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Kompleksiniy fiziniy ir socialiniy sistemy grupé

Vystomos sritys: netiesiné dinamika ir sinchronizacija, ilga atmintis, sociofizika
ir ekonofizika.

Paveikslai: unsplash.com, KALs cartoons
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https://unsplash.com/photos/NIuGLCC7q54
https://shop.kaltoons.com/products/buy-sell-print

Rizikos fizikos tinklarastis

B P ot e T b oo

Riddler's football playoff

The problem

2390

Analytical solution

Four team case

Svetainé: https://rf.mokslasplius.It
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https://rf.mokslasplius.lt

MERER

@ |vadas j agenty modeliavimg

@® Protingi agentai ir loSimy teorija
@ Turtas ir idealios dujos

O Tinkly teorija

©® Nuomoniy dinamika

FOUNDATION

Paveikslas: goodreads.com
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https://www.goodreads.com/book/show/29579.Foundation




Modeliavimas yra realybés apibendrinimas.

SEASON ONE

Agentai:
e atitinka modeliuojamas esybes,
¢ turi badingas savybes,
gali siekti tiksly,
sgveikauja su aplinka,
sgveikauja su kitais.

L9 SPACE

L10 FALLEW ANGEL

Ll EVE

L12 FIRE

“Visi modeliai yra klaidingi, bet dalis jy yra naudingi” (George Box)

Paveikslas: MoviePosterDB.com
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https://www.movieposterdb.com/the-x-files-i106179/80b51e7c

e Agentai: keleiviai

Configuration

¢ Aplinka: |éktuvas (praéjimas, kédés, lentynos)

Output

Paveikslas: [Delcia et al.(2018)]
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https://doi.org/10.3390/su10061879

Kas jdomaus is fizikos pusés?

Misko gaisro modelis:
e Miskas: p medziy tankis
e Gaisras: plinta tarp gretimy
medziy

e Kiek i8plis gaisras?
Paveiksle: p = 0.4, 0.5, 0.55 ir 0.6.

Programélé: Misko gaisro modelis (RF)
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https://rf.mokslasplius.lt/forest-fire-model/

NetLogo - grafiniai elementai, sava kalba (Logo)
GAMA - GIS, sava kalba (paremta Java)
AnyLogic - korporacinio lygio jrankis

Agents.jl - Julia

Mason - Java, turi GIS plétin;
Mesa - Python

Repast - Java, palaiko HPC

Apzvalga: [Antelmi et al.(2022)]; Paveikslai: Wikimedia, Anylogic
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https://ccl.northwestern.edu/netlogo/
https://gama-platform.org/
https://www.anylogic.com/
https://juliadynamics.github.io/Agents.jl/stable/
https://cs.gmu.edu/~eclab/projects/mason/
https://mesa.readthedocs.io/en/stable/
https://repast.github.io/
https://doi.org/10.3390/app13010013
https://commons.wikimedia.org/wiki/File:Netlogo-ui
https://anylogic.help/anylogic/ui/workspace.html




Losimy teorija (angl. game theory)

Tiria sgveikas tarp racionaliy ir
savanaudziy agenty.

LoSimai:
e kooperaciniai arba konkurenciniai
¢ (ne)nulinés sumos
e (a)simetriniai
e (a)sinchroniniai
¢ baigtiniai arba begaliniai

Ak | Zi | Po

Akmuo | 0,0 | 1,-1|-1,1
Zirkles |-1,1] 0,0 | 1, -1
Popierius | 1,-1|-1,1] 0,0

angl. rock-paper-scissors

82 00 55 00 28 00

angl. ultimatum game
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“Grynos” (angl. pure) strategijos

“Ba” Ne
“Backoff” | -1,-1 | -4,0
Ne 0,-4 |-3,-3

angl. TCP backoff game

—
- =

’ ’ e Kas yra optimalu?
__/= '_/I e Kas yra racionalu?

