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OrpaHnyeHnsA B CO3AaHNN NCKYCCTBEHHDbIX MONYAALWIA B areHTHOM
MoAenpoBaHNM SNUAEMUNIA: CMCTeMaTNUYeCKn 0630p

Macnosa U.U., MaHnonos A.1.*, TnyweHko O.E., Kosnos W.E., Llypknc B.U., Monos H.C.,
Camownnos A.E., Jlykawes A.H., UnbnHa E.H.

HayuHo-nccnenoBaTeibCKnin MHCTUTYT CUCTEMHOM Buonorumn n meguumHbl, Mocksa, Poccus

AHHOMauyusi

BeepeHue. KnoueBbiM 3Tanom areHTHOro MoAenupoBaHWa 3nuAeMui, No3BOMSIOWMM MUccrneaoBaTensam yyu-
TbiBaTb MHAMBMAYaNbHble OCOBEHHOCTW MIoAen, ABNSETCH CO34aHue WCKYCCTBEHHOW nonynsumn. OcHoBHas
CMNOXHOCTb 3TON NpoLeaypbl — NoucK 6anaHca mexay NogpoBHOCTLI0 ONUCaHWSA NONYNSALUNA U BbIYUCITUTENBHON
3(pPEKTUBHOCTLIO PACUETOB.

Llenn n 3apaum o630pa: KpUTUYECKM NpoaHannanmpoBaTb M 0606LWNTL akTyanbHble AaHHbIe O cnocobax co3aa-
HWUSI NCKYCCTBEHHbIX MOMYMSALUMIA; OLEHUTb OrPaHUYeHns 1 NperMyLLecTBa MMEeKLWUXCA NOAX0A40B NpY peLLeHun
pasnnyHbIX 3af4a4 B 3NNAEMNONOTUN.

Martepuanbl 1 Mmetoabl. [IpoBeaéH aHann3 NCTOYHUKOB NUTEPATYpPbl, MOCBALLUEHHBLIX areHTHOMY MoAenmMpoBa-
HMIO. AHanmn3 cpoKycrpoBaH Ha anropMTMax CO3faHusa NCKYCCTBEHHOWM NONynsuun ¢ 3agaHHbIM YPOBHEM AeTa-
nusaumm ons MoaenupoBaHna PecnnpaTopHbIX MHAEKUMIN YenoBeka.

Pe3ynbraTtbl. O6006LeHbl NOAX0A4bl K CO34aHMI0 MCKYCCTBEHHbIX NONynauui. BeisBreHbl OCHOBHbIE NPUHLMMbI
peanu3auun B3auMOAENCTBUS MEXAY areHTaMu: C NMOMOLLbIO CETEN KOHTAKTOB MEXAY areHTaMu M Ha OCHOBe
y4y€Ta nepemeLleHns areHToB Mexay nokaumsimu. [NepBbli noaxoa sBnsieTcs Hambonee apdeKTUBHLIM AN Bbl-
YUCMNEHUA U MPOCTLIM; BTOPOA MOAXOL MO3BOMSAET Ny4lle yunTbiBaTb U3MEHEHUE MOBEOEHUS areHToB B Xoae
pasBUTUS ANNAEMUYECKOro npoLecca.

3akniovyeHue. AreHTHOe MoZennpoBaHne — ONTUMarnbHbIA MHCTPYMEHT Npu Bblibope Haunyylwero cueHapwus
NpoBeAeHUst NMPOTUBOINUAEMNYECKUX MEPOMNPUSTUA U UCCEeO0BaHUN PONN MHAMBMAYamNbHBIX 0COBGEHHOCTEN
nogev B pa3suTum annaemMuin. Npy co3gaHnm CKyCCTBEHHOM NOMYNSALMN BaXKHO BKNOYAaTh B MOgenb PakTopbl,
Ha KOTOopble MOXET ObITb HanpasneH KOHTPOsb. CyLleCcTBEHHbIM OrpaHUYeHneM SIBNsieTcs OTcyTcTBUe dhakTo-
NOrMYeCcKmX JaHHbIX O CTPYKTYpe Monynauum, OfHaKo ero MOXHO NMpeoaoneTb 3a CHET NPUBIEYEHUS KOCBEHHbIX
OaHHbIX.

KnioueBble cnoBa: azeHmHoe MoOenuposaHue, UCKyCcCcmeeHHasi Monynsyus, anudemMudeckuli npoyecc, ebi4uc-
numernbHas anudemuorioausi, cucmemamuyeckuli 0630p

UcmoyHuk ghuHaHcupoeaHus. Pabota nogaepxaHa rpaHtom PH® Ne21-15-00431 n cybenamen PocnotpebHaasopa
Ne141-02-2023-208.

KoHgbnnukm uHmepecoe. ABTOpbl AeKNapupyoT OTCYTCTBUE SIBHbIX U MOTEHLMATbHBIX KOH(IIMKTOB UHTEPECOB, CBSi-
3aHHbIX C NyGnuKaLmeit HacTosILLe CTaTbu.
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Limitations in creating artificial populations in agent-based
epidemic modeling: a systematic review
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Nikolay S. Popov, Andrey E. Samoilov, Alexandr N. Lukashev, Elena N. llina

Research Institute of Systems Biology and Medicine, Moscow, Russian Federation

Abstract

Introduction. The key step in agent-based modeling of epidemics, which allows researchers to take into account
individual characteristics of people, is the creation of an artificial population. The main difficulty of this procedure
is finding a balance between the detail of the population description and the computational efficiency of the
calculations.

The aim and objectives of the review: Critically analyze and summarize the current evidence on how to create
artificial populations; evaluate the limitations and advantages of available approaches in solving various problems
in epidemiology.

Materials and methods. An analysis of literature sources devoted to agent-based modeling has been performed.
The analysis is focused on algorithms for creating an artificial population with a given level of detail for modeling
human respiratory infections.

Results. The approaches to the creation of artificial populations are generalized. The main principles of realization
of interaction between agents are revealed: by means of networks of contacts between agents and on the basis
of taking into account the movement of agents between locations. The first approach is the most computationally
efficient and simple; the second approach allows to better take into account the change in the behavior of agents
during the development of the epidemic process.

Conclusion. Agent-based modeling is an optimal tool for selecting the best scenario for epidemic control and
investigating the role of individual characteristics of people in the development of epidemics. When creating an
artificial population, it is important to include in the model factors that can be targeted for control. A significant
limitation is the lack of factual data on population structure, but this can be overcome by using indirect data.

Keywords: Agent-based modeling, artificial population, epidemic process, computational epidemiology,
systematic review
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BeepeHue OTHOCATCS. METObI MALIMHHOTO 00YYEHHs U KOMIIBbIO-

C navana 2000-X IT. 4eJTOBEYECTBO CTOJIKHYJIOCH C
PS.IOM BUPYCHBIX SIIUAEMUH, BKIIFOYAs! TSKEIBIN OCTPBII
pecniupatopubiii cunapom (TOPC, 2002-2003 rr),
rpunn A(H1N1)-California (cBuno#t rpunm) (2009 r.),
brmxHeBocTOUHBIN pecniuparopHblii cuaipoM (MERS,
2012r.), Benbiku Tuxopaaky oona(c2014mo2016r),
nuxopanku 3uka (2015-2016 rr.) u, HaKOHeI, MaH[e-
muo COVID-19, BpI3BaHHYIO HOBBIM KOPOHABUPYCOM
SARS-CoV-2 (c 2019 1. no Hacrosmiee Bpems). Ilan-
nemuss COVID-19 BrI3Baa uHTEpEC CHEIUANINCTOB B
00JIacTH SMUAEMHOJIIOTUN W 3IpaBOOXpaHEHHS K HC-
MOJIb30BaHUIO BBIUMCIUTENBHBIX CPEACTB JJIs IPOTHO-
3UpPOBAHUS Pa3BUTHS MUAEMHUM U To100pa ONTHMAaIb-
HBIX MPOTUBO3MUAEMHUYECKUX Mep. K 3TuM cpenctam

TEpHBIE MUAEMHUOTIOTUIECKIE MOJICIH.

KomnbrorepHoe MopenupoBaHHue B 3MUIECMHUOIO-
MM TPEIHA3HAYCHO ISl BOCIPOU3BEACHUS JIUHAMU-
KH PacnpocTpaHeHHsI HHPEKIIMOHHOTO 3a00JIeBaHuUs C
y4€TOM JeMOTpapUUSCKUX XapaKTEPUCTUK HACCICHUS
[1-3], cTPYKTYpBI CETH KOHTAKTOB [4] ¥ HHpOpMALIUU O
CTpaTerusix BMEIIaTeNbCTBa [5, 6]. DT Moxenu npen-
CTaBJISIFOT COOOH BUPTYyalbHYIO J1TAOOPATOPHIO, TO3BO-
JISIFOILYI0 U3y4aTh THIIOTETHYECKUE CIICHAPUH, OLCHH-
BaTb 3QQEKTUBHOCTh PA3IMYHBIX MEp U NPEIBUACTDH
TPACKTOPHUU PA3BUTHSI BCIIBIIIIEK.

UucneHnHoe perieHre 00bIKHOBEHHBIX auddepen-
IUANBHBIX YPaBHCHHN M areHTHO-OPUEHTHPOBAHHOE
mopenupoBanue (AOM) — nBa Haubosiee pacnpocTpa-
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Bnok A. bnok b.
NHuuymanusauyms AreHta BsaumMogeiicteus Yenosek-Yenosek Bnox B
XapaKTepuCcTUKK, KoTopble KoHTaKT Mexay aF?HTaMVI npoucxoamT BsaumopeiicTeus Yenosex-Jlokaums
Ha3HavaroTca BHYTPU KOHKPETHOM JI0KaLMK COrnacHo
} . . yTp p U CTpouTcs ceTb 4151 KaXKA0ro areHTa
LindposbiMu aBoMHMKaM”.: pacnopsaKy AHs BbIGpaHHbIX areHTOB. MEXZy NOCeLLAeMbIMU UM JIOKALMAMM
-BO3pacT Heobxoanmo yuynTbiBaTh BpeMEHHbIE TaKKe UeT y4eT BpeMeHHbIX
-Han4une BaK“LI,VIHaLI,VIVI NPOMEXKYTKMU. MPOMESKYTKOB.
- COLMaNbHbIN CTaTyC
-n rme
) ApY Patora BonbHMua
JeHb
YTpo
YTpo, leHb
YTpo, [leHb
TeHs [HeHb, Bevep
OM LLkona
JeHb, Beuep A
Vrpo, s Beuep, Houb
[eHb

Puc. 1. UckyccTBeHHas nonynsaums BKMOYAET areHToB C pa3nuyHbIMK Aemorpadudeckummn xapaktepmuctukamu (brnok A).
OTUM areHTaM Ha3Ha4arTCs HeKoTopble 0653aHHOCTU, KOTOPbIE OHU AOMKHbI BbINOMHATL B ONPeAEnéHHbIX MecTax U B onpe-
AenéHHoe BpeMs. Tak obpasyeTcs ceTb, KOTOpasi COeANHAET areHTOB C NOKaLMSMU B TEYEHWE JHS, CO34aBas CETb YEnoBeK—
nokaumsa (bnok B). CeTb KoHTakTOB YenoBek—4vernoBek (brnok B) paspabaTtbiBaeTca Ha OCHOBE B3aUMOAENCTBUN, MOSTyYEHHbIX

Ha ocHoBe rpadha YenoBek—nokaums.

Fig. 1. The artificial population consists of agents with different demographic characteristics (block A). These agents are
assigned specific tasks to perform at specific locations and times. This determines a network that connects agents to
locations throughout the day, creating a person-location network (Block B). The person-to-person contact network (Block b ) is
developed based on the interactions obtained from the person-to-location graph.

HEHHBIX MOAX0/a K MOJICTUPOBAHUIO B 3MIHUIEMUOJIOTHH
[7, 8]. K mepBoMy moixomy OTHOCSITCSI pa3IuIHbIC KOM-
MapTMEHTHBIE MOJENH, HaIpUMEp, MOJAEIb «BOCIPH-
MMYUBBIH—MH(QUINPOBAaHHBIH—BBI3A0OPOBEBILIHI» [9] U
e€ MomuduKauu;, KO BTOPOMY — arcHTHBIC MOJICIIH,
KOTOPBIC YUYUTHIBAIOT HEOAHOPOIHOCTh MOMYIISIINH 32
CYET MOJEIUPOBAHUS ACHUCTBUM U B3aUMOJICICTBUM OT-
JIeJIbHBIX areHToB (Jirozieit) BHyTpH Hee [3, 4, 10].
ATEeHTHBIE MOJEIN PAaCCMATPUBAIOT KAXKIOTO Ye-
JIOBEKa KaK aBTOHOMHOTO areHrta, oOlamalomiero xa-
PaKTEPUCTUKAMU, OMPECIISIONIMMHU €T0 TOBEIEHUE U
coluanbHble B3auMoaencTBusl. CMBICIIOBBIE OJIOKH, Ha
KOTOPBIC MOXHO Pa3Je/IUTh JIIOOYI0 CHHTETHYCCKYIO
MOMYJISIIINIO, TPEJCTaBICHBI Ha pHUC. 1.
ATEHTHO-OpPUEHTUPOBAHHBIA TMOAXOA MPUMEHUM
JUISL U3y4YeHus: MpoTuBOdIUAeMuueckux mep [11-13],
OIICHKH 3((EKTUBHOCTH BO3JICHCTBUI Ha pPa3IUYHBIC
rpynmnsl HaceneHus [14] u nmpoBeneHUs aHANIHM3a YyB-
CTBUTEIHLHOCTH PE3yJIbTaTOB MOICIUPOBAHUSA K W3-
MEHEHUSM B 3Ha4YCHUSIX mapamerpoB [15]. OcHOBHEBIC
uenu npuMenenus AOM B HTepecax OOIIeCTBEHHOTO
3/IPaBOOXPAHEHUS 3aKIIIOUAIOTCSA B aHAIU3E U MPOTHO-
3UPOBAHUU TIOCJICJCTBUN IPEIoiaracMbIX BMeIIa-
TETBCTB IS 3[I0POBbsI HACEIICHUS C YIETOM acIeKTOB
CJIOXHOW COLUAJIBHOW CTPYKTYphl. Monenu, mocrpo-

eHHble Ha ocHOBe AOM, moMoraioT IOHSITh OCHOBHBIE
MEXaHU3MBI, OTIpeJIeNSIIoIINe THHAMHUKY U Pe3ybTaThl
nporekanust snugeMuii. AOM MOTryT OBITH HCIOJB30-
BaHBl JUIsI BUPTYaJbHBIX 3KCIIEPUMEHTOB, HCCIETYIO-
MIMX pa3iWYHbIe CTPATETHH BMEIIATEIbCTB, U JAPYTUX
MEPOIIPHUATHI 10 CHUKEHHIO 3a00J1€BaEMOCTH CPEIH
HaceneHus [16]. Bc€ 310 nenaer ux BaXKHBIM HHCTPY-
MEHTOM HCCIeIOBaHUH M OOy4eHHs CIEIHAINCTOB B
00J1acTH O0IIECTBEHHOTO 3[PaBOOXPAHEHHS.

OcHOBHas CIOKHOCTh Hcnonb30BaHus AOM kak
MHCTPYMEHTA COLMUAIBHBIX, MOJUTUYECKHX W HKOHO-
MHYECKHX HCCIIEZIOBAaHUI 3aKiII0O4aeTcss B IPaMOTHOM
COTIOCTABJIEHUH LENH MOJAEIHPOBAHUA U CTETCHU Je-
tanmm3anun moaenu [17]. Hemocrarkom AOM MoxkeT
CTaTh M30BITOYHAST TOAPOOHOCTH, KOTOPAsK YCIOXKHSET
o0IIYyI0 3a/la4y MOJAEIMPOBAHHS U MPUBOAUT K CO3/1a-
HHUIO YPE3MEPHO CIOKHBIX MOZEJeH C W30BITOUHBIMU
napaMeTpaMy, KOTOpble He BHOCSAT CYIIECTBEHHOTO
BKJIaJIa B pe3yJIbTaThl MojenupoBanus [18].

