i Tobler™
mwves o foumdotion of cellular peopraphy, ncluding (he
deseription of geographical regnions an cells in both reguiar
and irregular neiphborhobd patterns. Zhong et ol " defined
o meopraphical 8IRS CA wsing trregminr reoprnphy-based
vell sprices. where acell's neiphborhiood s defned by (he
amount of border length <hored with other remons: This
neighborhood  definition allows  cells: o have aonegual
wiflucnees on one another, baved on the shope of their 2D
gengmphical borders. Cardenas et o1, introduced a0 simi-
Tnr SIR musdel wath unequnl border Tenpths wane the
Cadmiom Discrete-Event Systom Specificabon stmulation
library (the sofitware used to imiplemient the model pre-
sinted in this rescarch)

The question of how to best model pooiraphical rela-
tions 8 difficull. A simple guiding heuristic poneiple ol
reomaphical relation is every peographical dron s relsted
to every other geprraphical area, but near archis ace mone
reluted than distant areas.’' Using this principle, o cormela-
tion factor can be caleulnted to represent the level of rela-
ton or connection  populations: have between o pare ol
recurraphical dreas. The simplest possible correlation Fie-
tor is reprosented o8 o bmary stsbe, either imdicatig that no
comelation exists (oro) o 2 cormelabion does exist (one ).
More complex: corrointion factors:can be derived baved on
eoemaphical (catures and population sizes: For instince,
whin waorcng with mrepulor tepologics i which each eell
cepresents 4 geographical mgion, we can compute o geo-
graphical weight w,, betwemn regions f and J s the leagth
ol the shared border between them, dividid by the pen-
meler of the region represented byocell 3. Alternatively, il
wi have enouth dota about the arca of interest, w; could
dipend on the nvernge mobility of people from ecll § o
cell i Fipure illustrates how peoeraphical datn éan be
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Figure 3. Irropufar colt- DEVS schomatic: (s) Real Map and
(&) Irrepular Cell-DEVS equivalent.

processed to- sencrate cellular models that suppont rmegudar
topologics. For cach geographical region in Figare 3(z), a
cell wath the same identification mumber 38 crcated
Figure 3(h). The armows between cclls represeat the coll
neighborhonds and. therr dercetionality of miluence. The
color of the amows mtcreomectmg colls mdicates the
dogmes comclation factor

Cell 7 15 wsually a neighbor of itself, and its autocorrela-
tiom fictor w15 osmally close to 1 (m Figare 3(b), these
autocorrelation armws are black), Corelation factors can
be dircetiomal (j.oowy w101 7 ) For example, wy g 15
high, as people of megon 4 wsually mpve: to region 3,
However, wy 4 is close to (0 (in the figure, the amow's
color 15 light prmy). It 15 also possible that cell § belongs to
the neshborhood of ecfl 7, bot o2l § dovs not conmider cofl
J 28 @ neiwhbor (this i the case between cells 2and 4 0
Fiure (b)),

As SIR-based mioklels tmck infection of ngeopraphically
dispersed populstion, s comclabion faciors should Tepre-
sent-the flow of population between geeeraphical preas.

A correlation factor ¢, hased on shared bonder between
twio cclls i ond j can be caleuluted as follows:

Wy = % (2i1)
I
$+F (2
Wy = Wi = 1" (2b) =
-I!'_g‘r = H-‘_g {—2‘:]

Equation (2a) desenbes o weight wy, betwoen two colls 1
and | based on their shared border lenpth =, and the tot)
border length . This weight is not identical in both dimec-
tions of cormelufion betweon the two cells. Equation {2b)
defines a weighting factor for cells ¢ and j that are idontical
in hoth: directions of correlution. Equotion (2o 'staics that
the comelation fuctor s cgual o the weighting factor in this
case. and no additional computation s required to seale w,
anad wy, to the range af 01

The correlation fuctur of Eguotion (2c) can be used (o
deseribe how strongly a Susceptible population of one ecll
micracts with the Infected population of another cell. Cell-
DEVS neighborhoods can be defined by Equation (2¢)
metead of by pridetormmiced neiptiborhood pattcrns, where
g cell is in amother cell’s neighborhdod i1 there exists o
comelution fctor botween them that i greater than 0. A
naighborhood defmed this way allows cells o have any
mumber of neighbors. We have used this method ol neigh-
bortood constrizetion snd shared border lenpth correlation
Faitors.

Chrdenas ot al.™ define an SEIRDS with more detuils
in the mfection profile, bulll using new amulation meth-
odologics amd toals, The mindel desribed. here bnlds on
this including vicanaled states, anid in bum, Enmmmity
mitcs, which affects the mic of cxposores and | thus
infections.

We define an SEIRD cellular model that pridicts the
stite of infoction of a growp of cells over time, whore the
stute vanables 8, £, £, R, and D desenibe the percentage of
totad ecti population having that siate at 4 given time ¢ We
further specify some of these states with tme-varying
hehavior by siving infection charncienistics that vary per
tay spont in that stale. For instance, the limgth of the
Exposed sate is Ty duys, where cach sequential day incurs
a hightr probability of transitioning to Tnfected. Infeoted
madividuals who have caupht the discase sre comtagious for
Ty days, and have time-virying contusivusness, Recovered
maividuals have pvercome the discse and dre indcfmitely
mmune. In o2 model that nclodes renfection,  the
Recovered population would have mmmimity from the dis-
case for a peniod of Ty days before becoming Sasceptible
pppn: The Deccased stafe descnibes the population that
dics becuuse of infection but do mmam i the onginal
population count.

The cell space of the SEIRD CA model is formed using
2D geography-based neighborhoods, consisting of a sct of
cclls M = (my; ma. . mi) cach with population N where
the subscript 1 ts the cell’s index. Each cell i has a unigque
neighborhood defimtion 1) that 15 defined as ooset of cell
nomes  (neighbors) snd thor comelobonal  wohis,
¥ = Wy 13, Genge epde <o (o o], where aocell's auip-
correlation foctor s 1. The Exposed and Infected states of
this mode] melude tme-varymg chamctorstics per day
spent 1 the state, where cach doy withim @ sinte 1% reformed
o = the phase g of the stite. The populotion i o specific
phise g of Exposod st time ¢ com: be further specificd s
Ef{g), and the popuintion of a speaific phase of Infocied
o be specified a8 [{g) Each cell population N, is
divided inte age groups specificd by thie subscript o,
whitch deseribes the proporion: of total cell population N,
that are members of ape sroup . Dividing cach population
mie e groups’ allows e meorporation of the age-
specific metors that infloenee human behbavior-and disesse
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Table I. SEIRD CA cell and siste notation.

Ctdliper_lﬁﬂrhm:l_mc L
Time indee ]
Neighborhood of call i v,
Age group index o
Phaze index of state q
Sutceptible population of cell | inags proug o ot tHme L4
Exposed popilstion of ecll i i age group o at tine L with phade g E iq
Infected population of coll | in 3ge group o s time 1, with phase g K lq)
Resovercd population of cdll | in age group ¢ at time ¢ [
Drecoased population of coll 1w age proep o at tme § o,

atcomes. A summary of this notation 15 mven i Table L
and will be usod throughout this paper.

The probability that sn Exposcd mdividual enters the
Infected stute 15 controfled by the meubation Tete olg). The
probuability that an Infocted mdividusl beepmes Rocovered
i5 contralled by the recovery rate ¥g). The probability that
an Infectod mdividosl enters the Desd sintc from cach
phasc of Infocted is controlicd by the ity mite 8(g). Th
comaogiousness of ndividunis mocach phose of Indocted
given by the vimiooce mic Afg), which approxmmoics thi
epideminlomeal £, of the discsse over the phuses of
Infccted. The e ot which imdividunds moke potentinfly
infections comzet with others s desortbed by the mobility
rite iy, which models the difference in movement beha-
vior bistwien age proups. Furthor defimtions of parsmeter
symbology are givenn Table 2.

The local transition function of the discrete tmie SETRD
madel is defmed by Equotions (Ja) (3gh

Eguatiom (3a) describes how the Suscoptible population
of ccll i mtoracts wath neiehborny Infected populstions of
all age proups, calculsting the new Fxposcd The first
Exposed phase population (g = 1) 15 cqual to the produoct
of the Susecptible populntion. the value ¢ = [0 ] and the
Indfocted i cach phase ¢ constdenng the virnlence and the
mability of infeoted mdividuals m phase g. The googruphi-
cal correlnnon factor between regions § and § (o) doscnbes:
the smount of populstion wteraction between cells § and 7.
Thie A symbol represents the set of ape groops within cell £
Eyguation (3h) doseribes thie populstion in all Exposed
phases except the first The population m 411 subkequent
Expesed phases is the Exposed populufion e the provioos
phase muiplied by | minos the incubebion mte of thot
phase. Equation (3c) describes the newly infections popu-
lution in Infected phase 1. The population in Infected phase
| i% equal to the populstion lenving the Esposcd state,

ELL'(N) =Sus |Teviene|X bed (a,-_,, 'm.{tﬂ-mtf‘l'ﬂ’.a-(q}) (i)
12, ... 7}
B @) =01— alg- 1) (.~ (b
with g€ {2, 3, ... 7]
F—i
I (= BT + [E (f-{ff}-E!,..t_qh)} ]
|'_ I
1 a) = (1 g =) @ 01— vlg— 1) —3utg — 1)) (d) 1)
with g€ {2, 3, ....T}
—i
BL'= Bt (Lo -5m)) + |5 (g etia) ()
» i
DLt = D+ | 3. (8 e i) ®
g1 ] _
L7 T
V= =% (E:.;*m)‘—lz (@) I pitt (&
- -1 =1
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Table 1. SEIRD CA coll and state notation.

