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AreHTHoe moaennpoBaHme

AreHTHoe mogenupoBaHue (agent-based modeling) — ato ognH n3
noaxoa MMUTALLMOHHOIO MOAe/IMPOBaHUA



NcTopunA

MepBble nyb/IMKaunMm No areHTHOMY MOAENNPOBAHUIO MOABUINCH B
1980-x ropax
AreHTHOE moaenmnpoBaHMe NoHa4asny ABNANOCL NPEUMYLLECTBEHHO

npeamMmeToM TEOPETUYECKUX AUCKYCCUN B aKaAEMUNYECKMNX KPYrax, a
HauynHaa ¢ 2000-x roaos Pa3pPaboTYNKN UMUTALUUNOHHbBLIX MOAENEN

CTa/IM UCNONIb30BATb €ro Ha NPaKTUKe.
. Tlpucopses, AnyLogic



MoTusauma

AreHTHOe moaennpoBaHue AaeT BO3SMOXHOCTb MOAEeNPOBAHMUA
3MEPAXKEHTHbIX (MHTErpaTMBHbLIX) CBOMCTB CUCTEMbI UM NOBEAEHUA
cnctembl 6e3 npamon peanmsaumm sTUX CBOUCTB UM MOBEAEHUSA, a KaK
pe3ynbTata NOCTPOEHUA MOAENN CUCTEMbI NO €e JIOKa/IbHOM
MHopMaLUn: naeHTUPUKaLmMa areHToB U Ux noseaeHnAa/oTHOLLEHUN.

.. ‘grow” the macroscopic phenomenon from the bottom up... It

allows us to trace how individual (micro) rules generate macroscopic
regularities.

J.M. Epstein

B areHTHOM MoAennpoBaHNM NpaBuaa NOBeAEeHUA areHTos,
onpeaensemble uccnegosatenem, popmunpyoT noseageHmne cMcTembl



CncTtemHbIV NPUHLUMN nepapxmmn 8 ocHose AM

Time ¢ F Timet+ 1

Figure 3.3. Modeling complex systems. The behavior of the entities at one level
in the world (#pper panel) might result in new entities emerging (via function X)
that take on new types of behaviors that require a new class of models (lower

panel).
J.H. Miller, S.E. Page, Complex adaptive systems, 2007
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CMCTEMHbIV NPUHLUMN XONU3MaA B 0cHOBe AM

A system has holistic properties possessed by none of its parts. Each of
the system parts has properties not possessed by the system as a
whole. More specific, it is very important to recognize that the whole is
not something additional to the parts: it is the parts in a definite
structural arrangement and with mutual activities that constitute the

whole.
R.L. Ackoff, 1971



APXUTEKTYPa areHTHOM MO4eNu

AreHTHaA Mmoade/ib COCTOUT U3 areHToB, OTHOLLUEHUN U cpeabl.
AreHT — UeHTpa/ibHaA KoHUuenuna areHTHoro moae/sinposaHu1A

AreHT — 3T0 KOMMNOHEHT MOAeNUN, KOTOPbIN MOAENNPYET HEKOTOPYIO
CyLHOCTb (Ntoan B pasnnyHbIX ponsax, TPAHCNOPTHbIE cpeacTBa,
HemaTepuanbHble Bewmn (NPoeKTbl, UHBECTULIMK), OpraHmn3aL X,
CTpaHbl), M 0bnagaeT onpeaeneHHbIMM XapaKTePUCTUKAMMU

KaxKabl areHT ABHO onpeaenaerca B areHTHOM moaenu



XapaKTEPUCTUKM areHTa B areHTHOM MO4enu

e AreHT BegeT ceba aBToHOMHO (aeueHTpannsosaHo) (Autonomy)

* AreHT 06/1apaeT aKTUBHOCTbIO, OH B3aMMOAENCTBYET (10KanbHO) C ApYyrMmum
areHTamu B HeKoTopou cpeae (Sociality) M%nm CO cpeao.
BsanmogeiicTeune onpeaenderca npasniamm NoBeeHMA U NPUHATUA
peweHunn. NMpasuaa moryT 6biTb NpocTbiMmu (if-then) nam B Bnae
abcTpaKTHbIX Moaenen (HEMPOHHbIe CETU UN FTEHETUYECKME aAITOPUTMBbI)