IMouck Oananca B BbIOOpE YYHMTBHIBAEMBIX Mapa-
METPOB M CJIOXKHOCTH TPU CO3JAaHHHM HCKYCCTBEHHOM
nonynsiiuu (MIT) nns AOM — OTKpBITEIA BOTIpOC,
CTOsAIME nepen uccnenosarensiMu. Hacrosmuii cucre-
MaTUYeCKUi 0030p MMEET HeJbI0 BBHISBUTH Haubomee
pacnpoctpan€HHble noaxonabl K cozmanuto UII mpu
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KonnyectBo obHapy-
XKEHHbIX Mybnukaumn
B pesyrnbrare nomcka
B 6a3e OaHHbIX
Number of publications
detected by database

search
(n = 460)
lNonHoTekcToBbIE McknoveHbl
cTaTbW, OLEHEHHbIe NONMHOTEKCTOBbIE

Ha BO3MOXHOCTb
BKITHOYEHNSA B aHanu3
Full-text articles
assessed for inclusion
in the analysis
(n=212)

!

WccnepoBaHus,
BKITHOYEHHbIE B aHanu3
Studies included
in the analysis
(n=144)

cTaTbM C yKkasa-
HUEM NPUYUH
Excluded
full-text articles,
with reasons given
(n=67)

Puc. 2. Cxema otbopa nybnmkauun ana cucreMaTnyeckoro
o0630opa.

Fig. 2. Publication selection scheme for the systematic
review.

Ar€cHTHOM MOJCIUPOBAHUU U KOHKPETU3HUPOBATH HX
OrpaHUYCHHA.

MaTepman bl 1 MeToAbl

JlaHHBI cucTEeMaTH4eCKUi 0030p OCHOBaH Ha pe-
komennanuax PRISMA (Preferred Reporting Items for
Systematic Reviews and Meta-Analyses). Cucremaru-
YECKH MOKCK JINTEpaTypbl MPOBOAMIH C UCIOIb30Ba-
HueMm 0a3bl maHHbIX PubMed. Tlouck ocymiecTrisiiu
C HCHOJNB30BaHMEM KIIOUEBBIX CIOB: «agent-based»
AND «epidemiology». PaccMOTpeHbI OTHOTEKCTOBBIE
cTarbu, onyonukoBanHbie B 2020-2024 rT. B X018 1IEp-
BUYHOW OIICHKHM OBbUTM OTOOPaHBI MCCICIOBAHMS, HC-
MOJB3YIOIIME areHTHOE MOJEIHPOBaHKE, M3ydaloline
pecnupaTopHble BUPYCHbIE HH)EKIUN W UMEIOIINE J10-
CTaTOYHO MOAPOOHOE ONUCAHKUE MOJIENU (PHC. 2).

W3 nccnenoBanus ObUTH UCKITIOUEHBI Pa0OTHI, U3-
y4arolue MoBeJcHNE BUPYCa B OTACIBHOM OpraHHu3Me,
a TaKke HUCCIEeJOBaHUs, MOCBIIIEHHBIE MOJCIHPOBa-
HUIO UHPEKIUH )KUBOTHBIX.

CornacHo METO/IMKE TOUCKa ObLI0 0ToOpaHo 144
WCCIIEIOBAaHUS, OMYOJIMKOBAaHHBIX B MEKIYHAPOIHBIX
KypHaax Ha aHDIIMHCKOM SI3bIKe, KOTOpPBIE HCIOJIb30-
BAINCh JUIs JalbHEHIIEro aHajimu3a. PyCCKOS3BIYHBIX
MyONMUKanui, yIOBIECTBOPSAIOUINX KPUTEPHSIM 0TOODA,
He oOHapyxxeHo. OToOpaHHbIC MyOIMKAIUU OBUTH CH-
CTeMaTU3UPOBaHbl coracHo crocobam 3amanus UII

M0 KPUTEpUsSIM «JIoKauus» (y4é€T MpocTpaHCTBA) M
«cBoiicTBa areHTay. K cBoiicTBam areHTta ObUTH OTHe-
CEHBI TaKHMe XapaKTEPUCTHKH, KaK TOJ, BO3pacT, cdepa
JIeITeNIbHOCTH, ITHUYECKas PUHAIIIEKHOCTD, IOX0 U
MOAOOHBIE — T.€. XapaKTEPUCTHKH, OTpelesieMble Ha
OCHOBE JIeMOTPa(hUIECKUX U CTATUCTHYECKUX JIaHHBIX.
MBI cuuTany, 4To MOJEIbh YYUTHIBACT JIOKAIMH, €CIIH
BEPOSITHOCTh Tiepeniadyr WHQPEKIMH 3aBUceNia OT IMpo-
CTPAHCTBEHHOIO IIOJIOKEHUSI areHTa. Takoe CBONCTBO
MOZIETI MOXKET OBITh PEaTM30BaHO Kak 3a CU€T OTclie-
KUBAHHUS KOOPAMHAT Ka)/10TO areHTa B MOACTUPYEMOM
MPOCTPAHCTBE, TaK U C MOMOILBIO MOAETUPOBAHUS OT-
JIeNbHBIX MPOCTPAHCTBEHHBIX CYITHOCTEH (Hampumep,
«MarasuHy», «IIK0JIa»), B KOTOPBIX MOTYT pa3Melarbcs
areHTHI.

PesynbraTbl

B 2020-2024 rr. HanGoONBIIUN UHTEPEC UCCIICI0-
Baresell ObLI HampaBiIeH Ha MOAEIMPOBAHHE PacIpo-
cTpaHeHus B nonyssanuu supyca SARS-CoV-2 — Bos-
oyaurenst COVID-19: 129 (89%) pabot u3 144 oro-
OpaHHBIX MOJEIUPOBAIN PACIPOCTPaHEHHE JaHHOTO
Bupyca, 10 (11%) pabor — pacnpocTpaHeHHe BHpyca
rpunmna. B psge paboT uccienoBatenn MpeacTaBisLTd
CBOM MOJIEJIN KaK TOAXOAMAIINE [T U3y4eHHUs] HECKOJIb-
KHX pecupaTopHbIX 3a0ojeBanuii (Tadu. 1).

Hnsa cucremaruzauuu tunoB WII, ucnosb3ye-
MBIX B MOJIEJISIX, TPOAHATM3UPOBAIIN HAJINYHE CBOICTB
areHToB M yuéT ux jokanuu. Ha puc. 3 npuseneHo pac-
MpEJeJICHUE PACCMOTPEHHBIX B 0030pe myOMuKaruit
CODJIACHO THUILy ONUChbIBaeMbIX B HUX UII.

MoxHo BbLIENUTH 4 BapuaHTa nocrpoenus WUII,
UCXOsl U3 KOMOMHAIMK HAJMYUS U OTCYTCTBUS y4éTa
CBOMCTB areHTOB U YUY€Ta JIOKALUH.

Mo0dxo0e! k co30aHuto UMM 6e3 yuéma nokayuu u
csolicms azeHma (12 cmameti)

UII Ge3 yu€ra npoCcTpaHCTBEHHOM JIOKATU3aIlUU U
JeMorpaUuecKux CBONCTB areHTOB MPEJCTABIISET CO-
0011 rpa) — ceTh KOHTAKTUPYIOIIUX areHToB (puc. 4).
CTOXaCTUYHOCTh TaKUX MOJIENeH co3aacTces 3a culT re-

Ta6bnuua 1. PacnpegeneHune crarten no Mogenupyemomy
BO3byauTento

Table 1. Distribution of the articles according to the pathogen

Konunyectso

nyénukaumn

MatoreH | Pathogen Pgtr)rl]igﬁg?n

n %

SARS-CoV-2 129 89
Bupyc rpunna | Influenza 10 6,9
Bupyc kopu | Measles 1 0,7
MERS-CoV 1 0,7
HeyTo4yHEHHbIE pecnupaTopHble 3aboneBaHns 4 2,7

Unspecified respiratory diseases
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Y4YET CBONCTB areHToB 0e3 y4éTta
nokauum
accounting for agent properties without
taking locations into account
[22-34, 49, 50-52, 56,
57, 589, 72-115]

64

0e3 y4éTa nokaumim n CBONCTB
areHToB™
without considering locations
or agent properties*

REVIEWS

YYET NoKaLMi U CBONCTB areHToB
accounting for locations and agent
properties
[40-48, 53-55,
60, 61, 124-165]

YUYET nokauun** 6es y4yéta
CBOWNCTB areHToB

accounting for location** without

considering agent properties

[19-21, 58, 64-71]

[35-38, 116-123]

Puc. 3. Pacnpegenenune nybnukauwmii no tunam Url.

*IMpn 3TOM areHTbl MOryT 6bITb HaeneHbl MHAMBMAYaNbHbIM YPOBHEM 3alLUTbl OT NatoreHa (MMMyHUTETa) U YPOBHEM BUPYCHOW Harpysku.
**B 3Ty rpynny Takke BKIOYEeHbl paboThbl, KOTOPbIE YYUTLIBAIOT NMPOCTPAHCTBEHHOE PACMONOXEHNE 30aHUIA U/UMNN areHTOB.

Fig. 3. Distribution of publications by artificial population type.

*At the same time, agents can be endowed with an individual level of protection against the pathogen (immunity) and the level of viral load.
**This group also includes papers that consider the spatial location of buildings and/or agents.

N

[IOMOX035MCTBa
household

work/school

CnyyaiHsble
KOHTaKTbl
random contacts

Puc. 4. CeTb KOHTaKTOB 6€3 Y4éTa CBOWCTB areHToB
N NPOCTPAHCTBEHHbIX XapaKTePUCTUK.

Kaxpgpin ysen — areHT, pebpa Mexay y3namy — KOHTaKT Ha OAHOM
13 Cnoes.
Fig. 4. A network of contacts without considering the
properties of agents and spatial characteristics is illustrated.

Each node represents an agent, and the edges between nodes
indicate a contact on one of the layers.

Hepaluyd WHIUBHIYAIbHBIX HAOOpPOB CBsI3eH y KaKao-
ro y37a (areHra) Ha OCHOBE 33JJaHHBIX BEPOSTHOCTHBIX
pacnpeneneHuid yuciaa KOHTaKTOB.

[Ipr 5TOM KOHTAaKTHl WM COLHMAJIbHBIE CBSI3H
MOTYT OBITh OAMHAKOBBIMH HJIM pa3iU4aThCs MO CH-
JIe ¥ MIEPUOIUYHOCTH B3aumojeictBus. B 6 (50%) u3
12 paccMOTpeHHBIX Pa0bOT BCE KOHTAKTHI SIBISIOTCS
onuHakoBeiMU. Emé B 5 (41,7%) paboTax KOHTaKTHI
pasneneHsl Ha 3 Kareropud: OJM3KUE, MOCTOSHHBIC
(ceMbs1, Apy3bs) U ciayvaiiHble, He ONM3KHE (KOHTAKTHI
Ha ynuIie, pabota, mkoia). B 1 (8,3%) craree pasne-
JICHHE B3aUMOJICUCTBUI 1O TUIIAM MPOMCXOIUT Ooliee
CJIOKHBIM 00pa3oM.

Hampumep, B ctarbe J. Whitman u coaBT. B3aumo-
JEWCTBUS pa3lelieHbl Ha JBa YPOBHS: BHYTPHUKOTOPT-
Hble (CHJIBHBIE CBSI3U, BBICOKAs BEPOSTHOCTH Mepena-

Yl BHpYCa) U MEXKOTOPTHBIE (clalble CBS3M, pelKue
Clly4au Nepefadd BHpYcCa, KOJIWYECTBO CBSA3EH MEHb-
me) [19]. 3To mo3BOAMIO YYE€CTh HAIUYUE KIIACTSPOB
B pacrpe/e/ieHUl KOHTAKTOB M BOCIIPOU3BECTH ITOBTO-
psitolieecsl MOBEACHUE MUKOB MPH PaclpoCTpaHEeHUN
3a00JIeBaHUsI CO 3HAYUTEIFHOW CTOXaCTHYHOCTEIO.
C moMomIbl0 3TOW MOAEIHM HUCCIEIOBATEIH HW3YUHIIH
[OBEJICHUE PEIPOIYKTHBHOTO YUCIIA TIPHU Pa3TUYHBIX
3HAYCHUSX HAYAIBHOTO UMMYHHOTO MPOQUIIsS MOoMmyJis-
LMY, a TAKXKE JUHAMUKY BPEMEHHOTO Psijia 3apaKeHUs
[IPY U3MEHEHUHU YHUCIICHHOCTH M KOHTAKTHON MaTpPHIIbI
MIOMYJISAIUY.

B cratbe X. Guo u coaBT. mpeacTaBiIeHa MHO-
TOypOBHEBasi MOZENb CBS3W MEXAY Nepenadeid 3a00-
JICBAaHHUS W SMOLMOHAILHBIM HAIPSDKEHUEM B 0O0IIe-
ctBe [20]. B nanHOl paboTe MPOMCXOIUT HAIOKEHUE
JIByX HE3aBUCHUMBIX CeTel KOHTakTOB. Kaxkmpri ysen
MIPEJICTaB/IAET HEKOTOPYIO TPYIIY JIIOAEH, 3apakeHue
1 00MeH uH(popMaluel TPOUCXOAUT Yepe3 peopa naH-
HBIX y370B. B kaxxmom y3ne, B cBOIO odepenb, Moje-
JUPYETCss HA0OP MHIUBUIOB, YTO MOBHIIIAET TOYHOCTh
pe3ybTaToB.

B pa6ore N.N. Chung u coaBT. mnpeacraBiicHa
CETh KOHTAKTOB, COCTOSINAS U3 MHOXKECTBA MEPEKPHI-
BAIOIIUXCS CETEH (IOMOXO03SHCTBA, OOIICKUTHS, pado-
YHe MeCTa, IMHAMHUYECKas CeTh TOJIIbI, JMHAMUYCCKAs
ceTh 00IIECTBEHHBIX coOpanuii) [21].

ATeHTHOEe MOAETHpPOBaHHE HAa OCHOBE IOCTpOE-
Hust U1 Ge3 yuéra mpocTpaHCTBEHHOW JIOKaIM3alUuu
U JeMorpaMuecKuX CBOMCTB areHTOB Aa&T BO3MOX-
HOCTh peIIaTh JOCTaTOYHO IIUPOKUN CIEKTP 3a1a4
0e3 JOMOJHUTEIBHOTO YCIOKHEHUS MOJeu. JlaHHBIH
MOAX0 OBUT UCTIONIB30BAH ISl MCCIIEOBAHHS BIHSIHUS
Ha pe3yjbTaT MOJCIIMPOBAaHUS TaKux (PAKTOPOB, Kak
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pasMep NOMYJIALMH, TapaMETPbl UMMYHHUTETA, KOJIMYE-
CTBO U XapaKTep CBA3€H areHTOB, IUIOTHOCTb Hacele-
HUsA. DTOT MOAXO/ TAK)KE MO3BOJIAET IPOBOIUTH aHAIN3
CTpaTeruil KapaHTHHA U TECTUPOBAHMS, UCCIIELOBATH
XapakTep MOBTOPHBIX NMUKOB 3a00JI€BAEMOCTH, JHHA-
MHUKY PacHpOCTpaHEHUs MYTHPYIOIIMX WH(EKINH,
pOJb cymeppacnpocTpaHuTeNeld (areHToB ¢ OONbIIMM
KOJIUYECTBOM CBSI3CH).

OTcyTcTBHE JleTalM3allii CBOWCTB areHTOB NpPHU
cozganuu U1 no3Bossier 061er1uTh BEIYUCIUTEIBHYIO
MOJEIIb U IIOBBICUTH €€ UHTEpIpEeTUpyeMocTh. llpu
3TOM OCHOBHBIM orpanudeHueM HII, paccMOTpeHHBIX
B JIAHHOM pa3/ielie, SBIISETCS OTCYTCTBUE BO3MOXHOCTH
BBEICHUS HACTpanBaeMoOil KiacTepu3anuu (Hampumep,
BbIJIEJICHNE IEHCHOHEPOB B OTAEIBHYIO IPYIITY) U yué-
Ta MOBEACHUS HACEIEHUs, a TaKKe HEIpPUCIIOCOOIIEeH-
HOCTh TaKMX MOJENICH K M3yUeHHIO BIMSHUS 0OLIecT-
BEHHbBIX B3aHMOJICHCTBUM.