Ikonos: vecta.io
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https://vecta.io/symbols/category/cisco

Misrios (angl. mixed) strategijos

Paveikslai: MoviePosterDB.com, MoviePosterDB.com

m\v Tw | Ra
Twilight | 2,1 ] 0,0
Rambo | 0,0 | 1,2

angl. battle of the sexes

Kg daryti kai vieno akivaizdaus
pasirinkimo néra?

Um(pm = 1apv) = Um(pm = 0,]91)),

Uv(pmapv = 1) = Uv(pmapv = 1)

13/51


https://www.movieposterdb.com/twilight-i1099212
https://www.movieposterdb.com/rambo-i462499

Kas nutiks nukrypus nuo misrios strategijos?
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Kai kurie loSimai neturi “grynos” strategijos

v\s Ka | De
Kairé | 1,0 /0,1
Desiné | 0,1 (1,0

angl. matching pennies

Vartininkas bando atspéti j kurig puse smugiuos smugiuojantis.

Uv (pmps) = PuDs + (1 - pv) (1 _ps> 5 Us (pvaps) = Puv (1 - ps) + (1 - pv)ps

Paveikslas: Wikimedia
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https://commons.wikimedia.org/wiki/File:C%C3%B4te_d'Ivoire_-_Serbie-et-Mont%C3%A9n%C3%A9gro_(coupe_du_monde_2006_-_86e_minute_-_penalty_de_Kalou).jpg

Praktiniai klausimai treneriui

v\s Kairé Desiné
Kairé | 0.42,0.58 | 0.07, 0.93
Desiné | 0.05,0.95 | 0.3,0.7

© Kaip elgtis vartininkui?
(Ats.: p, ~ 0.42)

® Ka daryti smagiuojanciam?
(Ats.: p, =~ 0.38)

® Kokios baigc€iy tikimybes?
(Ats.: U, ~ 0.2)

Empirinis loimas: [Palacios-Huerta (2003)]; Paveikslas: sportingnews.com
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https://doi.org/10.1111/1467-937X.00249
https://www.sportingnews.com/us/soccer/news/mourinho-disgraceful-decision-man-city-ban-spurs-end-of-ffp/128kk38131czd1jcbxag0f3ttg

Greitesné reakcija

17/51



Sudétingesni klausimai

Daugiau veiksmy

Daugiau zaidéjy

Daugiau losimy

Atsitiktiniai loSimai
Alternatyvus “racionalumai”

Efektyvus loSimai:
e Aukciony mechanizmai
¢ Balsavimo mechanizmai

Atsparumas:
e Klaidoms
e Piktnaudziavimui

Rekomendacija: “Game Theory” kursas (Coursera ir Youtube)

18/51


https://www.coursera.org/learn/game-theory-1
https://www.youtube.com/@gametheoryonline/playlists




Kinetinis modelis (angl. kinetic exchange model)

@ Susiduria dvi daleles i ir ;.
@® Susidurimo metu bus perduota Aw;; energijos:

szj = Tr;w; — rjwj.

4____

® Atnaujiname energijas:
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Empiriniai turto duomenys

United Kingdom, IR data for 1996
100% . ‘

[

10% + Boltzmann-Gibbs

|

100% #
1% ¢ i

01%¢r

Cumulative percent of people

0 20 40 60 80 100
Total net capital, kGBP

0.01%

700 1000
Total net capital (wealth), kGBP

Paveikslas: [Dragulescu, Yakovenko (2001)]
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https://doi.org/10.1016/S0378-4371(01)00298-9

Elementarus kinetinis modelis

Random reshuffle (t=20k)

@ Susitinka du agentai i ir ;.
® Saveikos metu perduodama Aw;; turto:

Awi]‘ = (1 - 8) w; — Wy .

