doi 10.18699/bgrs2024-2.3-02

NeoCovasim: areHTHas JMAIEMUOJIOTHUYECKAA MOJAEb
C Y4€TOM TPAHCHOPTHBIX MOTOKOB M yckopenneM Ha GPU

Manonos A.*, Ilypkuc B.2, Macnosa 1.1, Kosnos U., Camoiinos A.l, Unbuna E.!
L HUH Cucmemnoti 6uonoauu u meduyunsvl Pocnompebnadsopa, Mocxea, Poccus

2 @Ir40Y BO «Mockoeckuil puzuxo-mexnuyeckusi uHCmumym (HayuoHaIbHbIL UCCIeO06aMeNbCKULL
yHugepcumem)y, Mockea, Poccus

* a.manolov@sysbiomed.ru

KawueBsble cji0Ba: areHTHOE MOJICTHPOBAHKE; BRIYACIUTENbHAS snuaemuonorus; COVID-19

Momusayus u yenv. Henasusst nannemus COVID-19 spko npogemMoHcTpupoBana He-
J0CTAaTOYHOCTb COBPEMCHHLIX CPEACTB MOHHUTOPHHIA, KOHTPOJIA U IIPOIrHO3UPOBAHUA
SMUIEMHUOIOTHIECKON CUTYAIINH B CIIy4ae MOSBIEHUS HOBOTO HH(EKIIMOHHOTO areHTa.
DT0 00yCIOBIMBAET HEOOXOIUMOCTD JaTbHEHUINETO Pa3BUTH MMOAXOIOB U METO/IOB, B
TOM YHUCJIC MCTOAOB KOMIIBIOTCPHOI'0 MOJACIMPOBAHNA, KOTOPLIC MMO3BOJIAT JIYUIIC KOH-
TPOJIMPOBATH PACIIPOCTPAHEHHUE SMUASMHHN U IIPH STOM IIPUHAMATH COATaHCUPOBAaHHBIE
Y palroOHAIIFHBIC YIIPABICHYECKUE PEelIeHUsI. ATEHTHOE MOJICTMPOBAaHUE aKTHBHO TPH-
MCHACTCA IPU CUMYJIALUAX paCIIpOCTPpaHCHUA E)HI/IILCMI/II\/'I, ITOCKOJIBKY MMO3BOJIACT YYECTh
MPOCTPAHCTBEHHYIO T'€TEPOICHHOCTh CPEJbl, MHAMBHUYaJIbHBIC OCOOCHHOCTHU JIIONICH,
nemorpadudeckue mapaMeTpsl U CTPYKTYpy KOHTaKTOB MEXIy ToapMu. [Ipu stom
OTrpaHNYMUBAIOIINM q)aKTOpOM X NPUMCHCHHA 3a4aCTyr0 BBICTYIIACT 6OJ'ILHIa$I BbIYHC-
JUTENbHAS CJIOKHOCTh IAHHOTO MOJIX0/a ¥ TPYIHOCTh MOJ00pa MapaMeTpOB MOJCIH.
Arentnast mogenb COvasim crana momyJsIpHO# aTGopMOi I POBEICHUS areHT-
HOrOo MojenupoBaHus pacrnpoctpaneHus SARS-CoV-2 [1]. K ee mpemmymecTBam
MOKHO OTHECTH OTKPBITBIH MCXOJHBIA KOJ, aKTHBHYIO Pa3pabOTKy, YMEPEHHBIH ypo-
BEHb CIIOKHOCTH OTHCAaHUS UCKYCCTBEHHOW TOITyJISIINN U TIpollecca rmepenadn HHQek-
IIMOHHOTO arenTta. K orpaHudeHusM JaHHOW MOJIETTH MOKHO OTHECTH HEBO3MOXHOCTh
MOACIIUPOBAHNSA HECKOJIBKNX HACCIICHHBIX ITYHKTOB, CBA3aHHBLIX TPAHCIOPTHBIMU ITOTO-
KaMHM, CPaBHUTEIHHO OOJIBIIOE BPEMsI pacyeToB JUI KPYIHBIX TOPOAOB (C HAacelIeHHEM
MOpsIJIKa MIJUTHOHA 4YesioBeK M Oonbiie). Llenpro HacTosmeil paboThl sSBisieTcs paspa-
00TKa BHICOKOITPOM3BOIUTENBHOM areHTHOW MOJIEIH, MTO3BOJISIONIEH MOAETHPOBATH MO-
MyJISLKI0, CPABHUMYIO 10 Pa3MEPY U CTPYKType ¢ nonyJiisiiineit Poccuiickoit denepaiiin
Y TIO3BOJISIONIYIO YYUTHIBATH PETHOHAIBHBIE OCOOSHHOCTH W TPAHCIOPTHBIE TIOTOKH
MEXy OTAETHHBIMU PETHOHAMH.