Mo0dxo0elI k co30aHuto UMM, yuumelgatoweli cgolicmaa
azeHmos 6e3 yyéma nokayud (64 cmamsu)

HII, B KOTOPBIX areHTHI, UMEIOIIUE AeMorpadu-
YecKue, OMOJIOTHYECKHE, COIIMATIbHBIC CBOMCTBA, B3au-
MOJEUCTBYIOT APYT C IPYTOM B HECTPYKTYPHUPOBAHHOM
MIPOCTPAHCTBE, HANOOJIeE PaCIPOCTPAHEHBI B areHTHOM
mozaenupoanuu. Umenno takoi tun M1 mHOTHME aBTO-
pBI CUUTAIOT ONTUMAJIBHBIM C TOYKHU 3pEHHs OajiaHca
TOYHOCTB/TIPOU3BOAUTENBHOCTh. JlaHHBIN MOAXOM TO-
MyJISIPEH TakKe Oyiaronapsi TOMY, YTO BBICOKAs BBIUKC-
nuTenbHas 3(QPEKTHBHOCTD TO3BOJISIET HAICTUTh arcH-
TOB OOIIMPHBIM HAOOPOM TTaApaMeTPOB.

[TocTpoenne ceTH KOHTAaKTOB B paccMaTpuBae-
moM Ttune MII 3auacTyto OCHOBBIBA€TCSA Ha CO3JIaHUU
4 OCHOBHBIX CJIO€B: JIOMOXO3SIICTBa, pabOTa, IIKOJIBI U

JeHwuHa, 18 nem,

IIETCKUE cafbl, 00IEeCTBO. B Ooiee CIIOXKHEBIX MOAEIIAX
BO3MOXHO HasioxkeHue 70 30 cioes.

PaccmoTpenHble HaMU areHTHBIE MOJENH, OCHO-
BaHHbIC Ha (opmupoBanuu U1, yuanTsiBaromeit cBoi-
CTBa areHTOB 0e3 yuéTa JIOKAI[1ii, COTJIACHO XapaKTepy
peanu3anuy CoIalIbHbIX CBA3€H pacipeaessanch cie-
JIyIOITUM 00pa3oM:

* opHoTUNHBIe KOHTaKTEl — 11 (17,2%) crareii;

* pazneneHue Ha OJNW3KKE/AaTbHUE KOHTAKTHI —

1 (1,5%);
* pazneneHue Ha 3 U Oojee TUIOB KOHTaKTOB —
52 (81,3%).

K naunbonee pacrpocTpaHEHHBIM CBOMCTBAaM arcH-
TOB OTHOCATCS Bo3pacT (64/64) u mon (9/64). Bo3pact-
HBIE TPYMIIBI MOTYT Pa3iH4aThCsi BEPOSTHOCTHIO 3apa-
JKEHUSI U pa3BUTHUsI OoJiee TSDKENBIX ClydaeB 3a0oneBa-
HUsL. Bo3pacTHas cTpykTypa MOMyNSHUN TaKXKe BIHSICT
Ha CBOMCTBA CETEU KOHTAKTOB MEXIy arcHTamu. Tak, B
MOJIEJISIX C OHOTHITHBIMH KOHTaKTaMH CETh B3aUMOJIeH-
CTBUH CTPOUTCS] HA OCHOBE BO3PACTHBIX MaTPHI] KOHTaK-
TOB [22, 23]. JI71s1 cTapIIero moKoJeHUs MOTYT OBbITh HC-
KJFOYeHBI pabovre KOHTAKTHI, & B HEKOTOPBIX MOIEISIX
CTPOSITCS IOTIOTHUTENbHBIE OJIOKH CeTei KOHTAKTOB IS
YUpeKAECHUM Mo YXOay 3a MOKUIBIMU JifonbMu [24-30].

KonmuecTBo n xapakrep KOHTaKTOB MEXIY areH-
TaMH MOTYT 3aBUCETh OT pPolia JesTeNbHOCTH/podec-
CuM areHra. B npocreiiem ciydae MoaenupyroTcs Ta-
Kre npodeccun, KaKk yUUTeNb U COTPYIHUK OOJIBHUIIBL.
[MomoOHBIN TOAXOA IOMyCKAaeT MOIACIUPOBAHUE dIie-
MEHTOB BPEMEHHOW JMHAMHKHU B3aUMOJCHCTBHS arcH-
TOB, HaIIpUMeEp, MATHIHEBHOTO PabOUero AHS, BO3ZMOXK-
HOCTH OTITyCKa U TPOITyCKa HIKOJIBI/PadOTHI, paserne-
HUS CeTel KOHTAKTOB Ha JHEBHbIC (IIKOJa, paboTa) u
BEUCPHUE/HOUHBIC (JIOM, COOOIIECTRO).

JKeHuwuHa, 8 nem,

cmydeHm WKOMBbHUK
Female, 18 years old, Female, 8 years old,
student school student

MyxyuHa, 30 nem,

Myxyuna, 17 nem, 6e3pabomHbili

cmydeHm Male, 30 years old,
Male, 17 years old, unemployed
student

XeHuwuHa, 48 nem,
8pay
Female, 48 years old,
nurse

JKeHwuHa, 29 nem,
yyumerib
Female, 29 years old,
teacher

MyxyuHa, 75 nem,

MeHCUOHEP

Male, 75 years old,

retired

Puc. 5. MexareHTHble B3aMMOZEeCTBISA NPU YCIIOBUW HamNWuus y areHToB 3adaHHbIX CBOWCTB. MoaenupyoTcsl NoCTOsIHHbIE
(cnnowHble NUHKUKM) U AUHamMuYeckune (MyHKTUPHBbIE NIMHUK) CETU KOHTaKTOB.

Fig. 5. Inter-agent interactions under the assumption that agents do have properties. Constant (solid lines) and dynamic
(dashed lines) contact networks are modelled.
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Oxomo 20% myOnukauui, paccMaTpuBaeMbIX
B 3TOM paszjelie, UCIOoNb3yT s nocrtpoenus MUII u
mozenupoBanus cpeny Covasim [10]. B 6a3oBoii Bep-
cun Covasim — 3TO cpesia MOJECJIUPOBAHUS C OTKPbI-
TBIM HCXOAHBIM KOJIOM, aAalTHPOBAHHAS IJIsl U3YUCHUS
muHamuky nanaemun COVID-19. UII, 3anoxkeHHas B
Covasim, npeacTaBisieT co00l Ha0OP JIFOICH, KaxIblii
U3 KOTOPBIX 00JalaeT TaKMMHU aTpuOyTaMH, Kak BO3-
pact, Iojl ¥ ColMaNbHBINA cTaryc (puc. S). Ilpu mone-
JMPOBAaHUH PACTIPOCTPAHEHUSI HHOEKIUN MOJEb YUH-
TBIBAET YaCTOTY KOHTAKTOB, KOHTarHO3HOCTh BUpYyca U
BOCTIPUMMYHBOCTD areHTOB.

Hcnonb3yss OTKpBITYIO cpely areHTHOro Moje-
nupoBanust Covasim, MccieoBarelnd MOTYT W3y4arh
pas3JInvHbIC CLIEHAPUU Pa3BUTHS SIHICMUYECKOTO IPO-
necca, U3MEHssl mapameTpbl WHPEKIHUH, a TaKkkKe MO-
JeUpysl pa3uuHble BMEIIATEILCTBA, TAKHUE KaK COIH-
aNbHOE JUCTAaHIMPOBaHHE, M30JIALUS, TECTHPOBAHHE,
OTCJIC)KMBaHUE KOHTAKTOB W KaMIIAHUHM BaKIHWHAIIWU.
B cratbe A. Cattaneo u coarrt. cpeaa Covasim UCIONb-
30BaHa Jisg OUEHKUA 3(PPEKTHBHOCTH U ONTUMH3AIUH
kammanud o BakmuHanud or COVID-19 B uranesu-
ckoM peruone JlomOapaus [31]. Bo3pactHas cTpykTy-
pa HaceJCHUS U XapaKTEPUCTHKH JIOMOXO03SHCTB COOT-
BETCTBOBAJM JaHHBIM MTanbsHCKOTO HAIIMOHAIBHOTO
WHCTUTYTa CTaTHCTHKH, OCTAJIbHBIE NIEPEMEHHBIC CETH
KOHTAaKTOB OBUTH TOCTPOCHBI Ha OCHOBE NapameTpoB,
3ajokeHHbIX B Covasim mo ymonuanuto. Moaenupo-
BaHHE Pa3IMYHBIX YPOBHEHW OrpaHMueHHH OBLIO pea-
JM30BaHO TOCPEACTBOM CHW)KEHHS KOJNWYEeCTBA KOH-
TaKTOB B IIIKOJILHOM, pabo4eM U OOIIECTBEHHOM CJIOSIX
B3aMMOJEHCTBUI, a TakKe IMOCPEICTBOM H3MEHEHUSA
BEPOSITHOCTH TIepe/jadd BHpyCa MEXIy WIEHaMH J0-
Mmoxo3stiictBa. Cpena Covasim mo3BoNSeT Takxke 3a/1a-
BaTh M OTCIIC)KUBATh TUHAMHUYECKHUE XapPaKTEPHCTHKH
UMMYHHTETa arcHTOB. Tak, BaKIMHAIM, KaK U Iepe-
HecEHHOe 3a00JIeBaHue, BIUACT Ha TMHAMUKY HEHTpa-
JU3YIOIIMX aHTUTEN M YPOBEHb 3alllUThl ar€HTOB; PH
HAJIMYMU B TOMYJSIHMU Pa3IMYHBIX MITAMMOB BHpYycCa
peanu3yercsi NEPEKPECTHBIA UIMMYHUTET C 3a/1aBaeMOi
crereHbio ¢ dexTuBHOCTU. B pabore A. Cattaneo u
coaBT. Moienb Covasim mokaszana pe3yibTarhl, CoIlia-
CYIOIIHMECS C 3apETUCTPUPOBAHHBIMU CITyYasiMH 3apa-
JKEeHUS, BbIABIIeHUs U cMepTHOCTH oT COVID-19, 6p11a
onpenaencHa HanOosiee 3 EeKTUBHAS CTPATErUs BaKIU-
HAllUK M TPEIJIOKEHBI BO3PACTHBIE MPUOPHUTETHI MPH
BBEACHUY BakIHamuu [31].

B nenom arentHoe monenuposanue Ha UII, yuu-
THIBAIOIIEH CBOMCTBA areHToB 6e3 yu€Ta mX JIOKaIuH,
UCTIONIB3YETCS Ul U3YUYCHHUS! PA3BUTHS DIHIEMHUU C
y9€TOM pa3IHYHBIX JeMorpauyeckux JaHHBIX, a
TaKXe JJIs OIIEHKH TOCIe/ICTBUI 3a00IeBaHnii Ha 3710-
pOBbE HAaceJIeHHsI U SKOHOMHUKY. B wacTHOCTH, Takoe
MO/JICJIMPOBAHUE MTO3BOJISAET MPOBOIUTH OIICHKY 3P deK-
TUBHOCTH KapaHTHHHBIX MEpOIPHATHH, aHAIH3 CIie-
HapueB BaKIMHAIMU (B TOM YKCJIC HANpaBICHHBIX Ha
pa3Hble BO3pAaCTHBIE TPYIIBI HACENEHHUs), pacy€T KO-

REVIEWS

Puc. 6. NpeacraeneHne UM, yunTbiBatoLLen nepemeLleHne
WAEHTUYHbIX areHToB.

KOHTaKTOM CUMTaeTCs CTONKHOBEHWE, CONMKXEeHNe Ha KpUTuYeckoe
paccTosiHue U/unm nonagaHne areHToB B OAHY SI4EWKy.

Fig. 6. Representation of an artificial population accounting
for the movement of identical agents.

A contact is defined as a collision, approaching a critical distance,
and/or agents entering the same cell.

HOMHYECKON CTOMMOCTH BBEICHUS OTPAHUIUTEIBHBIX
Mep, GOPMHUPOBAHKE TOMY/ISIIHOHHOTO UMMYHHUTETA.

OmHuMH W3 TIABHBIX OTPAaHUYCHUN TPH CO3/a-
Huu UIT naHHOrO TUNA ABASIOTCA YIPOIIEHHOE TIpea-
CTaBJIEHHE CETH KOHTAKTOB [32], a Takke HIeanu3a-
IS EATSIIPHOCTH WHIAWUBHUIIOB B TeueHue mHs [33].
ABTOpPHBI TaK)Xe MOMUEPKUBAIOT TTOTCHITUATBHYIO BaX-
HOCTBH JIOTIOTHUTEIBHBIX CBONCTB areHTOB, KOTOPHIC
HE YYUTHIBAIOTCS MMPU TAKOM ITOAXO0JE K MOJCITNPOBa-
HUIO [24, 34].

Mo0xo0elI k co30aHuto UM c yuémom mecmonosnoxeHus
azeHmos u 6e3 yuéma ux ceoticms (12 cmamedi)

OcHoBHas 11enp mopenuposanmst UII ¢ yuérom
MIPOCTPAHCTBEHHBIX NIEPEMEIIECHNI areHTOB U 0e3 yué-
Ta UX CBOWCTB — OTpPa)XeHNE M MOOMIBHOCTH areHTOB,
1 IPOCTPAaHCTBEHHOW JMHAMMKY UX MTEPEMELICHUN IPU
pacipoCTpaHeHUH STUAEMHUH.

Haumbomnee  pacmpocTpaHEHHBIA ~ WHCTPYMEHT
JUIL Takoro TOJAXoJla — MpPOTrpaMMHOE obecredeHne
«NetLogo». B aTol cpene kapra 3aMKHYTOIO IIpo-
CTPaHCTBa TIPENCTABIAETCA JTHOO KOOPIUHATHOW CeT-
KO#, 1160 HabOpOM sUeeK, a areHTHI IMEePEeMEIIAI0TCS
10 KapTe CIIy4aifHO WJIM COTVIACHO 33JJaHHBIM 3aKOHAM
niepemernieHus (puc. 6) [35-37]. 3apakeHue pu JaH-
HOM THII€ TIPEICTABICHHS BO3MOXKHO B TOM CIlydae,
€CJIM TIPOUCXOINT CTOJIKHOBEHHE, CONMKEHIE areHTOB
(3apax€HHOTO W YSI3BUMOTO) Ha HEKOTOPOE TIOPOTOBOE
pacCTOsIHHME WM MTOTIaJaHie areHTOB B OJTHY STUYEHKY.

B paccMOTpeHHBIX HAMH areHTHBIX MOJAENSIX, OC-
HOBaHHBIX Ha ¢opmupoBarnu UII ¢ yaérom mecromo-
JIO)KEHHUST areHTOB M 0e3 y4éTra MX CBOWCTB, COIHANb-
HBIE CBSI3M aHAIM3UPOBAIHU CIEAYIOMMM 00pa3oM:

* KOHTaKT npu commxenun — 6 (50%) crarei;

* pasneneHue Ha Onu3KHe/IambHUE KOHTAKThl —

4 (34%);
* pazneneHue Ha 3 u OoJee THIIOB KOHTAaKTOB —
2 (16%).
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HarnsaHeIM IpUMEPOM TaKoOTO MOAXOA SIBIISETCS
pabora T. Daghriri u coaBT., B KOTOpBIi OBLTH cMOJIC-
JUPOBaHBl HECKOJIBKO CIIOCOOOB IUCTAHIMPOBAHUS U
BU3YyaJbHO MpPEACTaBICHBI IEPEMELICHUS areHTOB, O~
JydeHHbIE B pe3yibTaTe pasluyHbIX clieHapueB [35].
Mopenb y4yuThiBajda BO3MOXKHOCTh YacCTH areHTOB HE
co0mronars JUCTaHIIMPOBaHKE. ABTOPHI OKa3aH BaX-
HOCTh COOJIFOJICHMSI OTPaHUYUTEIILHBIX MEp U OTOOpa-
3UJIM KOPPEJSIIUIO0 MEXIY CTPOTOCTBHIO MOJIUTHUKHU CO-
IUAIBHOTO AMCTAaHLIUPOBAHUS W PaCIPOCTPaHEHHEM
3a001eBaHuUs.