Ig[N(w)]

® Atnaujiname turtus:

w; (t+1) = w; (t) + Awy;. )

Programélé: Elementaris kinetiniai modeliai (RF)
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https://rf.mokslasplius.lt/elementary-kinetic-exchange-models/

Elementaraus kinetinio modelio analizé

¢ Pagrindiné kinetiné lygtis:

op(w,t)  ON*(w,t)  ON~(w,t)
o0 ot ot

ON~ (w,t)
ot

¢ “ISeinancios” dalelés: ~ 2p(w, t)

e “Ateinancios” daleles: 210 9P [0 < w < w,(t) + w;(t)]
e Stacionarus skirstinys:
Opst(w, t)

1 w
g =0, = pa~P[L.], = puw)= wexp (—w) )

|rodymas: [Calbet et al.(2011)]
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https://doi.org/10.1103/PhysRevE.83.036108

Santykinis taupymas

Random reshuffle with savings (1=40k)

@ Susitinka du agentai i ir ;.
® Saveikos metu perduodama Aw;; turto:
Aw;j = (1 —k)[(1—¢e)w; —ew,]. %
@ Atnaujiname turtus: _
w; (t+1) = w; (t) — Aw;;,
wji (t+1) =w; () + Aw;;. w

Programélé: Turto modeliavimas kinetiniais modeliais (RF)
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https://rf.mokslasplius.lt/modelling-wealth-distribution-using-kinetic-exchange-models/

Momenty analizé

oy K+2
Pusiausvyroje kairé ir deSiné pusé turéty (w*) = 142k’
turéti tg patj skirstin;: , K+ 2)
(v >_1+2)

w (4 1) = kw; (H)+e (1= 5) [w; (£) + w; (1))

N () = 72 4+ 12Kk — 2k + 9K3 — K°
Taigi: (1+26)° (3 + 65 — K2 + 263)

(™) = ({rwi +e (1= r) [w +w[}") . Ganétinai gera aproksimacija:

Spresti turime rekurentidkai: p(w) ~w"" exp (—nw)
1
(wh) =1, kurn =1+ 2
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Laipsninio skirstinio gavimas

Yra zinoma, kad

oo

Aexp (—Ax) d\ =

0

10'
10°
10"
102

10%

104 |

10°

(@)

Fig. 3. (Color online) Wealth distribution f() for uniformly distributed x; (or /) in the interval (0,1); f(w) is decomposed into part

O kaip su santykinio taupymo modeliu?
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al distributions f; (w), where

cach f;(w) is obtained by counting the statistics of those agents with parameter /7 in a specific sub-interval (from Ref. 36). The left panel shows the decomposi-

tion of f() into ten partial distributions in the Z-subintervals (0, 0.1, (0.1, 0.2

. (0.9, 1). The right panel decomposes the final partial distribution in the /-

interval (0.9, 1) into partial distributions obtained by counting the statistics of agents with /-subintervals (0.9, 0.91, (0.91, 0.92)...., (0.99. 1). Note how the
power law appears as a consequence of the superposition of the partial distributions

p(k) =777

Maodified heterogeneous kinetic model (t=1280k)

I9lpw]

401 | ped 095

Paveikslas: [Patriarca, Chakraborti (2013)]; Programélé: Turto modeliavimas kinetiniais modeliais (RF)
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https://doi.org/10.1119/1.4807852
https://rf.mokslasplius.lt/modelling-wealth-distribution-using-kinetic-exchange-models/

Kinetiniai modeliai: turtui ir ne tik

Turtui:
e Suderinamumas su ekonomikos
teorijomis Ne tik:
e Gabumy / sékmés jtaka e Nuomoniy dinamika
¢ |aikiné dinamika (Biswas-Chatterjee-Sen modelis)
e Skirtingi jplauky mechanizmai ¢ Reitingavimo sistemos (pvz., ELO)

¢ Epidemiologinis modeliavimas
pagal socialines kategorijas

[ ] [¢] [ ) @
I P"l InP I ¢ Alkoholio vartojimas

SOCIALISM CAPITALISM

Apzvalgos: [Patriarca, Chakraborti (2013)], [Toscani et al.(2022)]; Paveikslas: interneto folkloras (politifake.org)
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https://doi.org/10.1119/1.4807852
https://doi.org/10.1098/rsta.2021.0170

Tinkly teorija
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Paveikslai: [Lynn, Basset (2019)], slate.com, Wikimedia.
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https://doi.org/10.1038/s42254-019-0040-8
https://slate.com/news-and-politics/2010/02/searching-for-saddam-a-five-part-series-on-how-social-networking-led-to-the-capture-the-iraqi-dictator.html
https://commons.wikimedia.org/wiki/File:Konigsberg_bridges

Pagrindiniai terminai

Tinklas - mazgy ir jung€iy rinkinys.
Matematikams: grafai, virSunés ir
briaunos.

