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O,ZLHOTI/IHHbIe CNCTEMDI

Onpeaenerue 1

OAHOTMnHaﬂ cucremMma ynpasaeHnsa — 3TO MHOrocCBA3Hasd CUCTEMa, COCTosLaA
N3 HECKOJIbKUX OANHAKOBbIX CKANAPHbIX 3BEHBEB N NAEANIbHbLIX ycmnmeneﬁ.
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O,ELHOTI/I MHblE CUCTEMDbI

Onpeaenerue 1

OAHOTVIHHaﬂ cucremMma ynpasaeHnsa — 3TO MHOrocCBA3Hasd CUCTEMa, COCTosLaA
N3 HECKOJIbKUX OANHAKOBbIX CKANAPHbIX 3BEHBEB N NAEANIbHbLIX ycmnmeneﬁ.
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o B.T. Monsk, 4.3. Lbinknu, 1996

o LLI. Xapa, 2007
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O,£I|HOTI/I MHblE CUCTEMDbI

Mpumep: ckansipHas nepegatoyHas pyHKUMS

(s)= —rotmels) __ Nig(s))
1+ d1¢(s)+a9?(s)  D(¢(s))

Cucrema ycroitumsa, ecin G(s) = D(¢(s)) #0, Res>0

o(s)= B ~ “0606wéHHas yacToTHast nepemenHas” (LL. Xapa)
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O,£I|HOTI/I MHblE CUCTEMDbI

Mpumep: cuctema B NpocTpaHCTBE COCTOSIHUIA

1

51

L

Y=

A B
C D

.

l—Uu

"ObblyHasa” cuctema

h(s)-I,
b
D

Y=

A
C

|

~— U

O,D.HOTI/II'IHaFI CNCTEMaA

C. Mapceros

sx=Ax+Bu, s=d/dt

Cucrtema ycroitumea, ecnu
G(s) = det(sl — A) rypsuues

o(s)x=Ax+Bu, s=d/dt

o h(s) — N® noacncremsl

o @(s) =1/h(s)
Cucrtema ycroinunea, ecnu
G(s) =det(p(s)/ —A)#0, Res>0

CkonTtex, UMY PAH, Mockea Mockea, 23/11/2018 6 /71



O,ELHOTI/I MHblE CUCTEMDbI

Mpobnema ycroiiumBocTu: gBa nogxopa
Vmeewm:

o nosuHom D(p) =do+ dip+ ...+ dpp"”
o [P (p(s)

Heobxogumo:
Haitun ycnosus, npu KoTopbix xapakTepuctuyeckasi pyHkums
G(s) = D(¢(s)) = do+ch@(s) + ...+ dn9"(s)
He nMeeT npasbiX Hynen
G(s)#0, Res>0
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Kputepuii ycroiiumnsoctu (Monsk, Upinknx 1996)

Onpegenerne 2

Q-obnactbto dyHKLMM @(S) Ha3bIBAETCA MHOXECTBO TOYEK A HA KOMMJIEKCHO
MIOCKOCTH, 415t KOTOPbIX @(S) — A He UMeET npasbix Hysel:

Q={1e€C:9(s)—A#0, Res>0}

Jlemma 1

Mycts ¢(s) — ppobHo-paymonansHas dyukuus, @(s) = A(s)/B(s), (A(s),B(s)
— noaunHombl), degA = k,degB = m, B(jo) # 0,0 € R n B(s) umeer | npasbix
Hyneli. Torga Q-obnactb coBnagaer ¢ obnacTbto, koTopyto rogorpad z = ¢(j®),
—oo < @ < 4o okpyxcaet N pas. 3gecb

o N=1, ecnn ¢(s) cobcreeHHas (k < m)
o N=(k—m)/2+1, ecnu ¢(s) HecobcTeenHas (k > m)

Teopema 1

Venoene G(s) = D(¢(s)) #0, Re s> 0 BbinosHseTCs TOrfa n TOMLKO TOrAa,
korga Bce kopHu noanHoma D(p) nexat B Q-obnactu ¢(s)
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Kputepuii ycroiiumnsoctu (Monsk, Upinknx 1996)

Onpegenerne 2

Q-obnactbto dyHKLMM @(S) Ha3bIBAETCA MHOXECTBO TOYEK A HA KOMMJIEKCHO
MIOCKOCTU, A1t KOTOPbIX @(S) — A He UMeET npasbix HysIel:

Q={1e€C:9(s)—A#0, Res>0}

Im
W=co

o(s)=s>+s+1
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MyﬂbTI/IareHTHble CUCTEMbI N KOH @

MyJ'IbTVIaFeHTHaFI cnctemMa: OCHOBHbIE CYLLHOCTN

@ areHTbl-gUMHAMUYECKNE MOACUCTEMbI: KTO B3aMMOZLENCTBYET

© dyHKUMN CBA3N: KaK OHW B3aUMOZENCTBYIOT

Q@ rpady: CcTpyKTypa B3aMMOAENCTBUN MeXay HUMU

C. MNapceros CkonTtex, UMY PAH, Mockea Mockea, 23/11/2018 11 /71



My)’IbTVIaFeHTHbIe CNCTEMbI N KOHCEHC

MyanmareHTHaﬂ cnctemMa: OCHOBHbIE CYLLHOCTN

Q@ areHTbI-AMHAMMYECKME MOLCUCTEMbI: KTO B3aWMOZAECTBYeT
© dyHKUMN CBA3N: KaK OHW B3aUMOZENCTBYIOT

Q@ rpady: CcTpyKTypa B3aMMOAENCTBUN MeXay HUMU

MyJ'I bTNAreHTHbIE = OAHOTI/II'IHI:IE?

OcobenHocTn:
o Ceiliyac: ceTeBble JUHAMMNYECKNE CUCTEMBI
ObbI4YHO O4YeHb DOJbLLIOE YNCIO areHToB
Vnop Ha pacnpeAeneHHOCTb U AELEeHTPaN30BaHHOCTb
MaTpurua ceaseli — 0bbI4HO Nanaacosckas maTpuua rpada

KOHCGHcyC — CaMas paCI'IpOCTpaHéHHaFI 3ajada

Ob6nactb npumeterust (poboTbl, APOHbI, CEHCOPbI 1 T.M.)
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MyﬂbTI/IareHTHble CUCTEMbI N KOH
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MyﬂbTI/IareHTHble CNCTEMbI N KOHCEHCYC

MyﬂbTI/IaI'eHTHaFI CnNcTemMa: OCHOBHbIE CYLLHOCTIN

@ areHTbl-gUHAMUYECKNE MOACUCTEMbI: KTO B3aMMOLENCTBYET
©Q yHKLUMM CBSA3N: KaK OHU B3aMMOAENCTBYIOT

© rpad: CTpyKTypa B3aUMOZENCTBUA MEXIY HAMU

Mpumep
QO xi=u, i€l1:3

= (0= 29 (12 =) Q ui=Y},(x5—x)
x=—-Yx
1 2
iy = (02— )+ (@3 — 21) = (21 — 72) + (2 — 2) 2 -1 -1
Q ¥=|-1 2 —1
-1 -1 2
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MyfleI/IareHTHble CNCTEMbI N KOHCEHCYC