JIBe OCHOBHBIE MOZEJH, ONHUCHIBAIOIINE TIepeMe-
LIEHUE areHTOB B cpele, — CiIydaiiHble OMy>KaaHus
W TpaBUTALMOHHAs MOJENb, COIIACHO KOTOPOH CHia
B3aMMOJENUCTBUS (MHTEHCHUBHOCTh IOTOKOB) 3aBUCHUT
OT 3HAYMMOCTHU (BEJTMYMHBI) OOBEKTOB M PaCCTOSHHUS
Mexay Humu. Harmpumep, B pabote N. Kishore u coasr.
MOKa3aHO, YTO T'YCTOHACEIEHHBIH IIEHTP UMeeT Oolee
BBICOKYIO BEPOSITHOCTh MOCELIeHNs areHTamu [38].

OCHOBHBIMH TIETSIMH HCCIICAOBAHUS MIPH MOA00-
HOM IIOJXOZE SABJISIETCS M3yYCHHE CTpaTeTHidl IWUCTaH-
uupoBaHusi, 3(QQEKTHBHOCTH OTpPaHUYUTEIBHBIX Ka-
PaHTUHHBIX Mep, ponu reorpadudeckux (pakTopoB B
pacnpocTpaHeHUH OOJIe3HH, a TaKXKe PONIU cyneppac-
npocTpanureneii. Takoe MOAEIUPOBAHHUE IO3BOJISIET
TaKKe HalpsIMyl0 OTCJICKUBATH KOHTAKTHl HHAWBUAOB
B monynsiud. [Ipu 3TOM OTCYTCTBYET BO3MOXKHOCTH
MOJICTIPOBaHUsI IPOBEACHUSI POTHBOAHIEMUYECKIX
MEpOTNPHUITUH B Pa3HBIX BO3PACTHBIX M COLMATBHBIX
rpyImnax HaceIeHHs.

Mo0dxo0el! k co30aruto UMM, yaumsigarowied 10Kkayuto
azeHmos8 u ux ceoticmaa (56 cmameti)

[Tpu MonenupoBaHUM ¢ Y4ETOM Kak reorpaduue-
CKHUX, TaK U JIeMOrpaQMuecKuX JaHHBIX HccieqoBare-
JIM CTaparoTcs JOCTHYb MAaKCUMaIbHOM MPUOIMKEHHO-
CTH K PEaJbHON MOMYJISIIMY, CTABUTCA 1I€Jb CO3JaHUS
«uu@poBoro ABoiHMKa». OOBIYHO CETH KOHTAKTOB
pasmensioTcss Ha JIOMOXO03siicTBa, WIKOJNBI, paboduee
MPOCTPAHCTBO M COOOIIECTBO, a reorpaduieckune oco-
OCHHOCTH YYHUTBHIBAIOTCSl JBYMsI CIIOCOOAMH: MOJIEINH-
pOBaHHEM TIepeMElICHUI areHTOB 10 KapTe WU (pUK-
CHUPOBaHHEM MECTOIOJIOKEHHS 3AaHUNH W OIpenee-
HUEM BEpPOATHOCTH UX MOCEeLeHHs areHTaMu. OaHaKo
ecnu B rpynmne M1, yunThIBalOmMX JTOKALUIO areHTOB
0e3 yu€ra ux cBOICTB, Oojee pacnpoCcTpaHEHHBIM SIB-
JIAI0Ch KapTUPOBaHUE MECTHOCTH, TO B paboTax, y4u-
THIBAIOLIMX Y CBOMCTBA ar€HTOB, U CBOMCTBA MECT, MIPU
co3panuu UII wame npUMEHSUIOCh pa3leleHue Mo-
JIEJIbHOTO TIPOCTPAHCTBA HA YCJIOBHBIE JIOKAIUH, B KO-
TOPBIX MOKET HAXOAUTHCS arcHT (puc. 7).

Cawmoli pacrpocTpaHEHHON OCHOBOM JJISi JTAaHHO-
ro tuna mozenei crana cuctema FRED (a Framework
for Reconstructing Epidemic Dynamics) [39]. FRED
WCIIONIB3yeT CUHTETHUECKHE TPYIIBl HacesleHus, oc-
HOBaHHbIE Ha JAHHBIX MEPENUCH HACENEHHUs, KOTOphIe
OTpaxxaroT JeMorpaduyeckyro u reorpaduiecKyro

XKeHwuHa, 25 nem, MyxyuHa, 14 nem,
cmydeHm WKOMbHUK
Female, 25 years old, Male, 14 years old,
student school student

2 m | 2 meters

Puc. 7. UM ¢ y4éTOoM Nokaumm u CBOMNCTB areHToB.

B0O3MOXHO HanoXeHne CeTn KOHTaKTOB Ha KapTy nnn moagenunposa-
Hune nepemeu.l,eHMVl N CONMXEHUI areHToB.

Fig. 7. Artificial population taking into account the location
and characteristics of agents.

It is possible to overlay a network of contacts on a map
or to simulate the movements and contacts of agents.

HEOJHOPOAHOCTh HAaceNeHHs. Y KaKAOro areHTa ecTh
CBsI3aHHAsl JieMorpaduyeckas ¥ COLIUAILHO-3KOHOMHU-
yeckas nHpopmarys (HarmpuMmep, BO3pacT, IoJ, paca,
JIoxon ceMbH). Paca, Hapsmy ¢ HOJIOM M BO3PacToM,
MOXKET HCIOJIb30BaThCA JIsi yuyé€Tra W3BECTHOM pac-
MpoCTpaHEHHOCTH  3a0oneBaHui.  J[OMOXO03sIiiCTBa,
y4eOHbIe U JIeYeOHbIe YUPEXKCHUs, MeCTa PaboThl U
HEKOTOpBIE APYTHE JIOKAIIMH MMEIOT MPHUBS3KY K MpPO-
CTPaHCTBEHHOW CeTKe KOOpAMHAT (C pa3pemeHuemM
B 1 xm). Ilpu pacuére BEpOSTHOCTH TMOCEIIEHUS pa3-
JUYHBIX TeorpapUuecKuX JIOKAIMi YYUThIBaeTCA I0-
xon cembn areHTa. OmHOI M3 OCOOEHHOCTEW HaHHOI
MOJIENN SIBISIETCS BO3MO)KHOCTH Y4€Ta JUHAMUYECKOM
JemMorpaduu areHToB, BKIIOUas CTapeHHe, poXjaec-
MOCTh U CMepTHOCTh. Ha ocHOBe naHHOW Monenu Obl-
71 BBITIONHEHB! paboThl [40—43]. B HacTosmee Bpems
FRED npoaomxaeT akTUBHO MCIIOIb30BATHCS AJISI U3Y-
YeHHS CE30HHOTO TPHIIIIA.

M.G. Krauland u coaBT. n3yyanu BIHSHHE CHH-
KEHHS MWMMYHHUTETa HAaCEJICHHS, BBI3BAHHOE OrpaHU-
YeHHeM aKTHBHOCTH BUpYyCa, Ha €0 JUHAMHKY B IIO-
caemyromue Tonsl [43]. MoaenupoBaHue MPOBOIUIOCH
JUTSL HACeJICHHUS, TPEACTABISIONIETO OKPYT AJiereiHn
(ITercunpBanms, CIIA) ¢ mHacenernem okoio 1,2 MiH
genoBeK. JlaHHbBII OKpYT BKIIOYAET B ce0s Kak TOpoa-
CKHe, TaK W MPHUTOPOAHbIE PalOHBI, M OH JOCTAaTOYHO
BEJIMK, 9TOOBI MICCTIEIOBAaTh 3aKOHOMEPHOCTH PacIpo-
crpanenusi rpunma. CoriacHO MONYyYEHHBIM pPe3yib-
Taram, CHIDKEHHE ypOBHS 3a00JI€Ba€MOCTH B TIEPBOM
C€30HE MPHUBEAET K yBEIMUYCHUIO 3a00JI€BAEMOCTH BO
BTOpOM ce30He. KomneHcupoBarh CHUKEHHUE UIMMYHU-
TeTa HACEIECHUsI MOXKET IIOMOYb PacUIMPEHNE MacIlITa-
00B BakuumHauuu. B 3aBuCHMMOCTH OT HEpeKpECTHOIO
UMMYHHUTETa OT IEepeHEecEHHOM paHee MH(eKuuu u
TPAaHCMHMCCHUBHOCTH IITAMMa YPOBEHb 3a00J1€BAEMOCTHU
MOXeT BeIpacTH 110 50%.

MHorue M3 paccMaTprBaeMbIX B 3TOM pasfelne
MyONMKalui OMHUCHIBAIOT YCIOKHEHHBIE MOJENH, TIE
Kk 0Oa3oBoii Bepcuu WII Obuin 100aBIEHBI JIOTIOJIHU-
TenbHBIe TapameTpbl. B wactHocTH, A. Truszkowska
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M COaBT. MOTU(PHUIUPOBAIN 0Aa30BYI0 BEPCUIO MOJCIH
nobasnenueM B UI1 pasnenenus padboTocnocodHOro Ha-
ceneHust Ha cepbl AeaTeNIbHOCTH [44]. DTO T03BOIUIIO
OTPa3uTb B MOJENU CIOXKHYIO CTPYKTYpPY 3aHSTOCTH.
A B crarbe C. Fosco u coaBr. paboyas cuiia Obia pasze-
JieHa Ha 4 TPYIIIBI B COOTBETCTBUH C PA3TMYHON MOOHIIb-
HOCTBIO B CIIy4ae BBEJICHUS KapaHTUHHBIX Mep [45].

B psne pabor ObLI0 yaeneHo 0oJbIliee BHUMAaHUE
pa3zeneHuIo JHS Ha BpeMeHHble ydacTku. B 24 mone-
JSX OBUIM YYTEHBI BPEMEHHBIE XapaKTEPHUCTUKU MO-
OMIIBHOCTH areHToB (Y4YET pacnucaHus, 1eleHne IHA).

K mensim momxomoB, yUHTHIBAIOIIUMX U CBOMCTBA
areHTOB, M CBOMCTBA JIOKAIIUM, OTHOCSTCS:

* aHaJIU3 YIPaBICHYECKUX PELICHUH;

* MIOMCK ONTUMAJIBHOTO MOIX0Aa K OCYIIECTBIIE-

HUIO He(apMaleBTHYECKUX BMELIATENbCTB;

* U3y4YCHUE PAcIpOCTpaHEHUs MHPEKIUH C HC-

noJib3oBanueMm GPS;

* U3y4YeHHE PAaCHpPOCTPaHEHUs MaToreHa Ha paH-

HUX CTaJHsIX;

* U3y4YCHHUE PaclpOCTPaHEHHS Pa3HBIX IITAMMOB;

* MOAETHMPOBAHHE OTCJICKMBAHUS KOHTAKTOB H

nepenayu BUPyca;
* U3y4YCHUE PACIPOCTPaHEHUS] BUPyca B Pa3HbIX
CTpaHax/ropojax;

* U3y4YCHHUE CTPATEeTrHil BaKIMHALIUM;

* U3y4YeHHE 3aIIUTHl HACEJCHUS B 3aBUCHMOCTH
OT IPOIIEIIEro Ce30Ha.

IMpu ¢opmuposanun UII manHoro THma paspa-
OOTUMKH MopeJell 4YacTo MPUOEralT K pa3IuYHBIM
YIPOUICHUSM Il BOSMOXKHOCTH BKJIFOUCHUS IOTIOTTHH-
TEJIHBIX XapaKTePUCTUK, UMEIOLIHNX, 0 MX MHEHHIO,
pematoniee 3HaueHue [46]. Hexoropeie mpeamonoxe-
HUSI IPEBOCXOAAT HBIHEIIHEE TOHUMAaHHE MEXaHU3MOB
pasBUTHS DMUAECMHUH, YTO TMO3BOJSIET BKJIIOYATH MX B
ucclieJoBaHUE TOJIBKO B IpuOmmkeHHou Qopme [47].
B xauyectBe ocHOBHl ans coszganus WII-umpposoro
JBOWHHMKA TPUHATO HCIIOIH30BaTh OOHOBISIOMINECS
peanbHbIe JaHHBIE, KOTOPBIE 3aTe€M MPOSHUPYIOTCS Ha
BBIOOPKY MEHBIIIETO pa3Mepa, YeM HaceJICHHE B LEJIOM.
Hdaxxe ecnu BEIOOpKA TIOBTOPSIET CTPYKTYpPY peaslbHON
MOMYJSALUY, TTOMyYeHHBIEe U He€ pe3yabTarbl MOTYT
HE B [TOJHOM Mepe OTpakaTh CUTYaIHIO B peabHOI Mo-
mynsiiuu [48].

YcnoxHeHue popmuposarua UMl

[Ipu co3manuu peanuCTUYHONW TOMYNIAIUUA IS
SMHUAEMHOIOTMYECKUX HCCIICAOBAHUM HEOOXOIUM 00-
HIMPHBIA HA0Op MapaMeTpoB, YUET KaXKIOro M3 KOTO-
PbIX Ha TaHHBII MOMEHT HEBO3MOXEH. ba3oBble Bepcun
MOJICICH IO3BOJISIOT OIKMCHIBATH AIHASMHOIOTHYC-
CKHIf Tporiecc B 00IIeM BUJIE U MPOBOIUTE UCCIIEIOBA-
HUE 3aKOHOMEPHOCTEN U IOUCK TEHACHUMN B JUHAMMU-
Ke dIUIEMUM.

B nensx Oonplueil mpaBaonogoOHOCTH HEKOTO-
peie aBTOpHI mpuberanu K ycnoxHenuto UIT mytém
BBEACHUS CIAEAYIOUIUX NapaMETPOB:

REVIEWS

* CE30HHOCTB;

* CONYTCTBYIOIIHUE 3a00JICBaHYS;

* TUHAMHYECKUN UMMYHUTET;

* STHUYECKasl IPUHAIC)KHOCTD;

¢ JOXOH;

* TPaHCIOPTHBIE TOTOKH.

HeonHOpOAHOCTE MOMYNSLMU C TOYKH 3PEHUS
BOCIIPUMMYHMBOCTH HHIMBHIOB K BUPYCYy H TSIKECTH
MpOoTeKaHusl 00JIE3HU MOXKET OBITh yUTEHA C TIOMOIIBIO
(axTopa comyTcTBYIOIMX 3a0oneBanuii. B camom mpo-
CTOM BapHaHTE YYET COMYTCTBYIOIIMX 3a00JeBaHUM
BO3MOJKEH Onarofapsi OnHapHOMY napameTpy (ecTh UIn
HeT) [28]. B Gonee ciokHOM BapuaHTe 3a CUET BBeIe-
HUSI IOTIOJTHUTENEHOTO MO pacyéra (pakTopa pHUCKOB
BO3MOXEH y4ET KaKk KOHKPETHBIX 3a0oJeBaHui (1uader
1-ro 1 2-r0 TUIIOB, TUIIEPTOHHUS, CEPACUHO-COCYAUCTHIC
3a0oNieBaHus U JIp.), TaK U (DAKTOPOB PUCKA, CBI3aHHBIX
¢ oOpa3oM xku3Hu (KypeHue, (pU3NUecKasi akTUBHOCTD,
TIOBLIIICHHBIN MHAEKC MacChl Tena u ap.) [49].

B HexoTopeix paboTax OBUIO BBIIOJHEHO MOJle-
JUpOBaHWE ITUHAMUYECKOro MMMyHHTeTa. [lomymsp-
HOM OCHOBOMW JUIsi y4éTa MMMYHUTETa CTajaa MOJEIb
Covasim [50-52], xoTopasi MpPeIOCTaBISIET BO3MOXK-
HOCTh JAWHAMHYECKOTO HW3MEHEHHs 3HaueHWH YpOB-
HS CHEIU(pUICSCKON MMMYHHOW 3alUThI I KaXKIO0TO
areHTa W MOMYJISIINN B LIEIOM.