* AreHT MMeeT COCTOAHMA, KOTopble OnpeaenatoT NoBeeHne areHTa
(Conditionality)

* AreHT umeet rpaHuuy (Modularity)
e AreHT MoXeT 0b61aaaTb pecypcamun 1 NamMsTblo

e AreHT MOXKeT bbITb uesieHanpaBaeHHbIM (He rnobanbHbIM ONTUMKN3ATOP),
aJanTMpPoBaTbCsa M camooby4yaTbCca Ha OCHOBE COOCTBEHHOIO OMbITA



APXUTEKTYPA areHTHOW Moae/in: OTHOLWeHUA |

B Ka)Xablh MOMEHT BPEMEHMW areHT B3aMMOENCTBYET TOJIbKO C
HEKOTOPbIMU areHTamu (cocegamm).

B KaXabll MOMEHT BPEMEHU areHT B3auMOAENCTBYET TOJIbKO C
NIOKasibHOM obnacTbio cpeapbl. (state-mediated contact structures, de
Marchi, Page, 2014)



CUCTEMHbBIN NPUHUMIM TEMHOTb
B ocHoBe AM

CuctemHbIiv npuHUMn TemHoTbl (principle of darkness)

Each element in the system is ignorant of the behavior of the system as
a whole, it responds only to information that is available to it locally.
This point is vitally important. If each element ‘knew’ what was
happening to the system as a whole, all of the complexity would have
to be present in that element.

W.R. Ashby, An introduction to cybernetics, 1956



ApPXUTEKTYPA areHTHOWM Moae/in: OTHOoLWeHUA |

CocTosiHMe areHTa — 370 3Ha4YeHUA aTPMOYTOB areHTa B HEKOTOPbIN
MOMEHT BPEMEHMU

KoHurypauua areHTHOM moaenu B MOMEHT BPeMeEHU t — 3To
MHOXECTBO COCTOAAHWI BCEX areHTOB MOAE/ I B MOMEHT BpemeHU t

MoBepeHmne areHTa MOKET 3aBUCETb OT TEKYLLEN KOHPUTYpaLLMK
areHTHOW MoAenun, MOXKeET 3aBMCETb OT NPOLLJIbIX KOHOUTYPaL UK,
MOXET 3aBMCETb TaKKe OT AENUCTBUN areHToB, C KOTOPbIMM MPOUCXOANT
B3aMMOAEUCTBUE



OnucaHue noseaeHus arenTa B Anylogic )]+

[MoBeaeHMe areHTa MoKeT bbiTb 3a4aHO0 Pa3IMYHbIMU ciocobammn. Ecnm y areHTa
eCTb COCTOSAHUA, OT KOTOPbIX 3aBUCAT €ro AenCcTBmA, TO ero nosegeHue 3agaeTca ¢
MOMOLLLbIO Anarpammbl COCTOAHUIN. HOraa noBeaeHWe areHTa 3aaeTcs
NeNCTBUAMM, BbINOSHAEMbIMU NPU HACTYMN/IEHUU onpeaeneHHbIX COObITUNA.

. [puezopses, AnylLogic

e [lnarpamma coCTOAHUMN (KapTa COCTOAHUMN, CTEMTUYAPT), KaK paclinpeHune
KOHEeYHOro aBTomaTta, cooTBeTcTByeT B AnyLogic ctaHaapty UML. lnarpamma
COCTOAAHUMN ABNAETCA rpaPUUYECKMM N3006parkeHnem CoOCTOAHUM 0bBbEKTa U
nepexogos mexay HUMKU. B 3aaHHbIN MOMEHT BPEMEHU areHT MOKET
HAaX0AUTbCA TONbKO B OAHOM COCTOAHUMU. JTIOOOMN areHT MOXKET MMETb HECKOJ/IbKO
napansienbHo paboTatowmx gnarpamm.