MyJ'IbTVIaFeHTHaﬂ CnctemMa: OCHOBHbIE CYLLHOCTIN

@ areHTbI-gUHAMUYECKNE MOACUCTEMBI: KTO B3aMMOLENCTBYET
© yHKUMK CBA3N: KaK OHW B3aUMOZENCTBYIOT

© rpad: cTpyKTypa B3aUMOZENCTBNA MEXIY HAMU

Mpumep
QO x=u, i€1:3

NG ] eu=Ii (j—x)
I X=—Ix
kIS : | 2 -1 -1
nvz 02 08 08 1 12 14 16 1:a 2 ° "g = _1 2 _1
time _1 _1 2

KoHceHcyc npu ncnonb3oBaHuu nokKanbHoOW nHdopmauynm
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KoHceHcyc: npocTeiiwnii cnyyai

Ipynna nz N ngeHTnyHbix aredTos: x;=u;, I€1:N

. —_vN (. :
MpoTokon ynpaenerus:  u; = Y a;(x; — i)
nnn

x=—=2Lx, x=][x1,%,...,xn]"

Lens:
Jim |x;(¢) =>x;(¢)| =0, Vi,jel:N

N
Xj = Z a;(x —xi)
j=1

x=—%x,
N
li= ), aj lj=—aj i#J
J=14#i
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KoHceHcyc: npocTeiiwmnii cnyyari

Ipynna nz N ngeHTnyHbix aredTos: x;=u;, I€1:N

. —_vN (. :
MpoTokon ynpaenerus:  u; = Y a;(x; — i)
nnn

x=—=2Lx, x=][x1,%,...,xn]"

Lens:
Jim |x;(¢) =>x;(¢)| =0, Vi,jel:N

N
Xj = Z a;(x —xi)
j=1

x=—%x,
N
li= ), aj lj=—aj i#J
J=14#i

Kakue ycnosus Ha rpady/nannacoeckyto matpuuy?
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KoHceHcyc: ycnoBust OCTUXKEHNS

Teopema 2 Araes, Yeborapég, Olfati-Saber, Ren, Cao n ap.

Cnegytowine yTBEPKAEHUS SKBUBANEHTHbI:

Q -Z vmMeeT nNpocToe Hys1eBOe COBCTBEHHOE HUC/IO C AaCCOLMUPOBAHHLIM CODCTBEH-
HbIM BeKTOPOM 1, a BCe 0CTabHble CODCTBEHHbIE YNCA VMEIOT MOJOXKNTESb-
Hble AENCTBUTENbHBIE Y4acTu;

@ [1n5 3aMKHYTO CUCTEMBI JOCTMIAETCS KOHCEHCYC: Anst Atobbix X;(0) n sobbix
i,j €1: N sbinonnsercs ycnosue |x;(t) —x;(t)| =0, t— oo;

Q@ OpueHTupoBaHHblii rpac & coaep>XUT OCTOBHOE UCXOASILLEE [EPEBO;
@ Panr maTtpuubl £ pased N—1.
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KoHceHncyc/cunxponusauus: Vicropus

[lepBble 5KCNEPUMEHTbI U pe3ynbTaThl

@ CUHXpOHM3auus mMasiTHUKoB [ toiireHca, onbiTol Penes

© Mepeble MaTeMaTU4ecKue MOZeNN: MOAenN NpeciefoBaHnNs, FreoMeTpuyecKas
3agaqa Japby (1878), mogenu TpaHcnopTHbix notokos (Chandler, 1958)

- Supposons qu’on forme le second polygone en prenant les mi-
lieux des cotés du premier. Les x des sommets de ce nouveau po-
lygone seront définis par les formules

T P Taa
=0 ey ap= ——
2 2
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KoHceHncyc/cunxponusauus: Vicropus

I'IepBble SKCNEPNMEHTbLI N PE3yNbTaThl

@ CUHXpOHU3auus mMasiTHUKoB [toiireHca, onbiTol Penes

O Mepeble MaTeMaTM4ecKue MOfeNN: MOAENN NpeciefoBaHNs, FeOMeTpUYecKas
3agaqa Japby (1878), mopenu TpaHcnopTHbix notokos (Chandler, 1958)

B coumoniornn n cou,maanoﬁ ncmxonornn

o anckpetHas mogenb xj(k+1) = Zszl wiix;(k):

French J.R.P. A Formal Theory of Social Power, Psychological Review, 1956

Harary F. A Criterion for Unanimity in French's Theory of Social Power, in
Dorwin Cartwright (ed.), Studies in Social Power, 1959

DeGroot M.H. Reaching a Consensus, Journal of the American Statistical
Association, 1974

© HenpepbiBHAs MOAeNb X; :):J-N:l ajj(xj — x;):
Abelson R.P. Mathematical models of the distribution of attitudes under
controversy, Contributions to mathematical psychology, 1964
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CeTeBas ANHaMn4eCKada CUCTEMA

system

@(t) = f(z(t), ul(t))
() = Az(t) + Bu(t) -

a(t) = u(t)
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C. Mapceros

complexity

o5

CkonTtex, UMY PAH, Mockea

Tpu cywHocTn:

@ mopenb y3na/areHTa
(kTo B3aumopeiicTByeT)

@ Tonosnorus cetun
(c kem B3aumopeiicTByeT)

© PyHKLUNS CBA3N
(kak B3ammopgeiicTByer)

Mockea, 23/11/2018
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CeTeBas ANHaMn4eCKada CUCTEMA

Tpu cywHocTn:

z | p
g2 !
28/ 1 @ Mogenb y3na/areHTa
o | o
g Ammm e ( (kTo B3aumopeiicTByeT)

(1) = f(z(t),u(t)) 4=
@ TOMoJsIOrUns CeTn

i(t) = Ax(t) + Bu(t) 4 , 7 (c kem B3aumopeiicTByeT)

a(t) = u(t)

T

/
’

v © byHKLNS CBA3N

i
_}‘ tépological (K K B3aNM eTE T)
complexity a 3aUMOAENCTBYE

Fcdenl Lk
1 | |
I I |

Mogens bonee obuiero suga

N
xi(t) = F(t,xi(t)) + Zlaﬁ(t)¢ﬁ(w(t) —yi(1), yi(t) = g(xi(t))
)=
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KoHceHcyc: bonee obuwymnii AHERHbIA cay4daii

[pynna n3 N uAeHTUYHbIX areHToB: é,— =A& +Bu, i€l:N

roe é,‘ e€R", ui eRP

MpoTokon ynpaenenns: u; = KZJN=1 a;j(&i - &)
nan

é :(IN®A+$®BK)§7 é = [§;r762—r77gl—\lr]T

Lenb:
lim [1€() - &(£) =0, Vijel:N

C. Mapceros CkonTtex, UMY PAH, Mockea

Mockea, 23/11/2018
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KotceHcyc: bonee obuwyuii nuHeiHbIi cnyyaii

'pynna n3 N naeHTUYHbIX areHTOoB: é,— =Af+Bu, i€l:N
roe é,‘ e€R", ui eRP

MpoTokon ynpaenenns: u; = K):,J-’V=1 a;j(&i - &)
nan

é :(IN®A+$®BK)§7 (g’ = [5]?I'7€2'I"75I'VI']T

Lenb:
Jim [[&i(t) = &i(8)| =0, Vijel:N

HDonyctum, 4to rpad ¢ copgepXut ucxopsiiee 0CTOBHOE AEPEBO

YcnoBusi oCTMXKeHNsi KoHceHcyca?
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N AND CONTROL ENGINEERIN G SERIES

:
Cooperative Control
of Multi-Agent
Systems ;i

T

Zhongkui Li * Zhishenyg Duan

Jlntepatypa
o J1. MNekopa, T. Kapponn, 1998
o Ix. ®@akc, P. Mappaii, 2004
o L. Xapa n gp., 2007
o 3. Jln, 3. yaH, I'. Hen, 2010

o ®. Jlstonc n gp., 2013 (?)