Ce30HHOCTb MOKET BIIHSITh KaKk Ha CBOHCTBa BO3-
Oyautens 3abosieBaHusl (B OCHOBHOM HCIIOJIB3YETCS
MpU MOJAEIMPOBAHMU CE30HHOTO TpHUIMINA), TaKk M Ha
JpyTHe mapaMeTpsl (BIUSHHE CPEAHECYTOYHON TeMITe-
parypsl Ha BOCIIPUUMYUBOCTD, BIUSTHAE BPEMEHH 02
Ha CETh KOHTAKTOB C pacrpe/eNieHueM I10 Moy U JIIp.)
[43, 53-58].

[lpr HaMMYUM COOTBETCTBYIOIIUX JAaHHBIX BO3-
MOKHO JI00aBJIEHHE COIMOJIOTHUECKUX IapaMeTpOB
areHTOB — YPOBHS JI0XO/1a U STHUUYECKOH MPUHAIIEK-
HOCTH, TIPY 5TOM B MOJIEJIM 3TH XapaKTEPUCTHKH MOTYT
oTpaxarscst mo-pasHomy. B craree M.D. Patel u coaBr.
JIFOITU Pa3HOM HAIIMOHAJIILHOCTH 00J1a/1alk pa3Hoii BOC-
NPUUMYHUBOCTBIO K BUPYCY H [T0-Pa3HOMY ITEPEHOCHIIH
3aboneBanue [59]. B padote C. Fosco u coaBT. ypoBeHb
JI0XO0/1a BIIMSII HA BO3MOXKHOCTh pAOOTHUKOB OCTaBaTh-
cs1 joma BO Bpems snuaemun [45]. B crarbe M. Thakur
U COAaBT. JOXOJ MPSIMO KOPPEJIUPOBAI CO CHHKCHUEM
ypoBHS BakiuHauuu [60].

MonenupoBaHre TPAaHCIIOPTHBIX IOTOKOB BHYTPH
WII 6b110 ucnons3oBano B 15 (10%) pabdorax, 8 u3 xo-
TOPBIX YYHTBIBAIH reorpauyeckue U gemorpadude-
CKHE JITaHHbIC O HACeJNeHUH, 7 — TONBKO Jemorpadu-
YeCcKHe.

[Mpeacrasienue TpaHcnopra ObUIO BO3MOXKHO B
BUJIE:

* JIOTIOJHUTEIBHOM CIy4YalHOW CETU KOHTAKTOB;

* n00aBJICHUS SUEEK TPAHCIIOPTA/OCTaHOBOK;

* MOCTPOEHHsI OOMIMX MapUIPYTOB arcHTOB.

Hexotoprie uccnenoBarenu mnpuberanu K pasie-
JICHUIO TPAHCIIOPTa Ha BHIBI:
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OB30PbI

* aBTOMOOWJIb, TONYTHBI TpaHCHOPT, OOIIe-
CTBEHHBIH TPAHCIOPT, X0Ab0a U Ap. (C BO3ZMOXK-
HOCTBIO 3apa3UThCS TONBKO B aBTOMOOMIIE U 00-
LIECTBEHHOM TpaHcmopre) [25];

* METpo, aBTO0YC, MapUIpyTHOE TakcH [61].

3akniouyeHuve

®opmupoBanue NI — kinro4eBoii MOMEHT B IO-
CTPOEHUHU NPE/ICKA3aTENbHbIX ar€HTHbIX Monenen. Hc-
nonbs3oBaHre AOM mno3BossieT paccMaTpuBaTh MOIY-
JIALUIO HA YPOBHE MHIWBHUIYAIBHBIX MPEICTABUTEICH,
YTO OTKPBIBAE€T HOBBIE BO3MOYKHOCTH JJIsI U3y4UEHUS
Pa3BUTHUSA SIUAEMUN U aHaJIU3a Mep IO MperoTBpallie-
HUIO paclpoCcTpaHeHHUs HH(EKINH.

B Hamem 0030pe Ha OCHOBaHWH aHAJIN3a MaTepu-
ana 144 opurMHaJbHBIX UCCIEJOBAHUN PacCMOTPEHBI
4 Bapuanta noctpoenus UII, obnagaromux pa3sHBIMU
CTENEHsAMHU JeTaiu3alui. Mbl HaMEPEeHHO HCIOJIb30-
BaJIM JUIS TIOWCKA JINTEPAaTypbl UCKIIOUYUTENBHO 0azy
naHHbIX PubMed, mocKkonbKy OHa OpHUEHTHpPOBAHA Ha
OMOMEINIIMHCKHE UCCIIeNOBAHMSI, BKIIOUasl SMUAEMHUO-
JIOTHI0. DTOT BHIOOP MO3BOJIMI MPOAHATU3UPOBATH OC-
HOBHbIC MYOJIMKAI[UHU, ONMYOJIMKOBaHHBIC B PEHTHHIO-
BBIX PEIIEH3UPYEMBbIX KypHaJIaX B HHTEPECYIOIe Hac
0051acTH, HO HE UCKIIIOYEHO, YTO KaKasi-TO 4acTh JO-
CTYNHBIX IyOnuKkanuii He OblIa paccMoTpeHa. Takxke B
0030pe ObLIM PaCCMOTPEHBI CTaThH, OMYOIMKOBAHHBIC C
Hauaia nangemun COVID-19. 9to no3Bomuio npoaHa-
JM3UPOBATh HanOoJee aKTyanbHbII cpe3 padoT, caenas
aKIeHT Ha BOCTPeOOBaHHBIX pelleHusIX B Gopmuposa-
uuu UI1, mpu 3ToM B 0030p HE BOILUTH paHee OIyOIrKo-
BauHbIe Mojienn EpiSimS [62] u TRANSIMS [63].

Hano oTrmeruts, 4yTO BCE paccMOTpEHHBIE Bapu-
anTel noctpoeHusa HII oxazanuch NPUTOAHBIMHU IS
pelieHnsl 3asBICHHOTO pa3pabdoTYMKaMK TepeyHs 3a-
a4 B 00JacTH SIHUISMHOJIOTHMH WH(EKIMOHHBIX 3a-
OoneBanuii. OrpaHWuYeHHUs HACTOSILIETO HCCIEIOBa-
HUS TIPOAMKTOBaHBI HEBO3MOXHOCTBIO IPOBEEHUS
9KCHEPUMEHTAIIBHOTO TMOATBEPXKACHUS YCIIEIIHOCTH
peanuzanuu npencraBieHHBIX AOM ISt TOCTHKESHUS
MIOCTaBJIEHHBIX 1eJIel U BBIMTOJHEHMS 3a7a4 B paccMo-
TPEHHBIX HCCIENOBaHHUAX. B OoNbHIMHCTBE ciydaeB
HET BO3MOXKHOCTH KPHUTHYECKH OCMBICIUTh MOJEIh
BBHJIy HaJIM4Us OOILEro, 4acTo MOBEPXHOCTHOTO OIH-
caHHs e€ yCTpoiicTBa, MPUBOAMMOIO B MyOIUKAIUH, U
OTCYTCTBHSA JIOCTyNa K UCXOAHOMY KOAYy Mojenu. AHa-
JIU3 BBIOpaHHOW JIUTEpaTyphbl TPOBOIWIICS B 3HAUNTEINb-
HOM CTeTeH! Ha OCHOBE OLIEHKH pe3yJIbTaTOB aBTOpaMH
pabot. B OonbIIMHCTBE cIy4aeB aBTOPHI HE MPUBOIST
aHaJIM3 YyBCTBUTEIBHOCTH pe3ynbTara K MapaMerpam
mozaenupyemoro natoreHa u UII. Takoit ananus sBis-
€TCsl BaXXHOW XapaKTEPUCTUKON CIIOKHBIX MOJEIEH H
MOJKET TOKa3aTh peajbHyI0 BaKHOCTh IapaMeTpoB, U
JAaHHBIN 0030p BBISBUJI CUCTEMATHYSCKUN HEJOCTATOK
3HAUUTEJHHON YacTH MIPOaHaTN3UPOBAHHBIX PA0OT.

Cpeny BBISBICHHBIX OTPaHMYEHHH B CO3laHUU
WI1 naubosiee CyUICCTBCHHBIMH SBJISIOTCS HEHIOCTa-

TOYHOCTb U aHAXPOHU3M PCAJIBbHBIX ILGMOI‘paq)I/I‘ICCKI/IX
U CTaTUCTUYCCKHUX JaHHBIX, HCOGXOZII/IMLIX JUIA I1I0CJIC-
nytomero y4uéra B Mopenu. PaboThl, yUWUTHIBAIOIIHE
cBolicTBa areHToB B M1, kak npaBuio, nosararorcs Ha
JIaHHBIE TIEPETNCH HacelleHUs] WM COIMOJIOTUYEeCKUe
OTIPOCHI, KOTOPBIE HE BCeTna o0NafalT TpedyemMoit e-
Tanu3auueil. Monenu, BKIIOYAIOUIME TMEPEIBUKEHUE
areHTOB Ha TOPOJICKOM KapTe, UCIONB3YIOT WH(pOpMa-
LU0, TIOMYYEHHYIO0 U3 CHEIHaTU3MPOBAHHBIX IPUIIO-
KEeHUH, 0a3 JaHHBIX U KapTorpadUuecKuX CEpBUCOB,
Takux kak Google Maps u OpenStreetMap. [Tonyuenue
O9TUX AJAHHBIX U UX y‘IéT B MOACIN MOXET 61)ITL CJIOXK-
HOM 3a1ayei, I03TOMY B Psi€ CIIy4aeB HUCMOJIb30BAIH
YIPOIIEHHBIE MOJIENIM, OCHOBaHHBIE HA IMPEANOIO0XKe-
HUAX O ITOBEACHUHN U BSaHMOHeﬁCTBHH ar¢HToOB.
Hcnonbp3oBaHne CIOXKHBIX U Pa3HOOOPa3HBIX pe-
AJIBHBIX )Z[eMOFpa(bI/I'-IeCKI/IX N CTAaTHUCTHYCCKHUX JOdaH-
HBIX BO3MOXXHO TP H3yYEeHUW HEOOIBIIMX TPymHn (HA
YpOBHE MOMEIIEHUs, 3JaHMsI), OHAKO i Oosiee mMac-
HITa6HbIX I/ICCHCILOBaHI/Iﬁ BbIYUCIHUTCIIbHAA CJIIOKHOCTDH
B CIIy4ae yBEeJIMYSHHS YHCIia [TapaMeTpOB WU pa3Mepa
MOomyJIAUuN MOXKCET IMPEBLICUTH TEXHUYCCKUC BO3MOXK-
HOCTHU BBIYMCJICHUA, IIPUBECTU K ITOJTYYCHUIO HCAOCTO-
BEPHBIX WIH HEUHTEPIIPETUPYEMBIX PE3YILTAaTOB.
JlanmpHelinme UCCIIeIOBaHUs B 00aCTH CO3IaHuUs
U ucnonb3oBanugd UII npu areHTHOM MOAEIMPOBAHUU
MOryT OBITh HaIpaBJICHbl Ha ONTHUMHU3AalIUI0O MCETOOAOB
napaMeTpHu3aIyy MOJIENel U IMOUCK OajlaHca MeXay Jie-
TaJIM3alMed U WHTEPIPETUPYEMOCTHIO MOAETH IS JI0-
CTIDKEHNSI MaKCUMAaJILHON TOYHOCTH U OOCTOBEPHOCTU
pesynsraroB. [Ipu co3nanuu UII BaxkHO ydecTs (akro-
PBI, Ha KOTOpbIe MOXET OBITH HAIIPABIEH KOHTPOJIb. JTO
TIO3BOJIMT YJIYYIIUTH Ka4Y€CTBO IPUHUMACMBIX peIlIeHI/Iﬁ
B 00MacTy OOIIECTBEHHOTO 3IPABOOXPAHEHHS W TTOBBI-
CHUTB 3P PEKTUBHOCTD IPOTUBOACHCTBHS TUIIEMUSIM.

CIIMCOK MCTOYHUKOB | REFERENCES

1. Kirkeby C., Brookes V.J., Ward M.P., et al. A practical introduc-
tion to mechanistic modeling of disease transmission in veteri-
nary science. Front. Vet. Sci. 2021;7:546651.

DOIL: https://doi.org/10.3389/fvets.2020.546651

2. Hudson E.G., Brookes V.J., Ward M.P. Demographic studies of
owned dogs in the Northern Peninsula Area, Australia, to inform
population and disease management strategies. Aust. Vet. J.
2018;96(12):487-94. DOI: https://doi.org/10.1111/avj.12766

3. Glushchenko O.E., Prianichnikov N.A., Olekhnovich E.I., et al.
VERA: agent-based modeling transmission of antibiotic resis-
tance between human pathogens and gut microbiota. Bioinfor-
matics. 2019;35(19):3803—11.

DOIL: https://doi.org/10.1093/bioinformatics/btz154

4. Decelle A., Krzakala F., Moore C., Zdeborova L. Asymptotic
analysis of the stochastic block model for modular networks
and its algorithmic applications. Phys. Rev. E. Stat. Nonlin. Soft
Matter. Phys. 2011;84(6 Pt 2):066106.

DOI: https://doi.org/10.1103/PhysRevE.84.066106

5. Ackland G.J., Ackland J.A., Antonioletti M., Wallace D.J. Fit-
ting the reproduction number from UK coronavirus case data
and why it is close to 1. Philos. Trans. A. Math. Phys. Eng. Sci.
2022;380(2233):20210301.

DOIL: https://doi.org/10.1098/rsta.2021.0301



540 JOURNAL OF MICROBIOLOGY, EPIDEMIOLOGY AND IMMUNOBIOLOGY. 2024; 101(4)
DOI: https://doi.org/10.36233/0372-9311-467

REVIEWS

6. Creswell R., Augustin D., Bouros I., et al. Heterogeneity in ed States: December 2020 to March 2022. J. Glob. Health.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

the onwards transmission risk between local and imported
cases affects practical estimates of the time-dependent re-
production number. Philos. Trans. A. Math. Phys. Eng. Sci.
2022;380(2233):20210308.

DOI: https://doi.org/10.1098/rsta.2021.0308

. Van Dyke Parunak H., Savit R., Riolo R.L. Agent-based

modeling vs. equation-based modeling: A case study and us-
ers’ guide. Multi-Agent Systems and Agent-Based Simulation.
2010;1534:10-25. DOI: https://doi.org/10.1007/10692956 2

. Rahmandad H., Sterman J. Heterogeneity and network structure

in the dynamics of diffusion: comparing agent-based and dif-
ferential equation models. Management Science. 2008;54:998—
1014. DOT: https://doi.org/10.1287/mnsc.1070.0787

. Shanta S.S., Biswas M.H.A. The impact of media awareness

in controlling the spread of infectious diseases in terms of SIR
model. Mathematical Modelling of Engineering Problems.
2020;7:368-76. DOLI: https://doi.org/10.18280/mmep.070306
Kerr C.C., Stuart R.M., Mistry D., et al. Covasim: an agent-
based model of COVID-19 dynamics and interventions. PL0S
Comput. Biol. 2021;17(7):¢1009149.

DOIL: https://doi.org/10.1371/journal.pcbi. 1009149

Gozzi N., Tizzoni M., Chinazzi M., et al. Estimating the effect of
social inequalities on the mitigation of COVID-19 across com-
munities in Santiago de Chile. Nat. Commun. 2021;12(1):2429.
DOIL: https://doi.org/10.1038/s41467-021-22601-6

Squazzoni F., Polhill J.G., Edmonds B., et al. Computational
models that matter during a global pandemic outbreak: a call
to action. Journal of Artificial Societies and Social Simulation.
2020; 23(2). DOI: https://doi.org/10.18564/jasss.4298

Lux T. The social dynamics of COVID-19. Physica A. 2021;567:
125710. DOI: https://doi.org/10.1016/j.physa.2020.125710
Conte R., Paolucci M. On agent-based modeling and computa-
tional social science. Front. Psychol. 2014;5:668.

DOI: https://doi.org/10.3389/fpsyg.2014.00668

Lux T., Zwinkels R.C. Empirical Validation of Agent-Based
Models. In: Handbook of Computational Economics. Volume 4.
Elsevier;2018:437-88.