Pesynomamer: Hamu 6611 MouduimpoBan koa moaenu Covasim, 4ro mo3BOIHII0 MO-
JACIIMPOBAaTh MHOXXCECTBO OTACIIbHBIX HACCIICHHBIX ITYHKTOB, KOTOPBLIC CBA3AHBI MCKIY
c000i1 TpaHCIIOPTHBIMH MTOTOKAMHU C 33/IaHHOW MHTEHCHBHOCTHIO TIEPEMEIICHHUS arcH-
TOB. BEIUuncienus mo KaXXA0OMY OTACIIbHOMY HACCJIICHHOMY ITYHKTY IIPOBOJATCS I1apal-
JIENTEHO, YTO MO3BOJIAET 3PPEKTHBHO MCIIOIB30BATH BEIYUCIUTEIHHBIE PECYPChl HA MHO-
TOIPOIIECCOPHBIX BBIYMCIUTENBHBIX KiacTepax. B rpadudeckwii mHTepderic mpo-
rpamMmbl 1o0aBiieHa BO3MOXKHOCTh HE3aBHCHUMO HACTPaMBATh IapaMeTphl OTIEIBHBIX
HACEJIEHHBIX MyHKTOB. [l0ob30BaTeNb MOXKET 3arpy3uTh (aiin ¢ nemorpadpuaeckumMu u
CTaTUCTHYECKUMH NIOKa3aTeNIsIMI HACEJIEHHOTO IIYHKTa, HA OCHOBE KOTOPBIX OyZeT co-
3/1aHa CHHTETHYECKas MOMyJsanys. Bo3mMoxkHa HacTpolika TaKMX MapamMeTpoB, Kak M0JI0-
BO3pacTHas CTPYKTYpa, pacipeesieHre pa3Mmepa TOMOX03IUCTB, KO U IPEPUITHH.
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Taxoke MoJbp30BaTeNlb MOXKET 337aTh MHTEHCHBHOCTh MAcCaKUPOMOTOKAa MEXIy Hace-
JICHHBIMU MYHKTaMH. BeIUMCIUTENbHBIE SKCIIEPUMEHTHI BBISIBUIIM HEMHEWHYIO CBS3b
MEK/Ty MHTEHCUBHOCTBIO ITACCAKUPOIIOTOKA M BPEMEHHOHN THHAMHUKOH SITHIEMHOIIOT U~
YeCKOTo IpoIiecca B HACEIEeHHBIX IMyHKTaxX. [Ioka3aHo, 4To B ciIydae CBSI3M TPAHCIIOPT-
HBIM [TIOTOKOM TOPOAOB Pa3HOTO pa3Mepa HaOIIOAAETCS CIOXKHAs 3aBUCHUMOCTb MEKIY
pa3MepamMu ropo10B U BpEMEHHOH TMHAMHUKOH STIHIEMHYECKOT0 Ipolecca. DTH pe3yilb-
TaThl BOYKHBI TSI HHTEPIIPETANH AIMITMPHYECKUX TaHHBIX 110 BpEMEHHON JJMHAMUKE KO-
JMYeCTBa MHPUIUPOBAHHBIX B PA3IMUHBIX HACEJICHHBIX MyHKTaX.

s yckopeHusi BBIYMCICHUH TPU MOJCIUPOBAHWM KPYIHBIX HACENCHHBIX MYHKTOB
HAMHU PEaJH30BaHO YCKOPEHHE PACUETOB 3a CUET MCIIOIB30BAHUS IpadMuecKoro mpo-
neccopa (GPU). beio mocturayto 10-100-kpaTtHoe yckopeHHe (B 3aBUCUMOCTH OT KO-
JIMYECTBA MOJCITUPYEMBIX arcHTOB).

Hamu Gplta mpoBeieHa OlleHKa 9yBCTBHTEILHOCTH MOJIETH K AeMOrpaduiecKuM mapa-
MeTpaM HCKYCCTBEHHOH MOMYJISINK Ha OCHOBE MHAEKcoB Cobous. B xauectBe HabIi0-
JlaeMbIX 3HAYEHUH MCIOJH30BATIOCH CYMMAapPHOE KOJIMYECTBO HHOUIIMPOBAHHBIX, KOJIU-
YEeCTBO YMEPINX, TUKOBOE KOJIHYECTBO MHMUIIMPOBAHHEBIX B IeHb. MBI Ha0OMI0 a1, 4TO
HanOOJIBIINI BKJIA B 9TH 3HAYESHUSI BHOCST pa3Mephl JOMOXO3SICTB, pa3Mephl KJIacCOB
B IIKOJIaX U pa3Mepbl pa00YHX KOJIEKTHBOB.

