YPANbCKUN
rOCYAAPCTBEHHbIN
3KOHOMWYECKUN
YHUBEPCUTET

NMuTanuoHHoe MOAeJIMPOBAHNE IKOHOMUYECKUX
NMPoLeCcCcoB

Tema 1: TexHoJiorust 1 MeTOIbI UMUTAINIMOHHOTO
MOIeJIMPOBAHUSA

MeTOI[I)I HUMUTAIINOHHOIO MOACITHUPOBAHUA

Kucomuneia Esrennii BuranbeBuu
KaHUJAT SJKOHOMHUYECKUX HAyK
JOLEHT Kadeapbl MHOOPMALIMOHHBIX TEXHOJIOTUN U CTaTUCTUKU






MogenmnpoBsaHue

The model The solution
at the model level

2 2
Apar
1, ¥, —— .

The world of models
[THE RISK FREE WORLD]

The real world

The problem The solution




Tunbl MOaeen

Mental models Boxes and arrows Physical models

Formulas on a sheet of paper
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AHanuTnyeckKasa moaenb

’ £
g Person Date Amount
I vew bt 1% =~
. i3 v

Y = £(X)

Formulas and scripts




Ocob6eHHOCTHM AUMHAMUYECKUX CUCTEM

* HEZIMHEWHOE MNOBEAEHME;

* HA/IMYME «NaMATU»;

* HaJIMYUE HESBHOIO BJIMAHUA OAHMX NEPEMEHHbIX Ha ApPYrue;
* BpEMEHHbBIE U MPUYMHHO-CNeACTBEHHbIE 3aBUCMMOCTMU;

* BCE BbILUENEPEYNCIEHHOE B COYETAHUU C HEOMNPEAE/IEHHOCTBIO M
60/1bLLIMM KOJIMYECTBOM MApaMeTpPOB.



UMHUTaLMOHHaA Moae/b

Trajectory of the
system in time

Outputs

Rules to obtain the
next state of the
system from the

current state




B cpeaHeM A KIMEHTOB B Yac
BXOAMT B OaHK.
[peanonoXKunMm, 4To B BGaHKe
TO/IbKO OAMH Kaccup 1 B
cpefHeM OH obcayKuBaeT |
KJIMEHTOB B Yac (cpegHee
BpeMA 06CnyXuBaHuA 1/).
Heobxoaumo paccumtaTb
BpeMA OXKMAAHUA KIMEHTA,
ANVHY ovepean ur
3arpyeHHOCTb Kaccupa.

Arriva

S

Oyepeab B 6aHK

Server




Poisson stream (independent arrivals)
On average /. clients per hour

Arrivals

Queue Server (cashier)
Service time
exponentially

/O
distributed

On average [{ per hour

*ID]/C)*

Arbitrary distribution
of service time

On average [{ per hour

Simple operations

Complex operations like
like check cashing

collect new credit card

Moaenu MmaccoBoro o6cayXmMBaHus

M/M/1
A
Server utilization*: o =—
17}

P
H—A
Average queue length*: L = AW (Little's law

Average waiting time: W =

*These formulas are valid for all cases

M/G/1

Pollaczek—Khinchine formula: .
AL+¢)

21°(1-p

where C_is coefficient of variation of service
time

Average waiting time: W =

B OaHKe

Multiple (X) cashiers

(O)—

ITT]( )—
——
Service time
exponentially b

,

Ku(l-p)

Average waiting time: W =

__(Kp)*
Ki(1-p) "
T &
P = {(Kp) +"‘$(KP)}

Ki(l-p) &
distributed

—-
Arbitrary

dlstnbutlon of
service time

Analytic solution does not exist

Any further complication of the
service process

Analytic solution does not exist



UMUTALUUOHHAA Moaesib OaHKa

M/G/K Rate: ArrivalRate Delay time: ServiceTimeDistribution.get()

Service
ClientArrivals ClientsLeave

@ ArrivalRate @—@—@-

O NumberOfCashiers I

| Se—— )

Cashiers P Capacity: NumberOfCashiers

(aSemceTlmeDnstnbutmnTable () ServiceTimeDistabution

\

new CustomDistribution(
ServiceTimeDistributionTable,
getDefaultRandomGenerator() )