DOI: https://doi.org/10.1016/bs.hescom.2018.02.003

Tracy M., Cerda M., Keyes K.M. Agent-based modeling in pub-
lic health: current applications and future directions. Annu. Rev.
Public Health. 2018;39:77-94. DOI: https://doi.org/10.1146/
annurev-publhealth-040617-014317

Bonabeau E. Agent-based modeling: methods and techniques
for simulating human systems. Proc. Natl. Acad. Sci. U.S.A.
2002;99(Suppl. 3):7280-7.

DOI: https://doi.org/10.1073/pnas.082080899

Marks R.E. Validating simulation models: a general framework
and four applied examples. Comput. Econ. 2007;30:265-90.
DOI: https://doi.org/10.1007/s10614-007-9101-7

Whitman J., Jayaprakash C. Stochastic modeling of influen-
za spread dynamics with recurrences. PL0S One. 2020;15(4):
€0231521. DOLI: https://doi.org/10.1371/journal.pone.0231521
Guo X., Tong J., Chen P., Fan W. The suppression effect of
emotional contagion in the COVID-19 pandemic: a multi-lay-
er hybrid modelling and simulation approach. PLoS One.
2021;16(7):¢0253579.

DOI: https://doi.org/10.1371/journal.pone.0253579

Chung N.N., Chew L.Y. Modelling Singapore COVID-19
pandemic with a SEIR multiplex network model. Sci. Rep.
2021;11(1):10122.

DOI: https://doi.org/10.1038/s41598-021-89515-7

Moghadas S.M., Fitzpatrick M.C., Shoukat A., et al. Simulated
identification of silent COVID-19 infections among children
and estimated future infection rates with vaccination. JAMA
Netw Open. 2021;4(4):¢217097.

DOI: https://doi.org/10.1001/jamanetworkopen.2021.7097

Sah P., Vilches T.N., Pandey A., et al. Estimating the impact
of vaccination on reducing COVID-19 burden in the Unit-

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

2022;12:03062. DOLI: https://doi.org/10.7189/jogh.12.03062
Catala M., Li X., Prats C., Prieto-Alhambra D. The impact of
prioritisation and dosing intervals on the effects of COVID-19
vaccination in Europe: an agent-based cohort model. Sci. Rep.
2021;11(1):18812.

DOI: https://doi.org/10.1038/s41598-021-98216-0
Truszkowska A., Thakore M., Zino L., et al. Designing the safe
reopening of US towns through high-resolution agent-based
modeling. Adv. Theory Simul. 2021;4(9):2100157.

DOI: https://doi.org/10.1002/adts.202100157

Truszkowska A., Zino L., Butail S., et al. Exploringa COVID-19
Endemic scenario: high-resolution agent-based modeling of
multiple variants. Adv. Theory Simul. 2023;6(1):2200481.

DOTI: https://doi.org/10.1002/adts.20220048 1

Truszkowska A., Zino L., Butail S., et al. Predicting the ef-
fects of waning vaccine immunity against COVID-19 through
high-resolution agent-based modeling. Adv. Theory Simul.
2022;5(6):2100521.

DOT: https://doi.org/10.1002/adts.202100521

Hadley E., Rhea S., Jones K., et al. Enhancing the prediction
of hospitalization from a COVID-19 agent-based model: A
Bayesian method for model parameter estimation. PL0S One.
2022;17(3):¢0264704.

DOI: https://doi.org/10.1371/journal.pone.0264704

Rodriguez J.P., Aleta A., Moreno Y. Digital cities and the spread
of COVID-19: Characterizing the impact of non-pharmaceuti-
cal interventions in five cities in Spain. Front. Public Health.
2023;11:1122230.

DOIL: https://doi.org/10.3389/fpubh.2023.1122230

Chiba A. Modeling the effects of contact-tracing apps on the
spread of the coronavirus disease: Mechanisms, conditions, and
efficiency. PL0S One. 2021;16(9):¢0256151.

DOI: https://doi.org/10.1371/journal.pone.0256151

Cattaneo A., Vitali A., Mazzoleni M., Previdi F. An agent-based
model to assess large-scale COVID-19 vaccination campaigns
for the Italian territory: The case study of Lombardy region.
Comput. Methods Programs Biomed. 2022;224:107029.

DOI: https://doi.org/10.1016/j.cmpb.2022.107029

Krivorotko O., Sosnovskaia M., Vashchenko I., et al. Agent-
based modeling of COVID-19 outbreaks for New York state
and UK: Parameter identification algorithm. Infect. Dis. Model.
2022;7(1):30-44.

DOTI: https://doi.org/10.1016/j.idm.2021.11.004

Koichubekov B., Takuadina A., Korshukov I., et al. The epidemi-
ological and economic impact of COVID-19 in Kazakhstan: An
agent-based modeling. Healthcare (Basel). 2023;11(22):2968.
DOTI: https://doi.org/10.3390/healthcare11222968

Hinch R., Probert W.J.M., Nurtay A., et al. Open-
ABM-COVID19 — an agent-based model for non-pharmaceu-
tical interventions against COVID-19 including contact tracing.
PLoS Comput. Biol. 2021;17(7):e1009146.

DOI: https://doi.org/10.1371/journal.pcbi. 1009146

Daghriri T., Ozmen O. Quantifying the effects of social distanc-
ing on the spread of COVID-19. Int. J. Environ. Res. Public
Health. 2021;18(11):5566.

DOIL: https://doi.org/10.3390/ijerph18115566

Li H., Zhang H. Cost-effectiveness analysis of COVID-19
screening strategy under China's dynamic zero-case policy.
Front. Public Health. 2023;11:1099116.

DOI: https://doi.org/10.3389/fpubh.2023.1099116

Wang Q., Shi N., Huang J., et al. Cost-effectiveness of public
health measures to control COVID-19 in China: A microsim-
ulation modeling study. Front. Public Health. 2022;9:726690.
DOT: https://doi.org/10.3389/fpubh.2021.726690

Kishore N., Kahn R., Martinez P.P., et al. Lockdowns result in
changes in human mobility which may impact the epidemiolo-
gic dynamics of SARS-CoV-2. Sci. Rep. 2021;11(1):6995.
DOIL: https://doi.org/10.1038/s41598-021-86297-w



KYPHAJ1 MUKPOBUOJIOTUN, SMTMAEMNONOTUN N UMMYHOBUOJOTNI. 2024; 101(4)
DOI: https://doi.org/10.36233/0372-9311-467

541

OB30PbI

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Grefenstette J.J., Brown S.T., Rosenfeld R., et al. FRED (a
Framework for Reconstructing Epidemic Dynamics): an open-
source software system for modeling infectious diseases and
control strategies using census-based populations. BMC Public
Health. 2013;13:940.

DOI: https://doi.org/10.1186/1471-2458-13-940

Krauland M.G., Zimmerman R.K., Williams K.V, et al. Agent-
based model of the impact of higher influenza vaccine efficacy
on seasonal influenza burden. Vaccine X. 2023;13:100249.
DOTI: https://doi.org/10.1016/j.jvacx.2022.100249

Williams K.V., Krauland M.G., Harrison L.H., et al. Can
a two-dose influenza vaccine regimen better protect old-
er adults? An agent-based modeling study. Vaccines (Basel).
2022;10(11):1799.

DOI: https://doi.org/10.3390/vaccines10111799

Woodul R.L., Delamater P.L., Woodburn M. Validating mod-
el output in the absence of ground truth data: a COVID-19
case study using the Simulator of Infectious Disease Dy-
namics in North Carolina (SIDD-NC) model. Health Place.
2023;83:103065.

DOIL: https://doi.org/10.1016/j.healthplace.2023.103065
Krauland M.G., Galloway D.D., Raviotta J.M., et al. Impact of
low rates of influenza on next-season influenza infections. Am.
J. Prev. Med. 2022;62(4):503-10.

DOI: https://doi.org/10.1016/j.amepre.2021.11.007
Truszkowska A., Fayed M., Wei S., et al. Urban determinants
of COVID-19 spread: a comparative study across three cities in
New York state. J. Urban. Health. 2022;99(5):909-21.

DOI: https://doi.org/10.1007/511524-022-00623-9

Fosco C., Zurita F. Assessing the short-run effects of lockdown
policies on economic activity, with an application to the Santiago
Metropolitan Region, Chile. PL0oS One. 2021;16(6):¢0252938.
DOIL: https://doi.org/10.1371/journal.pone.0252938

Maziarz M., Zach M. Agent-based modelling for SARS-CoV-2
epidemic prediction and intervention assessment: A methodo-
logical appraisal. J. Eval. Clin. Pract. 2020; 26(5): 1352—60.
DOI: https://doi.org/10.1111/jep.13459

Gupta P., Maharaj T., Weiss M., et al. Proactive contact tracing.
PLOS Digit. Health. 2023;2(3):¢0000199.

DOTI: https://doi.org/10.1371/journal.pdig.0000199

Staffini A., Svensson A.K., Chung U.L., Svensson T. An agent-
based model of the local spread of SARS-CoV-2: modeling
study. JMIR Med. Inform. 2021;9(4):e24192.

DOI: https://doi.org/10.2196/24192

Mintram K., Anagnostou A., Anokye N., et al. CALMS: Mod-
elling the long-term health and economic impact of COVID-19
using agent-based simulation. PL0S One. 2022;17(8):e0272664.
DOIL: https://doi.org/10.1371/journal.pone.0272664

Silva M.E.P., Fyles M., Pi L., et al. The role of regular asymp-
tomatic testing in reducing the impact of a COVID-19 wave.
Epidemics. 2023;44:100699.

DOTI: https://doi.org/10.1016/j.epidem.2023.100699

Pham Q.D., Stuart RM., Nguyen T.V,, et al. Estimating and
mitigating the risk of COVID-19 epidemic rebound associated
with reopening of international borders in Vietnam: a modelling
study. Lancet Glob. Health. 2021;9(7):e916-24.

DOI: https://doi.org/10.1016/s2214-109x(21)00103-0
Sanz-Leon P., Hamilton L.H.W., Raison S.J., et al. Modelling
herd immunity requirements in Queensland: impact of vaccina-
tion effectiveness, hesitancy and variants of SARS-CoV-2. Phi-
los. Trans. A. Math. Phys. Eng. Sci. 2022;380(2233):20210311.
DOT: https://doi.org/10.1098/rsta.2021.0311

Pais C.M., Godano M.L., Juarez E., et al. City-scale model for
COVID-19 epidemiology with mobility and social activities
represented by a set of hidden Markov models. Comput. Biol.
Med. 2023;160:106942.

DOI: https://doi.org/10.1016/j.compbiomed.2023.106942
Reguly I.Z., Csercsik D., Juhasz J., et al. Microsimulation based
quantitative analysis of COVID-19 management strategies.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

PLoS Comput. Biol. 2022;18(1):e1009693.

DOI: https://doi.org/10.1371/journal.pcbi. 1009693

Barthe G., Viti R., Druschel P., et al. Listening to Bluetooth bea-
cons for epidemic risk mitigation. Sci. Rep. 2022;12(1):5558.
DOI: https://doi.org/10.1038/341598-022-09440-1

Bicher M., Rippinger C., Schneckenreither G., et al. Model
based estimation of the SARS-CoV-2 immunization level in
austria and consequences for herd immunity effects. Sci. Rep.
2022;12(1):2872.

DOI: https://doi.org/10.1038/s41598-022-06771-x

Nagpal S., Kumar R., Noronha R.F., et al. Seasonal vari-
ations in social contact patterns in a rural population in
north India: Implications for pandemic control. PLoS One.
2024;19(2):¢0296483.

DOIL: https://doi.org/10.1371/journal.pone.0296483

Souther A., Chang M.H., Tassier T. It's worth a shot: urban
density, endogenous vaccination decisions, and dynamics of in-
fectious disease. J. Econ. Interact. Coord. 2023;18(1):163-89.
DOI: https://doi.org/10.1007/s11403-022-00367-4

Patel M.D., Rosenstrom E., Ivy J.S., et al. Association of sim-
ulated COVID-19 vaccination and nonpharmaceutical inter-
ventions with infections, hospitalizations, and mortality. JAMA
Netw. Open. 2021;4(6):e2110782.

DOIL: https://doi.org/10.1001/jamanetworkopen.2021.10782
Thakur M., Zhou R., Mohan M., et al. COVID's collateral dam-
age: likelihood of measles resurgence in the United States. BMC
Infect. Dis. 2022;22(1):743.

DOI: https://doi.org/10.1186/s12879-022-07703-w

Rykovanov G.N., Lebedev S.N., Zatsepin O.V,, et al. Agent-
based simulation of the COVID-19 epidemic in Russia. Her.
Russ. Acad. Sci. 2022;92(4):479-87.

DOI: https://doi.org/10.1134/s1019331622040219

Stroud P., Del Valle S., Sydoriak S., et al. Spatial dynamics of
pandemic influenza in a massive artificial society, journal of ar-
tificial societies and social simulation. J. Artif. Soc. Soc. Simul.
2007; 10(4): 1-9.

Barrett C.L., Beckman R.J., Berkbigler K.P., et al. TRANSIMS:
Transportation analysis simulation system. In: Portland Study
Reports. Los Alamos, NM;1999.

Kaxiras E., Neofotistos G. Multiple epidemic wave model of
the COVID-19 pandemic: modeling study. J. Med. Internet Res.
2020;22(7):€20912. DOT: https://doi.org/10.2196/20912

Quilty B.J., Clifford S., Hellewell J., et al. Quarantine and test-
ing strategies in contact tracing for SARS-CoV-2: a modelling
study. Lancet Public Health. 2021;6(3):e175-83.

DOI: https://doi.org/10.1016/s2468-2667(20)30308-x
Gwizdatta T. Viral disease spreading in grouped population.
Comput. Methods Programs Biomed. 2020;197:105715.

DOI: https://doi.org/10.1016/j.cmpb.2020.105715

Sood M., Sridhar A., Eletreby R., et al. Spreading processes
with mutations over multilayer networks. Proc. Natl. Acad. Sci.
U.S.A. 2023;120(24):€2302245120.

DOI: https://doi.org/10.1073/pnas.2302245120

Streilein W., Finklea L., Schuldt D., et al. Evaluating COVID-19
exposure notification effectiveness with SInAEN: A simulation
tool designed for public health decision making. Public Health
Rep. 2022;137(2_suppl):83S-9S.

DOT: https://doi.org/10.1177/00333549221116361

Kim Y., Ryu H., Lee S. Effectiveness of intervention strategies
on MERS-CoV transmission dynamics in South Korea, 2015:
Simulations on the network based on the real-world contact da-
ta. Int. J. Environ. Res. Public Health. 2021;18(7):3530.

DOIL: https://doi.org/10.3390/ijerph18073530

Kwon O., Son W.S., Kim J.Y., Kim J.H. Intervention effects in
the transmission of COVID-19 depending on the detection rate
and extent of isolation. Epidemiol. Health. 2020;42:¢2020045.
DOI: https://doi.org/10.4178/epih.e2020045

Tatsukawa Y., Arefin M.R., Kuga K., Tanimoto J. An agent-based
nested model integrating within-host and between-host mecha-



542

JOURNAL OF MICROBIOLOGY, EPIDEMIOLOGY AND IMMUNOBIOLOGY. 2024; 101(4)

DOI: https://doi.org/10.36233/0372-9311-467

72.

73.

74.

75.

76.

71.

78.

79.

80.

81

82.

83.

84.

85.

86.

nisms to predict an epidemic. PLoS One. 2023;18(12):¢0295954.
DOI: https://doi.org/10.1371/journal.pone.0295954

Stapelberg N.J.C., Smoll N.R., Randall M., et al. A Dis-
crete-Event, Simulated Social Agent-Based Network Transmis-
sion (DESSABNeT) model for communicable diseases: Method
and validation using SARS-CoV-2 data in three large Australian
cities. PL0S One. 2021;16(5):¢0251737.

DOI: https://doi.org/10.1371/journal.pone.0251737

Thompson J., McClure R., Blakely T., et al. Modelling SARS-
CoV-2 disease progression in Australia and New Zealand: an
account of an agent-based approach to support public health
decision-making. Aust. N. Z. J. Public Health. 2022;46(3):292—
303. DOLI: https://doi.org/10.1111/1753-6405.13221

Hinch R., Panovska-Griffiths J., Probert W.J.M., et al. Es-
timating SARS-CoV-2 variant fitness and the impact of in-
terventions in England using statistical and geo-spatial
agent-based models. Philos. Trans. A. Math. Phys. Eng. Sci.
2022;380(2233):20210304.