Obwmnit KpuTepuii KoHceHcyca Jn, Ayan 2015

Teopema 3

MycTb rpad comepxuT ucxogsiee ocToBHOe AepeBo. PacnpefeneHHbili npoToko
peluaeT 3aady KOHCEHCyCa JIMHENHbIX areHTOB TOr4a U TOJIbKO TOrfa, KOraa Bce
maTpuubl A+ A;BK, i €2: N, sasnstoTcsa rypsuuesbimu, rae A;, i € 2: N, — HeHy-
NeBble COBCTBEHHbIE YMCNa 1aNIaCoBCKOV MaTpuLpbl £

Onpegenerne 3

#-0bnacTbio napaMeTpa O, NPUHAAJIEXKALLErO OTKPLITOW NPaBoli MOJYMNIOCKOCTU
KOMIJIEKCHOM MIOCKOCTU, Takoro 4To A+ o BK rypeuueBbl, Ha3biBaeTcs 0b61acTbio
KOHCEHCYCa CETEBOI CUCTEMbI

Teopema 4

Juneiinble areHTbl JoCTMraloT KoHceHcyca B cmbicne lime.||&i(t) — &i(t)|| =
0, Vi,j€1l:N Torga n TonbKo TOrAa, KOr4a BCE HeHyseBble CODCTBEHHbIE HMCna
NaniacoBCKoli MaTpuubl nexat B .~-obnactu: A; € %, VA;,i€2: N
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[Tpumepbi
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PaBHOMEpHOE pacnofioKeHNe areHTOB Ha OTpe3ke

I.LA. Wagner and A.M. Bruckstein 1996, Z. Lin 2005, A.W. MNMetpukesuy, MN.C. LLlepbakos 2010
Mogenb areHTa n NPOTOKON yNpaB/eHUs:

X = U,
0.5(xj—1 —X;) +0.5(xj11 —x;), F€1l:N

uj

Xo N XN+1 — HENOABMIKHbBIE KOHLIbI OTPE3Ka

Xo @----- Ty DELER 5 ST Creeee- "X
h /
N
N /
i L5
1 Van
S S
X h N \: / \ X
n-1 n
AN /
N
xn—l

Npes anropntma paBHOYZaIEHHOTO PACMOJIOKEHUSI HA OTPE3KE
Kaxxablli i-ii areHT CTPeMnTCs pacnonokuTbesl B CepeaunHe oTpeska,
coeguHsiowero (i —1)-ro u (i +1)-ro arentos
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PaBHOMepHOe pacnonoxeHune areHToB Ha OTpe3ke

Mop'eﬂb AréHTa U NPOTOKOJ YNMpaBJIEHUSA:

Xj = uj,

up = 0.5(X,'_1 —Xi)+0.5(X,'+1 —X,'), i€l:N
X0 W XN41 — HEMOABUXKHBIE KOHLLbI OTpe3Ka

[dunHamuka Bceli CETEBOI CMCTEMBI:

x=Ax+b,
-1 05 0 ... O
A 05 -1 05 ... O RN
0 0 ... 05 -1
b=1[0.5x,0,...,0.5xy41] € RV
x* € RN : x* = —A~1b — ycToliunsoe nonoxeHne pasHOBECHS
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PaBHOMepHOe pacnonoxeHune areHToB Ha OTpe3ke

MO,D'eJ'lb areHTa U NPOTOKOJ1 yNpaBNEHNA:

Xj = uj,

up = 0.5(X,'_1 —Xi)+0.5(X,'+1 —X,'), i€l:N
X0 U XN41 — HEMOABUKHbIE KOHLIbI OTPEe3Ka

[dunHamuka Bceli CETEBOI CMCTEMBI:

x = Ax+ b,
-1 05 0 ... O
A 05 -1 05 ... O RN
0 0 ... 05 -1
b=1[0.5x,0,...,0.5xy41] € RV
x* € RN : x* = —A~1b — ycToliunsoe nonoxeHne pasHOBECHS

YcToi4nBocTb npun 6onee CNoXxHbIX Mogensx areHToB?
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PaBHOoyganeHHoe pa3MellgHmne: areHTbl BTOPOro nopsiaka

Mogenb areHTa:
Xit+oxi=u, >0, iel:N,

Pacnpep,eneHHble NPOTOKOJIbl YyNpaBneHun, o6ecne~4MBa|ou.|,we paBHOMEpPHOE
pPa3MeLLEHNE ar€HTOB Ha 3aaHHOM OTPE3KE!:

[NpoTokonbl ynpaBneHus [NpockypHukos, Napceros 2016

Q uj=—x%+0.5(xi—1 —x;) +0.5(x;41 — x;), o+Kk>0
Q i =0.5(x;—1 —x;) +0.5(xi 41 — x;) +0.5p(X;—1 — X;) +0.5p(Xi 1 — X;),
a=0,p>0
o uj(t) = w;(t) + py;(t) = (1 +p)w;(t) — pry;(t),
Yi(t) = —vyj(t) + w; (1),
wj(t) = 0.5(xj—1(t) — x;(t)) +0.5(x;11(t) — x(t)), & =0,p,y>0
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PaBHoyganeHHoe pa3MelleHmne: NpYMeHeHe KpUTepUs

Tpu Buga @(s)

Q (s®+(a+K)s)x(t) = Ax(t)+b, s:=2, @(s)=s>+(a+K)s
Q s°x=(ps+1)(Ax+b), ¢(s) =s°/(ps+1)
Q s°x =q(s)(Ax+b), q(s) =1+ &5, ¢(s) =s*(s+7)/(s(p+1) +7)

6liw) = —w*(w +)/((p+ Diw+7)q

p=la=1

Puc.: Q-obnactn gns pasHbix nepefaTtovHbiX yHKLWT
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KoHceHcyc Ha KosbLeBbIX oprpadax

C.3. Mapceros, N.KO. YeboTapér 2018

Oprpadbl KonbLEBOA CTPYKTYpSbI

n n-1 n-2 6

C. MNapceros CkonTtex, UMY PAH, Mockea Mockea, 23/11/2018 28 /71



Mopenb areHTa

o rpynna u3 N naeHTUYHbIX areHTos,
o Mogesb BToporo nopsigka (y > 0)

)'(,'ZV,', .
. 1:N.
{ Vi=—Yvituj '

B npocTtpaHcTBe cocTosiHuMiA:

&i = A&; + Bu;,
rae & =[x, v]', A= [8 _71/] nB=10,1]".
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[1poTokonbl ynpaBaeHus

o [JuHamuka areHTa

&i = A& + Bui,

rae & =[x,vi]', A= [8 _71/] nB=1[0,1]".
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[1poTokonbl ynpaBaeHus

o [JuHamuka areHTa

&i = A& + Bui,

rae & =[x,vi]', A= [8 _11/] nB=1[0,1]".