2 4 6 8 10 12 M 16 18 0 2 2

The same model extended to
include printing for a certain Probability: NeedToPrintProbability

percent of clients: Delay time: PrintingTime

SeizeCashier

ClientArrivals ReleaseCashier ~ ClientsLeave

Printers

—
Cashiers




[peumyLiecTea UMMTALMOHHOIO
MoJeJ/IMpoBaHMA

* UIMUTALMOHHbIE MOJENIN NO3BONAIOT aHA/IM3UPOBATb CUCTEMbI U HAXOAMTb
PELUEHUS TaMm, rae Apyrue MetTobl He CNOCOGHbI.

» [ocne BblI6opa COOTBETCTBYIOLEr0 YPOBHA abCTpaKLmM pa3paboTKa
UMUTALMOHHOM MOJENU ABASIETCA 6OJIEE NPOCTbIM NPOLLECCOM, YEM
aHaIMTUYECKOE MOENTMPOBAHMUE.

» CTPYKTypa UMMTaLMOHHOM MOJE/IM eCTECTBEHHbIM 06Pa3oM OTpaXkaeT
CTPYKTYPY peasibHOM CUCTEMbI.

» UMUTALIMOHHAA MOZE/Ib MO3BOJIAET M3MEPMTb 3HAYEHMUSA JTHOObIX
NepemMeHHbIX, COOTBETCTBYIOLLMX BbIBPAaHHOMY YPOBHIO abCTpaKLMK.

* BO3MOXXHOCTb @aHMMaLUM B MOAE/IN.

* bosibllaa yéeaAuTeIbHOCTb, MO CpaBHEHUIO C TabMLaMM MU
Npe3eHTaunAMM.



BbiCOKMI YpPOBEHb
abCcTpakumu:
MMHMMaJIbHasA
AeTanmsaums,
MaKpOYpPOBEHbD,
CTpaTerm4yeckum ypoBeHb

CpeaHuM ypoBEHb
abCcTpaKkuMn: cpegHAas
AeTanusaums,
Me30ypOBEHb,
TaKTUYECKUU YPOBEHDb

HW13KuM ypoBeHb
abCcTpaKuum:
MaKCMMasibHas
AeTanmsaumsa,
MWUKPOYPOBEHb,
ornepauyoHHbIM YPOBEHb

High abstraction level
(minimum details,
macro level,

strategic level)

Medium abstraction level
(medium details,

meso level,

tactical level)

Low abstraction level
(maximum details,
micro level,
operational level)

YpoBHM abCTpaKkumum

Aggregates, feedback loops, high level influences, ...

® Social systems ® Ecosystems ® Economics

® Market and competition

® Project management ® Human resources

g ® Fleet management
® Supply chains g

® Transportation ® Call centers

® Business processes ] :
P ® Multi modal terminals

® Warehouses

® Airports ® Hospitals

® Rail yards ® Manufacturing

® Traffic (microscopic)

® Battlefield
® Pedestrian movement

Individual objects, exact sizes, velocities, distances, timing...



MeToAbl UMUMTALMOHHOIO MOZE/IMPOBAHUSA

High abstraction level
(minimum details,
macro level,

strategic level)

Medium abstraction level
(medium details,

meso level

tactical Ievelj

Low abstraction level
(maximum details,
micro level,
operational level)

Aggregates, feedback loops, high level influences, ...

DE
Do<

=4

Discrete event
(process-
centric)
modeling Agent based
modeling

Individual objects, exact sizes, velocities, distances, timing...