* [logaep*MBaroTCA cneaytoLlime TUMbl COObITUN: NO TaMayTy, C 3aJaHHOM

WHTEHCUBHOCTbIO, NONY4YEHUE COODLLLEHUSA, BbINOHEHUE NOTUYECKOTO YCN0BUS,
MO NPUOBITUIO areHTa



ApPXUTEKTYPa areHTHOM moaenu: cpeaa |

Cpepa onpegensaeT yca0BUA CyLLECTBOBAHUA, AENCTBMM U B3AaUMOAENCTBUMN
areHToB.

Cpepna 3aaaeTca TONONOrmen OTHOLWWEHNN MeXKAY areHTaMu:

* OucCKpemHas (AByMmepHbIM MaccuB, B O4HOM siYenKe He Bosee ogHOTro
areHTa)

* HerpepbiBHAA (EBKANA0BO NPOCTPAHCTBO)
* 2pagbl cmamu4yeckue usau OUHaGMUYecKue
UC (reorpadumyeckoe NpoCcTpPaHCTBO, 3a4aHHOE KapTon)

e soup (MonoxKeHue B NPOCTPAHCTBE ABAAETCA He CYyLeCTBEHHbIM aTPpUbyTOM
areHTa)



ApPXUTEKTYPa areHTHOW moaenu: cpeaa |l

Cpepa obecneymBaet MHGOPMALIMIO O MPOCTPAHCTBEHHOM MOJIOXKEHUM
areHTa. B cpege nonKHo bbiTb onpeaeneHo NoHATUE JIOKAJIbHOCTMW.
Bo3HuKaeT npobaema nomcka 6ankanwmnx cocegen B cpeae B
3aBMCUMOCTU OT TONOJIOTUN OTHOLLEHUN

Cpena obnagaer coCToOAHNAMM

Cpena 3agaeTca ABHO



Pa3paboTKa areHTHOW Mmodenu

CTpYKTYpa areHTHOMU MoAeNnn MOXKeT ObiTb 3a4aHa Kak rpapuyecku
(Hanpumep, B AnylLogic), TaK 1 C NOMOLLbIO CLUEHAPUEB.

. Tpbuecopeses, AnylLogic
NHCTPYMEHTbI 419 areHTHOro MOAENNPOBaAHUSA
* AnylLogic
* NetLogo
* MESA in Python
* Repast (Recursive Porous Agent Simulation Toolkit) in Java

* 1 ap.



ApPXUTEKTYpPa areHTHOU moaenn B AnylLogic

Agent aBnaetcs 6a30BbIM KN1acCCOM areHToB

Co3paHue cTaHAapTHOM areHTHOW modenu B AnylLogic 3akntoyaeTtcs B
3aJlaHMK ABYX TUNOB areHToB Ha OCHOBaHUM Agent:

* Main -- gna onncanmna OHOIO obbeKTa BbICOKOTro YPOBHSA, KOTOPbIN

byneTt cogeprkaTb BCe areHTbl moaenn. AreHT Tuna Main nrpaert ponb
cpeAbl ANA APYrnx areHToB

* Person -- 4n1A onNMcaHMA areHToB moAdenu. pynna areHToB, Kak 06 beKTbI
Knacca Person byayTt coaepratbca 8 Main.

Nepapxmum TMNOB areHToB MOryT ObITb pa3nnYHbIMU. Hanpumep, areHTbl-
KOMMaHWW, areHTbI-CAYXKalllue, areHTbl-KANEHTbI U T.A.



OnucaHue areHTHOM Moaenu

 ODD(Overview, Design and Details)-npoTtokon aBnaeTca oagHUM U3
OCHOBHbIX CTaHaPTOB OMNMCAHMA AareHTHbIX MOAENEN

e «The primary objectives of ODD are to make model descriptions more
understandable and complete, thereby making ABMs less subject to
criticism for being irreproducible»

Grimm, 2010



[Tomep AM Ha ocHOBe KN1eTo4YHOro aBTomarTa |

Mrpa «»XKHN3Hb» -- CAMbI 3HAMEHUTbIN KNEeTOYHbIM aBToMaT. OnucbiBaeT nonynaunio HEKNX BbiIMbIWLNIEHHDbIX
OpraHM3mosB, pa3BnBakOLLIUXCA BO BPEMEHU N NPOCTPaAHCTBE B COOTBETCTBUUN C 3aAdaHHbIMU 3aKOHaM#
PasMHOXEeHNA N BbIMUPAHUA.