DOI: https://doi.org/10.1098/rsta.2021.0304

Tatapudi H., Das R., Das T.K. Impact assessment of full and
partial stay-at-home orders, face mask usage, and contact trac-
ing: An agent-based simulation study of COVID-19 for an ur-
ban region. Glob. Epidemiol. 2020;2:100036.

DOIL: https://doi.org/10.1016/j.gloepi.2020.100036

Jahn B., Sroczynski G., Bicher M., et al. Targeted COVID-19
vaccination (TAV-COVID) considering limited vaccination
capacities — an agent-based modeling evaluation. Vaccines
(Basel). 2021;9(5):434.

DOI: https://doi.org/10.3390/vaccines9050434

Tatapudi H., Das T.K. Impact of school reopening on pandemic
spread: a case study using an agent-based model for COVID-19.
Infect. Dis. Model. 2021;6:839-47.

DOIL: https://doi.org/10.1016/j.idm.2021.06.007
Romero-Brufau S., Chopra A., Ryu A.J., et al. Public health
impact of delaying second dose of BNT162b2 or mRNA-1273
covid-19 vaccine: simulation agent based modeling study. BMJ.
2021;373:n1087. DOI: https://doi.org/10.1136/bmj.n1087
Goldenbogen B., Adler S.O., Bodeit O., et al. Control of
COVID-19 outbreaks under stochastic community dynam-
ics, bimodality, or limited vaccination. Adv. Sci. (Weinh).
2022;9(23):€2200088.

DOI: https://doi.org/10.1002/advs.202200088

Moghadas S.M., Vilches T.N., Zhang K., et al. Evaluation of
COVID-19 vaccination strategies with a delayed second dose.
PLo0S Biol. 2021;19(4):¢3001211.

DOI: https://doi.org/10.1371/journal.pbio.3001211

. Keskinocak P., Oruc B.E., Baxter A., et al. The impact of social

distancing on COVIDI19 spread: State of Georgia case study.
PLoS One. 2020;15(10):e0239798.

DOI: https://doi.org/10.1371/journal.pone.0239798

Berec L., Diviak T., Kubéna A., et al. On the contact tracing for
COVID-19: A simulation study. Epidemics. 2023;43:100677.
DOI: https://doi.org/10.1016/j.epidem.2023.100677

Moghadas S.M., Fitzpatrick M.C., Sah P.,, et al. The implica-
tions of silent transmission for the control of COVID-19 out-
breaks. Proc. Natl. Acad. Sci. U.S.A. 2020;117(30):17513-5.
DOIL: https://doi.org/10.1073/pnas.2008373117

Ben-Zuk N., Daon Y., Sasson A., et al. Assessing COVID-19
vaccination strategies in varied demographics using an individ-
ual-based model. Front. Public Health. 2022;10:966756.

DOI: https://doi.org/10.3389/fpubh.2022.966756

Nguyen Q.D., Prokopenko M. A general framework for opti-
mising cost-effectiveness of pandemic response under partial
intervention measures. Sci. Rep. 2022;12(1):19482.

DOI: https://doi.org/10.1038/s41598-022-23668-x

Abdollahi E., Haworth-Brockman M., Keynan Y., et al. Simu-
lating the effect of school closure during COVID-19 outbreaks
in Ontario, Canada. BMC Med. 2020;18(1):230.

DOL: https://doi.org/10.1186/s12916-020-01705-8

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100

101.

102.

REVIEWS

Zhang K., Vilches T.N., Tariq M., et al. The impact of
mask-wearing and shelter-in-place on COVID-19 outbreaks in
the United States. Int. J. Infect. Dis. 2020;101:334-41.

DOI: https://doi.org/10.1016/5.1jid.2020.10.002

Shoukat A., Wells C.R., Langley J.M., et al. Projecting demand
for critical care beds during COVID-19 outbreaks in Canada.
CMAJ. 2020;192(19):E489-96.

DOTI: https://doi.org/10.1503/cmaj.200457

Eilersen A., Sneppen K. Cost-benefit of limited isolation and
testing in COVID-19 mitigation. Sci. Rep. 2020;10(1):18543.
DOI: https://doi.org/10.1038/s41598-020-75640-2

Hotton A.L., Ozik J., Kaligotla C., et al. Impact of changes in
protective behaviors and out-of-household activities by age on
COVID-19 transmission and hospitalization in Chicago, Illi-
nois. Ann. Epidemiol. 2022;76:165-73.

DOI: https://doi.org/10.1016/j.annepidem.2022.06.005

Aleta A., Martin-Corral D., Bakker M.A., et al. Quantifying
the importance and location of SARS-CoV-2 transmission
events in large metropolitan areas. Proc. Natl. Acad. Sci. U.S.A.
2022;119(26):¢2112182119.

DOIL: https://doi.org/10.1073/pnas.2112182119

Bicher M., Rippinger C., Zechmeister M., et al. An iterative al-
gorithm for optimizing COVID-19 vaccination strategies con-
sidering unknown supply. PL0S One. 2022;17(5):¢0265957.
DOI: https://doi.org/10.1371/journal.pone.0265957

Nishi A., Dewey G., Endo A., et al. Network interventions for
managing the COVID-19 pandemic and sustaining economy.
Proc. Natl. Acad. Sci. U.S.A. 2020;117(48):30285-94.

DOTI: https://doi.org/10.1073/pnas.2014297117

Weng X., Chen Q., Sathapathi T.K., et al. Impact of school
operating scenarios on COVID-19 transmission under vacci-
nation in the U.S.: an agent-based simulation model. Sci. Rep.
2023;13(1):12836.

DOIL: https://doi.org/10.1038/s41598-023-37980-7

Vilches T.N., Abdollahi E., Cipriano L.E., et al. Impact
of non-pharmaceutical interventions and vaccination on
COVID-19 outbreaks in Nunavut, Canada: a Canadian Immu-
nization Research Network (CIRN) study. BMC Public Health.
2022;22(1):1042.

DOIL: https://doi.org/10.1186/s12889-022-13432-1

Ng V., Fazil A., Waddell L.A., et al. Projected effects of non-
pharmaceutical public health interventions to prevent re-
surgence of SARS-CoV-2 transmission in Canada. CMAJ.
2020;192(37):E1053-64.

DOI: https://doi.org/10.1503/cmaj.200990

Scott N., Abeysuriya R.G., Delport D., et al. COVID-19 epi-
demic modelling for policy decision support in Victoria, Austra-
lia 2020-2021. BMC Public Health. 2023;23(1):988.

DOI: https://doi.org/10.1186/s12889-023-15936-w

Moghadas S.M., Vilches T.N., Zhang K., et al. The impact of
vaccination on coronavirus disease 2019 (COVID-19) outbreaks
in the United States. Clin. Infect. Dis. 2021;73(12):2257-64.
DOI: https://doi.org/10.1093/cid/ciab079

Alagoz O., Sethi A.K., Patterson B.W., et al. Effect of timing
of and adherence to social distancing measures on COVID-19
burden in the United States: A simulation modeling approach.
Ann. Intern. Med. 2021;174(1):50-7.

DOI: https://doi.org/10.7326/m20-4096

. Shi P, Yan J., Keskinocak P., et al. The impact of opening
dedicated clinics on disease transmission during an influenza
pandemic. PL0S One. 2020;15(8):e0236455.

DOI: https://doi.org/10.1371/journal.pone.0236455

Wu S., Huang Z., Grant-Muller S., et al. Modelling the reopen
strategy from dynamic zero-COVID in China considering the
sequela and reinfection. Sci. Rep. 2023;13(1):7343.

DOI: https://doi.org/10.1038/s41598-023-34207-7

Moreno Lépez J.A., Arregui Garcia B., Bentkowski P., et
al. Anatomy of digital contact tracing: Role of age, trans-
mission setting, adoption, and case detection. Sci. Adv.



KYPHAJ1 MUKPOBUOJIOTUN, SMTMAEMNONOTUN N UMMYHOBUOJOTNI. 2024; 101(4)
DOI: https://doi.org/10.36233/0372-9311-467

543

OB30PbI

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

2021;7(15):eabd8750.

DOI: https://doi.org/10.1126/sciadv.abd8750

Scott N., Palmer A., Delport D., et al. Modelling the impact of
relaxing COVID-19 control measures during a period of low
viral transmission. Med. J. Aust. 2021;214(2):79-83.

DOIL: https://doi.org/10.5694/mja2.50845

Abeysuriya R.G., Delport D., Stuart R.M., et al. Preventing a
cluster from becoming a new wave in settings with zero com-
munity COVID-19 cases. BMC Infect. Dis. 2022;22(1):232.
DOI: https://doi.org/10.1186/s12879-022-07180-1

Houdroge F., Palmer A., Delport D., et al. Frequent and unpre-
dictable changes in COVID-19 policies and restrictions reduce
the accuracy of model forecasts. Sci. Rep. 2023;13(1):1398.
DOI: https://doi.org/10.1038/s41598-023-27711-3

Sneppen K., Nielsen B.F., Taylor R.J., Simonsen L. Overdis-
persion in COVID-19 increases the effectiveness of limiting
nonrepetitive contacts for transmission control. Proc. Natl.
Acad. Sci. U.S.A. 2021;118(14):¢2016623118.

DOIL: https://doi.org/10.1073/pnas.2016623118

Zhang X., Chen B., Le J., Hu Y. Impact of different nucleic
acid testing scenarios on COVID-19 transmission. Heliyon.
2023;10(1):¢23700.

DOI: https://doi.org/10.1016/j.heliyon.2023.e23700

Li A, Wu J., Moghadas S.M. Epidemic dynamics with
time-varying transmission risk reveal the role of dis-
ease stage-dependent infectiousness. J. Theor. Biol.
2023;573:111594.

DOIL: https://doi.org/10.1016/5.jtbi.2023.111594

Delport D., Sacks-Davis R., Abeysuriya R.G., et al. Lives
saved by public health restrictions over the Victorian
COVID-19 Delta variant epidemic wave, Aug-Nov 2021. Epi-
demics. 2023;44:100702.

DOIL: https://doi.org/10.1016/j.epidem.2023.100702

Han A.X., Girdwood S.J., Khan S., et al. Strategies for using
antigen rapid diagnostic tests to reduce transmission of severe
acute respiratory syndrome coronavirus 2 in low- and mid-
dle-income countries: a mathematical modelling study applied
to Zambia. Clin. Infect. Dis. 2023;76(4):620-30.

DOI: https://doi.org/10.1093/cid/ciac814

Zachreson C., Fair K.M., Harding N., Prokopenko M.
Interfering with influenza: nonlinear coupling of reac-
tive and static mitigation strategies. J. R. Soc. Interface.
2020;17(165):20190728.

DOI: https://doi.org/10.1098/rsif.2019.0728

Pandey A., Fitzpatrick M.C., Moghadas S..M, et al. Model-
ling the impact of a high-uptake bivalent booster scenario on
the COVID-19 burden and healthcare costs in New York City.
Lancet Reg. Health Am. 2023;24:100555.

DOIL: https://doi.org/10.1016/j.1ana.2023.100555

Sanz-Leon P., Stevenson N.J., Stuart R.M., et al. Risk of sus-
tained SARS-CoV-2 transmission in Queensland, Australia.
Sci. Rep. 2022;12(1):6309.

DOI: https://doi.org/10.1038/s41598-022-10349-y
Groves-Kirkby N., Wakeman E., Patel S., et al. Large-scale ca-
libration and simulation of COVID-19 epidemiologic scenari-
os to support healthcare planning. Epidemics. 2023;42:100662.
DOIL: https://doi.org/10.1016/j.epidem.2022.100662

Sah P., Vilches T.N., Moghadas S.M., et al. Return on invest-
ment of the COVID-19 vaccination campaign in New York
city. JAMA Netw Open. 2022;5(11):¢2243127.

DOI: https://doi.org/10.1001/jamanetworkopen.2022.43127
Goldberg L.A., Jorritsma J., Komjathy J., Lapinskas J. Increas-
ing efficacy of contact-tracing applications by user referrals
and stricter quarantining. PL0OS One. 2021;16(5):¢0250435.
DOI: https://doi.org/10.1371/journal.pone.0250435

Zhu Y., Shen R., Dong H., Wang W. Spatial heterogeneity
and infection patterns on epidemic transmission disclosed by
a combined contact-dependent dynamics and compartmental

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

model. PL0S One. 2023;18(6):¢0286558.

DOI: https://doi.org/10.1371/journal.pone.0286558
Giacopelli G. A full-scale agent-based model to hypothetically
explore the impact of lockdown, social distancing, and vacci-
nation during the COVID-19 pandemic in Lombardy, Italy:
model development. IMIRX Med. 2021;2(3):¢24630.

DOTI: https://doi.org/10.2196/24630

Kustudic M., Niu B., Liu Q. Agent-based analysis of con-
tagion events according to sourcing locations. Sci. Rep.
2021;11(1):16032.

DOT: https://doi.org/10.1038/s41598-021-95336-5

Lima L.L., Atman A.P.F. Impact of mobility restriction in
COVID-19 superspreading events using agent-based model.
PL0S One. 2021;16(3):¢0248708.

DOI: https://doi.org/10.1371/journal.pone.0248708

Eilersen A., Sneppen K. SARS-CoV-2 superspreading in cities
vs the countryside. APMIS. 2021;129(7):401-7.

DOI: https://doi.org/10.1111/apm.13120

Gugole F., Coffeng L.E., Edeling W, et al. Uncertainty quan-
tification and sensitivity analysis of COVID-19 exit strategies
in an individual-based transmission model. PLoS Comput. Bi-
ol. 2021;17(9):e1009355.

DOT: https://doi.org/10.1371/journal.pcbi. 1009355

Wallentin G., Kaziyeva D., Reibersdorfer-Adelsberger E.
COVID-19 intervention scenarios for a long-term disease
management. Int. J. Health Policy Manag. 2020;9(12):508—
16. DOLI: https://doi.org/10.34172/ijhpm.2020.130

Bissett K.R., Cadena J., Khan M., Kuhlman C.J. Agent-Based
Computational Epidemiological Modeling. J. Indian Inst. Sci.
2021;101(3):303-27.

DOTI: https://doi.org/10.1007/s41745-021-00260-2

Murakami T., Sakuragi S., Deguchi H., Nakata M. Agent-
based model using GPS analysis for infection spread and
inhibition mechanism of SARS-CoV-2 in Tokyo. Sci. Rep.
2022;12(1):20896.

DOI: https://doi.org/10.1038/s41598-022-25480-z
Truszkowska A., Behring B., Hasanyan J., et al. High-resolu-
tion agent-based modeling of COVID-19 spreading in a small
town. Adv. Theory Simul. 2021;4(3):2000277.

DOI: https://doi.org/10.1002/adts.202000277

Dong T., Dong W., Xu Q. Agent simulation model of
COVID-19 epidemic agent-based on GIS: A case study of
Huangpu district, Shanghai. Int. J. Environ. Res. Public
Health. 2022;19(16):10242.

DOI: https://doi.org/10.3390/ijerph191610242

Castro B.M., Reis M.M., Salles R.M. Multi-agent simu-
lation model updating and forecasting for the evaluation of
COVID-19 transmission. Sci. Rep. 2022;12(1):22091.

DOTI: https://doi.org/10.1038/s41598-022-22945-z

Gostoli U., Silverman E. An agent-based model of social
care provision during the early stages of Covid-19. Sci. Rep.
2022;12(1):16534.

DOI: https://doi.org/10.1038/s41598-022-20846-9

Chang S.L., Cliff O.M., Zachreson C., Prokopenko M. Sim-
ulating transmission scenarios of the delta variant of SARS-
CoV-2 in Australia. Front. Public Health. 2022;10:823043.
DOI: https://doi.org/10.3389/fpubh.2022.823043

Nguyen Q.D., Chang S.L., Jamerlan C.M., Prokopenko M.
Measuring unequal distribution of pandemic severity across
census years, variants of concern and interventions. Popul.
Health Metr. 2023;21(1):17.

DOI: https://doi.org/10.1186/s12963-023-00318-6

Zhang H., Yin L., Mao L., et al. Combinational recommen-
dation of vaccinations, mask-wearing, and home-quarantine
to control influenza in megacities: an agent-based modeling
study with large-scale trajectory data. Front. Public Health.
2022;10:883624.