o (1) MpoTokon ynpaenenusi (K = [1,0])
ui=K(&i-1— &)

(2) Mpotokon ynpaenexus (K = [1,0])

:{%i :gg* K(Gi-a=8i), [ westmhoe, oy

Ka>xaomMy areHTy nsBecTHbl pacCTOSIHUS
00 bnuxkaiviwero oaHoro/AByx NpoHyMepoBaHHbIX coceaei
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[pacp: npoTtokon ynpaenerus (1)

o ['pach B3aMopeiicTBUA areHToB

n n-1 n-2 6

o MaTpuua Jlannaca

1 0 0 -1
-1 1 0 0

&=
0 1 1 0
0 0 -1 1
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[pacp: npoTokon ynpaenetus (2)

o 'pach B3aumopeiicTBUS areHToB

n n-1 n-2 6

o MaTtpuua Jlannaca

2 -1 0 0 0 —1]
-1 1 0 0 0 0
0 -1 2 -1 0 0
Z=| = :
0 0 -1 1 0 0
0 0 0 -1 2 -1
0 0 0 0 -1 1]

23/11/2018 32 /71



3ajada KOHCeHcyca

o CeTeBasi AMHaMmyeckasi cncrema
X+yx =—2Lx,
-
X =[x1,...,xn]

@ MNONYHNTb YCNOBUSA HA ¥, NPUN KOTOPbIX FAPAHTUPYETCA AOCTUIXKEHUE
KOHCEHCYCa B CETU B CMbIC/E

Jim 1£(£) ~ (0] =0, Vi.k € 1: N

@ YCNOBUA AOJIXKHbI HE 3aBUCETb OT HWCJIA ar€HTOB B CETU (}J,OCTB—
TOYHbIE, HO MPOCTbIE N HE OYEHb KOHCGpBaTI/IBHbIe)
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Essentially Cyclic Graphs

Definition
Digraph ¢ is essentially cyclic if its Laplacian spectrum contains nonreal eigenvalues

Lemma (Chebotarev, Agaev (2010))

Let &4 be a digraph on n > 3 vertices constituted by the Hamiltonian cycle
{(1,n),(n,n—1),...,(2,1)} and the opposite cycle {(1,2),(2,3),...,(n—1,n),(n,1)}
in which i (2 < i < n) arbitrary arcs are missing. Then:

@ The characteristic polynomial of the Laplacian matrix £ (%) is
K
Ag = H Zlk(l) - (_1)n7
k=1

where ii,...,ix are the path lengths in the decomposition of the cycle
{(1,n),(n,n—1),...,(2,1)} into the paths linking the consecutive vertices of
indegree 1 in 4.

o ¥ is essentially cyclic

0 Zp(A)=(A—2)Z,—1(X) — Zr—2(A) is a modified Chebyshev polynomial of the
second kind (Zo(A)=1, Z1(A)=1—-1)
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Ycnosue koHcercyca (1)

Teopema 5

CeTeBas cuctemMa AOCTMraeT KOHCEHCyca npu ¥ > V2~ 1.4142

Im

C. Mapceros

0.6
0.4

0.2

-0.2

-0.4

-0.6

-0.8

(i)

=—w?

r=2

:
+Jwi

CkonTtex, UMY PAH, Mocksa
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oBune KoHceHcyca (2)

Teopema 6

CeteBas cucTemMa JOCTMraeT KOHCeHcyca npu ¥ > /6/7 ~ 0.9258

1T T T T T

Q-region O(jw) =~ + jow,
y=

0.5 q
5 of |
-05F 4

PR I | I I I | |

-3 2.5 2 1.5 -1 0.5 0 0.5

Re
C. Mapceros CkonTtex, UMY PAH, Mocksa

Mockea, 23/11/2018 36 / 71



[ﬂIVIHaMVIKa MHEHNN B coynaJibHbIX CeTﬂX]
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GROUP DYNAMICS

Network science on belief system
dynamics under logic constraints

Noah E. Friedkin,'* Anton V. Proskurnikov,>* Roberto Tempo,* Sergey E. Parsegov’

Breakthroughs have been made in algorithmic approaches to understanding how
individuals in a group influence each other to reach a consensus. However, what
happens to the group if it dep on several one of which
is proven false? Here, we show how the existence of logical constraints on beliefs

affect the collective convergence to a shared belief system and, in contrast,
how an idiosyncratic set of arbitrarily linked beliefs held by a few may become

held by many.

onverse [(I), p. 207] defined a belief sys-
tem as “a configuration of ideas and at-
titudes in which the elements are bound
together by some form of constraint or
functional interdependence.” The existence
of belief systems is widely accepted and a subject
of interest in the scientific community (2-4), but
there are still unresolved puzzles. According to
cognitive consistency theory, inconsistent beliefs
cause tension that individuals seek to resolve
(5, 6). Thus, if an individual’s certainty of belief
on the truth of one statement is altered, the al-
teration may propagate changes of the individ-
ual’s certainties of beliefs on the truth of other
statements. Individual-level, independent adjust-

C. Mapceros

conclusion that collective action is required to
mitigate global warming. Debates in econom-
ics on appropriate macroeconomic policy, and
debates in politics on acceptable legislation, are
also examples of interpersonal influences modify-
ing individuals’ certainties of belief on multiple
interdependent statements. A critical open prob-
lem is the theoretical integration of theory on
cognitive consistency and theory on interpersonal
influence systems. We report a generalization of
the Friedkin-Johnsen model (15-17) that achieves
this integration. When individuals’ beliefs on mul-
tiple statements are being influenced, the Friedkin-
Johnsen model assumes that a change of be-
lief on one statement does not affect beliefs on

CkonTtex, UMY PAH, Mockea

ter understand the dynamics of belief systems
in which individuals’ certainties of belief are mod-
ified by network mechanisms of interpersonal
influence toward a consensus on a set of inter-
dependent beliefs?

An analyzable problem on belief system dy-
namics can be posed as follows. Let us start
from a state of heterogeneity in a population of
individuals (i) with various levels of certainty of
belief on the truth values of two or more truth
statements and (ii) with a common set of logical
constraints that associate these statements. In
this population, levels of certainty of belief about
one statement are associated with levels of cer-
tainty of belief about another statement and,
more generally, an individual’s level of certainty
of belief about one statement is some mixture
of that individual’s certainty of beliefs about
other statements. Let each individual’s certainty
about each statement be subject to disturbance.
Cognitive consistency theory posits that the dis-
turbance will cause a within-individual change
that recalibrates their certainties of beliefs to
achieve consistency. Let each individual in this
population be embedded in a social network
that allows interpersonal influences on individ-
uals’ beliefs. With such a network, cognitive con-
sistency effects are now competing with effects
of other individuals’ displayed beliefs.