Ceell s set of neighbers, whore 2 neighborhood rmelstiomhip v
conishies of coll name and correlational weight Indes | itorates through s neighbors in ¥

Cell iz sot of age group propordons ) A
Proporton of coll /5 totzl populstion of age group b ([01]). Index b itorates through A A
The incubation rate of age group o fn phase § of Exposed. #alg)
The virulence rate of ape group o In phade g of Infected. Luig)
The mobility rate of age growp o in phase g ol Infected. psld)
Thir rocowery rate of age group o i phase g of Infeczed. F ]
The Esfity rate of age group o in phase g of Infectod. dulgl
The. ical corroiation fartor betweon colfs (and | £y
Nismber of phases by the Exposed state. T
Number of phazes in the Infected state. T,

where all mdivedunts who rédch the fimal Exposed phase
biccome Infected dn the nest time'stiep. Equition (3d) states
that the Infiected population in cach subscquent phase of
Infeeted i equal to the Infected of the previows phase.
minus the recoverfes and deaths’ tht oceur during thm
phase. Fyuntion (3e) stntes that the Recovered populstion
i cquinl o the Recovercd population of the provious time
step, plus the sum of all new recoverics from cach phase of
Infeeted, plus the catirety of all Infecied that reach phasc
7. and do not dic. The Dead Fguation (3) states that the
tobl desithi within a ecll we equal to the deaths of the pre-
viows time slop plus all new deathy oceurring due to cach
phiase of Infected. The Suseeptible Equation (3p) stides that
the sum of all nfection stales within o age wroup 5
alwinys cqual o one. The sum of all ape smup proportions
m A is also always one

2.4. Geographical Cel-DEVS models

As diwuswd carlior, our reseirch focuses on - defimmg
achanced peographical models that comsidor the population
af gnch geographical mrea und wees 2 nom-miform topolugy
incliuding non-miform cells divided into ase groups cach
of which muy have differont infection chamgtenstics and
bohaviors, Trditional CA 15 not udﬁllﬂl to sieh kinds of
reproscatation. fnstead, Cell-DEVS™ allows the incor-
pettion of these fuctors, The Cell-DEVS modeling moetho-
dology allows the definition of coll spaces based on the
DEVS.Y Cell-DEVS deseribes an a-dimensional cell space
where cach cell represents a DEVS atomic modil. The ool
space contaming the & cells is defined a5 3 DEVS coupled
minde] where cach il is connected to its neighboring
cells, as m Figore 4.

When a ocll recoives an wnput, the local compiting
function ¢ is activated, which will compute the noext state
for the cell, This discrete-cvent approach only considers

1 | | 1
n SN - - = -
— ] i e
= ..__;_I...._.. 1
.= B 5

(hi

(al

Figure 4. Col DEVS model: (3} atomic coll schematics and (&)
wwetimonsional Cell-DEVS noighborhood,

und compiutes wctive colls asing o continuons fime base_ 17
theee 18 o chanie o thie cell's sinte; the change s trans-
mitted after o time delay o In Figure 4(b), we tmn seé how
u eell (center) will transmit information to the neighbaring
cells wing o von Nepmuann ncighborhood  Cell-DEVS
ncieps other peighborhoods md wregulor topologics @
well (a8 discussed later). Compared to CA models, each
cell  excoutes avymchmnously only  when achivity 1%
detected, mmproving performance. Diserote-cvnt madels
se d conbmusis timic base, mokme it simpler to deal with
a varicty of time scales in the models. The deluy functinns
also allow defining complex time specificntions at the
cell’s level, wathout relying in a contmbized global clock
whith can iniroducy Gmmy mamgement complexitics in
the modal.

Cell-DEVS whonts the modulanty and hicearchieal
maddeling ability of DEVS. This allows for madels (o bet-
o miersct with other models, tools, daty setx and vismale-
zation tools, making it an casy and cfiicient method to
bmld comples celular models. The DEVS is a formalism
usad 10 modcl and simulate disorete-ovent systems. Cell-
DEVS can be used to specify ond implement eeliular mod-
cls and facilitates thowr simulation and micgrenon with
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other models. Tn this resesreh; wie ase the Cadmiam ool
which ullows users to define model inputs using JSON, 2
data formal to store and transmit lampe mmounty of haman
readable data ISON stores daty ' Rey-vitloe pairs allow-
g for the sple representntion of neighborhoods, ther
attribules, and their relatonships. Cadmium allows the
dker to include complex geoprmphical inputs that Toad nto
the model 6t rontime resdlime 0o fAexible model that
allows for efficient fmpid prototyping. Raped prototyping
allows modelers to udd now  discase charcteristics to
existing models adapting them (o fit their evolving neéeids
These changes should be efficient and ascccssble o mode-
lers. Thes approach also crmblés one to incorporate addi-
ticnal eritical parameters ot known when the modelng
commenced. The Cadmium JSON Tibrary' enables the user
to Toad ecliy from o JSON format file. allowmz the uscr to
aenerale complex neighbirhoods and state varinbles to be
run 8 scensrics of the model. This project gencrales o
Cadmiom JSON cell space from geographical dato and
st informiation befone dsingr il b3 on inpul o the model.
The 2016 Canndian consis offers zood datn on popolations
per geopraphical romods and is used in pencrating the
results of this model. The input JSON s generated by a
pythan senpl, which parses peographical consus data from
mmpart files o ereates 4 ecll space with neighborhoods cor-
respondmy to the peoprmphica] dats, vines chametensties,
and mitinl pundemic conditions. For cach gooaraphical
area i thie inpul data, g cell 1D 18 ereated, o et of cell state
varinbles are imtiabized, and the neighborhoods of each
cell sre constricted byea correlntion factor.

SIR ‘models have bBeen enhancod through the vse of
complex topolowies baded on geopraphical mformation.
Ciirdemss et al. ™ deseribed n model for the spread of infec-
tious discases amone peographic remons. They deseribe
hoaw mdividinls can beeomie mobile and be in contact with
midividuals in other regons, resufting in the spread of a
discase neross remons. They show how poographicial infor-
mabion can complement the standard STR model o= well as
lead to better, more defined results. Cardenss et al.™
descrabed a geographicnl Cell-DEVS SIR model. Ther
model is based on Zhong et al '™ 1o simulate the spread of
epidemmics in o prographical-baved 2D cell space. The
model hns deseibed that ot time ¢, o givenceell (i, §) hosa
miver population Ny Ench ecll stores the proportion of
mdividuals in esch stafe. The SIR miodel deseribed
Zhong et al." and ranslated to Cell-DEVS in Cirdenus
et ul™ uses u peographical correlation Factor defined by
thie shared boundaries ax dofimed mn the et of Equation (3).
The correlation fetor is o method the model wes © Tink
two regrions Logether to dllow for interaction between ther
pomilotions. This is not necessarily the most scoirate
mothod to model the Now of populstions s it does ot
tike other key [ctors into aceount. For example; it does
not consider the density of population nreas and workpliace
hubs sich ax downtown Ottmwns. Adding  transportation

networks™ of humom movernent and mixing  models™
shiows how the addition of these factors would give more
securate tesulls However: the shared border lenoth comre-
lution method has been shown to prodice sceurnte resilis,
amd 1t is casily adaptable for geogemphical simulstions."*
Boemg able to guckly adopt o model] to receive now data is
enictal fore rapid prototyping, amd (s model allows the
uscr to change hoth the geoprmphical level they are stmu-
luting wswell us the dcesie charnctenistics. The equations
for the corelation [actor bBetween noighbodhoods (e
cells) are the ones shown and explamed in Egoation (2).
The model developed in Cardenas et 4™ ulso includes
paramieicts that define hospitl capacitics and Tockdowns:
cormoction factos.

Cardenas ¢t al™ extend the propraphical model
diseribed i Zhong et al."™ 1o ncorporic doaths and the
ability for & ¢ell’s nocovercd populations o become re-
mfected 7" Davidson and Wainer"™ further extend the
miodde] with the ability fora cell’s popailation to move from
the Suscephible state o an Exposed state before becoming
Infected. developing the SEIRD mode] presented in section
3 that was nsed 25 starting point for the SEATRD model
framework we propose in this research. When adding the
Expased sinte; the rte at which o cell's population would
move [rom Susceptible to Exposed remamed unchonged.
But, when the population moved from Susceptible to
Expoked, 4 new value wis comnsadered, the meobation rate,
. The Exposad state iv an mportant oddition to the model
ns it inchodes thie variable onset in infechousness seen m
mdividimle The model can simulate realistic incibation
period of COVID- 19, showing the timie it tokes for some-
one to be exposid to when they show sympioms. The prob-
Tem wath this 18 that not all mdivideals develop symptoms:
afler exposure, thus the noed for an asymiptomuotic siate:

3. Baseline Cell-DEVS model

The model presented here is on evolution of o simple Cell-
DEVS model first presented in Oirdenas et ol ™ and is
based upon o diserete time SEIRDS CA model. ™

3.1. Methodology, software, and hardware

To definge the model, we follow the Cell-DEVS formalism.
We first define a Cell-DEVE SEIRD model as an extenisicn
of the model in soction 2.3 The model is implemenied
usging the Cadminm tool, a Cell-DEVS simuolator imple-
mented wsing C + + propraming langusee: The meade] con
be run in different operabing systems includmg MacOS,
Ubuntu, and Windows. The models presented in this paper
were run on regular desktop and laptop computers: wilth
16 GB RAM and Intel core iT. The simulation results were
ovartnble 1 the order of minutcs (between 2 ond [0 mmn
depending on the scenanio), nnd the gruphs were automiti-
cally  senerated wsing Python denptss. The Cell-DEVS
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muidel defimition and implementation presented in this sec-
tion becomes the foindabon of SEAIRD and SEVIRDS
mudels mwiven m later sections:

3.2. Model definition
The SEIRD maoded includes new Fatimes, mechuding a fitnfity
mie modifier whim igh Tevels of infiction are present inon
cil's population, snd movemont rstriction cffccts that model
public health lockdown policies, Pamsmeters for the moded anc
alsn chotien buscd oo known clumsctenistics of COVID-19
before wdng the mode] o genonste sirulation osalts.
Fquation (3) was uscd o define the local computation
function of the Cell-DEVS model, with direet substitutions
to the fatality matc &.0¢), and the geopraphical comclation
factor o to account for new functionality, To mode] the
cffect of an over-capacity health care systcm in times of
high levels of infection, above a cenain level of cell infoe-
tion the baschine fatality rafe is muliplicd by @ constant
factor # (called the fatality rate modificr), The futafity mate
midifier is gredter than |, winie the product of F and the
futafity rate docs not cxcied 100%. Egquation (4) defines
this modified fatatity nte Fo{g) as & fimebon oF the base-
tine fatnbity rate d.g¢), F and the cunulative sum of all
infected ¥ 4 ;

e Sula) i 74 < hospital capacity threshold
A9 ddyh ok IF N4, = hospital cupacity threshold

{4)

Eguation {5) shows the comulative sum of the propor-
tion of population m cach of the Infocled phises scross all
dge groips 2l a grven time. Levels of imfection within a ecll
that cwse mode! parmmeters to change wie alks refomed o
as anfection thresholds, sueh as the hospital | capacity
threshold of Bgmtion (4), Equation (6) can be wsed to
chock whether a cell excseds o gt mfechon, always
hounded by the mnge [0,1§

