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MOJEJIOBAHHS IPOLIECY YXBAJIEHHS PILLIEHD
Y BATATOATEHTHOMY CEPEJIOBHIII
HA OCHOBI MAPKOBCBKOTI'O ITPOILIECY
3MIHU UMOBIPHOCTEMW BUBOPY

Posensnymo nioxio 0o mooenioeanus npoyecy yXeanienHs pilleHb KOLeKmugom, o cKiaoacmscs 3 baza-
MbOX A2eHMIB, AKUJO 3ACTNOCOBYEMBCA 20T0CYBAHHA A2EHMIB HA OCHOSI npasuia npocmoi oinbuiocmi. Bee-
0eHOo Oesikull HabIp cMawis, sIKi N0 A3YI0MbCsL 3 UMOBIPDHOCISIMU MO20, WO A2eHm NPO2O0LOCYE 3a NEeGHULL
eapianm, ma po3eisiiymo MApKOBCLKULL JIAHYIOZ 3MIHU Yux imosipnocmel. s eunaoxy 060X eapianmis
8UOOPY HABEOEHO YMOBU, 3a AKUX Y CIAYIOHAPHOM) pedicumi uOip apianmis 30iliCHIOEMbCSL 3 0OHAKOBUMU
UMOBIPHOCMAMU (OOHOPIOHICMb A2eHMIB, CUMEMPUYHICb CIMAHIB, CUMEMPUYHICTL MAMPUYT NEPEXIOHUX
imosipnocmeii). 3adauy ubopy eapianmis nPoiioCMpPosaHo Ha NPUKIAOL NOBEOIHKU BUOOPYIB, SIKI MOICYMb
eonocysamu 3a mi yu mi nonimuyri napmii. Ob2080peHO MAKoHC 00epHeHy 3a0ayy: 3d 3A0AHUM CMAaYio-
HAPHUM PO3NOOLIOM SUSHAYUINU NEPEXiOHT UMOBIPHOCTNI, SKI MONCYMb NPU3BECTU 00 AKO20 PO3NOOITY.

KuarouoBi ciioBa: areHTHO-0a30BaHE MOJCIOBAHHA, OararoarcHTHE CCPCAOBHIIEC, YXBAJICHHA piIHeHB,

MapKOBCHKHI MPOIIEC.

Beryn

[Ipouec yxBasieHHS pillIeHb BEITHMKUM KOJEKTH-
BOM areHTiB 3 TEOPETHYHOTO MONIAAY Mae Oararo
CITIJIBHOTO 3 aHAJOTIYHUM BHOOPOM IJIsI OJHOTO
areHTa, ajie Mi>K HUMH € HU3Ka ICTOTHUX BIAMIHHOC-
Teil. O1Ha 3 HUX TOJATaE B TAKOMY: AKILO OKpEMUI
areHT 37iHcHIOE BMOIp MIX KUTBKOMa BapiaHTaMH
3 IEBHMUMH HMOBIPHOCTSAMH, TO Iieif BUOip MaTume
BUIIAKOBUH XapakTep. SKIIo X TaKuX areHTiB J0-
CTaTHBO 0araro, TO Pe3yNbTaT KOJIEKTUBHOIO BUOO-
Py MOXXe CTaTH MPaKTUYHO JeTepMiHOBaHHUM. Jlami,
AKIIO PO3MISAAEThCSA 3ajJaua HaBYaHHA Oararo-
areHTHOi  cHUCTeMH, 3acTocyBaHHi simulated
annealing Ta iHIIMX METOAMK CTOXaCTUYHOTO ITOIIY-
Ky IIUISIXiB BUXOMY 3 JIOKAJIHOTO ONTHMYyMY [1; 3 Ta
iH.] 3 oIy Ha 3rajlaHui GakTop Tex crae mpoobie-
MaTHYHUM. AJle IIPH I[bOMY MOXKHA JOCIiDKYBaTH
Ta MOJEIIoBaTh (aKTopH, sIKi BIUIMBAIOTH Ha BUOIp
OKpPEMOTO areHTa abo TPyIH areHTIB, a TAKOX (hak-
TOpH, AKi MOXYTh 3MIHWUTH YHONOOaHHS areHTa,
1 piIIeHHs, SIKi YXBaJIIO€ KOJICKTHB arcHTiB.