In our model (Fig. 1), individual nodes have
different certainties of belief on multiple truth
statements, which may be changed through
their interactions with others. The nodes may

Mockea, 23/11/2018

41/ 71



MHoromepHas Mogesb: nybivkauuy

o S.E. Parsegov, A.V. Proskurnikov, R. Tempo, and N.E. Friedkin
A New Model of Opinion Dynamics for Social Actors with Multiple
Interdependent Attitudes and Prejudices // the 54th IEEE Conference on
Decision and Control, 2015

o N.E. Friedkin, A.V. Proskurnikov, R. Tempo, and S.E. Parsegov

Network science on belief system dynamics under logic constraints // Science,
2016

o S.E. Parsegov, A.V. Proskurnikov, R. Tempo, and N.E. Friedkin
A Novel Multidimensional Model of Opinion Dynamics in Social Networks //
IEEE Transactions on Automatic Control, 2017
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[nHamnka MHeHUiA: nocTaHOBKa 3ajayn

The Concise Encyclopedia of Sociology, 2011

Social networks are formally defined as a set of nodes (or network members) that
are tied by one or more specific types of relations. In much research, these nodes
are individual persons, but they can also be groups, corporations, households, blogs,
nation-states, or other collectivities. Ties consist of one or more specific relations,
such as financial exchange, friendship, hate, trade, web links, or airline routes.
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The Concise Encyclopedia of Sociology, 2011

Social networks are formally defined as a set of nodes (or network members) that
are tied by one or more specific types of relations. In much research, these nodes
are individual persons, but they can also be groups, corporations, households, blogs,
nation-states, or other collectivities. Ties consist of one or more specific relations,
such as financial exchange, friendship, hate, trade, web links, or airline routes.

Social influence is the process by which individuals make real changes to their
feelings and behaviors through interaction with others who are perceived to be
similar, desirable or expert... The structural approach to social influence examines
interpersonal influence that occurs within a larger network of influences. Social
influence here is the process by which a group of actors will weigh and then integrate
the opinions of others.



[nHamnka MHeHUiA: nocTaHOBKa 3ajayn

1 2

[Ba areHTa c MHEHUSMU X1, X2
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[nHamnka MHeHUiA: nocTaHOBKa 3ajayn

1 2
[Ba areHTa c MHEHUAMM X7, Xo

Kak MHeHUsi AByX COLMabHbIX areHToB (hOPMUPYIOTCA 1 N3MEHSIOTCA !
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[nHamnka MHeHUiA: nocTaHOBKa 3ajayn

1 2
[Ba areHTa c MHEHUAMM X7, Xo

Kak MHeHUsi AByX COLMabHbIX areHToB (hOPMUPYIOTCA 1 N3MEHSIOTCA !

o x; €ER, x; €{0,1}, ... 7
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[nHamnka MHeHUiA: nocTaHOBKa 3ajayn

1 2
[Ba areHTa c MHEHUAMM X7, Xo

Kak MHeHUsi AByX COLMabHbIX areHToB (hOPMUPYIOTCA 1 N3MEHSIOTCA !

o x; €ER, x; €{0,1}, ... 7
0 L2 — fx;,x0,t),  x(t+1)=f(x,x,t) ... 7?
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[nHamnka MHeHUiA: nocTaHOBKa 3ajayn

1 2
[Ba areHTa c MHEHUAMM X7, Xo

Kak MHeHUsi AByX COLMabHbIX areHToB (hOPMUPYIOTCA 1 N3MEHSIOTCA !

o x; €ER, x; €{0,1}, ... 7
0 L2 — fx;,x0,t),  x(t+1)=f(x,x,t) ... 7?

@ [eTEPMUHUPOBAHHOE WM CryYaiiHoe noseaeHue’?
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[nHamnka MHeHUiA: nocTaHOBKa 3ajayn

1 2
[Ba areHTa c MHEHUAMM X7, Xo

Kak MHeHUsi AByX COLMabHbIX areHToB (hOPMUPYIOTCA 1 N3MEHSIOTCA !

o x; €ER, x; €{0,1}, ... 7

d
(+] ﬁf:f(xl,XQ,t), X2(t+1):f(X1,X2,t), L7
O [ETEePMUHMPOBAHHOE NN Cily4aiiHoe noseaeHmne?

@ MHEHUN CXOAATCA K HeMY-TO WM PAyKTYMPYOT?

C. Mapceros CkonTtex, UMY PAH, Mockea Mockea, 23/11/2018 44 / 71



[nHamnka MHeHUiA: nocTaHOBKa 3ajayn

1 2
[Ba areHTa c MHEHUAMM X7, Xo

Kak MHeHUsi AByX COLMabHbIX areHToB (hOPMUPYIOTCA 1 N3MEHSIOTCA !

@ x; €R, x; €{0,1}, ... 7

d;
] jdXtZZf(Xl,Xz,t), X2(t+1):f(X1,X2,t), L7
O [ETEePMUHMPOBAHHOE NN Cily4aiiHoe noseaeHmne?
© MHEHNIi CXOaATCA K YeMy-To unu bayKTynpytoT?
Qo

MHEHWNA O6'be,£l,I/lH$|IOTC$I B KﬂaCTepr?
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[nHamnka MHeHUiA: nocTaHOBKa 3ajayn

1 2
[Ba areHTa c MHEHUAMM X7, Xo

Kak MHeHUsi AByX COLMabHbIX areHToB (hOPMUPYIOTCA 1 N3MEHSIOTCA !

xi €R, X,'E{O,l},...?

d

G2 = f(x1,x2, ), xo(t+1) = f(x1,x,t), ... 7
AETEPMUHUPOBAHHOE UM CyHaiiHoe noseaeHune?
MHEHUI CXOAATCS K YeMy-TO unu paykTynpyroT?

MHEHWNA O6'be,£l,I/lH$|IOTC$I B KﬂaCTepr?

KOHCEHCYC MHEHMIi Uiy paccornacosaHme?
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[nHamnka MHeHUiA: nocTaHOBKa 3ajayn

1 2
[Ba areHTa c MHEHUAMM X7, Xo

Kak MHeHUsi AByX COLMabHbIX areHToB (hOPMUPYIOTCA 1 N3MEHSIOTCA !

x; €R, X,'E{O,l},...?

%(tz:f(xl,xz,t), xo(t+1) = f(x1,x,t), ... 7
AETEPMUHUPOBAHHOE UM CyHaiiHoe noseaeHune?
MHEHUI CXOAATCS K YeMy-TO unu paykTynpyroT?
MHeHUs 0BBbeANHSAIOTCA B KnacTepb?

KOHCEHCYC MHEHMIi Uiy paccornacosaHme?