E.,.L.! = E Py

e _n

Mt (4)

The concept of nfection thresbolds 15 also wsed 1o
define movement rednctions. Instend of using a static peo-
graphical correlation factor ¢, s in Equation (2), new fac-
tors wre introduced which divTease  the amount  of
corchidion bitweon eclls when the micction thresholds
within cach cell sre exceoded. This seoves to model the
restriction of mohility both within 2 cell’s vwn population
ang the nesriction of mobihity batweon neighborng cells
An infection comection factor & is now multiplied with o
to yicld an mfection dependent peo-comelation Betor g
as in the following Equation (6):

g5 = cyohy (6]

For zach cell, infection thresholds snd correlation modi-
fiors are ussioned t model cach cell’s imdividual st of
lovkdown policies. Ench comelation modifier, also known
s a mobility resinction factor, 15 dsdined a hysterssis
value so that mohility reviriction’ policies remnin in place
for some time affer infections Bl below the threshold at
which they were triggered. The wth mobility: reviriction
policy of cell ¢ (K) is defined by the three varmbles:
mfection threshold (7,), mobility restnoton factor (i),
tind hystoresis Bactor (A,) in o map relabonship a8 <cen m
Equation (7). Cell 7% sel of lockdown polivies can then b
dofined o8 0 set of o mobility resfriction policies, 08 scen
in Equation (E):

Koy = {ta:ipn, k)

Kf = i.l'] E T ) R~ TR ) e

(7)

oyl 1“’:1 —‘i'l”‘
(8]

Each noghbor pair’s combined set of lockdown pols-
s _ll_ﬁ.'.- and &) are then wsed 1o calinlote @ & butwemn
two neighbormg cells, As individual celly always huve &
single lockdown policy m effcct (K, the policy with the
highest mfection thrcshold that kas beon exceod betwom
the two cells 15 selected for their interaction, In other
worids, the more resimctive policy i effect betwem two
cells 14 always wed m their comelation, a3 demonstaned
by the edpe case of a3 cell with closed bonders (m, = 0),
where o mfeetion should coss bonders in cither direction.
This sclection of a single K for intorection between eclls
i and §, demonsteited by Equation (9), yields the mobifity
restriction factor K, that 5 wsed to caleulate the mfcction
comection factor Ky Note that o cell's interaction with
itself simply sclects the Ky, with the highest mfection
thmeshald m the sot & that has been excoedod:

(9)

A public health agency rocommending mability restric-
tions 14, however, tol ecrough o guarmiec that all mem-
bers of the population follow them. The fimal picee of the
mfection correction fhetor is n varinhle that deseribes thie
proportion of population that do not follow sny mobifity
rostrictions m effeit. The disobedience fuctor o deseribes
the portion of o cell’s population (et are maffected by
any K, ; sclected for coll interactions. The infoction comec-
tion factar for the imleraction hetweon twio cells § and § ns
uged in Equation (6) can be calonlated usmg the disshe-
dicnee factor and the mobility rostriction  factor &,
sclected for | and j ud i Equation (10). The cxtended
SEIRD Cell-DEVS model stmply uses the set of Equation
(3) wath the substitubons of g, in place of o, and Folg)
in place of & (4):

Ky = min(K, K j)

k= {d+ (1 —d) e Ky} {10)
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Figure 5. Goographica! coll modol UME class diagrams:

The mode] parmmoters were dofined psmg koown dis
casc: dotn for COVID-19. The mean moubation mte of
COVID-19 msed was 5.4 days following 2 log-normal dis-
tribution." This distribution wos used to defime both
=14 omd the imcubation rote &y}, The mean sympio-
maho micction length of COVID- 19 was considered to be
10 days, amd it was wsed to develop an infection profile of
T = 12 doys; where: tho recovery rate ) controls the
proportion that reoover in cach phase of Infeaed " The
vinulenee mnd fommiity rates of the model wore vaned 1o
muatch infection caso datn during cxpenmenintion.

33. Model implementation

The extended minde] 15 implemented m Cadmoum, defining
atpmic voll models of type ceoeraphical cell coupled to
form a cell space. Bach grogmphical coll uses a coll 1D
('), nostate-object that contains state vanobles (S), and a
vicimity objoct that describes the struciure of tho nergibor-
hood (V). The relotionships: betweon the classes mvolved
can b seen i the UML dingram of Figure 5.

The mfection stote vanables 5, B, B, and £ computed
i the local trensition function are  discretized per
Eguatons:( Fn) () be). The prectsion divider 2 15 used 1o
diseretize cach state vanuhle, ond the wse of sguure brack-
cisdemptes g roumd opormtion:

ﬂ"":n = JI'—! ()
PE (g} = !P—E'i'—] ib)
M.I.h [/ I~ ..Trl
d pr i) = "’—1 = (©) (1
Mih t} & [I ..]}]
DR, = w (d)
| ppy, = 1% (©)

The local computation funchon implemented i the
weorrgphical cell cluss 1s deseribed by the pseudocode of

Table 3. The algorithm begns hy allocating o stute objoct
new i tme |, whnch will be used to store the new volues:
of cell sture varmbles: Lmes 2 fhrough 8 cafouinte the new
st wnnnbles for cach sge proup based oo the coll's cur-
rentstote objoct & ond store the resule i new. These six
lines implement a cell’s locdl computation function ot a
high Tevel (Equations (3u) (3g)). The resulting state object
i5 refumed o Tme 9 to be wrtien s the new cell state.

The method now exposed() (line 3, Table 3) desenbed
m the local compuintion function & responsible for caleu-
luting the infective mteractions between all neighbormg
cells. This ‘method corresponds to Equation (3a) of the
local computation fumetion with the extensions defined in
this section, inclulding the culeulation of the infiction cor-
fection factor &, of Equation (6). The caleulation of new
cxpisures for n ape group b of o snple cell § can be scen
it the preudocods in Table 4. The algonithm begins by cal-
culiiting the movemenl dwroefion multplier of cell 4, using
the movemont comroetion Aimetion which seans the sof of
movement redichon factoms £ and choetes the most su-
nhle factor to apply, The infection comrection factor g, is
caleulted in line 2 by considering the proportion of dis-
ohalionee o that will follow the mivement restoction pol-
#cy and the mobility resiriction of the & selected: o line 3,
the vimable infStrongth 5 declared and weed to sum how
much infoctive contact is madi: with cell | from cch of its
neighbors. We then iterute over all neighboms of cell 4,
nm1mm,g.tln:anunml of mfcetive contact msde with all
ncighbors. This is done by first caleulating the infeetion
epmuction factor of the neighbor ezl /, and then choosing
the more restrictive comection Betar between { and f to
theseribe their interaction (Bines 5-7),

Noxt, the algonthm mlculates the miective potentml of
cach age group n neighbor cell j by summing over all
micotion phases the proportion of population with phase g
multiplicd by their mobility mte (i) and ther infectivity
rate (A) (line 11} The motal mfective weight of the age
grop 15 then caleulated mn bine 14 as.a funcbion of the pro-
portion of populntion - that age -group, the micetive
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Table 3. Guopgraphicl coll Ivcal computaton function

Tabla 4. MNew expetures algorithm.

Input: none Cutputs new state (strust sefrd)

Input: age swgment b, curront state o Output: new exposed

b2 now = sairdd)
tl’ur{udugnmam sage groups)
noew Eat{o] = new esposed{os]

+. nowlat{a) = now infectedios)

5 mewRat{o) = new recovered(as)

f:  nowDat(n) = now dosd{ds)

72 nowSat{e) = | - newEatle)  nowlat
{a) — newRatle) — newDat{o)

B: endfor

. return new

potentin! of the ape group, the: infoction correcton factor
ky. and the geo-corrclation foctor ¢y, The algonthm: con-
clhudes o lmes 17 amd 18 by muloplying the Susceptible
population n aee groap & by the sum of infoctive strenigth
of the neighbarhood ond retiming the resull

The baseline model was validated and ealibrated wsing
real-world daota of the province of (Ontnre, Canods. melud-
ing 34 Public Health Units (PHUS). as shown in the map
presented in Figare 6. The simulation results were ¢om-
mimﬂmmp:rtcdﬂdumiﬁlhmﬂmgjm&iﬂxﬂm
peniod of 1 January 2020 o 2 Febfuary 2021, The éuse
ity userd were Teported by the Government of Ontiaria, in
the form of confirmed new cisies per-date ard their result-
ing outcome. "

The SEIRD model prodicts the number of active cuies
presant al mmy e bt does not report the dat in the fom
af new cascs per day. To calibrate mmd validate the model
opulix, the confirmed cusox wore converfod (o ackive
mﬁ:l:tmm: i comulatve fatnlitics over time. Each cone-
fimed G was assumed to Tollow the 10 doys mean
infoction length of COVID-1Y when converting case
roports (o active cies. Falsl ogleomes were stll consid-
ced o prodiie contagions mdividaals with an active
infection lenpth of 10 duys, The geographical boumdary
used m defining the el space for the Onturo PHUS was
provided in Ontario GeoHub " The PHUs of Ontario
were placed n five groups bised on thar focation: Central
East, Central West, Soothwust, East, anel North, A visuali-
zation of the case duta over for these groups 15 shown in
Figore 7. The defanlt expenmentation paramctors used in
cxpenmentztion as woll as the speoific strucdture of the
coll sigte vamables can be found ot htps//githih.com/
SmmulsionFverywhere-Model s CGeegmphy - Based -SEIR DS,
We cxnmmed the effcct of movement restnetion pobcics in
the Toronto PHU in torms of the movement correction fac-
tor's: mfechon thresholds, hystoress values, and mobility
multiplicrs,. Without movement testrichion policies to limt
mfection spread. most of the populstion m all 34 cclls
bocome rapilly mmdfocted m o sovere rajectony.

§i i = mevomont cormection(K, mfected )
Zpi=d i (1 - d)tps

3: infSurength =0

4; for(z!l neightiers § of cell i)

5 u= Wmﬂhﬂmn&ﬂ
&: g d4 1l ) ®

T: g = minfg, g

B: for {all age proups = i el )

L H IMG=10

10: for (g in infectod phases)

1:  I5G |=shlaq) dnlaq) sHaq)

12: endfor

13: g7 = ki'cy o
14: infSerength b = (Npat{a)/Nj)* 55> g

15: endfor

16: endior

17: new exposed = o Smfb) infSrength
18: return new expoded

Figure 6. PHUs of Ontario. ™

Figmre 8 shpws simuolation dotn compared: o the
reported potive cases. This domonstmtes. an infection
threshold (5) that = too high, resulime i movernent
resimetions that nre applied luter than what 15 represcnted
in the case data The prodicted active mivehons would
have been mone accumite had the mfection threshold of the
Tt poficy boon 1o offect st holf ithe number of gotive
micciions.