PosrsiHemo 3a1aqy BUOOpY BapiaHTIB Ha MPHKIIA-
Tl HOBEIIHKY BUOOPIIB, SIKi MOXYTB TOJIOCYBAaTH 3a Ti
9H Ti ONiTAYHI maprii. [1yst mpoctotn OymeMo BBaXka-
TH, 110 € JIUIIIE JIBi MAPTii, ajle METOIMKA aHAJII3y MOYKE
OyTy nonmpeHa Ha OUTBII 3araIbHAI BUIIA/IOK.

Hexaii € n BuOopuiB i ABi maptii (qBa BapiaHTH
BUOOpPY) — A Ta B. BBakaemo, 1110 KOkeH BUOOpELb
MIOBHUHEH TPOTOJIOCYBATH (BIH HE MOXCE YXHIMTHUCS
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BiJl BUOOPY) 1 IO PIMIEHHS YXBAIIOETHCS MPOCTOO
OinpricTio ronocis. s mpocToTH (1 MPaKTUYHO HE
3BYXKYIOUM 3araibHOCTi) OyaeMo BBaKaTH, IO 7
€ HETIAPHUM YHCIIOM.

Mu po3mIigaeMo  OJHOpiNHE —CepeloBHIIE,
B SIKOMY KOXXHHI BUOOPEITh MO>KE IIPOT0JIOCYBATH 3a
napTiio 4 3 iMoBipHicTIO P(4) = p Ta 3a maptiro B
3 iMmoBipHicTi0 P(B) = I-P(4) = (I-p). Bynemo ro-
BOPHTH, IO SKIIO p>>¢, TO IEpeBary Mae BapiaHT 4,
SIKIO p<q — BapiaHT B, a fKIIO p=¢, TO MepeBaru
HE Mae€ 5KOJICH 13 BapiaHTiB.

I3 3aKOHY BETMKHX YHCEN Oe3MI0CEPEAHBO BUTLIH-
Ba€, IO TP JOCTATHBO BEJIMKOMY 71 Ta B OMHOPIIHO-
MY CEpEelIOBHINI HaBITh HEBEIMKOI IEpeBaru OTHOTO
BapiaHTa HaJl IHIIMM JIOCTAaTHBO, 00 3a0€3MEUnTH
MOCTIMHY TEepeMOory IIhOro BapiaHTa. YSBIMO co0Oi,
o p>g¢, aje Bapiant B € 00’ €KTUBHO KpaniuM 3a 4.
SIxOu BapiaHT B Mir OyTH peaibHO 0OpaHNM, IepeBa-
I'M arcHTIB 1, BIINOBIHO, CIiBBIIHOIICHHS HMOBIp-
HOCTEM MOITIO O 3MIHMTHCS, aj€ HaBeIeHE BHIIE
TBEpKEHHS (PaKTUYHO O3HAYAE, IO MPU JOCTATHHO
BEJIUKOMY # IMOBIpHICTH BHOOpY BapiaHTa B € myxe
OJM3BKOIO JI0 HYJTBOBOI (X04a i He JOPIBHIOE HYIIO).
Sxuro BapiaHT B 3a TAKUX YMOB yCe-TaKH TPATUIIETh-
Csl, 1Ie CTa€ BUHATKOBOIO HECIIOIBaHKOIO («JOPHUM
nebenem»). Llelt mpukman imocTpye BXe 3rafaHy
OpTaHIvHy NPOOIIEMy yXBaJCHHS PIlICHb Y BEIHUKO-
MY OIZHOPIJTHOMY KOJIEKTHBI — 32 TAKHX YMOB KOJICK-
THB IPAKTHYHO HE MOXKE BiJXIUTHTHUCS BiJl yCTaJICHO-
ro BHOOpY, J0 SIKOTO CXMJIbHA OUIBIIICTh — HaBITh
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HE3Ba)KalouM Ha Te, 1110 € IiICTaBX TOBOPUTH TIPO T€,
o0 crpoOyBaTH HITUIA BapiaHT.

