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O QUE E SINCRONIZACAO?
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“Entendemos sincronizacdo como um ajustamento de ritmos de objetos oscilantes
devido a uma fraca interag¢@o.” — [M. G. Rosenblum, A. Pikovsky, and J. Kurths. Synchronization — A

universal concept in nonlinear sciences. 2001.]
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“Processos de sincronizacdo sdo encontrados na natureza e desempanham um papel
importante em diferentes contextos como biologia, ecologia, climatologia, sociologia,
tecnologia, ou mesmo em artes.” - [Alex Arenas et al. Synchronization in complex networks. Physics

Reports, 2008.]
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Definigdo:

Osciladores auto-sustentados




EXEMPLOS DE SINCRONIZACAO

Vagalumes Metronome

Cardumes e passaros




DESCOBERTA DO FENOMENO

“simpatia de dois reldgios” (1665)

350 anos

“The development of an accurate clock would solve

Uma resposta para a questdo sobre this prqblem, becquse mariners could the'n keep track
como determinar a longitude no of the time at their home port, and the difference
g between that time and the local time would tell them

seculo XVII. their longitude. Huygens's clocks, which tended to

lose only 15 seconds a day (...).”

[Erica Klarreich — Huygens's Clocks Revisited — American Scientist - 2002]




DESCRICAO DO PROBLEMA
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L = Energia Cinética — Energia Potencial

[M. Bennett, M. Schatz, H. Rockwood, and K. Wiesenfeld - Huygens’s clocks - Proc. R. Soc. London, 2002.]
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[M. Bennett, M. Schatz, H. Rockwood, and K. Wiesenfeld - Huygens’s clocks - Proc. R. Soc. London, 2002.]
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Forg¢a de acoplamento* ‘

[M. Bennett, M. Schatz, H. Rockwood, and K. Wiesenfeld - Huygens’s clocks - Proc. R. Soc. London, 2002.]
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Forg¢a de acoplamento*

.

[M. Bennett, M. Schatz, H. Rockwood, and K. Wiesenfeld - Huygens’s clocks - Proc. R. Soc. London, 2002.]
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Figure 6. Phase diagrams summarizing theoretical analysis:
(a) A—p parameter plane; (b) I'-u parameter plane.

“Our results suggest that Huygens's observation of 'sympathy' depended on both

talent and luck.”

[M. Bennett, M. Schatz, H. Rockwood, and K. Wiesenfeld - Huygens’s clocks - Proc. R. Soc. London, 2002.]




MILLENNIUM BRIDGE

Fig 2. =

View of the bridge
from the north

www.londonmillenniumbridge.com*

[Dallard, P. et al. The London Millennium Footbridge — Struct. Eng. 6 - 2001]
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View of the bridge
from the north
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[Dallard, P. et al. The London Millennium Footbridge — Struct. Eng. 6 - 2001]
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View of the bridge
from the north

www.londonmillenniumbridge.com*

[Dallard, P. et al. The London Millennium Footbridge — Struct. Eng. 6 - 2001]




MILLENNIUM BRIDGE

Em 10 de Junho de 2000, a ponte foi aberta para o
publico; entre 80 000 e 100 000 pessoas
atravessam-na.

www.londonmillenniumbridge.com*




MILLENNIUM BRIDGE

Em 10 de Junho de 2000, a ponte foi aberta para o
publico; entre 80 000 e 100 000 pessoas
atravessam-na.

Densidades entre 1.3 e1.5 peﬁ; = 50 a 70 mm de amplitude ‘

www.londonmillenniumbridge.com*
[Dallard, P. et al. The London Millennium Footbridge — Struct. Eng. 6 - 2001]




MILLENNIUM BRIDGE — DESCRICAO DO PROBLEMA
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[Strogatz, S. H., Abrams, D. M., McRobie, A., Eckhardt, B. & Ott, E. Crowd synchrony on the Millennium Bridge.
Nature - 2005 |




MILLENNIUM BRIDGE — DESCRICAO DO PROBLEMA

Movimento lateral da ponte
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[Strogatz, S. H., Abrams, D. M., McRobie, A., Eckhardt, B. & Ott, E. Crowd synchrony on the Millennium Bridge.
Nature - 2005 |




MILLENNIUM BRIDGE — DESCRICAO DO PROBLEMA

Oscilador harmoénico fracamente
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[Strogatz, S. H., Abrams, D. M., McRobie, A., Eckhardt, B. & Ott, E. Crowd synchrony on the Millennium Bridge.

Nature - 2005 |
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Oscilador harménico fracamente
amortecido e for¢cado
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X (t) - deslocamento do modo lateral

M - massa modal B - amortecimento

K - rigidez

X(t) =A sinV¥ (t)

Q, = JK/M

[Dallard, P. et al. The London Millennium Footbridge — Struct. Eng. 6 - 2001]
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Fig 14. Typical vertical modal force
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[Strogatz, S. H., Abrams, D. M., McRobie, A., Eckhardt, B. & Ott, E. Crowd synchrony on the Millennium Bridge.