Using an infecchon threshold- 55% lower than the  sim-
Iation of Figure 9, the movemont restrction policy comcs
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Figure 7. Oritario PHU Case Dati from Docembir 2020 to February 2021+ {a) Central East: (i) Central Wist: [£) Southwest: (d)

East: (&) MNorth

it effect ot 6 more securate Tovel of infection, us shown
in Figurc 9.

However, these resmictions e bited too soon st day
casc datn indicate o contimuni fall of cases ar this tme: This
mdeates that not cnough hysteresis wos uscd o the: dom-
nint inféction cormection factor. and that the hysteresis fac-
tor should be inercasid soch that the number of netive cases
will fall to o lower level Before movement restrictions are
lifted A lorper hysteresiv factor results in o better match of
the Tocomto PHL infecton, shown in Frgare 10,

After these preliminary tesis. wo conducted a series of
simulations and compared the model results o the known
case dota to calibeate the pormmeters of the model. The
vimilenie mie snd infection conmetion factors were Tonmid
1 be the most nflucntiol determinants of model accuracy,
which was improved by increasing the virnlenee rate shove
the deBwlt level,

Bt Camas fos s s s

Figure 8. Toronto pandemic, movemont restriction factar #1.

While the first wave of the COVID-19 pandemic in
Omntario wis the strongest in Toromsto, other regions further
nway alse had sigmificant levels of infection relative to
their ol population sive, mimely, the Ottawa and
Winddor Exsex PHUs. A single infection source beginming
in the Toronto cell was insufficient in producing the firt
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Figure 11. Pandermic in (1) Toronto; (&) Peck; (c) Yok (d) Durhans (o) Ottowss (f) Winidsor B

winve infoction curves far nway from Toronio, so 8 smaller
amoun of infection wais added (o thie imiml condifions of
Ottawy and Windsor Eswex which also had considerable
levels of first wave infeetion. Figure 11 shows the rosulis
in the regions surmounding Toronto, Ottewa, and Windsor
Eszex:

The simulations 1 thase remions do track the genioml
shape of the case dotn, but some predictions significanthy
ovorshoot case cstimution. Toronio his the highest overall
accuricy us the model parameters were mitially developed
to match Toronto before considering more regioas. Every

cell iy wang the sime sel of infeetion’ corvoetion: fctors,
whitch could be n sipnificant smirce of crror becnuse cach
region’s population density and human chamctenstics are
region specific by mature. In fact, in the case of remonk
dircetly adjucent o Toronto, the level of simulation error
is proporionsl © the population deniity of cach remon.
The population dessity of the Peel PHU is 25% that of
Toroto. Similarly, (he population density of York is
11.74% of Toronto; mnd Durhom is 546% of Toronto.
Giaven that Toronto has hoth (he lighest population density
and thie mpghest model accurucy, and that Durham has both
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Table 5. SEAIRD model new difinitiona.

Asymptomatic pepulation of coll ALl
i i age group o at tme &, with phase g

The asymptomasc ifection rate W
Tha leagth of the Asymptomatic Infoctod state Ta

SEAIRD: Snsceptinte, Fxposed, Arymprometc. infactad, Recovernd,
Dorsmysnd

the livwest populntion density and accomcy, @ populsiion
demxity cormection should be investisnted i the future.

4. Extending the model: asymptomatic
individuals

The: validated hasolime models presented m section 3 were
extended to include asymptomatic individuals, and then
meorporated into a goographical SEAIRD model that cm
be usedd for conducting expenments with different popula-
tion secnarios as will be shown in this scetion. Fach madel
shares o defined nsymptomatic ic-wico & given propor-
tion of the Exposcd population move to euher Infected or
Asympomatic. We ose the methodolowy, softwore, smd
hardware explamed moseeton 3.1

4.1. Model definition

Our proposed geographical SEAIRD model 15 buscd on
Cardenas ot al." and Davidson and Wainer”™ by adding an
Asymptomatic stote (A) as depicted m the disgram
Figure 12, which shows that a ccll’s population starts i a
Susceptible - state before becoming: exposed. From: there,
the Fxposed population will move to cither Asymptomatic
or Infocted. 1T Asymptomatic, they will cventually become
Recovercd, but 1f an ndividual 15 Infocted, they can move
o erther Becovered or Deocased.

kye |3
EL L0 =809 |35 rleg)

+ | X

L= (0= slg— 1) (£ 00— 1)
withge {2 3, ....T.}

=\

. _'i'"

he A
ge{LE ... T}

hed
L ge {2t .. Ta)

Susceptibles =
h "

Exposed
Oaygl Dy I,
Asymptomatic | Recovered
Dy 1, .o, OWY T - Pl DT,
/
4 Infecticus ' o
el e Deceased

Figure |2 SEAIRD stste diagram.

The dottedl hne m Fipore 12 from Becoverod o
Susceptible shows how a population cm bocome re-
suseeptible affer recovery. Eoch transition is bassd on thoir
definesl time behavior and deseribed using the delay fume-
ton Exposed, Infected, Asymplomatic, and Recovered
states have o defined set of days that a population can be
within e state desoribed by T 75, Ty amd T Each sinte
hias o defined state trunsition that oecurs ot cach duy within
the stute. The days within coch state set of days arc
described by ¢ = {1, 2, ..., T} For cxample, 4] (g),
diescribes the proportion of asymptomatic cases for the ase
sroup a incell § at Asymptomatic state g = 11,2, ... Tal.
at time 7.

Chir mode] uses me unigue geopraphical cells. The pro-
portion of a population’s age group a found in cach state
is described by: 8] B oA 0] R oandD] | where d s
the cell beng deseribed at time . The state transitions anc
built wiing the Cell-DEVS tnnsition and defay functions,
wiich implemont Eguations (1 a) (111), Pammeter defing-
tons that vary from the Cell-DEVS SEIRDS mode] of sco-
tion-3 o given o Table 5 to complement the locstion
irunsition funcion cguations.

(a0 salg) » Al @ £ ula) )
(a)

(ﬂ;.» * uy{q) = Aulg) dﬁ_s{'ﬂ?)

(bl

B =B )+ | 5 (mle) e Bl 0 —mj)] (e)
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Equotion {12a) is based on Equation (32), and 1t 15 wsed
to caleulute the proporiion of nowly Expascd poptlation.
This 15 2 result of the Suscoptible populaion v contact
with cithar the cpotire Infocted population or the
Asymptomutic popalation of pophboring cells j. The first
sum in the second part of the cguation caloulatcs the pri-
portion of 8 ccll’s Susceptible populntion: exposed fo-an
infections mdividual (1) and the second sum, the propor-
twm cxposed lo an asymptomatic: mdividoal (A, The
symbol A dofincs the set of age groups: inicell j, where
cach age group s ropresented by . Each ccll’s population
represented by the subsenipt A, which represents V, divided
nto age groups. As before, each ecll s related w s nogh-
bor by a geopraphical cormelation factor o that describds
the impact cuch oeighboring cell hus oo o piven cell,
ineluding vinilence and mobility rates a gpiven eell™s popu-
lation hus wath its neighbors. Finally, &, defines a corree-
tion factor betwieen cells' f and §, upplied to the infoctiois
hall of ‘the equation o similate differcat behavior for
infections and seymptomati' populatons: we consider that
asymptonutic individuals 1 be more carchree: thus, they
will expuse more individuals The comection Bictor & is
defined wsing the models disobedience fuctor o, where
ky =min(k. k). The comection for individual eclls § ond f
s defined ns by =4d + (1 — d)*m_ The infection cor-
rection factor me is defined in the madel us o function of
the infiction threshald (Frz,) that tnpeors o speafic mobi-
lity correction fnctor (om) snd 8 hveteresis level (/)

Equation (12h) describes how the Exposed population
transitions to the Infected or Asymptomatic stute. The
equation defincs the Fxpossd in phase ¢ as oquil o the
exposed of the previous dey multiplied by | — g — 1),

(L) = (g — 1) o (0 - vlg— 1) — Fulg - 1)) ()
withg= {2 3, & _
;l_.—]_ _
AL N =B L)+ + [ 5 (ale) o Ele) e 0) (©)
y=1
A ta) = (- 0) o (1 —valy — 1) (9
withge (X 3, .5 Tal ;
Fi==1
RELVy = (sm) + 4 (1)) + 1 5. (valg) o £.04)) [u (:«.{-ﬂ-al.{qa)l (e)
o
SR:. Hg)= R lg—1) (h) (12}
wilhig = (2,3, T.— 1] N Resusceplibilily = false
RE Mgl = R lg—1) (1)
with g £ (2.3, .... T} riResusccplibilily = lrue
R T =RT) + R (T =1) ()
wilh Resusceptibifity = [ulse
'
By = B+ |3 (f;m-fi,.{q})] ()
L)
5 . JIE I
S"'I T' . f’;' _41“ B R:_.‘I _D:..ll 1
[ 33 L:*__?1 ( mﬂ [F (4 fnn)] x ( mj] (h

where 2, (g — |) defines the meubation mte for an age
group a for staic ¢ — 1. The meubation mic defmes the
probahihity of the population moving to Infocted or
Asymptomatic. Equation (12¢) describes the now Infocted
population that will occupy day 1, The cquation considers
the Exposed population from all phases and all ase sroups.
As defined obove i Eguation (12b), a proportion of the
Exposcd population moves to Infectod or Asymptomatic
depending an the incebation mite 1, The mic at which the
Exposed  population  bocomes  cither  Infocted or
Asvmpimuane s defincd. by asymptomatic e g, Thus,
for the cose of now Infeoted popolstion, the mie s dofined
as (1 — @) Equstion (12d) desembes the portion of the
Infected populafion that moves to the oext phose: The
miectious popuiation for phase g cqualy the populntion of
micctions in ' the provioas phave, ¢ — | minus the popula-
tion who move to cither Reeovered or Doceasied. The por-
tion: of the populstion that moves to the Recoverod or
Detcased states i defined by recovery mite 'y and faality
mile [, respeetively.