XOTA 3BONIIOUMNOHHbIE npasn/ia NU3BECTHbI N X HNC/TIO HEBEJIMKO, NMPEACKA3aTb 3aPaHEE PE3Y/1bTAT 3BO/TIOLUNN
HEBO3MOXHO, NOKa NOCNENOBATENIBHO HE 6y,£|,yT nponaeHbl BCE MOKONEHUA OT HA4Ya/IbHOWU KOHCI)MpraLI,MM 40
MCKOMOMW.

KypcoBas pabota Jlerywesa Amutpua (KMuCA, 2 kypc, 2017), peannsaumsa AnylLogic n Python



[Tomep AM Ha ocHOBe KN1eTo4YHOro astTomara ||

Mypaseu JISHITOHA — NPUMeEpP KJAETOYHOro aBTOMaTa, B KOTOPOM OAWNH
areHT B3anmopgemncrsyet co cpeaoun. KypcoBas paboTta lNanyLlwKkmHa
Omutpuna (KMuCA, 2 kypc, 2019), peannsauma AnylLogic
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[Tonmep AM Ha ocHOBe KneTo4yHOoro asTomata |l

MoaenuposaHue 6uonornyeckmnx cncrtem. OpraHM3mbl PoXKAakOTCH,
YMMUPAOT, ABUKYTCA, PA3MHOKAIOTCA U NUTalOTCA aHeprnen. Kypcosas
paboTa KntouHuk Kapunbl (KMuCA, 2 kypc, 2020), peanmsaums
AnylLogic, Matlab, Mathematica



[Tpnmep areHTHOM moaenn: moaens LLennmHra

* Mpouecc cerperaynmn — 370 NPOLLECC NMPOCTPAHCTBEHHOIO
nepepacnpefeneHna CounasbHOM rpynnbl Ha NOArPYNMbl 3a CHeT
MUTPaLLMM, OCHOBAHHOM HA NOKaJbHOM KPUTEPUU KOMPOPTHOCTU KarKaoro
y4yacTHUKa (areHTa) cuctemobl. Kputepnem KomebopTHOCTU ABASETCA
¥eslaHue areHTa »XUTb B coceacTse ¢ cebe nogobHbIMuU

* MepBan areHTHaA moAenb NpoLecca cerperaynmn NpeasioxeHa u
nccnegosaHa T. LenanHrom ana aosymepHoOn moaenun ropoaa B Buae
K/1eTOYHOro aBTomarta

T. Schelling, Micromotives and Macrobehavior, 1978

* KypcoBasa pabota AHaHn4 AHacTtacum (KMucCA, 3 Kypc, 2019), peannsaums
B AnylLogic, aHaIn3 4YyBCTBUTE/IBHOCTYU

* AvnnomHan pabota CtoposonToson Buktopum (KMuCA, 4 kypc, 2019)
peannsauus moaenu B AUCKPETHOM U HEMPEPLIBHOM cpeae



[Tonmep areHTHOM moaenu: Boids Flocking

e Knaccmyeckuim npmmep camoopraHmsaumm cuctemsl (Ctam ntmu,)

* AreHTOM B cUCTEME ABNAEGTCA «NTULA», AEeNCTBME KOTOPOMN ONMUCbIBaeTCH
Tpems npasunamm (separation, alignment, cohesion)

C. Reynolds, “Flocks, Herds, and Schools: A Distributed Behavioral Model”, 1987

* KypcoBana pabota CtopoBomntosomn Buktopmum (KMucCA, 3 kypc, 2018),
peanmnsauma Ha Python, o6beKTHbINM noaxon,

e KypcoBasa pabota ManywkmnHa Amutpua (KMunCA, 2 kypc, 2019), nonbiTKa
BbICTPOUTb NTUL, B LLENOYKU (rnobanbHOE NoBeAeHMe) Yepes onpeaesieHne
JIOKa/IbHbIX NPaBU NOBeAEeHUA

