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Collec4ve'Fluctua4ons'in'Cri4cal'
States'

•  Complex'systems''&''Nonlinear'dynamics;''
Collec>ve&fluctua>ons&arise'in'cri4cal'states'via'
long2range'correla4ons''impact'spa4al'2temporal'paaerns'

•  Cyclical&trends&at&different&scales&oben'
appear:'Accumula4on'and'release'of'energy,'stress,'…'in''
nonlinear'dynamical'processes'driven'by'external'forces;'''
Some'representa4ve'examples:'
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Solar'ac4vity'(112year'cycles)'impacts'
climate'and'life'on'the'Earth'
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Figure'from:'J.L.'Lean,'
Cycles(and(trends(in(solar(
irradiance(and(climate,'
WIREs'Climate'Change'1,'
111'(2010)'



Field2induced'magne4za4on'reversal'
waves'with'AF/F'interac4ons''
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Fig.'from:'S.'Mijatovic'et'al,'
Tuneable(hysteresis(loop(and(
mul3fractal(oscilla3ons(of(
magne3sa3o(in(weakly(
disordered(AF/F(bilayers(
Physica&E:&LowGdimensional&
systems&and&nanostructures&
142,'115319'(2022)''''



Par4al'synchroniza4on'among'brain'
regions'sustained'via'OP'oscilla4ons''
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Fig.'from:'B.'Tadic'
et'al,'Mul3scale(
fractality(in(par3al(
phase(synchroniza3on(
around(brain(hubs,'
Chaos,&Solitons&and&
Fractals&160,&
112201&(2022)&



Examples'of'Social'ac4vity'cycles'
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[B.'Tadic,'M.'Mitrovic'Dankulov,'R.'Melnik,''Chaos'Solitons'&'Fractals'171,'113459'(2023)]*



Epidemic'cycles'from'bio2social'processes''
[more'in'M.'Mitrovic'Dankulov,'B.'Tadic,'R.'Melnik,'Front.Phys.'10,'936618'(2022)]'
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1) Packet'transport'on'networks'with'queuing'at'
nodes:'Spontaneous'appearance'of'irregular'cycles'
in'traffic'load'fluctua4ons'before'jamming;'

2) Online'communica4ons'with'emo4onal'contents:''
Circadian'cycles'(of'users)'at'start,'then'modified'by'
the'collec4ve'dynamic'effects…''



The'Case'of'Traffic'Jamming'
•  Traffic'Jamming'is'a'case'of'(complex)'phase'transi4on'on'a'distributed'

geometrical'system'with'intersec4ng'paths!'

•  Model'simula4ons:'Traffic'of'informa4on''packets''with'Search'&'Queuing;'
nontrivial'wai4ng'4mes'CTRW'!'

•  Source—des4na4on'paths,'queuing'(LIFO)'at'nodes;'nnn'search'(covers'major'part'
of'a'complex'network'with'hubs)'

•  Jamming'occurs'when'the'delivery'rate'<'genera4on'rate;'

•  Then'the'network&load&Np(t)'starts'to'increase'with'4me't;'

•  We'simulate'traffic'on'structured'networks'&'analyze'traffic'load'4me'series.'

•  Cyclical'trends'found'by'method'with'overlapping'intervals'(see'Ref*).'

[*B.Tadic,'Dynamics'2(4),'4492461'(2022)]'
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Time'Series'of'Traffic'on'WG'
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Queuing'at'nodes'!'Nonlocal'interac4ons'of'paths'
!Wai4ng'4mes'with'p.l.'distribu4ons'(CTRW)'
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Fig.'from:''
B.'Tadic,'S.'Thurner,'
G.J.'Rodgers,''
Traffic(on(complex(
networks:(Towards(
understanding(
global(sta3s3cal(
proper3es(from(
microscopic(density(
fluctua3ons,((
Phys.'Rev.'E'69,'
036102'(2004)'



Cyclical'Trends'in'Traffic'Load'Fluctua4ons'
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DMFR'Analysis:'Steps'

•  TS'profile'Y(i);'divided'in'Ns'segments'of'length'n;'At'each'segment,'the'local'
trend'determined'by'polynomial'fit'and'standard'devia4on'around'local'trend:''

•  Then'the'Fluctua>on&func>on&Fq(n)&is'computed'&'its'scaling'parts'fiaed'!Hq'