DOI: https://doi.org/10.3389/fpubh.2022.883624



544 JOURNAL OF MICROBIOLOGY, EPIDEMIOLOGY AND IMMUNOBIOLOGY. 2024; 101(4)
DOI: https://doi.org/10.36233/0372-9311-467
REVIEWS

133. Li Q., Huang Y. Optimizing global COVID-19 vaccine allo- 149. Mokhtari A., Mineo C., Kriseman J., et al. A multi-method
cation: An agent-based computational model of 148 countries. approach to modeling COVID-19 disease dynamics in the
PLoS Comput. Biol. 2022;18(9):¢1010463. United States. Sci Rep. 2021;11(1):12426.

DOTI: https://doi.org/10.1371/journal.pcbi.1010463 DOI: https://doi.org/10.1038/541598-021-92000-w

134. Kirpich A., Koniukhovskii V., Shvartc V., et al. Develop- 150. Gabler J., Raabe T., Rohrl K., Gaudecker H.V. The effective-
ment of an interactive, agent-based local stochastic model of ness of testing, vaccinations and contact restrictions for con-
COVID-19 transmission and evaluation of mitigation stra- taining the CoViD-19 pandemic. Sci. Rep. 2022;12(1):8048.
tegies illustrated for the state of Massachusetts, USA. PL0S DOI: https://doi.org/10.1038/s41598-022-12015-9
One. 2021;16(2):¢0247182. 151. Milne G.J., Carrivick J., Whyatt D. Mitigating the SARS-
DOT: https://doi.org/10.1371/journal.pone.0247182 CoV-2 Delta disease burden in Australia by non-pharmaceuti-

135. Singh D.E., Olmedo Luceron C., Limia Sanchez A., et cal interventions and vaccinating children: a modelling analy-
al. Evaluation of vaccination strategies for the metropol- sis. BMC Med. 2022;20(1):80.
itan area of Madrid via agent-based simulation. BMJ Open. DOIL: https://doi.org/10.1186/s12916-022-02241-3
2022;12(12):e065937. 152. Szanyi J., Wilson T., Howe S., et al. Epidemiologic and eco-
DOI: https://doi.org/10.1136/bmjopen-2022-065937 nomic modelling of optimal COVID-19 policy: public health

136. Alzu'bi A.A., Alasal S.I.A., Watzlaf V.J.M. A Simulation study and social measures, masks and vaccines in Victoria, Austra-
of coronavirus as an epidemic disease using agent-based mo- lia. Lancet Reg. Health West Pac. 2023;32:100675.
deling. Perspect. Health Inf. Manag. 2020;18(Winter):1g. DOI: https://doi.org/10.1016/j.lanwpc.2022.100675

137. De-Leon H., Aran D. MAM: Flexible Monte-Carlo Agent 153. Jackson M.L. Low-impact social distancing interventions to
based model for modelling COVID-19 spread. J. Biomed. In- mitigate local epidemics of SARS-CoV-2. Microbes Infect.
form. 2023;141:104364. 2020;22(10):611-6.

DOTI: https://doi.org/10.1016/j.jb1.2023.104364 DOI: https://doi.org/10.1016/j.micinf.2020.09.006

138. Thompson J., Wattam S. Estimating the impact of interven- 154. Gankin Y., Nemira A., Koniukhovskii V., et al. Investigating
tions against COVID-19: From lockdown to vaccination. the first stage of the COVID-19 pandemic in Ukraine us-
PLoS One. 2021;16(12):e0261330. ing epidemiological and genomic data. Infect. Genet. Evol.
DOT: https://doi.org/10.1371/journal.pone.0261330 2021;95:105087.

139. Gomez J., Prieto J., Leon E., Rodriguez A. INFEKTA-An DOIL: https://doi.org/10.1016/j.meegid.2021.105087
agent-based model for transmission of infectious diseas- 155. Zhang N., Jack Chan P.T., Jia W., et al. Analysis of efficacy
es: The COVID-19 case in Bogota, Colombia. PL0S One. of intervention strategies for COVID-19 transmission: a case
2021;16(2):¢0245787. study of Hong Kong. Environ. Int. 2021;156:106723.

DOTI: https://doi.org/10.1371/journal.pone.0245787 DOI: https://doi.org/10.1016/j.envint.2021.106723

140. Schroder M., Bossert A., Kersting M., et al. COVID-19 156. Nguyen Q.D., Chang S.L., Jamerlan C.M., Prokopenko M.
in South Africa: outbreak despite interventions. Sci. Rep. Measuring unequal distribution of pandemic severity across
2021;11(1):4956. census years, variants of concern and interventions. Popul.
DOI: https://doi.org/10.1038/541598-021-84487-0. Health Metr. 2023;21(1):17.

141. Hunter E., Namee B.M., Kelleher J.D. A Model for the spread DOIL: https://doi.org/10.1186/s12963-023-00318-6
of infectious diseases in a region. Int. J. Environ. Res. Public 157. Aleta A., Martin-Corral D., Pastore Y. Piontti A., et al. Mod-
Health. 2020;17(9):3119. elling the impact of testing, contact tracing and household
DOIL: https://doi.org/10.3390/ijerph17093119 quarantine on second waves of COVID-19. Nat. Hum. Behav.

142. Zachreson C.,ChangS.L., Cliff O.M., Prokopenko M. How will 2020;4(9):964-71.
mass-vaccination change COVID-19 lockdown requirements DOI: https://doi.org/10.1038/s41562-020-0931-9
in Australia? Lancet Reg. Health West Pac. 2021;14:100224. 158. Zhao C., Zhang J., Hou X., et al. A high-frequency mobility
DOTI: https://doi.org/10.1016/j.1anwpc.2021.100224 big-data reveals how COVID-19 spread across professions,

143. Guzman-Merino M., Duran C., Marinescu M.C., et al. As- locations and age groups. PLoS Comput. Biol. 2023;19(4):
sessing population-sampling strategies for reducing the ¢1011083. DOL: https://doi.org/10.1371/journal.pcbi. 1011083
COVID-19 incidence. Comput. Biol. Med. 2021;139:104938. 159. Li K.K.F,, Jarvis S.A., Minhas F. Elementary effects analysis
DOTI: https://doi.org/10.1016/j.compbiomed.2021.104938 of factors controlling COVID-19 infections in computation-

144. Gaudou B., Huynh N.Q., Philippon D., et al. COMOKIT: al simulation reveals the importance of social distancing and
A modeling kit to understand, analyze, and compare the im- mask usage. Comput. Biol. Med. 2021;134:104369.
pacts of mitigation policies against the COVID-19 epidemic DOI: https://doi.org/10.1016/j.compbiomed.2021.104369
at the scale of a city. Front. Public Health. 2020;8:563247. 160. Lei H., Zhang N., Niu B., et al. Effect of rapid urbanization
DOTI: https://doi.org/10.3389/fpubh.2020.563247 in mainland China on the seasonal influenza epidemic: spa-

145. Chang S.L., Harding N., Zachreson C., et al. Modelling trans- tiotemporal analysis of surveillance data from 2010 to 2017.
mission and control of the COVID-19 pandemic in Australia. JMIR Public Health Surveill. 2023;9:e41435.

Nat. Commun. 2020;11(1):5710. DOIL: https://doi.org/10.2196/41435
DOTI: https://doi.org/10.1038/s41467-020-19393-6 161. Chiba A. The effectiveness of mobility control, shortening of

146. Harding N., Spinney R., Prokopenko M. Phase transitions in restaurants' opening hours, and working from home on control
spatial connectivity during influenza pandemics. Entropy (Ba- of COVID-19 spread in Japan. Health Place. 2021;70:102622.
sel). 2020;22(2):133. DOI: https://doi.org/10.3390/¢22020133 DOI: https://doi.org/10.1016/j.healthplace.2021.102622

147. Parisi A., Brand S.P.C., Hilton J., et al. Spatially resolved sim- 162. Wang Y., Sun K., Pan Y., et al. A Retrospective modeling study
ulations of the spread of COVID-19 in three European coun- of the targeted non-pharmaceutical interventions during the
tries. PLoS Comput. Biol. 2021;17(7):¢1009090. Xinfadi outbreak in the early stage of the COVID-19 pande-
DOIL: https://doi.org/10.1371/journal.pcbi. 1009090 mic— Beijing, China, 2020. China CDC Wkly. 2023;5(5):108—

148. Germann T.C., Smith M.Z., Dauelsberg L.R., et al. Assessing 12. DOL: https://doi.org/10.46234/ccdcw2023.020
K-12 school reopenings under different COVID-19 spread 163. Latkowski R., Dunin-Ke¢plicz B. An agent-based COVID-19

scenarios — United States, school year 2020/21: a retrospec-
tive modeling study. Epidemics. 2022;41:100632.
DOT: https://doi.org/10.1016/j.epidem.2022.100632

simulator: extending Covasim to the polish context. Procedia
Comput. Sci. 2021;192:3607-16.
DOI: https://doi.org/10.1016/j.procs.2021.09.134



KYPHAJ1 MUKPOBUOJIOTUN, SMTMAEMNONOTUN N UMMYHOBUOJOTNI. 2024; 101(4) 545

DOI: https://doi.org/10.36233/0372-9311-467

OB30PbI

164. Koo J.R., Cook A.R., Park M., et al. Interventions to mitigate
early spread of SARS-CoV-2 in Singapore: a modelling study.
Lancet Infect. Dis. 2020;20(6):678-88.

DOI: https://doi.org/10.1016/s1473-3099(20)30162-6

UHgpopmayusi 06 asmopax

Macnosa UpuHa VnbuHuyHa — ctyaeHT HUW cuctemHoi 6uonorum
1 meguuuHbl, Mocksa, Poccus,
https://orcid.org/0009-0000-0849-9123

Marornios AnexcaHdp MeaHosud™ — k.6.H., H.c. HAN cuctemHom
6uonorum n meguumHbl, Mocksa, Poccus, paraslonic@gmail.com,
https://orcid.org/0000-0003-3912-429X

yweHko OkcaHa EezeHbesHa — M.H.c. HUWN cuctemHom Guonorum
n meguumHbl, Mockea, Poccus,
https://orcid.org/0000-0002-2028-3066

Koanoe MeaH EezeHbesud — nabopaHT-uccnegosatens HAW cu-
cTemMHou buonorun n meamunHel, Mocksa, Poccus,
https://orcid.org/ 0009-0007-2437-5527

Lypkuc Bepa UnbuHu4Ha — ctyneHt HUW cuctemHoi Guonorum m
meanuuHel, Mocksa, Poccus,
https://orcid.org/0009-0001-5140-0990

lMonos Hukonati Cepeeesuy — ctyneHT HAW cuctemHowm 6uonorum n
meanuuHel, Mockea, Poccus,
https://orcid.org/0009-0002-6450-8594

Camotinoe AHOpel EszeHbesu4 — H.c. HUW cuctemHow 6uonorum un
MeguumHel, Mocksa, Poccus, https://orcid.org/0000-0001-8284-3164

Jlykawes AnexkcaHOp Hukonaesud — A.6.H., unex-kopp. PAH, r.H.c.
HWW cuctemHomn 6uonorum n meguumHel, Mocksa, Poccus,
https://orcid.org/0000-0001-7365-0352

UnbuHa EneHa HukonaeeHa — [.6.H., uneH-kopp. PAH, r.H.c., 3aB.
nab. matematnyeckon 6uonorum u uonHdopmatukm HAN cucrem-
Hol BGuonorun n meanumHel, Mockea, Poccus,
https://orcid.org/0000-0003-0130-5079

Y4yacmue aemopos: Macnosa N./.. — oTbop n aHanu3 Hay4HbIX
nybnukaumii, CocTaBneHve TekcTa pykonucu, cosgaHve Bru3yarnbHON
yactu; MaHomnog A.M. — oTbop 1 aHanu3 Hay4HbIX Nybnvkaummn, co-
CTaBrneHve TeKcTa pyKonucu, NpoBepka pe3ynsTaToB UCCNefoBaHus,
HanucaHve 3amevaHun u pepakTupoBanue; [nyweHko O.E. — co-
3g0aHve Bu3yanbHou vactu; Kosnos W.E., Llypkuc B.W., Nonos H.C.,
Cawmolinos A.E. — aHanus Hay4HbIX NyGrnmKkaumin ¢ TOYKN 3peHns uc-
nonb3yemoro nporpamMmmHoro obecneveHusi; Jlykawes A.H. — kputu-
YecKkuin MepecMoTp PYKOMUCK, pa3BUTHE KIOYEBbIX Lienen n 3agad,
HanucaHve 3aMmevaHuin n pegaktuposaHue; UnbuHa E.H. — dpopmu-
poBaHve ngeun, opMynupoBaHNe U pasBUTUE KITOYEBLIX Lienew u
3afad, KpUTUYECKUI NEPECMOTP PYKOMUCU, HaNMcaHue 3ameyvaHnin n
peaakTupoBaHue.
Cratbs noctynuna B pegakuuio 23.04.2024;
npuHsita k nyénukauum 10.07.2024;
onybnukosaHa 29.08.2024

165. Rippinger C., Bicher M., Urach C., et al. Evaluation of unde-
tected cases during the COVID-19 epidemic in Austria. BMC
Infect. Dis. 2021;21(1):70.

DOI: https://doi.org/10.1186/s12879-020-05737-6

Information about the authors

Irina I. Maslova — student, Research Institute for Systems Biology
and Medicine, Moscow, Russia,
https://orcid.org/0009-0000-0849-9123

Aleksandr |. Manolov® — Cand. Sci. (Biol.), researcher, Research
Institute for Systems Biology and Medicine, Moscow, Russia,
paraslonic@gmail.com, https://orcid.org/0000-0003-3912-429X

Oksana E. Glushchenko — junior researcher, Research Institute for
Systems Biology and Medicine, Moscow, Russia,
https://orcid.org/0000-0002-2028-3066

Ivan E. Kozlov — research assistant, Research Institute for Systems
Biology and Medicine, Moscow, Russia,
https://orcid.org/ 0009-0007-2437-5527

Vera |. Tsurkis — student, Research Institute for Systems Biology and
Medicine, Moscow, Russia,
https://orcid.org/0009-0001-5140-0990

Nikolay S. Popov — student, Research Institute for Systems Biology
and Medicine, Moscow, Russia,
https://orcid.org/0009-0002-6450-8594

Andrey E. Samoilov — researcher, Research Institute for Systems
Biology and Medicine, Moscow, Russia,
https://orcid.org/0000-0001-8284-3164

Alexandr N. Lukashev — D. Sci. (Biol.), Corresponding member of
RAS, chief scientist, Research Institute for Systems Biology and
Medicine, Moscow, Russia, https://orcid.org/0000-0001-7365-0352

Elena N. llina — D. Sci. (Biol.), Corresponding member of RAS,
chief scientist, Head, Laboratory for mathematical biology and
bioinformatics, Research Institute for Systems Biology and Medicine,
Moscow, Russia, https://orcid.org/0000-0003-0130-5079

Author contribution: Irina |. Maslova — selection and analysis of
scientific publications, drafting of the manuscript text, creation of
visuals; Alexander I. Manolov — Selecting and analyzing scientific
publications, drafting the manuscript, reviewing research results,
writing comments and editing; Oksana E. Glushchenko — visual
design; Ivan E. Kozlov, Vera I. Tsurkis, Nikolay S. Popov, Andrey
E. Samoilov — analyzing scientific publications in terms of the
software used; Alexander N. Lukashev — critical revision of the
manuscript, development of key goals and objectives, writing
comments and editing; Elena N. llina — idea generation, formulation
and development of key goals and objectives, critical revision of the
manuscript, writing comments and editing.
The article was submitted 23.04.2024;
accepted for publication 10.07.2024;
published 29.08.2024


https://orcid.org/0009-0000-0849-9123
https://orcid.org/
https://orcid.org/0009-0001-5140-0990
https://orcid.org/0009-0002-6450-8594
https://orcid.org/0009-0000-0849-9123
https://orcid.org/
https://orcid.org/0009-0001-5140-0990
https://orcid.org/0009-0002-6450-8594