Gretimi mazgai - sujungti jungtimi.
Mazgo laipsnis - gretimy jam
mazgy skaicius.

Kelias - gretimy mazgy seka.
Geodezé - trumpiausias kelias tarp
mazgy ¢ ir j.

Tinklo diametras - ilgiausia
geodezé tinkle.
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Kaimynystés matrica

e Jei A;; # 0, tai tinkle yra j — ¢ jungtis.
Mazgo laipsnis:

010010 ki= 30 Lagz0 = Y0 Laj,%0-
101010 * (A™),; pasako kiek yra m ilgio j — i keliy.
01 0100
A=l oo 1011 :
[ J . .=
110100 Kilpos: Am_ 1.” .
000100 e Jungtys gali turéti kryptj: A;; # A;;.

Kelios (multi) jungtys: A;; € Ny.
Jungtys gali turéti svorj: A;; € R.
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Erdos-Renyi (atsitiktinis) tinklas

@ Pradékime nuo tinklo su N mazgy ir
L = 0 jungCiy.

® Kiekviena mazgy pora (viso
N (N — 1) /2 pory) sudaro jungtj su
tikimybe p.

e Tinklas turés (L) = pN (N —1) /2
jungciy.

e Mazgo laipsnis:
(k) =2L/N =p(N —1).

Programélé: E-R modelis (RF)
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https://rf.mokslasplius.lt/erdos-renyi-model/

(<1 Subcritical regime
No giant component.
- Cluster size di smhulwn

P(s) ~
+ Thesize nhhe \argest cluster:

© The cius(ers are (rees

(k)=1  Critical point
= Nogiant component
«  Clustersize distribution:

(8) ~
«  Size of the largest cluster:

= The clusters may contain loops.

6

(k) >1 Sunzr:rmcal regime
Single giant component.
*  Cluster size distribution:

P(s) ~ ™

= Size of the giant cnmponenl:
G~ (0= o))

= The small clusters are trees.

*  GChas loops.

(k)= N Fully connected regime

Single giant component.

+  Noisolated nodes or clusters.

*  Size of the giant component:

Ne=
*  GChasmany loops.

Jei mazgas i priklauso
didziajai komponentei, tai
jam gretimas mazgas j irgi
priklauso d.k.

Tikimybé, kad mazgas
nepriklauso d.k.:

=(1—p+pu)" T,

N, N,
7 -l-ee |-k

Paveikslas: networksciencebook.com (senesnis leidimas)
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http://networksciencebook.com/

E-R tinklas ir reguliari gardelé

N
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Watts—Strogatz tinklas

Atsitiktinés briaunos mazina diametrg nenaikindamos lokalios struktaros.

Programélé: W-S modelis (RF)
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https://rf.mokslasplius.lt/watts-strogatz-model/

Mastelio neturintys tinklai

o

N\
N\

\‘ \\'
¥

Prisijungimas: Nukreibimas: ot
pli — j) = zijkm P - T Kastai: min; (dd;; + h;)

Programélés: Barabasi-Albert modelis (RF), Briauny nukreipimo modelis (RF), Sékmés-priezasties modelis (RF)
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https://rf.mokslasplius.lt/barabasi-albert-model/
https://rf.mokslasplius.lt/edge-redirection-network-formation-models/
https://rf.mokslasplius.lt/scale-free-behavior-as-a-result-of-luck-and-reason/

Laipsninis mazgo laipsnio skirstinys

B-A modeliui skirstinj galime nustatyti
“kontinuumo” metodu:
dk;
dt

k;
Zm km’

t
J

Kiek mazgy turi didesnj laipsnj nei k7

=mp (i — j,t)=m

m2t
Nijsk = TR

Kokia tikimybé rasti mazga k; = k7?