Eguautions: [12e) {12) define the ssymptomate stole
behavior following the same miles diseribed m Equations
(12¢) und (12d). Equation (12e¢) defines the proportion of
the exposéd population thot moves 1o the asymplomatic
stule (here, the asymplomatic population mie fonmins @
g). Equation (12f} Tollows the ssme mules defined when
mymptomatic chuey cither move to the nest phase ¢, Teeov-
ered, or deceased.

 Equation (122) describes the propartion of mfectious or
ayymplomatic populations that  hecome recovered. The
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cguntion: defines that the (o] nomber of recoverics 1s
cgunl to the total number of recoverics from the previous
day plux the newly reeovercd populntion. The current day
recoverics ore caleulited by taking the proporion of mfee-
tious and ssympiomatic mfections thut move to the eeov.
ared phase asing rate y. Finally, the cquation checks for
thie popuintion that ik oo the fimal day of either infections
or asymptomatic, if’ their populaticn docs not move Lo the
decessed stule, they are sdded W the weovertd sate,
Equetions {1 2h) wid (12]) ere wsed only if re-susceptibility
is not enabled. Once the Recovered populution reaches the
fimal duy of recovery, they remuin there for the resd of the
simulabion time. Equation (121) s an equation only wsed
whaen re-qusgeptibility is enabled, thid i85, patients who o
recovered will po throush ehch day of recovery, when they
rench the finnl day of recovery, the populntion will move
hack into the susceptibie population pool where they e
be ro-cxpoked.

Lot us comider {g) nd the mitnfity mic of miftcied
phase g for ape moup a; A (g) their vimalenee; plg) their
mohility mte; 7.(g) the incubation rate; yg) the recovery
rate and @ ax the asymplomatic miection mic. As defined
m sechion 3, ¢, is the geographical comclation factor
hetween cells § and ;& s the corroction factor applicd (o
bath cells § mnd § to mollel movanent estrlction and dis-
ohodimes. Egquation { 12E) i weed (o calenlute the propor-
tion oF Deceised ot o time ¢ The properizon of Decimsed
next diy s the total of current Deccised plus the sum of
the Infected population that dicd the day bofore New
Decased ix equsl o the newly deccsald population mow.
ing from the infectious state multiplicd by the fatality rute
The Deccased trumation docs ool consider asymptomatic
mfestions as they do mol lead to deaths, Equation (121) 52
“speeinl equaion” necded for the integnty of the modcl,
Sinee wo know that any grven population starts ) the sus-
ceptible stute (excluhng the sartmyg cell), thin the popula-
tiom that are not o any other state should remun
suseeptible.

4.2. Model implementation

The model 15 wmplementod as ocoupied Celi-DEVS where
the ocll spsce rwpresents o geogmphical region, and cich
ccll (of irregular topology) is a district i the city/provinee:
It rolates to s noighbonng cells wsing @n o regolar opol-
opy. Ench eell consisty of g cell 1D, a st of sinie variables,
a model confivurtion. and ocighboring cell’s comclation
fhetom.

We implemented these cquitions using the baseline
model insection 3 and included the cquations in this see-
ticm. When all the geographical cellsare defined, they are
pliced mnto n top level coupled cell model called peopr
phical coupled, with confipuration as seen in Figure 13
At runtime, peographical coupled s initinfiaed uking the
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Figure 13, SEAIRD coupled cell diagram.

coll’s dotn provided from in o JSON input file (usng the
methods deserbed i the wp medel class codmmom:eeli-
devaroells coupled < T8V =); Figure 13 shows how
this coupled ool modal s defined. At the bottom level of
Fugmre 13, the three structures define the inputs tn the geo-
graphical cells,

The SEAIRD structure defined the stute: variables thut
will hold the population as well as the mfoction cormection
factors ond the disobodicnce fuctor (Figure 14). The sim-
Ionon configurnton strecture defines the atribotes wsed
charncteriee the disense beme modeled meludms recovery
ruies: fatnfity mics, and ssymplomate mics: (Figore 15).
The vicimity structure holds the mfrmotion that defines:
the corrclaiion mctors botween two - eclls (geographical
octl). Thethree stmotores are read 1o 8t unfime: o cicate
the single purnmctertecd model geogmphieal cell. The aol-
lection of peserphical cells and therr relationships disfine
the geopraphical coupled model.

Each cell contans the relevant information defined m
the SEATRD confivwrntion fle. Atrantime, cach cell hasa
umigue - populxtion winch: is divided dnto deserbed  nise
groups. Eoch eell’s population. will then be divided inko
one of the sixstates. if modeling the besinnimg of o pan-
demic, a smple cell will hold the mitinl case(=) and (he
romunng colls wall be 100% susecptible. At r =10, (he
proportion of a cell™s populution i ecach state 18 defined m
by thie vitlues provided m the SEAIRD siructure: Defimng
the SEAIRD sivuctune at runtime with user-defined inputs
allows ndem 1o choode the pomnt ol time they wani to start
wmodel (il they are mterested in the middle of a pandemic,
they can tntlor the input valocs (o hold the number of indi-
vidusls moeach siafe af that bme).

In Figure 15, the simulabion configuration is declaredl;
these values are used to chanpe the ways 4 population
transferred from one state to another. These struetimes



Simudation: Transactions of the Sogety for Modeling and Simulation Intemational 80(0)

ptroct mEaEivd |
St i aweotanT
st - tuvnetov<donble> donscsptibles
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Stdiswector=nhd: sveetor<sanuls ] g
st = tunetovr<ard: svncborcdiub ]l e

=toubiar age group proportlon;

oxpaned;
Ini=ct==;
anympioEael e}

atd:yvector<mtd;:ivectorddoub]e*>» recovernd;
st sgectaradouble> Fatal ltlas;
=std::uporsleed sapcsids rdizing, hygteresia Faokor> hystsresls factdr=;
drmbie population;
st agpactor=doubiay diml=disnt;
.
Figure 14, SEAIRD confipurition code.
arroer gimplation config |
It poog diwider;
sing phase sabtos = std:;vwaedlar<std:sveclar<doubloas>;
phase ratog virnlenes ratess
phare =sataf incubatitn r=ites;
phised - Fatas ooCovery ratas;
phase rat=n mobility catos:
r;lh.t:'.r- ralan !'-_al.alj.Llr'-tﬂ:_u::-;
dishible - asymptiangt Lo ratssg;
Byl S1TIRS woiinl = Lewis;
1z

Figure 15, Simulstion configuration

detine the peogrphical_cell atomic model presemicd
m Figore 13 A geographical cell atomic model is
defined for cach gcographical cell in the muodel, these
cells moke up o geoyraphical_coupled model where
each cell is connceted by 1 correlation factor. Finally.
this geographical conpled model is defined by meth-
ods found in class endmivm: celldevs-eells eoupled
<TICSV>=.

4.3. Simulation results

The SEAIRD yesults presonted in this scotion aro gener-
ated wsing source data from the 34 Ontario PHUs where
the population is gencrated using censos data ™ A config
umtion file & built using a peopackage Genpandas™ o
detormine shored boundaries (eomelation factor) hetween
cach PHU, Figures 16- 1% wore created usmg the graphing
toals in Cirdenss ot ol B." and Plotly."™ The imple-
mentation of the mode] 15 available at hitps:/githith.com/
SimulationEverywhere-Models/Geography-Based-SEAI
RDS. The results presented m this section show and
compare the cffect tho-asympiomotic statc has when

ddded to the simulation. The paramcters uscd m this
study are shown in Table 6, -

We start wath the population of each geographical urcu.
We then use o véctor of values to represent the proportion
of the totnl population in cach age wroup. Agc groups o
an ahsmnct set of values defmad by the modeler: in onr
case, individuals 0012, 1319, 20-44; 45 65, and over
65 years old. Disobedience follows the same format as age
groups where the values in the vector represont the propor-
tion of cach age group that 15 disobedicnt to lockdowns,
These values were estimated using data gathened from %%
mmﬂmmh:mulhcplmhmufﬂrm}xmd
popultion that become asymplomanic (the st become
mmifections). The vinlence mte represents the nste st which
the discise spreads; the value represents the amount ul!'ug:
groups population in contact with the miccted population
per day of the infection. Incubation mtc is the propertion
of the cxposcd population that become nfoctious or
oymptomatic, defincd nsmg o |4-day profile where cach
day o proportion of the cxposed populution will move to
the next statc ™ Mohility mtcs define the frecdom of the
populstion to mowve (10 mobility mbng means  the
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Figure 16, SEAIRD model (3) 0% Asyimptomatic: and (b) BO% asymptomstic.

Table 6. Test case configuration

Parammster

Wl

Age groups [ﬂjlﬁ.m D268, 0.193, DW]‘“

Disobediencn [0.29, 0.25. 0.23, 011, D_lq

HAsymptomatc me ‘l&lmpﬂrmnlhmnbmﬁgﬂmﬁﬂ}

Virulesice U_Imaﬂmmﬁjgcpmps

incubstion Vd=day profile™

Molelity rates 1.0 across all states end age grougs

Recovery rates 0.07 across all states and 3ge groups

Fatality rate Dm&umnlll:th.tumdqnm

Infection corroction 000 {060, 0.0008], 0.005:[050, 0.003], 0.01: [040, 0.005],

facters (lockdown) 6.03-[0.30, 0.015], 0.08 [0.20, 0.0005). .15 [C1, 0.08]. 020 [0.01.0.12)

populution can move frecly). Mobafity mtes are defined for
cach age gmoup for cach day of the infoction: 7t i assmmed
that mobility mtcs are not restrictoed at all at the begimmmg
of the pandomic. Recovery mtes define the proportion of
an ore proup mifvcted population that will recover coch
day of the infection. Fatality mies define the proportion of
an nue -proap - infocicd  population thot will move to the
decensed stwtc on cach day, Infechion cormochon foctors
deseribe the proportion of the population that needs to be
infected before @ Jockdown 15 put in plice, descnbed
Equutions: (73 {11} where: the molhity restriction factor
reduces the mobdity of & cell by the given vdue.

Vinlence mics. recovery mics, fuinhiy moies; and ifoc-
tion correction factors were: informed by dotn gathered of
Public Health Ontorio.” The: values were ovalunted and
shightly modificd; the final values showm o Table 6 pro-
vidied the miost sccomte resulis in testing.