VY 3B’s13Ky 3 IMM CTAHOBUTH IHTEPEC MUTAHHS: 32
SIKMX YMOB CITiBB1THOIIICHHSI BapiaHTIB MOXE 3MiHH-
TUcA? Y LIl CTATTi e MUTAaHHS AOCTIIXKEHO 3 CYTO
MaTeMaTHYHOTO TIOTVISly — Ha OCHOBI TOOYIOBU
MOJEN, sIKa OMHICY€ MOXJINBI 3MiHU B YIOIOOaHHSIX
areHTiB (BHOOpIB). ¥ pamkax ITi€l Mojueni 3MiHa
ynono0aHb MOJArae B 3MiHi KIMOBIpHOCTEH, 3 IKUMU
BOHH YXBaJIIOIOTh T€ UM T€ PilllCHHS.

Binoma HU3Ka MiIXOMiB, SIKi IalOTh 3MOTY OITH-
CaTH MMpoIeC 3MiHA HMOBIPHOCTI YXBaJICHHS PillIeHb
[1; 2 Ta iH.], asle BOHU MarOTh JOCUTh €BPUCTHYHHIA
xapakrtep. BogHovac BUAA€THCS JOIUILHUM aHAi-
TUYHO JIOCHIJUTH BJIACTHUBOCTI IIOTO MPOLECY;
B MeXax ITiel poOOTH IS IIbOTO 3aCTOCOBAHO ara-
par Teopii MapKOBCHKUX JIAHIIIOTIB.

OcHoBHHIi 3MicT podoTn

BBememo 10 po3misAy MHOXKHHY — CTaHIB
S ={s,...,S,}. Lli cTaHu 1OB’A3yI0ThCS 3 IMOBIpHi-
CTIO BUOODY: AKIIO areHT rnepebyBac B CTaHi S, , BiH
rosocye 3a BapiauT 4 3 imoBipHictio g, = P(A|s,).
IIpu npomy Beci mi HMOBIpHOCTI pi3Hi, TOOTO
Vi#k z, #7, . BBakaemo, mo MHOXHHA S Mae
OyTH ynopsikoBaHoto, T06T0 Vi <Kk z, <z, .V ne-
SKOMY HaOIMKEHHI HMOBIPHOCTI Z, MOXKHA IIOB’s-
3aTH 3 MipaM{ YIICBHEHOCTI areHTa B MPABIIBHOCTI
BHOOPY. 111 MipH BIEBHEHOCTI MOXYTh 3MIHIOBATH-
csl, 1 TOAI MPUPOAHO TOBOPUTHU NPO MOXKIIUBI Hepe-
XOIU MiX CTaHAMHU.

OTxe, M MaeEMO JICSIKUI MapKOBCHKUH JIAHITIOT.
Hexait 3agano nepexiiHi IMOBIpHOCTI s SIK1 O3HA-
YaroTh IMOBIPHICTh TOTO, IO areHT, KU nepely-
BAa€ B CTaHi §,, HA HACTYIIHOMY KpOLli nepeiizae 1o
crany §;. Toni 3a IEBHUX YMOB MOJKHA PO3paxyBa-
TH cTalioHapHi iMoBipHOCTI P(S;) TOrO, 10 areHT
y TIeBHUI MOMEHT 4Yacy nepeOyBaTUMeE B CTaHi ;.
[ozuaunmo P(s;) sk p,.