Mul4fractal'Fluctua4ons:'2'nets'
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Traffic2on2networks!Cycles'

•  Collec4ve'
dynamics'in'traffic'
with'queuing&
generates'Cycles'

•  Their'MRF'features'
depend'on'network'
load'(pos4ng'rate'R)'
and'the'network'
structure'
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B.Tadic,'Dynamics'2,4492461'(2022)'



Online'Social'Dynamics'with'Emo4ons'

•  From'Data'(MySpace)[*])'with'annotated'
posi4ve/nega4ve'emo4onal'contents'

•  Cycles'at'start:'Circadian'(day—night)'ac4vity'cycles'of'humans;'
•  They'get'modified'by'collec4ve'dynamics,'which'is'a''SOC'aaractor;'
•  Fig.'Avalanches'in'OSDyn:'specific'type!'Threshold2dependent'scaling'[**];'
•  Fig.'Cycles'iden4fied'at'different'levels:''Daily,'weekly,…'

•  Mul4fractal'analysis'reveals'modulated'cycles'with'higher'harmonics,'described'by''
Singularity&spectra&ψ(α)=qα�τq; α=dτq/dq; τq=qHq�1

•  [�MySpace'data:'M.'Suvakov,'M.'Mitrovic,'V.'Gligorijevic,'B.'Tadic,'J.'Royal'Society'
Interface'10,'20120819'(2012)]'

•  [��Cycles&SOC:'B.'Tadic,'M.'Mitrovic'Dankulov,'R.'Melnik,''Chaos'Solitons'&'Fractals'
171,'113459'(2023)]

•  {*Reference:'B.TadiFractals171,'113459'(2023)'
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Driving'force'new2users'4me'series'brings'
circadian'cycles'to'the'ac4vity'4me'series'
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Cycles'of'ac4vity'(various'contents…)'TS'are'
modulated'by'collec4ve'fluctua4ons'(SOC)''
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Signatures of Self-Organized Criticality

SOC: In extended interacting systems, the critical state appearing as
an attractor of nonlinear dynamics under repeated slow driving [].
Some features of SOC shown here:

Long-range temporal correlations: power spectrum !
W (f ) ⇠ f��

Multifractal fluctuations: generalised Hurst exponent !

Fr (n) =
n

1
2Ns

P2Ns
µ=1

⇥

F 2(µ, n)
⇤r/2

o1/r
⇠ nHr

Avalanches self-similarity: Pc(s) ⇠ s�(⌧s�1)G(s, L),
Pc(T ) ⇠ s�(⌧T�1)D(T , L),... + scaling relations �sT = ⌧T�1

⌧s�1 ;
and exhibiting finite-size scaling when L is varied;

These properties can be determined from the output signal
(Barkhausen noise), the magnetisation fluctuations time series.

[Marković and Gros, Power laws and self-organized criticality in theory and nature, Phys. Reports 536, 41 (2014) ]

Tadić From Spin-Glasses to Complex Systems: 2021



SOC'states:'Avalanches,'PS,'Scaling…'
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Origin&of&Modulated&Cycles:'Networks'provide'
nonlocal'(via'queuing'in'traffic)'or'higher2order'
interac4ons'(via'cliques'in'social'networks)'
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"  Network'structure,'hubs'
maaer,'Hq'is'different,'
distributed'interac4ons'
occur'in'all'networks'
among'packets'wai4ng'in'
queues'(CTRW);'

"  In'OSN,'cliques'appear['M.'
Andjelkovic'et'al,'Physica'A'436,'
5822595'(2015)]'providing'
interac4ons'among'mul4ple'
users,'with'poten4ally'different'
roles'(social'brokerage)''



''''Summary'

•  (modulated)Cycles'are'ubiquitous'in'cri>cal&
dynamics'on'spa4ally'distributed'systems;'

•  Generated'by'collec4ve'fluctua4ons'(star4ng'with'
simple'diffusion'!'CTRW)'via''nonlocal(interac3ons;'

•  Modulated'original'cycles'(of'individual'actors)'
through'clique(&(community(interac3ons;''

•  Higher'harmonics,'Mul4fractal'TS'with'
broad'singularity'spectra;'@mul4ple'scales'

•  More…'hap://www2f1.ijs.si/~tadic/'
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