Tpu nogxoaa K UMUTaLMOHHOMY
Mo e/IMPOBAaHMUIO



Bbi6bop MeToa MOAE/IMPOBaHUA

Stocks, flows, "') Entities, resources, “) Agents, behavior ‘?
feedbacks e operations e rules, interaction o
/ CMCTeMHaH Advertizing Choosing Ads
MHaMMKa products e
p' i k \ Consumers
=y X

v [ucKpeTHo-

COBbITUMHOE \
MOJleNNpOBaHME
The Modeler
v/ AreHrtHoe
MoZeNnnpoBaHue




CucrteMHaa AMHaMMUKa




CucreMHaa guHaMMKa

 CUCTEeMHas ANHaAMUKa - 3TO MeTOoJ U3YHEHUA
AMHAMUYECKMX CUCTEM, NpeanoaaratoLLmm YTo:
* MPUHUMAETCA SHAOr€HHAA TOYKA 3PEHUS;
* OCHOBa CUCTEMHOM AMHAMMKM - NET/IM 06paTHOM CBA3MW;

* HEOOXO0AMMO ONpeaeUTb HAKOMMUTENU M NMOTOKMU, KOTOpbIE
BJIMAIOT HA HUX;

* CCTEMa pacCMaTpUBaEeTCA C onpeaesIeHHOM TOUYKU 3PEHMS.
HeobxoanMMo paccMmaTpuBaTb OTAE/IbHblE COObITUA U peLLEeHMA
KaK NMOBEPXHOCTHbIE AABJIEHUA, 3aBMUCALME OT CTPYKTYpPbI U
NoBeAEeHUA CUCTEMDI.



Mopaenb CUCTEMHOU AMHAMUKMU
pacnpocTpaHeHMUs HOBOro NpoayKTa

A

N

Potential
Clients

Clients B Sales

A

Sales f Sales f Word
A, B, C: Causal loop diagrams : e;drom . egf ’r\;':‘r)r:lthor

@ +




Mopaenb CUCTEMHOU AMHAMUKMU
pacnpocTpaHeHMUs HOBOro NpoayKTa

LN

Potential
Clients Sales Clients

A

Sales from Sales from Word

of Mouth

G,




Mopaenb CUCTEMHOU AMHAMUKMU
pacnpocTpaHeHMUs HOBOro NpoayKTa

Q Stock and flow diagram

Sales
Potential .

Sales from Sales from Word
of Mouth

V{
+ Sales

Ad Fraction
Effectiveness




Mopaenb cCMCTEMHOU AMHAMMUKM
pacnpocTpaHeHUs HOBOro NpoayKTa

d(PotentialClients)

dt
d(Clients) g

dt
Sales = SalesFromAd +SalesFromWordofMouth

= —Sales

SalesFromAd = PotentialClients x AdEffectiveness

SaleFromWordofMouth =

, . PotentialClients .
Clients x ContactRatex ————————— x SalesFraction

PotentialClients + Clients




Mogaenb pacnpocTpaHeHUA HOBOIro
NpoAYyKTa B npouecce BbiNoJ/IHEHUA

PotentialClients Clients
10.659 9;”9-341 e

S,000 -
SalesFromAd SalesFromWoM
ot16 0

0

+ - \_.\‘—-__" . ~
L (@ ContactRate
100

AdEffectiveness
0.015

(@ SalesFraction
0.011




BbiBOoAbl MO MOAE/IM pacnpoCcTpaHeHMS
HOBOro NpoAyKTa

3 4
Potential Clients

3 4 ) 6 7 9 2 3 4 5 6

= Sales from Advertizing  — Sales from Word of Mouth — Sales from Advertizing ~ — Sales from Word of Mouth




MHCTPYMEHTbI CUCTEMHOU AMHAMMKM




/INCKpeTHO-Cco6bITUMHOE MOoAEeIMpPOBaHME




/INCKpeTHO-Co6bITUMHOE MOAEe/IMpOoBaHue

* Anea MeToja AUCKPETHO-COBLITUMHOIO MOAE/IMPOBaHMA TAaKOBA:
nccaegoBartesib pacCMaTpMBaeT MOAEIMPYEMYIO CUCTEMY KaK
NpoLecc, T. €. NocaAe0BaTe/IbHOCTb onepaLum, BbIMOJIHAEMbIX
MeXAYy 06 beKTaMM.

* 3a8BKM MOTYT NPeACTaBAATb CO60M KIMEHTOB, NALMEHTOB,
Tene@oHHbIe 3BOHKU, JOKYMEHTbI ((PU3UYECKUE U DNTIEKTPOHHDbIE),
JeTan, NpoAYKTbl, MNOAAOHbI, KOMMNbIOTEPHbIE TPaH3aKLUMU,
TpaHCNOPTHbIE CpeACTBa, 3aZayn, NPOEKTbl U UAEMN.