Bo16o0bi: Ha ocHOBe maaT(OpMBI ¢ OTKPBITHIM HCXOAHBIM KozoM COvasim Hamu ObLia
paspaboran nmporpammHbIii Komiuieke NeoCovasim, mo3BosIstoIril IPOBOIUTE Mapali-
JIeTTbHOE MOJICTUPOBAaHIE HECKOJIBKHUX HACEIICHHBIX ITYHKTOB, CBSI3aHHBIX MEXIy COOO0M
TPAHCIIOPTHOH CEThI0. BRIUNCINUTENBHBIE SKCIIEPUMEHTBI I0KA3aJIU HEJIMHEWHBIX XapaK-
TEp CBS3U MEXTy HHTEHCHBHOCTBIO ITACCAKUPOIIOTOKA U TMHAMUKOW STIHIEMHUOJIOTHYE-
ckoro mporecca. Hamu Obuta peann3oBaHa BO3SMOYKHOCTH IPOBEICHHS PAacyeToB Ha
GPU, uro mo3BossieT 3HaUNTEIHHO YCKOPUTD MPOLIECC MOJEIUPOBAHHSA B CITydae KpyIl-
HBIX TOpPOOOB. OHeHKa YYBCTBUTCIIBHOCTU MOJCIIM K IIapaMETpaM II0Ka3ajaa, 4TO
HanOOJIBIINI BKJIA]T B IOBEJICHHUE MOJIEIIN BHOCAT pa3Mep JTOMOXO3SHCTB, pa3Mep Kilacca
U pazMep pabovrX KOJIJICKTUBOB.

Qunancuposanue: ViccnenoBanue nojaepxkano cyocuaueir Pocriorpebnanzopa, HoMmep
141-02-2023-208.
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Motivation and Purpose: The recent COVID-19 pandemic has clearly demonstrated the
insufficiency of modern means of monitoring, controlling, and predicting epidemiolog-
ical situations when faced with a new infectious agent. This necessitates the further de-
velopment of approaches and methods, including computational modelling techniques,
to better monitor the spread of epidemics and to make balanced and rational management
decisions. Agent-based modelling is actively used in simulations of epidemic spread, as
it allows for the consideration of spatial heterogeneity of the environment, individual
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characteristics of people, demographic parameters, and the structure of contacts between
individuals. However, the high computational complexity and the difficulty in selecting
model parameters often limit its application.

The Covasim agent-based model has become a popular platform for modelling the
spread of SARS-CoV-2 [1]. Its advantages include open-source code, active develop-
ment, and a moderate level of complexity in describing the artificial population and the
process of infectious agent transmission. However, limitations include the inability to
model multiple settlements connected by traffic flows and relatively long calculation
times for large cities (with populations of about or more than a million people).

The aim of this work is to develop a high-performance agent-based model that allows
for the simulation of a population comparable in size and structure to the population of
the Russian Federation, taking into account regional peculiarities and transport flows
between individual regions.

Results: We modified the Covasim model to simulate a set of individual localities con-
nected by traffic flows with a given intensity of agent movement. Computations for each
settlement are performed in parallel, allowing efficient use of computing resources on
multiprocessor clusters. The graphical interface of the program has been enhanced to
allow independent configuration of parameters for individual settlements. Users can up-
load files with demographic and statistical indicators of a settlement, upon which a syn-
thetic population is created. Parameters such as sex and age structure, household size
distribution, schools, and enterprises can be configured. The intensity of passenger traf-
fic between settlements can also be set.

Computational experiments revealed a non-linear relationship between the intensity of
passenger traffic and the temporal dynamics of the epidemiological process in settle-
ments. A complex dependence between city sizes and the epidemiological process dy-
namics was observed when cities of different sizes were linked by traffic flows. These
results are crucial for interpreting empirical data on infection dynamics across different
settlements.

To speed up calculations for large settlements, we implemented GPU acceleration,
achieving a 10-100 times speed increase depending on the number of agents modelled.
We evaluated the sensitivity of the model to demographic parameters of the artificial
population using Sobol indices. The total number of infections, the number of deaths,
and the peak number of infections per day were the observed values. Household size,
class size in schools, and workforce size were found to contribute most significantly to
these values.

Conclusions: Based on the open-source Covasim platform, we developed NeoCovasim,
a software package that allows parallel simulations of multiple localities connected by a
transport network. Computational experiments showed a non-linear relationship be-
tween passenger traffic intensity and epidemiological dynamics. GPU acceleration sig-
nificantly speed up the modelling process for large cities. Sensitivity analysis revealed
that household size, class size, and workforce size are important parameters influencing
model behavior.

Funding: The study is supported by the subsidy of the Russian Federal Service for Sur-
veillance on Consumer Rights Protection and Human Wellbeing No. 141-02-2023-208.
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