KaK MPOBEPUTL Ty WU WHYIO MOZENb?
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[KOHceHcyc]
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Mogenb koHceHcyca French-Harary-DeGroot

French J.R.P. A Formal Theory of Social Power, Psychological Review, 1956
@ MepBOE NPUMEHEHNE TEOPUNN FpaCbOB Ans 3agdad COL.{MaﬂbHOﬁ rncuxosiornn

@ couuanbHble areHTbl NosaratoTcs ‘pasyMHbIMU’ 1 UCNOL3YIOT 0CObyto CTpa-
TEruto ANsi B3auMOZERCTBIS

@ Mofesib B ANCKPETHOM BPEMEHU C HENPEPbIBHBIMN MHEHUAMMN

@ aHaNN3 MOAENN ONA PaA3HbIX TONOJIOFNIA CeTn
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enb koHceHcyca French-Harary-DeGroot

French J.R.P. A Formal Theory of Social Power, Psychological Review, 1956
@ MepBOE NPUMEHEHNE TEOPUNN rpad)os Ans 3agdad COL.{MaﬂbHOﬁ rncuxosiornn

@ couuanbHble areHTbl NosaratoTcs ‘pasyMHbIMU’ 1 UCNOL3YIOT 0CObyto CTpa-
TEruto ANsi B3auMOZERCTBIS

@ Mofesib B ANCKPETHOM BPEMEHU C HENPEPbIBHBIMN MHEHUAMMN

@ aHaNN3 MOAENN ONA PaA3HbIX TONOJIOFNIA CeTn

Harary F. A Criterion for Unanimity in French’s Theory of Social Power, in Dorwin
Cartwright (ed.), Studies in Social Power, 1959
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Mogenb koncercyca French-Harary-DeGroot

French J.R.P. A Formal Theory of Social Power, Psychological Review, 1956
@ MepBOE NPUMEHEHNE TEOPUNN rpad)os Ans 3agdad COL.{MaﬂbHOﬁ rncuxosiornn

@ couuanbHble areHTbl NosaratoTcs ‘pasyMHbIMU’ 1 UCNOL3YIOT 0CObyto CTpa-
TEruto ANsi B3auMOZERCTBIS

@ Mofesib B ANCKPETHOM BPEMEHU C HENPEPbIBHBIMN MHEHUAMMN

@ aHaNN3 MOAENN ONA PaA3HbIX TONOJIOFNIA CETU

Harary F. A Criterion for Unanimity in French’s Theory of Social Power, in Dorwin
Cartwright (ed.), Studies in Social Power, 1959

DeGroot M.H. Reaching a Consensus, Journal of the American Statistical
Association, 1974

C. Mapceroe CkonTtex, UMY PAH, Mockea Mockea, 23/11/2018 a7 [/ 71



Mogenb koHceHcyca French-Harary-DeGroot

Mpumep (Fre 956)

G = Gney, (1) a b [ d
bn = 3(an1 + bu-a), 2 a | o o o
Cn = }(@n-1 + 6n-1), 3

dn = §(bnr + ot + dna). 4

The cell g, 2 has an entry of 1, indicat-
ing that in any unit A’s opinion is com-
pletely determined by his previous opin-
ion; accordingly the remaining cells in
row ¢ have entries of zero, showing that
opinions 3, ¢, d do not influence @, since

wi—
o

N
o

there are no directed paths from B, C, : d o 'é‘ lg é_
or D to A. Cells b, a, and b, b have

entries of 4 because b, is a compromise s 5 n
half-way between the previous opinions 2 3 6 3

of 4 and B, etc.
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ca French-Harary-DeGroot

Cnabo cBsi3Hble n HecBs3Hble rpacbl (French, 1956)

INITIAL
OPINIONS UNIT | UNIT 2 UNIT ©
|. DISCONNECTED lg
D=8
B8 7
\ 6 ~ \\
c=5
C —— ——
\ 3 — T e s e e en e
0 8=2 - —
A=l s s Ca— S— — — t— — —_——\-ﬁ
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BinsiHne cBA3HOCTN Ha M3MEHEHWE MHEHWIA B rpynne

KoHceHcyc He gocTuraeTcs Ans itobbiX HavasbHbIX YCA0BUI J
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Mogenb koHceHcyca French-Harary-DeGroot
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Mogenb koHcercyca French-Harary-DeGroot: [Mpumep
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Mogenb koHcercyca French-Harary-DeGroot: [Mpumep

MHeHue x; €ER, x = (X1,X2,X3,X4)T

23/11/2018 51/ 71



Mogenb koHcercyca French-Harary-DeGroot: [Mpumep

MHeHne x; € R, x = (x1,x0,x3,x3) "
Hau. MHenms x(0) = (25,25,75,85) '

23/11/2018



Mogenb koHcercyca French-Harary-DeGroot: [Mpumep

MHeHne x; € R, x = (x1,x0,x3,x3) "
Hau. MHenms x(0) = (25,25,75,85) '

xi(k+1)= i w;ix; (k)
Jj=1

23/11/2018



Mogenb koHcercyca French-Harary-DeGroot: [Mpumep
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K03(POULIMEHTEI BAUSHUA: W)
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Mogenb koHcercyca French-Harary-DeGroot: [Mpumep
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Mogenb koHcercyca French-Harary-DeGroot: [Mpumep
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Monens R.P. Abelson

Abelson R.P. Mathematical models of the distribution of attitudes under
controversy, Contributions to mathematical psychology, 1964

@ Mofeslb B HEMPEPLIBHOM BPEMEHM

o x;(t) €R — mHeHue areHTa, j=1,...,n

dx, i U

=Y ai(x—x), i=12...,n
T
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Mogens R.P. Abelson

Abelson R.P. Mathematical models of the distribution of attitudes under
controversy, Contributions to mathematical psychology, 1964

@ Mofeslb B HEMPEPLIBHOM BPEMEHM

o xj(t) €R — MHeHne areHTa, j=1,...,n

dx, i U

=) ai(xi—x), i=12,...,n
dt J; y\"J
Olfati-Saber R., Murray R.M. Consensus Problems in Networks of Agents With
Switching Topology and Time-Delays, |EEE Transactions on Automatic Control,
2004

Fax A., Murray R.M. Information flow and cooperative control of vehicle
formations, |EEE Transactions on Automatic Control, 2004
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AreHTbl B coumnaibHbIX CETAX PeaKO AEMOHCTPUPYIOT €auHOoAYyLWne, MHEHUA 4acTo
He COrnacytoTcsi 1 obpasyroT KAacTepbl pa3HOro pasmepa
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(Paccornacosatue)
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PaccornacoeaHue n knactepusauus

@ HenuHeiiHble Moaenu Tuna bounded confidence/homophily/biased assimilation:

areHTbl UTHOPUPYIOT MHEHUS BHE JOBEPUTENbHbLIX WHTEPBANOB
(Deffuant-Weisbuch 2000, Krause-Hegselmann 2002)

© ceTn c oTpuuatensHbimu Becamn (Altafini 2012, 2013)

@ nudeiinas mogenb Friedkin-Johnsen, 1990-e: areHT MeHsieT CBOE MHEHUWE He
TOJIbKO OCHOBbIBAsiCb HA CBOEM MHeHMN 1 MHeHusix coceneil (DeGroot), Ho 1
CobCTBEHHbIX MpeaybexkaeHnsix
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Mogens Hegselmann-Krause

Krause U. Soziale Dynamiken mit vielen Interakteuren. Eine Problemskizze,
Modellierung und Simulation von Dynamiken mit vielen interagierenden Akteuren,
pages 37-51. 1997

Hegselmann R. and Krause U. Opinion dynamics and bounded confidence models,
analysis, and simulations. Journal of Artificial Societies and Social Simulation,
5(3), 2002

@ AUNCKPETHOE BPEMS
O [EeTEPMUHUPOBAHHAS MOAENb

o & € (0,1) — confidence radius
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Mogens Hegselmann-Krause

Krause U. Soziale Dynamiken mit vielen Interakteuren. Eine Problemskizze,
Modellierung und Simulation von Dynamiken mit vielen interagierenden Akteuren,
pages 37-51. 1997