 Pecypchbl npeacTaBnaoT coboM pas/iMyHbIX COTPYAHUKOB, BPaven,
OMepaTopoB, paboymx, ceEpBEpPbI, MPOLECCOPbI, KOMMbIOTEPHYIO
NamATb, 060py/10BaHNE M TPAHCMOPT.



/INCKpEeTHO-CObbITUMHAA MoAe/Ib 6aHKa

 Ha4a/IbHble yCnoBUA:

B cpeagHem B 6aHK nocTtynaeTt 45 K/IMEHTOB B yac.

Boias B 6aHK, N0JIOBMHA KIMEHTOB MAET K 6aHKOMaTy, a Apyrasa nosoBuHa MaeT
MPSIMO K KacCUPaM.

cnonb3oBaHMe 6aHKOMaTa MUHMMYM 1 MUHYTa, MAaKCMMYM 4 MUHYTbI, U HaMboee
BEPOATHAA NPOAOIKUTENBHOCTb 2 MUHYTHI.

O6cnyKnMBaHUE C KacCUpPOM 3aHUMaeT MUMHUMYM 3 MUHYTbl U MaKCUMYM 20 MUHYT,
C Hanbosiee BEPOATHOM NPOAOC/IKMUTENBHOCTLIO 5 MUHYT.

[locne ncnonb3oBaHMA 6aHKomMaTa 30% KAMEHTOB 0bpalLaloTCA K KaCCUMPaM.
OcTa/ibHble BbIXOAAT U3 OaHKa.

B 6aHKe 5 KaccMpoB, U eCTb O4Ha o6Las ovyepeab ANA BCEX KAaCCMPOB.
[locne o06cnyKmMBaHUA KAaCCMPOM KJIMEHTbI BbIXOAAT U3 OaHKa.

* 3a4a4u:

3arpy;€HHOCTb KaCCMPOB
CpeaHAasa AnuHa odepeam, Kak K 6aHKoMaty, TaK U K Kaccupam
CKOJIbKO BPEMEHMU K/IMEHT NPOBOAMT B OaHKe.



/INCKpEeTHO-CObbITUMHAA MoAe/Ib 6aHKa

Service

Source Decision g .[ser_vice time :
[arrival rate: 0.75] [50%] distribution: A3,5,20] Sink

MNeedTgSeeCashier ServiceAtCashiers ClientiLeave

LX)
w} ‘ -1 ) (%)
L Al I F
| S——
Cashiers
Resource

Pool
[capacity: 5]

ClientsArrive

o)

C
® 9o
L A

Gl 0
= B L) O]

NC
QueueToXTM ServicpAtATM NeedAdditionalService

Queue Delay Decision
[delay time [30%]
distribution: A1,2,4]




BoixogHaa nHpopmauma B Moaeim 6aHKa

Mean queue Iength at cashiets 457 m Mean queue Iength at ATM: 3. 206 mm Cashiers utiization: 0.91 (100.0%)

Total clients: 71,805

Mean time in bank: 17.607
Minimum time: 1.025
Maximum time: 104,399
Deviation: 13.112

60 & 100 120
& Time is system distribution




reHtTHoe MO




AreHTHOe MmoaenmMpoBaHue

* BO3MO)XHO, HET AaHHbIX O TOM, KaK BeJeT ceba CUCTEMA B LIEJIOM,
KaKOBbI KJ/1l04EBble NapaMeTpbl M 3aBUCUMOCTU MeX QY HUMU, Kakune
NOTOKM MPOLLECCOB NPUCYTCTBYIOT B CUCTEME. HO eCTb AaHHble O
TOM, KaK 0OBEKTbI B CUCTEME BeayT ceba nHameuayanbHo. Torga
MOXXHO Ha4yaTb MOCTPOEHME MOoAeIn CHMU3Y-BBEPX, UAEHTUDULMPYA
3TU OOBEKTHI (areHTbl) U onpeaenss ux rnoseseHue.