Nature - 2005 |




MILLENNIUM BRIDGE — DESCRICAO DO PROBLEMA

Dindmica de interagdo
entre a ponte e o pedestre

do;
dt

1,..,N

=.Qi+CASiIl(qJ—®i+(X), [

C — sensitividade do pedestre

a — fase de atraso

(); - frequéncia distribuida aleatériamente
por uma densidade P(Q)

[Strogatz, S. H., Abrams, D. M., McRobie, A., Eckhardt, B. & Ott, E. Crowd synchrony on the Millennium Bridge.
Nature - 2005 |
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FIG. 4. Lateral Acceleration of Bridge Deck and Number of Pedestrians

Como determinar o numero de pessoas N ?

[Dallard, P. et al. LONDON MILLENNIUM BRIDGE:PEDESTRIAN-INDUCED LATERAL VIBRATION -

J. Bridge Eng. 6 - 2001]
[Strogatz, S. H., Abrams, D. M., McRobie, A., Eckhardt, B. & Ott, E. Crowd synchrony on the Millennium Bridge.

Nature - 2005 |




MILLENNIUM BRIDGE — DESCRICAO DO PROBLEMA

Como determinar o numero de pessoas N ?

1) Tirar a dimensao das equacgoes;
2) Impor uma teoria de médias para o problema;
3) Estudar as solugoes estacionarias*;

48 K B

) b=

N. =
R (GCP(QO) AMK

Solugdo para ndo destruir a ponte?

[Strogatz, S. H., Abrams, D. M., McRobie, A., Eckhardt, B. & Ott, E. Crowd synchrony on the Millennium Bridge.
Nature - 2005 |




MILLENNIUM BRIDGE — DESCRICAO DO PROBLEMA
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18% amortecimento dos modos laterais abaixo de
1.3Hz

[Dallard, P. et al. LONDON MILLENNIUM BRIDGE:PEDESTRIAN-INDUCED LATERAL VIBRATION -

J. Bridge Eng. 6 - 2001]







MODELO DE KURAMOTO
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Yoshiki Kuramoto

[Kuramoto, Y. Chemical Oscillations, Waves and Turbulence - Springer-Verlag 1984. ]
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N
: K . .
9i=a)i+ﬁzsm(9j —0;), i=1,..,N
-/ i=1
- _

(1975)

Termo individual Termo de interagdo — Acoplamento fraco

Yoshiki Kuramoto

[Kuramoto, Y. Chemical Oscillations, Waves and Turbulence - Springer-Verlag 1984. |




MODELO DE KURAMOTO

N
: K . ;
9i=wi+stm(9j —0;), i=1,..,N
-/ i=1
Y -
Termo individual Termo de interagdo — Acoplamento fraco

w; - frequéncia natural distribuido por uma densidade de probabilidade g(w), onde

g(w) é unimodal e simétrica em relacdo a frequéncia média (),

g+ w) =g —w).

K —forca de acoplamento

N — numero de osciladores

g(w)

[Kuramoto, Y. Chemical Oscillations, Waves and Turbulence - Springer-Verlag 1984. |
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TRANSICAO DE FASE

Transicao de fase descontinua (12 ordem)
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Pardametro de ordem

N

r(t) eV ® = = D et/
N £
J=

Assincrono

[Kuramoto, Y. Chemical Oscillations, Waves and Turbulence - Springer-Verlag 1984. |

K=6

0<r()<1
Y(t) —fase média

Sincrono

Synchronization phase transition

)

K=12




MODELO DE KURAMOTO

r K>K,

[Strogatz, S.H. From Kuramoto to Crawford: exploring the onset of synchronization in
populations of coupled oscillators. Physica D — 2000.]

[Kuramoto, Y. Chemical Oscillations, Waves and Turbulence - Springer-Verlag 1984. |




MODELO DE KURAMOTO

K. =7 Limite do continuo: | N — ©0

p (6, w)dO - densidade de osciladores com frequéncia w enre e 0 + d6

3) Estudar as solugoes estaciondrias*;

Populagao sincrona
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[Strogatz, S.H. From Kuramoto to Crawford: exploring the onset of synchronization in
populations of coupled oscillators. Physica D — 2000.]
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[Strogatz, S.H. From Kuramoto to Crawford: exploring the onset of synchronization in
populations of coupled oscillators. Physica D — 2000.]
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[Strogatz, S.H. From Kuramoto to Crawford: exploring the onset of synchronization in
populations of coupled oscillators. Physica D — 2000.]
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[Strogatz, S.H. From Kuramoto to Crawford: exploring the onset of synchronization in
populations of coupled oscillators. Physica D — 2000.]
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