Figure 16ia) shows the smmulstion resulls with 0%
axymplomohic cases. The results show the steady rise of
exposod individouls (orange Tine), and then 114 days
after theie exposure, they become infeeted (red Tine). The
results show how the initinl wave rses and setiles inn

litthe over 350 days with approwinmtely 8% of the
population becoming infocted. Next. we studied the cffcet
of an 80% asymptomatic rate usme the same parameters.
Fizore: 16(b) shows a lower rate of mfoctious camers and
a hgher rate of asymptomatic carmicrs:

With this highcr rate of asymptomatic carricrs, the total
oxpased populstion reaches a higher peak than i had with-
out asympiomatic cases (approximately 110% more cxpo-
sures oocur), This highor oxposcd count 15 duc to that the
difforent asymptomatic and mfeetious carmicrs have on the
suspepibic - populaton: Simee the nsymplomaiic carmiors
travel more thon the infoctious: cormers, more of the popu-
fanon are-exposed o them, causing higher overadl infec-
nons.: The motin] curve riscs and schiles m opprosomuogely
250 duys: this is 100 days less) thon the model with oo
asympiomntic nfeciions. This shows tho the ssymplo-
matic carners expose the suseeptible population at o much
higher mie than the model showmg ne asympiomatic
cases. We can see that approximatcly 14% of the popula-
tion hocome nsymplomatic carmiens with on addinonal 4%
being infectious camiers. Although in this case, we can sie
higher overnll rmes of infectidns, the nsymplomatic
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Figure 7. Smgle Coll SEAIRD: {a) 0% Asymptoratic and (b) BO% Asymptomatic.

infeetions are less lethal, leading to less diaths snd more
recoveries. We see this difference when amlyeme a smele
neighborhood cell in Figuse 17,

Fioure 1 7(g) shows 4 single cell and how s population
transitions threh the sates with o 095 asymplinmatic e
Tt should be noted the cell is il cxpose 1o ity neighbor-
ing cells. When examining the graph at day 133, we can
sec @ cumutlative exposcd population of 7. 1%, comulative
infections population of 5.65%, cumulative fatahitics of
(4%, and smoe we have no asymptomatic mfccions. an
asymptomate: miccted population of 0%. 1f we then com-
pare ihis to a graph showing the curves with an axympto-
matic mate of 80 m Figere 17(h), we can sce that at day
i33 wc have o comulative exposed population of 27 7%,
cumulative mifcctious population of 4,7, cumulabive
fatalitics of 0.02%, and an ssymptomatic population of
19.4%. We can sec that the exposcd grown to 27, 7% from
T 1%, This 20% morcase can: be accredited to the - asymp-
tomatic camers sproading the discasc to the sumoumding
ngighbors at & hgher mte-than the micctious populotion
We can aiso seo that we hove fower deaths, linked to the
fewer mfoctious cases.

We cun pow simointe the offect an “mwvisible” popuia-
tum of discase carmers moy hove on g pandemic combined
with the sdventage of hovirga model tho includes geogme-
phical aspects. IF80% of tota! COVID-19 cases ore asymp-
tomatic: ond the cascocounts show 3% of o populaiion arc
mfected, wocnn cxpect that 20% more:of the populobon is
also anfected bot not showma symptoms and oot aware
they ore miveted. These asymptomotic mdividonds will be
sproiuding the discazie (o the healthy population, causing
riges in the number of exposed individunks, resolting in
more micctious. Although o high asymplomatic rate will
lead to more overll cases, these cases are not as deadly;
dsymptomatic cases do nol ‘show symploms. and i the
case of COVID-I9, thoy do nit lead w death. 1w wore
to model o disease where asympiomotic cases coold lay

dommant for years and later load to death, we would see
e intemesting futality resulis:

5. Rapid prototyping of vaccination effects

The baseline Call-DEVS model defincd in section 3 was
also extended to model the effect of population voaccing-
tiom;, providing & mochomsm  for  oxpenimentation,
Vacomes docreaso the fikelibood of infoction and deuth
from SARS-CoV-Z, but do not provide foll immmumity from
the discase. Theaddiion of the vecommed state makes ths
model m SEVIRDS model, where re-susceptibility to dis-
caxg 15 spectiicd by the model’s oser: We modeled veco-
nation using & two-dose schodule hke tho one scen the
global distmibution of mBENA COVIDL S vacomes from
Pfizer or Modermn®! Three classes of vaccination: sthus
for ndividunls cost conpurrently  within ths. modcd:
unvagcinutod, vaccmatod with dise: 1 only, snd veccinaied
with two doscs: Infections an the onvaccimoicd cless of
popuinton oo impleomented wsing the Cell-DEVS SEIRD
miadel dofmied 1o scction 3, while the ather teo classes of
vaccimmted population: are implemented usme o maodificd
version. We nscd Thomas o al.*' i which the vaccines do
nat privide stanstically significant mmmmmity o nicciim
with SARS:CoV-2. Vaccinmied populntions wore modelod
using a modificd Suscopible stoic. having mereiscd resis-
tnmce o mfoction and fality with cach sequontial dose of
vaceme. The model can be easily cxtended to inclode third
or fourih doses.

5.1. SEVIRDS maodel definition

The thrise closses of vaccinnton staius - are modeled wang
concwrrent SERID miodels with o shored Decensed siatiz,
and (Tow of population ffom less vacomated states o more
vacemated states Tndividuals are only coniidered for voe-
cmation i thoy wre bol m an Exposed, Infected, or
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Figure 18, SEVIRDS mitdel |rfection state disgram.

Deceased state. A stnte diagram for the model™s population
is given in Figure 18, where the bold test indicates the
mme of the stnie, ond the text below ench namc 15 the
state symbology ustd in the Tocal computaion function’s
cquations.

Al states that end with the letters “NV™ specify the
novaceinsted population. Similardy, all stotes that cmd
with “VI1" specify the population that hive reecived only
onc dose of vaecine, and all stntes that end with = V2"
specify the population that hus reccived two disscs of vac-
aimi: Menibers of the Susceptible NV and Recovered NV
sttes arc considered clizible for vaccination, and trans-
tiomn to stale Suseetible V1 affor vaccination aceording o
the populution vacemation ate of dose | (1, 4 ). Mombers
of the Suscoptible VI und Recoversd V1 states arc als
considerod cligible for vaccmnation, and transition to state
Suscetible. V2 after vecemation according to the popula:
tim vacoination rate of dose 2 (voeg)). The emimg of

vacginafions within the  stotes  Recovered NV,
Susweptible V1, and Recovered W1 s resinicted only 1o
the fater phasics of these states so thal @ mimmum reeov-
cred fime before vacoination, nmd & mimmmum scoond-dose
infcrval 15 implementod. Mombers of the vecoinated stufes
have mercmsed protection from mfcobious oxposare speoi-
fied by immumity s (fog Liw). and hove moubation
rmales, Teoovery rates, snd fuahty mics thot diffor from the
non-vaccmutcd  populotion.  When reesuscopubility. s
cmablod, mdividunls enter the finol phise of susceptibility
in therr vaocmation clnss when thoy become suscepnbic
agrn, mcsnmge that in the case of Suscepiible NV and
Suseiptible V1, idividonis: who onter these states o e
susceptible are immedintely cligible for viecmaton. The

parmmeters that are speeific o the vacemuted stalcs and
are new to the SEVIRDS model Sre given in Table 7. The
pammeters Ut were defined o the base Cell-DEVS
model but now have vaccination status dependency are
given in Tahle 8.

The cquations that govern the Vaccimated stabes of
doss | and dose 2 ane given in the set of Equation (13),
which describe these stites for a colkstion of cclls
M= |my, my, ... ;) 4t bBme ¢ BEguations (13a)-{134d)
desonbe the pluses of the Vaconuted DI state, and
Egquation  (13¢)}-(13g) destibe the phuss of the
Vaccinated D2 stite. Age proup-specific vanubles are
mdexcd by the subsenpt @ character, and the eedl for
which the cguations are applicd s specificd by the sub-
scrpt i character as preyviomsly defined I sections 2, 3,
and 4. The symbol E; represonts the neighbor impact fe-
tor. defined later in Eguation (14), and s @ vansble that
reprosants the total strength of mfcctious contact ccl ¢ has
with all neighbors. ; s used to simphify the ropreseatation
of the now cxposures and: performs the same functions
scen o Egquations (3n) snd: (11e) buwt for the SEVIRS
model. The vocemated sct of Eguation (13) assumes that
the length of the Recovered DI state 15 groaier than the
Vacemated D1 state (T, = Tyl

Equation ( 13a) defincs the new Vaconated DI (g=1)
with thar first dosc a5 thesum of the Susceptibic NV ond
Reoovered NV populations that receive their find dose,
Baoth the Susceptibifc NV omd Recovered NV populntions
ore vacomsted ot the sge sroup-specific Toie of v, g,
where the Repovered. NV arc onfy vaccmated afler huving
been recovered for a mintmum of mid,, days. Egottion
{ 13b) definés how the Vicomated DI pomilation advimees:
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Table 7. Vicciated state-specific paramoters

Mumber of phases i Yacomtod DI state T
MNumber of phases In Vaconated D2 stste Ta
Minimuin nuimber of days Vaccmated D1 waits before eligble for dose 2 mTa
Minimum rumber of das Recovered MY and Recovered V1 waits befare vaccine eligible it
Vaceination rate for dose | Yodi
Varcimation rate for doso 2 per phase vaurr{ig)
lmununity rate of Vaccinated O por phase fuagh
Immunity rate of Vaccinated D2 per phaee heaalg)
Table 8. Viccinated state-specific paramoters

Parssneter Mon-varzinaied Varrinated dese | Vacchated dose 2
Incubstion rato walgh ¥l i) w¥2ig)
Recowiry rates valg 1) Wihig 1) Wi 1)
Fatality rates Fala) iy F¥l.ig)

Table ¥. Geographical coll locsl compumuan function
for SEVIRDS modol.