* AHOr @ MO’KHO MOAK/IIOYUTb areHTOB ApPYr K ApYry v No3BOJIMTb UM
B3aMMOJAEUCTBOBATb; B APYrMxX CayyYasax MOXHO NMOMECTMUTb UX B

cpejay, KoTopas MMEET CBOK COBCTBEHHYIO AMHAMMKY.



UHauBMAYyabHOE NnoBejeHue areHTa B
Mozeniu pacnpocTtpaHeHna MHheKuun

PaccmoTtpum Hacenenune B 10 000 yenosek. OHuM
XMBYT Ha naowaam pasmepom 10 Ha 10 KnnomeTpos
WM paBHOMEPHO pacrnpejeneHbl N0 BCEU TEPPUTOPUM.

Yenosek B paﬁOHe 3HaeT BCeX, KTO XXMUBET B pagunyce
1 KMJIOMETPa OT HEro, 1 He 3HaeT KOro-nu6o ele.

10 cnyYamHbIX Ntogen U3HavYaibHO MHDULMPOBaAHBI, a
BCE€ OCTaJIbHble BOCMPUMMUMBDLI (HU OMH He
MMMYHEH).

Ecnm MHDEKUMOHHBIM YeNoBEK KOHTAKTMPYET C
BOCNPUMMYMBBIM, MOCNEAHNN 3aparKaeTcs C
BepoATHOCTbIO 0.1.

Byayur MHDULUMPOBAHHBIM, YEN0BEK HE Cpa3y
CTaHOBMTCA 3apa3HbiM. ECTb naTeHTHaa asa,
KoTopas AAuTcA oT 3 Ao 6 gHeu - exposed.

MpoAoKUTENBHOCTb 601€3HM NOCE NATEHTHOM,
asbl (T. €. NPOAOC/IKMTENBHOCTb UH(PEKLMOHHOM
a3bl) paBHOMEPHO pacrnpegenaeTca mexay 7 n 15

AHAMMU.

Bo BpeMa MH(EKLUMOHHOM ha3bl YE/IOBEK B CpeaHEM
KOHTaKTUPYET C 5 NoabMU B A€Hb, KOTOPbIX OH
3HaerT.

Koraa 4yenoBek Bbi3gopaB/IMBaeT, OH CTAHOBUTCA
HEBOCMPUUMYUYMBBIM K 00NE3HM, HO HE HaBgeraa.
UMMyHMTET coxpaHsaeTca ot 30 Ao 70 gHew.

Timeout: uniform( 30, 70)

statechart

Infection

Triggered by: Message "Infection” \

Timeout: uniform( 3, 6)

\ EndOfLatency

Performance improvement

Rate :

Action?

send( "Infection”, RANDOM_CONNECTED );
EndOflliness

/

Timeout: uniform( 7, 15)

EndOflmmunity



AHMMaUMA B MOAE/IM pacnpoCTpaHEeHUM
MH(pEeKUnU

Initial state

These people are
infected

G

\ v
eV




BbixoaHaa MHopMaumua B MOOENU
pacrnpocTpaHeHna MHheKuuu

The epidemic dynamics with the default parameters (immunity lasts 30 to 70 days)

10,000

i 20 40 60 80 100 120 140 160 180 200
m Infectious Exposed Susceptible = Immune

Here immunity lasts 60 to 70 days — and the epidemic ends after the first wave

20 40 60 80 100 120 140 160
m Infectious Exposed Susceptible = Immune




Oco6eHHOCTU areHTHOro Moe/IMpoBaHUSA

e ArTEHTAM He HYXXHO *XWUTb B IMCKPETHOM MPOCTPAHCTBE;
* BO/IbLUIMHCTBO areHTHbIX MOZENEN SBNAITCA aCMHXPOHHbIMM;
* ArEHTaMM MOXKET BbITb YTO YroAHO;

« 06bEKT, KOTOPbIM KarKeTca abCoMOTHO MAaCCMBHbBIM, MOXKET ObITb
areHTOM;

* B areHTHOM MOAENN MOXKET NPUCYTCTBOBATb JID60E KOJMYECTBO
areHToB OZHOr0 MM HECKOJIbKMX TUMOB;

e CyLLIECTBYIOT areHTble MOJIENIN, B KOTOPbIX ar€HTbl HE
B3aMMOJEUCTBYIOT.