* KypcoBasa n aunnomHas pabota Nawkesny AHrennubl (KMuCA, 3 Kypc,
2019, 4 kypc 2020) moaennpoBaHUe C Y4ETOM NPENATCTBUMN B Cpeae,
KOMBUHMPOBAHME areHTHOro MOAE/IMPOBAHMA U YUCNEHHOTO
moaennposaHuA Ha ocHoBe MK



CpaBHUTEIbHAA XapaKTepPUCTUKa areHTHOro
MOAENMPOBAHUA N CUCTEMHOM AMHAMUKNA

AreHTHOE
CHcTeMHas OHHAMMEA MOJIETHPOBAHME
BazsoBwii anemeHT
MOJTETH [leTna obpaTHOR CBA3M AreHr
[I[paguna nopeneHMd
DbnacTy aHanM3a CTpyKTYpa CHCTEMEI areHTa
YpoBeHb
MOJETHPOBAHMA MakpoypoBeHb MukpoypoBeHb
Hanpasnenue
MOJETHPOBAHHA CeRepxy BHMS CHM3V BEBEpX
Bpema Henpepusuoe HHucKpeTHOE
MaTemarHra
Annapar B OCHOBE (oubdepeHIHANBHO-HHTErPATb-
MOJETHPOBAHMA HEIE YPABHEHMA) Jloruka (nopegeHua)

A.10. Kamanesckuu, UCHO8bI UMUMAUUOHHO20 MOOEMUPOBAHUA U CUCMEMHO20 aHAAU3a 8 yrpasneHuu, 2015
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Llenecoobpa3HOCTb areHTHOro Mo4eIMPOBaHUA

° l/lccne,u,yelv\aﬂ Cnctema ecteCtBeHHbIm o6pa30N\ COCTOUT U3
B33MMOA€VICTBVI-OLLI,VIX dreHToB, noBeaeHme KoTopbiX NoaA0aeTCA
onpeaeneHno n 3aBUCUT OT NOJZTIOKEHUNA B NPOCTPAHCTBE

* Pa3paboTKka areHTHOM MOZEeNN BO3MOXHa B OTCYTCTBMM 3HAHUA O
NnoBeAEeHNN CUCTEMbI HA TN0HBaIbHOM YPOBHE

* AreHTHYI0 MoJe/b NPoLLe noaaepHKmnBaTb: yTOYHEHUA 0ObIYHO AenatoTcs
Ha IOKa/IbHOM YPOBHE N He TpebytoT rnobanbHbIX USMEHEHN I

* BO3MOKHOCTb peann3aumm B Moaensix agantaumm areHToB, T.e. UBMEHEHUSA
NpPaBua NOBEAEHUNA U NPUHATUA PELLEHUNI arTeHTaMN UHAMBUAYANbHO BO
BpemaA npouecca MoaeMpoBaHuUA

* BO3MOHOCTb peannsaumnm B Moaensx camoobyyeHmnsa areHToB



HegocTaTKM areHTHOro MOAEIMPOBAHUA

e CobpaTtb CTAaTUCTMKY NO XapPaKTEPUCTUKAM MHANBUAYANbHbIX
0OBEKTOB C/IOXKHEE, YEM MO ArPErMpoBaHHbIM MOKA3aTeNAM

* Ha ceroaHALWHNI AeHb HET eAUHOrOo cornaleHusa ob onpeaeneHmnm
areHTa B KOHTeKCTe areHTHOro MoAeNMpPoBaHUSA, 38 UCKNOYEHNEM
CBOWCTBA aBTOHOMHOCTU (Autonomy).

* Ha naHHbIK MOMEHT He CyLLEeCcTBYeT CTaHAAPTHOTrO A3blKa areHTHOro
MOJe/IMPOBaHMUS.

* TAXKeno nNpoBepuUTb COOTBETCTBME MOAENIN PeanbHOM CUCTEME
(validation)