Hegselmann R. and Krause U. Opinion dynamics and bounded confidence models,
analysis, and simulations. Journal of Artificial Societies and Social Simulation,
5(3), 2002

@ ANCKpeTHoe Bpems
@ [EeTepMUHMPOBaHHAsh MOZENb
o & € (0,1) — confidence radius

Z': i(k)—x; x;(k
xi(k+1)= 4j:|xj (k) —xi(k)|<€o G (k)

Lji[x; (k) —xi (k)| <o
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Mogenb Hegselmann-Krause

Krause U. Soziale Dynamiken mit vielen Interakteuren. Eine Problemskizze,
Modellierung und Simulation von Dynamiken mit vielen interagierenden Akteuren,
pages 37-51. 1997

Hegselmann R. and Krause U. Opinion dynamics and bounded confidence models,
analysis, and simulations. Journal of Artificial Societies and Social Simulation,
5(3), 2002

VsmeneHne muenuii 1000 areHToB
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Mogenb Deffuant-Weisbuch

Deffuant G., Neau D., Amblard F., and Weisbuch G.: Mixing beliefs among
interacting agents, Adv. in Complex Systems 3, 2000

ANCKPETHOE BpeMmst

CTOXacTN4ecKasi MoAesib = NonapHoe B3aMMoaelicTame
& € (0,1) — confidence radius

%o € (0,1) — trust weight

1y — dyHkumsa-uHgukatop: 1y = 1, ecnin ycnosue @ BbinosHeHo, 1y, =0 B
MPOTVMBHOM Cily4ae

@ areHTbl I,/ BLIGUPAOTCS CyHaiiHbiM 06Pa30M C PaBHOI BEPOSITHOCTBIO N3 ¥ =
{1,2,...,n} B MOMeHT Bpemenu k
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Mogenb Deffuant-Weisbuch

Deffuant G., Neau D., Amblard F., and Weisbuch G.: Mixing beliefs among
interacting agents, Adv. in Complex Systems 3, 2000

® [NCKPeTHOE BpeMs

@ CTOXaCTUYecKas MOAesb = MonapHoe B3anMOAeicTBne
o & € (0,1) — confidence radius

® 1 € (0,1) — trust weight

o 1, — dyHkuns-ungukatop: 1, = 1, ecnu ycnoeue @ BbinosiHeHo, 1, =0 B
MPOTVMBHOM Cily4ae

@ areHThl i, BbIBUPAtOTCA CyyaliHbiM 06Pa30M C paBHOl BEPOSTHOCTLIO U3 ¥ =
{1,2,...,n} B MOMeHT Bpemenu k

Xi(k+1) = X (k) + Yol {1x(k)—x (k)| <eo} (Xj (k) — xi(k)),
Xj (k1) = xi(K) + %L1 (k) —x; (k) |<e0} (Xi (k) = X (K))-
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Mogenb Deffuant-Weisbuch

Deffuant G., Neau D., Amblard F., and Weisbuch G.: Mixing beliefs among
interacting agents, Adv. in Complex Systems 3, 2000
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Mogens C. Altafini

Altafini C. Consensus problems on networks with antagonistic interactions, |EEE
Trans. Autom. Control, 58(4):935-946, 2013

@ HEMpepbIBHOE BPEMS
@ oTpuuaTenbHble Beca y pebep rpada
o bipartite consensus
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Mogens C. Altafini

Altafini C. Consensus problems on networks with antagonistic interactions, |EEE
Trans. Autom. Control, 58(4):935-946, 2013

@ HEMpepbIBHOE BPEMS
@ oTpuuaTenbHble Beca y pebep rpada
o bipartite consensus

X =

n
lajj|(sign(aj)x; —xi), i=1,2,...,n

j=1
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Mogens C. Altafini

Altafini C. Consensus problems on networks with antagonistic interactions, |EEE
Trans. Autom. Control, 58(4):935-946, 2013
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N3menenne muenuii 1000 areHTos
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Ot FHD-koHceHcyca k FJ-paccornacosatuto

MHenne x; € R, x = (x1,x0,x3,x3) "
Hau. MHenuns x(0) = (25,25,75,85)T
n

xi(k+1)= ;w;jxj-(k)

K03POULIMEHTEI BAUSHUA: W)

0.220 0.120 0.360 0.300
0.147 0.215 0.344 0.294

W=1" 0 1

0

0.090 0.178 0.446 0.286

mMaTpuua BansHus: W

x(k+1)= Wx(k)

20

3

3

5

8
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Ot FHD-koHceHcyca k FJ-paccornacosatuto

0.220 0.120 0.360 0.300

W= 0.147 0.215 0.344 0.294
B 0 0 1 0

0.090 0.178 0.446 0.286

mMaTpuua Bausinus: W
BocnpunmymnsocTe: A = [ — diag W
x(k+1) = AWx(k)+(I —N)u

20

80

MHenne x; € R, x = (x1,x0,x3,x3) " ol N—"
Hau. MHenuns x(0) = (25,25,75,85)T %
n x
X;(k+1)Zl,','ZW,'ij(k)-f-(l—ﬂ.,'/)u,' *
j:l 40

K03POULIMEHTEI BAUSHUA: W)
BOCMPUUMYMBOCTL: Ajj = 1 — wj; T S e o T
npeaybexaenus: u; = x;(0)
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FHD un FJ: CpaBHeHve moneneii

rpynna n counanbHbIX aréHTOB CO CKaNSAPHbIMWU MHEHUSMU: X; € R

BEKTOP MHeHuii Bcell rpynnbl: X = (xq,...,x,) "

°

°

@ CTOXacTuU4eckasi MaTpuLa MeXanYHocTHoro BansHus: W € R™"1
© [AnaroHafbHas MaTpuua BOCIPUUMYMBOCTYA K MHEHUsIM cocegeii: A\
°

HavasnbHble MHeHus u; = x;(0) unn npegybexageruns: u = x(0)
French-Harary-DeGroot

x(k+1) = AWx(k)+(I —N)u, A=1

Friedkin-Johnsen

x(k+1) = AWx(k)+(I =N)u, AN=I[—diagW
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FHD un FJ: CpaBHeHne moneneii

rpynna n counanbHbIX aréHTOB CO CKaNSAPHbIMWU MHEHUSMU: X; € R

BEKTOP MHEHWiA BCeii rpynnbl: X = (X1,...,X,)

°
°

@ CTOXaCTUYeCcKast MaTpuLa MEXJANYHOCTHoro BausHus: W € R™<"
@ AMaroHasibHasi MaTpuLAa BOCIPUMMHYUBOCTY K MHEHUSIM cocegeii: A\
°

HavasnbHble MHeHus u; = x;(0) unn npegybexageruns: u = x(0)
French-Harary-DeGroot

x(k+1) = AWx(k)+(I —N)u, A=1

Friedkin-Johnsen
x(k+1) = AWx(k)+(I =N)u, AN=I[—diagW

Bo Bpems counanbHOro B3aumogelicTBUst areHTbl 4acTo 0DCY>KAal0T HECKOJSILKO
TEM, NO3TOMY ECTECTBEHHO PAacCMaTpuBaATb BEKTOPHbLIE MHEHUS, F4E KaXKAbIl
BEKTOP-MHEHUNE KaXKAOro areHTa COCTOUT M3 €ro MHEHWi MO HECKOJIbKUM B3auMo-
CBSI3aHHbLIM TEMaM.
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MuoromepHoe obobuiermne mogenn Friedkin-Johnsen