Input: none. Qutput: now state (struct sovird)

It niew stste = sevirdal)

2 for{each age group 3 in curpent stateage groups)
: ACDOID} = current_seste NVAC at{a)

: ACD[1] = current state VAC | =t(a)

&

+ compute EIRD)
ACDU}S = |
total | ;

% iiew state NVAC at{a) = ACD[D]new
10: now state VAT at{a) = ACDI[ Jnew
12 new state MACD st{a) = ACD[Zjnew
¥ <
B:

&
Ji

endfor

through the phases of Vaccimated DI before they hecome
chgible to reectve thor seeond doss at ¢ = mT,. 1t states
that the Vaccinated D] population in phases g =2 o
§ = miy is equal to the Vacemated DI popuolation on
the previous day, minus those that beeome Exposed D
deeoniing to their mmunity mte f; gy — 1) and the level
of mftctivus neighbor  contmt m K, (o= the
Vacvinated D1 populations reach phise ¢ = mT,, they
arc ynocmated af 2 mte of voelg — 1) dicated
Equmtion { Bc), whore (1 — vpuplg — 1)) is the proportion
of Vaccmated D1 that do not reecive dose 2 and will
whvimce to the noxt phose of Vacomated 3. This

cquittion stutes that the Vactinuted D1 populutions in all
phases ¢ = mTy are equal o the Vaceinated DI popula-
tion of the previous day, minus these that el vaccimmted
with dose 2. and those that bécome exposed. Equntion
(13d) defines the Voecimted DI popolutiom o the lnst
phase of Vaceinuted DI where mdividuals moy enter this
state from cither Vacemated Dlg = T — 1) or from the
Indt recovered phase Recovered DT, ) Specifically,
the Viccinated DITq) is cqual 1o the Vacvinated DI
population from the previous phase that do not reczive
doss 2, plus the newly m-susceplible population from
RV (T ) that do pot roceive dode 2, mimus the
Vacgimated D1 from the previous phase that  become
Exposed D1 The now Vactinted D2 population (g = 1)
iz difmed m Egmtion (7e) as the sum of all
Vaccimted DITgs) thal do ot become exposed, the
Vaccimed D population that gets their sceond dose
carly (¢ = mTp) and the Recovered D1 thut pets their
second dose (¢ = med,,). Note that sll population mem-
bers in e last phase Vaccimated DIT,) become
Vacomsted (1) or Exposcd TH(1) on the next diy.
Equation (7f) states thot the Vacemated D2 populstion m
phoses: ¢ =2 to g= Tz — | 15 always cqual to the
Vacoinated [32 of the previous phase that do not become
Exposed D2 Fimally, Equation (7g) defines the population
m the last phasc of Vacrinated D2 (g = T) as the swm of
Vacomated D2(Te) and Vocomated DT, — 1) from
the proviows day, mings the new Exposures i the populs-
tiomns from these two phuases, plus the re-suscoptible enter-
ng  Vaccinated DATa) from the st phase  of
Rocovered _12:;
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The new cxpesures m this SEVIRDS model are calee-
lntcd as the sum of exposurcs resulting from all age proups
and clesses of vaccmation sioips ieracting  with the
Susceptible populztions: Sasceptible. NV, Suscepuble V.
and Susceptible V2 The mobility e per wro groap,
vacomation states, and the per-cell movement: restriction
pulicics moke these population interactions non-hetemge-
neous. The ncighbor impact factor 1 used in caloulating
now exposurcs iv shown m Eguation ( [4) o stmplify the
exposicd set of Equation (15), where the symboly used in
the calcilation of B, sre defined in the baveline Cell-
DEVS modol, with the cxception that the mobility mites
(4£) eni the vinulence rate (A) are now vaccimtion. depen-
dint, baving o *V1" or* V2" following these symbols for
vactination sintes, The caleulation of E; sums the amount
of miective interaction cell | has with the infected of all
age groups in i€ noighborhood in ol three clisses The
caleulation of the exposed populaticns i all thirce clutecs
of vacemuhion status is given in the st of Equation (13),
Egquations { 15a) (15¢) define the new exposed with phase
¢= | in the three chisses. Equutions (15d)-(151) define
the exposcd stotes for all phases except the first:

F

E; = Z_H—' ¥ {g"i’] = .Z.--.l lays) =

r

Equation (13a) stutes that the now Exposed NV popu-
lation in fgc group o 5 cqual to the product of the
Susceptihle NV popalation and the neighbor impact factor
E;, Equations (15b) and (15¢) perform a similar coleuls-
tion for the Exposed V1 and Exposed V2 popultions,
while meorporating pluse-specific imumunity mies b, y(g)
and §zo(g) 0 model moreased prvtection from vacona-
tion. The immunity mates sre phase-specific as the protee-
tion provided from  vacciation  moreases  following
moculation. Eqmtions (15d) (156) doscribe how the dis-
casc moubates over time and mdividuals transition o
mfcoted states. The exposcd popalation of eny vaccmation
status in all phascs except the fisst 75 coml to cxposed of
the previous doy end phose multiplicd by the meubation
mute of thut phase (iul(g)). The emmnder of people who
make it to the end phose of an cxposed state emlcr an
mifcoied state on the following day. Equation (| 3u) defines
the ! propertion of population that s m an exposed
stote (Ey) s the sum of all exposed meall phoscs from the
Exposed WV, Exposed V1, ond Exposcd V2 stoies: The

§ PR 1
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Infected, Revovered, and Decinsed eguations: are mwot
givien, as fhese striey ore caleulated per the baselme Cell-
DEVS model for the three clogses of vaccination sintus
where esch class operates 2 0 umigoe SEIRDS mudel:
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withg ¢ {2...T,
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| (=2 tw] (mrgta) 1 (mvasti)]

(15)

At all times, the Suseeptible NV ollows Eguotion { 16),
statmny that the sum ol all population proportions per ave
grrioup ik equnl {o' 1. The tots] proportion of populstion in
infecied stutes (f), und recovered states (Ry), are caleu-
lated a8 o sum across the throe voccinnbon classes, follow-
ing the form of Equation (15p):

e o |
I “Tika)

Sl A ALNEEY L

L JH -
S = Tl i)

=¥ty —

"Rt;rit _ ﬂfl

(£ =] Tita)

(16)

5.2. SEVIRDS model implementation

The SEVIRDS model is implemented using Cadmium ox
before, having the same siriictune 8 Figare 5, similar stote
discretiation o Equeiticm (1), and a locil coenpuotation
functyon is buaded on the one tn Table 1. The stute objeet of
caich peopraphical cell is now o wirecd sovinds, cominining
41l mfcction stofe vartibles. A C+ + closy ApeDoioe wis
developed to calculate the inféction state variables pernee
group Bnd vaccinabon statui A smgle AdeeDas objeet is
usad to hold the infection siate vannbles 8, £, [ B, and D
for oosingle ape sroup and vaccmabion siafus. where thee
ApeDafis objoets are used (o calealnte the sfried sovirds
state variables for-a smple age proop. The we the of
AgeDis cam be seen in Table 9, where the nonovaceinated
states vaccimated dose | sinfes, nnd veecinated dosi 2
states are stored in AgeDoie objects (Tines 3-5). The varn-
ables new ssate (line 1) and current state gre of type
struet sevird, the Arst bomp allocated b hold the resall of
the local computation fmctions call, and the second con-
mininge the vilue of the cell’s state variables before the

loenl computation fmiction s called. The local computa-
tiom: [unction caleolntes all strmer sevirde state varinbles
ome ape aroup st o time (line 2), Thiset of Equation (13)
15 caleulated m line 6 esing all three Apefrrg objeets of
the current age prioaap. The exposed, infected, recovered,
and decensed state varmbles are ealenlated in line 7 wsing
the throe AgeDara objects’ with the cawception of
Suscepiible. NV. Egimtion (11) deseribing the proportion
of Susceptible NV i8 calenlatod i line 8. Lines 911 copy
the new Apgelwin mfommation inlo the srnd sevirds
neiv state. Onee the caleulation i3 complele for ol age
prowips, the objeel Aew_stale is rttumed 6 conclude the
Toenl computation function.

5.3. SEVIRDS model simulation results without
re-susceptibility

In the followmao, we presemt a simulation based om
Onitanin’s population distnhution and COVIR-19 mlovam
data {c.g virulence mics and recovery rates) pathered st
Public Health Ontario,”’ that show the effcet of a two-dose
vacomated populution. In Figure 19, we show the results
af the first semulation mm withoot vaccimes and withott
re-sumceptility crabled

The first graph in Figure 19 shows how over 300 days
the populabon of Ontene moves graduslly  from
Suscoptible. 0 Exposed, then Infocted, them  either
Reeovered or Deccased. Onee o Rocovered, they do oot
returm to being Susceptible as re-susceptibality s disabled,
amd thus, 1f the simulotion mn for longer, we wouald scc
the Susceptible curve dechine to wem, with the Recoversd
curve bemg noarly 100% of the popalation.: The sceomd
urnphy shows the Exposed nnd Infocted corves, wiile also
show the Deccased curve. We can sec the perconinge of
the population being added to cach of the respective stutes
on-cach duy of the smulstion, that 15, now expisures, now
mfections, and pow moovencs: For example, the peak for
the Exposcd stute, which wos oround day 160, translates to
just obove 3%, meanmge roughly that percentape of the
population moved o the Exposed state on that day, In
other wonds, wherens Fioure 21 show the toml populnnon
perceninges mocach of the states, Figune 20 shows the per-
comege of the populnnon bemg added o the Exposcd,
Infectod, and Recovered stafes, respectively. With: respeot
o Equations {7){Y), this graph shows, for cach day of the
stmulntion, the percontages for the difforent simics when
g=1:

We use these base simulotion. results oo anobyee the
cifect of diffcrent types of tmmmumity for vaooines.

5.3.1. Vocnotion with fineor incregse in immuonity roe We
first analyee the effect of vacomation configurng vabeiney
sob thut the immunmity recerved fmvn each dose increases m
lincar fushiion respective to cach dose: We aissume that the
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Figure 20, Daily. new exposed., infocted. and rocovered for bascline dimukstion

mmmumity #% uniform acmoss all age sroups. As there is no
procise ditn, we show the smlafion results obtnned
using Table 10 (since thoss e mpid prototyping para-
meters, they can be adjusted 48 snom a8 new dats becomes
availnhle),

When a partion of the population is vaccinated, they
hegm with 0.017 immunity (e L.7%), the mercases (o
0,036 the following weck {12, 3.6%), und so on wmhl the
end of the first dose, They are then moved to the second
deovg, with (0.1 immmonity (Le [0%) and this incroases
until 0.25 (e, 25%), as re-susveptibibty is off. Thesc
chunges m -ﬂn: configuration produce the results shown
m Fi

hsw-:unmrm Figure 21 (top), thae arc two new
curves, Vaccinated DI and Vaccinuted | D2, which track
the two smeeptible vaccinsted ststes, Exposed DI
Exposed D2 Infeeted DI, lnfected D2, Recovered DI,
and Reeovercd 2 states arc aggregated with therr non-
vaceimated cquivalents for brovity. The Suscephible cunve
mpresents the Smsceptible NV discussed carlior, This fig-
ure shows how the population moves quickly from

Suscepiihle. NV to their first dose, then just as quickly to
their socond dose, where thoy mostly remain, although
close to 4% eventmlly comtmet COVID-19, with most
maoving 1o the Recovered V2 stote and around 2°5% mov-
ing to the Deceased stute. In the bottom part of the figure,
the Exposed snd Infected curves are halfl of what the
Tespective curves are in the no-vaccime simulstion (sec
Figure 19), while the Devcasad curve rises slower amd
also around 1% lower than in the previous simulstion,
demoestrating the protection provided by vaesimation.
Figme 22 shows the new cxposurcs, mfections, and
recoverics. Compared to the hased scenario (Figure 20),
the curves huve o similer share, but peaks ata smaller per-
eentuge. The peak for new daily exposures, m the simuli-
tion without vaccings, was nearng 0.35%, and it remained
ahove 0.3% for a fow days, wheroas the very slim peak m
this simutation s onby nearmg 0,173%,. Interestmgly, the
sccond “wave™ in this simulation appears to asc higher,
proportiomally to the whole smulation. That may be
explained hecamse the number of people nfocted e the
first woy wos smaller than m the ongmal sconano.
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Figure 270 Daily now caposed, infocted, and recovored in linoar Fnmunity rato.