1072
~

By

10—1 ,

10—3 ,

10~

4 |

10!

102
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Tolesni klausimai

Pastaruoju metu aktualu:

Kas neaptarta: o
¢ Laipsniy koreliacijos o
¢ Klasterizacija .
¢ Tankéjimas o
e “Centriskumas” (=jtaka) o
e Strateginis tinkly formavimas o
e “Losimai” ant tinkly o

Laikiné tinkly evoliucija
Daugelio lygiy tinklai
Hyper-jungtys

Auksto rango tinklai
Nuomoniy dinamika tinkluose
Bendruomeniy atpazinimas
Trokstamy jung€iy radimas
“Nulinio” paciento radimas

Rekomendacija: Barabasi “Network Science”, Jackson “Social and Economic Networks” kursas (Coursera ir Youtube)
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http://networksciencebook.com/
https://www.coursera.org/learn/social-economic-networks
https://www.youtube.com/@socialandeconomicnetworks4586/videos




Tematika, o ne jrankis

Rinkimai ir apklausos
Gyventojy suraSymas
Elgsena vieSose erdvése
Laboratoriniai eksperimentai

Cancel all my meetings.

Someone on the internet
is wrong.

A 3 VT3 fa
7 10
a 3 11 36
3 20 Rl 4
25
5 cre
LY 2412 28~ W16
8 2 DE 3
47 7 11 9 MD 10
3 s
7 a 11
5 6 8
7 o 12 Mondale
29 10 Reagan
3 2

G

Kingdom of Hungary
nic/Linguistic May p(mn)

Paveikslai: Gizmodo, Wikimedia, Wikimedia
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https://www.gizmodo.com.au/2016/06/10-comics-that-shut-down-terrible-internet-arguments/
https://commons.wikimedia.org/wiki/File:ElectoralCollege1984.svg
https://commons.wikimedia.org/wiki/File:Ethnic_Map_of_Hungary_1910_with_Counties.png

Agenty modeliy jvairové nuomoniy dinamikoje

Vector of opinions

Discrete [ Continuous] [ Discrete ] [ Mixed ] (Continuous)

l—[ Binary ]—l [Several states]

[ Single-flip J [Multiple—ﬂisz

Paveikslas: [Jedrzejewski, Weron (2019)]
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https://doi.org/10.1016/j.crhy.2019.05.002

Nuomoniy vektorius: Axelrod’o kulttros plitimo modelis

e Agentas — d-matis vektorius.

e Komponenté gali jgyti ¢ verciy.

@ Pasirenkame agentg 1.

® Pasirenkame i kaimyng j.

© i saveikauja su j su tikimybe, kuri yra
proporcinga sutampanciy komponenciy
skaiciui.

O Saveikos metu i nukopijuoja vieng i$ j
nuomonés komponendiy. d=3, q=2

Originalus darbas: [Axelrod (1997)]; Programélé: Axelrod modelis (RF)
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https://doi.org/10.1177/0022002797041002001
https://rf.mokslasplius.lt/axelrod-culture-dissemination-model/

Tolydi nuomoné: riboto pasitikejimo modeliai

e Agentas turi tolydzig nuomone z;. e

e Saveika vyksta tik su panasiais, jei T
|ZL'J(t) — :L'z(t)| < €. i = : | . .
zi(t+1) = 2i(t) + p [ (t) — x:(t)] :

Priedingu atveju nieko nevyksta: . {\

1

Apzvalga: [Flache et al.(2017)]. Programélé: Defuant et al.modelis (RF)
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http://jasss.soc.surrey.ac.uk/20/4/2.html
https://rf.mokslasplius.lt/deffuant-bounded-confidence-model/

Diskreti nuomoné: Galam modeliai

Agents are randomly selected from
the population to form the ground
people

/BA ‘ /AA\ \\“\

Diskredios nuomonés
Diskutuojama grupése

//BB\ \/AA\\/ \ AN

e Visi perima lokalios daugumos
nuomone

e Jei daugumos néra, tai perimama A8 e
globalios mazumos nuomoné ; 8 o ewgodare fomed

v
h ,,E,, A ,f,\/«: < Second level

President — o A

Paveikslas/Apzvalga: [Galam (2008)]. Programélé: Hierarchinio balsavimo modelis (RF)
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https://doi.org/10.1142/S0129183108012297
https://rf.mokslasplius.lt/hierarchical-voting-model/