Toai HMOBIPHICTH TOTO, IIO areHT MPOTOJIOCYE
3a BapiaHT 4, JOpPIBHIOE (3a TPABWIOM TIOBHOI
HMOBipHOCTI)

PUA)=Y P(s)-P(Als)=Ypz,. (D)

3po3yMmilio, 110 MOBEIiHKA SIK OKPEMOTO areHTa,
Tak 1 BCi€i 0araToareHTHOI CHCTEMU B IJIOMY
3HAYHOI0 MIPOIO 3aJICKHUTH BiJl TOTO, SIKHM YHHOM
3a7aHO CTaHU S§;Ta IepexifHi HMMOBIpPHOCTI #, -
30kpema, K HAWMPOCTININA BUITAJJOK MOXHA PO3-
DJISTHYTH TaKWi: areHT 13 piBHUMHA HMOBIPHOCTSIMH
¥ TEPEeXOAUTh JI0 OJHOr0 3 CYCIOHIX CTaHiB;
SKIIO X BiH yke mnepeOyBae B KpalHhOMY CTaHi,
BiH 3 IMOBIPHICTIO ¥ 3aJMIIA€TbCA B ILBOMY X

CTaHi Ta 3 IMOBIPHICTIO ¥ TEPEXOAUTH JIO CYCia-
HBOTO cTaHy. Tofi MOXKHA ITOKa3aTH, 110

Vi P(s)= 1 2)
r

Ane ¢opmyna (2) 3anMmIaETbCd  ICTHHHOIO
1 B OLTBIII 3arajIbHOMY BHIIAIKY. MOXHA JIOBECTH TaKe

TBepaxennst 1. Skmo wmarpums mnepexiIHuX
IMOBIpHOCTEH CHMETPUYHA, TO BUKOHYETHCS CIIiB-
BitHOMEHHS (2), 1

1 r
P(A)= ;Zz,- 3)
i=1

JlificHO, KO CTOXacTWYHA MATPHIS Hepexis-
HUX IMOBIPHOCTEH CHMETpPHYHA, BOHA BOIHOYAC
€ TIO/IBIHO-CTOXaCTHUYHOKO, 1 CITiBBiIHOMICHHS (2)
0e3mocepeIHbO0 BUILTMBAE 3 BIACTUBOCTEH MOMABIN-
HO-CTOXaCTHYHUX MaTpuils [4].

BusnaveHHsi. YIOPSJIKOBaHY CHCTEMY CTaHIB S
OyZeMO0 Ha3uBaTH CUMETPUYHOIO, SIKIIIO

Vkz o =1-2,_ 4.

3MICTOBO CHMETPHYHICTh CTaHIB O3HAYa€, IO
AKIIO B CTaHi §, areHT rojocye 3a 4 3 HEBHOIO
HMOBIPHICTIO, TO B CUMETPUYHOMY CTaHi S, ,,, BiH
Oyz€ 3 Ti€I0 X IMOBIPHICTIO TOJIOCYBaTH 3a B.

Toxi cripaBeIMBe

TBepaxennst 2. SIkmo  cucreMa  CTaHIB
S =1{s,,...,5.} € ynopsaKOBaHOIO Ta CHMETPUYHOIO,
a MaTpHIS MEepeXiTHUX IMOBIPHOCTEH TaKOX € CH-
MeTpu4Hoto, T0 P(A)=P(B)=1/2.

JloBeneHHsI

Bynemo BukopuctoByBaT Gopmyay (3).
PosrnstHeMo 1Ba BUMAAKH:

— 7 € IAPHUM;

— 7 € HEIAPHKM.