Mogenb Friedkin-Johnsen

x(k+1)=AWx(k)+ (I —N)u
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MuoromepHoe obobuiermne mogenn Friedkin-Johnsen

Mogenb Friedkin-Johnsen

x(k+1)=AWx(k)+ (I —N)u

Hoeasi Mmogenb: MHoromepHoe obobuierne FJ-mopenn

x(k+1) = [(AW) @ Clx(k) + [(In — N) ® Im]u,

r4e X; — BEKTOPHOE MHEHWE /-ro areHTa
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Mtoromeproe obobuieHne moazenn Friedkin-Johnsen

Mogenb Friedkin-Johnsen

x(k+1) = AWx(k)+ (I —

Hoeasi mogenb: MHoromepHoe 0bobueHne FJ MoZenu

x(k+1)=[(AW) @ Clx(k) 4+ [(In — \) @ Im]u,

r4e X; — BEKTOPHOE MHEHWE /-ro areHTa

@ C — croxacTu4eckas MaTpuua CTPYKTYpPbl B3aMOCBA3aHHbIX TEM O6Cy)K,£{6HMﬂ

© MOZeNb Henb3si NOoJyHUTb MPOCTHIM MOBTOPEHMEM CKansipHoii FJ-mogenn gns
Ka)kpoii Tembl obcy>xgerust npu C # [

@ B3aUMOCBS3b MeXAy TeMamu 0BCY>KAEHUS MOXET BO3HMKATb KakK €CTECTBEH-
HbIM 0Opa30M, Tak bbITb 1 HaBA3aHHOW rpymnmne areHToB

@ B COLMOJIOrNYECKON NMTepaType TaKyko B3aMMOCBS3b HAa3bIBAIOT U4E0A0rUHe-
ckoil cuctemori namn cuctemoii BepoBaHuii, Converse 1964
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B3anmocBazaHHble MHEHNS: npumep

0.220 0.120 0.360 0.300

W — 0.147 0.215 0.344 0.294
0 0 1 0

0.090 0.178 0.446 0.286

xi(k) = (x} (k), x?(k))" €R?
x(k+1) =[(AW)@ Clx(k)+[(In—N) & I;m]u
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B3anmocBazaHHble MHEHNS: npumep

[Be cBsizaHHble TEMbI:
1. pbiba

2. nococb
X = (Xl1 Xl 7X%7X22’X3’X37X47X4)T
u = x(0) = (25,25,25,15,75,-50,85,5) "

AreHTbl | 1 2 nobaT peiby u nocock; ab-
COJIIOTHO YNepTblil areHT 3 nobut pbidy,
HO He NOBUT IOCOCh; areHT 4 ouyeHb Jito-
6UT pbIbY N HEMHOXKO JIOCOCh

0.220 0.120 0.360 0.300
0147 0215 0.344 0.294 Hesasucumble vs. B3aumocesizaHHble

0 0 1 0
0.090 0.178 0.446 0.286 10 0.8 0.2
w=lo i e=os o

W =

xi(k) = (x}(k), x?(k))" € R 01 ~ 0.3 0.7

x(k+1) =[(AW)@ Clx(k)+[(In—N) & I;m]u
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B3anmocBazaHHble MHEHNS: npnMmep

Hezaeucumele Temsbi

Puiba: cnnowmas nunus,

100

Jlocock: nyHkTup

o

B3anmocsszaHHble TeMbI

Puiba: cnnowmas nunms,  Jlocock: nyHKTMP

100

x|~ (60, ~19.3,60,—21.5,75,-50,75,-23.2) T xf ~(39.2,12,39,10.1,75,-50,56,5.3) .
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B3anmocBazaHHble MHEHNS: npumep

Hezaeucumele Temsbi B3anmocsszaHHble TeMbI

Puiba: cnnownas nunus,  Jlocock: nyHKTMP Puiba: cnnowmas nunms,  Jlocock: nyHKTMP

100 100

x|~ (60, ~19.3,60,—21.5,75,-50,75,-23.2) T xf ~(39.2,12,39,10.1,75,-50,56,5.3) .

BBep,eHme AnaroHaabHO I,EI,OMI/IHI/I|:)yIOLI.I.eﬁ MaTpuLbl C npnBoaonT K Ka4Y€CTBEHHO-
MY W3MEHEHUIO MOBEAEHNA OTKPbITbIX K BJINAHUIO areéHTOB ]., 2un4. B cny4dae co
B3aNMOCBA3aHHbIMN TEMaMM O6Cy)KAeHMﬂ NX OTHOWEHNE K NOCOCKO HE CTAHOBUTCA
OTPUUATENIbHbIM, B OT/INYNE OT CNy4ada C HE3ABUCUMbIMN TEMaMMN.
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PaHﬂ'OMI/I3I/I poBaHHasA MOAEJb

@ CTOXaCTU4eCKass MOof4€eslb = MonapHoe B3aI/IMO,D,EI7ICTBI/Ie
@ CaMW MHEHNA NOCTOAHHO OCUNNNINPYIOT, HE CXOOATCA

@ CpefHVEe COCTOSIHUI CXOAATCS K TOMY >Xe Mpefesy, YTO U B AeTEPMUHPOBAH-
HOll Mogenu

xi(k+1) = hi((1 = v5)xi(k) + vxi(k)) + (1 = hi)u;
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Pa HOOMWU3NPOBAaHHAA MOZLEJb
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Naoentndpmkauus matpuusr C

0 Xz = (Im— (AW)® C)X((Ih — N\) ® I;y)u — npepensHoe MHeHNe areHToB
o matpuua W nssectHa

@ kak Halitn maTtpuuy C no usmepenuto X'?

o 3agaya ||X' — x| = min HeBbinyknas
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Naentudbukauyms matpuusr C

0 Xz = (Im— (AW)® C)X((Ih — N\) ® I;y)u — npepensHoe MHeHNe areHToB
o matpuua W nssectHa

@ kak Halitn maTtpuuy C no usmepenuto X'?

o 3agaya ||X' — x| = min HeBbinyknas

© nocTpouM Apyryio HeBA3KY € = [l — AW Q C|R —[(I, = N) @ Im]u
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Naentudbukauyms matpuusr C

0 Xz = (Ipm— (AW)® C)"}((Ih — ) ® Im)u — npepenbHOe MHeHNe areHToB
o maTpuua W nsBectHa

@ Kak Haiitn maTpuuy C no nsmepenuio X'?

o 3agaya ||X' — x| = min HeBbinyknas
© nocTpouM Apyryio HeBA3KY € = [l — AW Q C|R —[(I, = N) @ Im]u

© 3aAada ONTUMMW3ALMK NPUMET BUA;
|le]] = min

m
subject toZ ci=1 Vi, ¢;>0 Vi,j.
j=1

o ncnonb3ys dopmyny vec.d B = (I, ® o )vecB = (B @ o)vecl, = (B' @
Im) vec &/ MOXHO ynpoCTUTb BUA HEBA3KM
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(Cnacubo 3a BHUMaHue |
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