Rinkéjo modelis

Diskredios nuomonés
Individualios sgveikos: agentai

|
savarankiskai kei€ia nuomone +‘ +

Porinés sgveikos: agentai kopijuoja
kaimynus

Saveikos yra apibréztos jvairioms
topologijoms (agenty tinklams)

Originalus darbas: [Clifford, Sudbury (1973)]. Apzvalgos: [Redner (2019); Jedrzejewski, Weron (2019)]. Programélés: #voter-model (RF)
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https://dx.doi.org/10.1093/biomet/60.3.581
https://doi.org/10.1016/j.crhy.2019.05.004
https://doi.org/10.1016/j.crhy.2019.05.002
https://rf.mokslasplius.lt/tag/voter-model/

Rinkéjo modelis — gimimo-mirties procesas

Vykstancius procesus galima apibendrintai uzradyti:

AT(X) = (N-X) {a +h%} A (X)) =X [a‘ —l—hN]\;aX}
Pagrindiné kinetine lygtis: A (X) A (X)
%ﬁ’w = = X (X)p(X, 1) = A (X)p(X, D)+

+ AT (X - Dp(X —1,t)+
+ AT (X + D)p(X + 1,1).

A (X-1) N (X+1)

46/51

Vieno zingsnio formalizmas: [van Kampen (2007)]


https://doi.org/10.1016/B978-0-444-52965-7.X5000-4

Termodinamine (N — oo) riba

PerraSome spartas:

)\j(ﬁ):NQ'(l—x)[%wL%], A—(I):NQ.x[_‘+

Pagrindiné kinetiné lygtis:

Ap(x,ts)
At,

== M (@)p(x,ts) = A (2)p(x, t,)

+ A (z — Az)p(x — Az, ts) + A, (2 + Az)p(z + Az, t,) =
=(E* = 1) [\, (@)p(z,t,)] + (E- = 1) [\ (2)p(z,t,)] -
Cia BXf(z) = f(z + Az) &~ f(z) = Axf'(z) + L2 () + O ((Ax)?).
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Fokerio-Planko lygtis

e~ N [(MF(2) = ] (@) p(a, ts)] + %% (A (@) + A (@) p(z, t,)] =

% [{5+ (1—x)— 5’36}19(1’ t )] ;;ﬂ [2% (]1\[; x)p@?ts)}

Stacionarus (t — oo) skirstinys o = 0 atveju:

0=—{c"(1—0) ~ o} pula) + o (1= D) pule)] =

pst(x) = Cly - P (1-— $>5*71 )

Fokerio-Planko lygtis: [Risken (1996)]
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Beta skirstinys tinka empiriniams duomenims!

SK, LKDP ir LDDP balsy dalis 1992 m. Seimo
rinkimy apylinkése.

PHYSICAL REVIEW LETTERS

2022 m. savivaldybiy
rinkimy rezultatai
apylinkése.

Highlights ~ Recent  Accepted  Collections ~ Authors  Referees ~ Seaich  Press  About &

Is the Voter Model a Model for Voters?

Juan
Phys. Rev. Lel

an Miguel, and Victor M. Equiluz

Gracia, Krzys:
112, 158701 - Publishe Lett. 113, 089903 (2014)

Paveikslai: [Kononovicius (2018)], maps.lt. Straipsnis: [Fernandez-Gracia et al.(2014)].
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Kas toliau?

¢ g-Rinkéjo modelis ¢ Ne-Markovo mechanizmai
¢ Daugelio buseny modelis e Socialiniy tinkly jtaka
¢ Analizinés aproksimacijos e Socialiniy moksly teorijos

Rekomendacija: [Castelano et al.(2009); Flache et al.(2017); Peralta et al.(2023)]; Paveikslas: $altinis pamestas
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