Table 10, Lincar incroase immanity raies per weck.

Specrid-dose ity

0.017. 0,036, 0.054, 0.071, 0.089 _
0.1, 0,12 0.143, 045, 0.161, 0.196. 0.214, 0232, 025

Nonctheless, there i an overall decrense in exposures and
infechions per doy with 4 very basic vacine confisuration.

5322 Voccnation with immunity rate decay after fineor
ineregse, This seenanio i o complex veccine simulxiion
thuat by ingludes 8 lncar decay to the tmmunity Teccived
from: the sceond dose over ime. The scocomd-dose stute s
short to guickly show what happens whin ymmumity
docreases over time and 1o demonstrate: the: configurbility
of the model.

This sctup works the same as the provious simulstion
with a twirchonges:. First, first- nnd second-doese mmmumity
rises guicker % shown m Toble [ Secomd, halfway
throurh the secopd-dose state, the mmunity begins to

decrease at the same mie that it mereised durinp the st
half of the stote:

This confipuration prodoces the stmufation rosolts as
shown m Figares 23 and 24, Ax shown m Figure 23 (top),
with re-susceptibility still disabled, there 1 no visible
chanpe to the Suosceptible NV, Vaccinled DI, and
Vaecinated D2 eurves. The changes are evident in hottomn
part of the figure where the Exposed and Infected states
stall hit the sami peak bul remiunk nesr it much longer
than in the provious simulation. Tnoaddition, the deccased
curve Tises o 2%, which is siill Tower than the simolntions
without vacemes bot around 0.5% higher than with no
decrease o immunity. In Figore 24, we can sée that the
dmly mncreases are slighily higher than in the provibus
simulation, with the peak being wider ond just past 0.2%
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Figure T4, Dy now oxposiod, infoctod, and recovored with deciping imimmity rate.

Tabde 1 ). Lnear nocrmss ammunity rates with decay.

First-dosn immunity
Fecord-dose Ry

0.03, 0.05, 0.075,0.1. 0125
0.15,0.175, 02, 0225, 0.25, 0:22. 02, 0:175, 015

versis (L175% However, it isstll just over (L1% lower
than without vaccines

533 Vacdnation with immunity rate decay afier curved
increase, Woo show an additmal scepario withoot -
spsceptibality. where the ymmemity. e increases slower
thon 1o the proviows secnono but decrenses faster. Tho
ity rete vitlues can be scen m Table 12

These confizumbion  puramcters produce: the resalis
shivwn i Figures 25 and 26

The: diffcrence with the provious sconano (scotion
5:32) is thut the final phases of Voccmated D2 provade
lower immumity rotes; resulting o higher mognitude of
exposures; micctions, axd recoverios: The value of the

svond-dose  immumty mite's: ol phase is the most
mmpactiul value, as people who reach this remain ot the
level of immunity mate unless ey become Exposod. The
peak infocted m this sectmrio reaches 2. 2% of Ootarin’s
total populntion, versus 2.9% in the case of the base simu-
lution without dny vaccinatons, snd 1.8% i the ease of
previous simutation: While the immuomity rute profiles of
the Vaconated D2 state of this simulation and the provi-
oo simulation (section 5.3.2) are similar, their outcomes
differ greatly because of the difference in the Insting
mmmunity rate {5 j2( T ) of Vaceinated D2

In Figure 26, we can see how the eases per doy peak
amd then drop beéfore rinsing apim bul are less in magni-
tiude than the base sconorip. Comparod to the provioos
sunulation seonano, the corves in this graph ure very
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Table 12, Curved increase irimuity rates with decay.

First-dose kmmmuicy
Second-dose immunity

0,003, 0.0, 0.08, 0.093, 0.055
0.1, 0223, 0.249, 0.243, 022, 0,186, D.14&, 0106, 0.09
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Figure 25, Curved incorcaso mmunity rate simulztion with decaying immunity rate
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Figure 26, Daily new cxposed, infected, and rocovered with curved morease immunity rate and decay

aimilar, having & shuhtly lorper mognitude- of infections
becapss the fimal phase Vaccimated D2 pmmumity rate 15
now tower ((L09) than the proviows simulation (0. 15).

5.4. SEVIRDS model simulation results with

ceptibili
Wi have also studied a hase scomario with no vaccination
and re-susceptibifity. The configurtion is identicnl to the
buse seenario presented m seotion 5.3, bt with re-suseept-

ihlity, Re-susceptibility highlights the mmportance  of

VIMOCTROE.

Figare 27 shows the simulation results of this new sce-
manio. Compared o he hose scengrin prosented in soelion
5.3 (Figures 19 and 20), the smaller reeovery eurve is the
muost ovident difforencee. aleng with the very Sopressive
mchne on the Deecased curve. As resuscephibility a5
gmhled, once reeovered papulation has reached the end of
the recovered state, they berome ssceplible weain, and
thas pattern will, @ theory. continue like this untal all the
popalution are in the Deconted state. The rosults m this
smulation do not scom sn scvere s armund T5%-B0% of
the population emaing cither Susceptible or Recoverod.
However, analyzing the bottom part of Figore 27, the
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Figure 2B, Daily. new exposed., infocted. and rocovered for bascline simukstion with re-susceptibiliey.

Exposisd and Tnfeciod curves show no sign ol decressing
over time, they rommning i stable ‘al a 3% rote. What 18
morc worrving is thal thi Deeensed curve has an incronss
ingr trond anad hax aleeady passed 3% (around 2% highar
than without re-susceptibility).

in Figire 28, we alsy obsctve thal the Exposed and
Infeeted curves show Titlle signs of dropping, and it spikes
around 0.05% mpghcr tham in the base scenario without e
sasocpiibifity. The Recovered curve as very close o the
infected curve, meaning most  poople  recover from
COVID-19 im this stmulation. The gap between them rep-
resonls the dotly portions of the population that oo
Decensdied . and ns this i not zomo, evertually, ag olfuded to
cartier, the whole population would cnd up in the Deceased
stofe unless sime moasres are tken to comrol the spread.

6. Conclusion

A Cell-DEVS COVID-19 model was defined and smm-
latcd to study the spread of mfoctions discase i

geographical environments. The miodel defined m this
paper uses o mothod of geosraphical CA Tike that wed m
Zhong ot al.'" in their amolation of the orginal SARS
pandernic but considers mone factors: e the implomenta-
tion of movement resiriction: policics. The model was'
simulated using the geoprmaphy of Ontarjo, Canmla, and
divided the provinee imo peopraphical eclls by PHU. The
mothodology of adijusting the mode]l ond diséase parn-
moeters was demotistrated, and the securacy of the model
was improved substarially. Many dircotioms for future
improversents cxast ineluding the following:

»  Defning roemn-specific  disease  chumotenisties
hased on epidemiological dut

*  The adidition of 4 diffcrent class of cell to represent
the coupling of cich cell t the outside world.

o  The addition of a population donsity correction
fctor,

e Increusing disobedience or chumging the infeetion
correction factors over timc.
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We mnplemented the asvmplomatic coses wsing o basic
micctimmsasymptomatic moo volee ol con bo mput by
the usor. The asvmplomuto carnors cxpose mone mdivido-
Al9 than their non-asymptomatic  counforparis. This s
infvnded to reprosent thie ¢ffoet of not takmp adegontis pre-
cautions due to the absonee of awareness. TSers can also
input - described proup of peishborboods: ond rim  the
muodel through the neighhorhoods, sllowing for visualiz-
ticn of how a disexse might sproad throwgh a eity, town, or
cinmitry. We use 1 case study where the model’s neighbor-
hooids gre defined ag the PHUs of Ontimo. Our results
show how an weymplematic set of coriors can lead to shar-
per incTeasss in cade coumts resulting in o change o the
tobil mumbers of cases that o population woold exporicnce.
Our model provides a framework (o rapidly prolotype dis-
cige spread. m their neighboarhood where ssymptomutic
infoctions can he considersd nnd tncompanted  where
foeessary.

We prescoted & modal thut allows uscrs to creito rupid
simulation predotypes to siminlate how much of an impoct
asymplomestic cases wounld e on discase case comifs
Another important nole abowt the modal, although i hay
been built aronnd the COVID- 19 pandomic, it can be ussd
fior any other discase. This can be done in g guick, efficient
munner, If weers have the relevant information for o dis-
cade ulong with the asymptomatic rafe at which & discs
transmits, they can simply chunge the pummeters and re-
run the model. The model also gives the weers the ability
to efficiently adapt the peooraphical level that the modal is
hemg mm on.

Future wark will focus on decper analysis of the modcls
o mvestigate the mfluence of different mode] parametors
in the transmission of the discase. For cxample, we will
investigate how is commoctedness comrelated wath transmis-
s or how docs the number of spatinl pmits unpact the
robustness of the model.

Future adaptations: plim to moorpomte asymptomatic
discase - mmsmission  mies: (modificd  virolence  mics),
usymptomatic mics by Bgc @Toup, & MO accumic susecp-
tibic to cxposcd tmmsiton and new companmenis (o repre-
sent individunls who sre vacomated, and therefore: less
suscopiible o the discase: The model can be casily adnpicd
tivsymulate varants of concern by tunme the tost caseiocon-
figuration dots found 1o Tabie: 1. In future adoptions; vor-
innts 'of concermn will be addressed in o formal manner
allowing for the stmulstion of smgle and mubbple vornants
of conecm.
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