Jist napHoro r:

1 r 1 r/2 r
P(A)==Y7,==Q.z+ >, z)=
L roo i=r/2+1
1 r/2 r/2 1 r/2 7 r/2 1
=—Qz+2.0-z)==-Q 5 +=-D.z)==
A i=1 L 2 I 2

st HemapHoro 7:

1 (r-1)/2 1 (r-1)/2

1.1 r-1. 1
(Laegr 2 0= G

P(A)= :

r

TBepmKEeHHST TOBEIEHO.
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TBepKeHHS 2 EBHOIO MipOIO LTIOCTPY€E YMOBH,
SIK1 B paMKax HaBeICHOT MoJIelTi 3a0e31euyroTh op-
MYBaHHS yCTaJIeHOI IBONApTiiiHOI cuctemH, 3a siKoi
OUTBIITICTE BHOOPIIB 1O Yep3i TOJIOCYE TO 33 OJTHY
HapTio, TO 3a 1HILY.

s mpukiamy, oo po3rIsIaeThCsI, MOYKE CTaHO-
BUTH iHTEpecC Jeska oOepHeHa 3a/ada: 3a BiJIOMUM
CTalliOHapHUM posnofinom p =(p,,...,p,) OTpH-
MaTy MaTPHIO NEpexXiHUX iIMOBIPHOCTEH 31 cTalli-
OHAPHUM PO3IOAIIOM p. 171 MapKOBCHKHX JAHITIO-
TiB yci MaTpulli MepexiHUX IMOBIPHOCTEH po3Mipy
rXr, sKi MalOTh CTallIOHAPHUHA BEKTOP PO3TOMLTY
AMOBIpHOCTEH p={p ,...,p }, MOXKHA OXapaKTEPU3Yy-
BaTW TaKUM YMHOM: BOHH TOBHHHI 33J0BOJBHATH
cHcTeMy JIiHIMHUX anredpaiuHUX piBHIHb

plI=p,
Ile = e, 4)

y SKIH eJleMeHTH Matpulli /1 € HeBIIOMUMH 3MiHHU-
MU; BekTOp e={l, I, ..., 1} — OOMHUYHUI BEKTOD.
V¥ cucremi (1) mepmia rpyna piBHSHb O3HAyae, IO
CyTi, T€, 0 p IOBUHEH OyTH T'OJOBHUM JiBUM BJac-
HUM BEKTOPOM MaTpuIli /1, SKWii BiNOBIa€ BIACHO-
MY 3Ha4YEHHIO 1, a ipyra rpyma — o cyma eJIeMEHTIB
KO)KHOTO psiika TIOBHHHA opiBHIOBaTH 1. JIo mporo
Tpeba JomaTi BHUMOTY HEBiJ €MHOCTI Marpwuii /7,
TOOTO BCi 1i eJIeMeHTH MTOBHHHI OyTH He MeHIi 3a 0.

Cucrema (4) € 3aBiIOMO CyMICHOIO, OCKIJIBKH ii
OYCBHJIHUN Ta TPHUBIAIBHUN PO3B’SI30K YTBOPIOE
BEKTOp, L0 CKJIAJAEThCS 3 €JIEMEHTIB MaTpuui /7,
KOXKHHU PAZIOK SIKOi 30iraeTbest 3 BekropoM p. Cra-
HOBUTbH IHTEpEC 3aja4a 3HAXO/DKCHHS IHIMX MOXK-
JUBUX PO3B’sA3KIB cHCTEMH (4).

BucHoBkM Ta 00roBopeHHs

VY po0oTi HaBeleHO MOJENb Ha OCHOBI Map-
KOBCBKHMX JIaHLIIOTIB, fika Onucye BUOip BapiaHTa
KOJICKTUBOM areHTiB Ta MOXJIMBHH MeEXaHi3M
3MiHE HMOBIpHOCTI BHOOpY, aje ISl MOJIENib
€ nyxe 0a3oBor i mpoctor. BoHa Moxe OyTu
y3arajibHeHa Ha BUIAJ0K O1bI1I0T KIJIBKOCTI Bapi-
aHTiB BUOOpyY. AJie B I[bOMY BHIIAJKy 3aMiCTh IO-
HATTS CHUMETPHUYHOCTi, HaBEJEHOro B CTarTi,
Tpeba po3rsagaTH iHII aHAJOTi9HI TOHSITTS.

PosrnsnyTo cucrtemy craHiB, sKa, 1o CyTi, Xa-
pakTepu3ye Mipy BIIEBHEHOCTI areHTiB y Ipa-
BHJIBHOCTI TOTO YH TOTO BUOOPY, aJie BOHHU >KOPCT-
KO TIOB’SI3YIOTBCSL 13 HMOBIpHOCTAMH BHOODY.
Binbioi rHy4KoCcTi MOXKHA AOCSTTH, SKILO 31HC-
HUTH TIEBHE PO3AUICHHS: XapaKTepU3yBaTH CTaHH
HE4iTKUMU MipaMu BIeBHeHOCTi f3,, a HMOBIp-
HOCTI BUOOpPY 3aJ]aBaTH SK JesIKi QYHKIT Bij X
HEYITKHX MIp.

VY cTaTTi pO3MISHYTO NPOCTUI BHIIATOK OTHO-
PIIHOTO KOJIEKTUBY. be3yMOBHO, 1IIKaBOIO € CUTY-
aIfis, KOJIM B KOJICKTUBI areHTiB MOXKHa BHOKpE-
MUTHU MEBHI IPYNH 3 PI3HUMHU XapaKTEePUCTHUKAMU,
a TaKOoX KOJIM OJIHI ar€HTH MOXXYTh IIEBHUM YHHOM
BILUIMBATH HA 1HIIMX, TOOTO KOJU YTBOPIOIOTHCA
MeBHI MEPEXi BILUINBY.

HapemTi, BUuaeTbcst nepcneKTUBHUM Bpaxy-
BaHHS TOTO, HACKIJIBKM areHTH 3aJ0BOJIEHI CBOIM
Bubopom. Tomi ciig 3acTOCOBYBAaTH METOAHKHU
HAaBYAHHS 3 MiAKPIIUIEHHSM, 30KpeMa Ha OCHOBI
MapKOBCBKHUX MPOIECIB yXBaJeHHs pilieHs [1; 2].
VYce me mae cTaTH IPEeIMETOM ITOAAIBIINX JIO-
CIIIIKEHb.
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AN APPROACH TO MODELLING DECISION MAKING IN A MULTI-AGENT
ENVIRONMENT BASED ON A MARKOV CHAIN OF CHANGING
PROBABILITIES OF CHOICES

The paper regards an approach to modelling a decision making process in the multi-agent environment
under the condition of voting by simple majority. This approach considers a Markov chain addressing to
describe changes of probabilities of how the agents vote. A system of states related to probabilities of
choices is introduced. This means that an agent being in a certain state votes with the given probability
which is a given function of the state. A Markov chain for modelling changing of these probabilities is
specified and its main features are investigated. We consider the described multi-agent environment to be
homogenous, which means that all the agents are totally inter-changeable with respect to their sets of states
and to the transitions between states. It can be shown that the result of voting by majority is very sensitive
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to these individual probabilities. For the case when there are two options of choice, conditions providing
that the choice in the stationary mode is made with equal probabilities are established. The obtained
conditions are the following: homogeneity of agents, symmetry of states, and symmetry of transitional
probabilities. For more than two alternative choices, some similar approaches can be easily developed.
The problem of choice is illustrated by an example of voting for political parties; to a certain extent this
model can explain how the bi-partial political system could be established and be sustainable. The reverse
task of restoring transitional probabilities by the given stationary ones is also considered. Such a task might
appear if some supervisory board needs to control the behaviour of the multi-agent system and to affect this
behaviour, an approach on the base of solving a certain system of linear algebraic equations is proposed.
This system must have a solution, and the constructive procedure of getting it is shown. But this solution is
not likely to be unique. Some possibilities of involving fuzzy sets of states, clustering of agents, and
enriching the model by reinforcement learning based on Markov processes of making decisions have been
discussed; these possibilities should be the issues for further investigations.

Keywords: agent-based modelling, multi-agent environment, decision making, Markov chain.
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