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Sistemas complejos adaptativos (coevolutivos)
Estados de los elementos               conectividad de la red.  Cambian en el tiempo.

Ejemplos: redes sociales, ecología, colonias de insectos, cerebro.

Nuestro problema: Sistemas adaptativos sujetos a una fuerza o estímulo externo.

Nuestro modelo: red coevolutiva de mapas acoplados forzados como modelo simple de 
sistemas de neuronas sujetos a un estímulo externo.



Caos

Es determinista. Las ecuaciones dinámicas del sistema no contienen parámetros o términos 
aleatorios o con ruido. El comportamiento irregular surge de la no linealidad del sistema.

Es aperiódico a largo plazo. Las trayectorias en el espacio de 
fase del sistema no se ajustan a un punto fijo, órbitas periódicas 

u órbitas quasi-periódicas para                .t →∞

Es extremadamente sensible a las condiciones iniciales. 
Trayectorias cercanas se separan exponencialmente rápido

Rutas al Caos

Bifurcaciones de duplicación de periódo. 
La ruta de Feigenbaum.

Bifurcaciones tangentes inversas. 
Intermitencia o ruta de Pomeau-Mannevile

Repetidas bifurcaciones de Hopf. 
Quasi-periodicidad o ruta de Ruelle-Takens.



Quasi-Periodicidad

Un sistema no lineal con una frecuencia de oscilación 
natural y una fuerza periódica externa.

Sistemas no lineales acoplados que presentan 
espontáneamente oscilaciones en dos o más 
frecuencias.
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Sistemas que presentan comportamiento multifrecuencia:



Mapa del Círculo
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k = 2.9392

Diagrama de bifurcación y exponente de Lyapunov

Ω =0 .606661



Redes

Grafos G = (V,E)

Distribución de grados
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Caracterización de redes

ki = grado del nodo i

ni = total de conexiones
entre vecinos más

cercanos de i
N = número total

de nodos

La estructura de la red se caracteriza por su matriz de adyacencia aij

V = {1, 2, 3, 4, 5, 6}
E = { {1,2}, {1,5}, {2,3}, {2,5}, {3,4}, {4,5}, {4,6} }



El Modelo de la Memoria de Atkinson y Shiffrin
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side [see box above]. The channels allow a small 
fl ow of ions (charged molecules) to drain some of 
the voltage from the recipient neuron. When the 
voltage drops enough—because many synapses 
around it are fi ring together—the neuron sends an 
impulse down its own axon to relay the signal on 
to the next neuron in the network.

In 1973 Tim Bliss and Terje Lømo of the Uni-
versity of Oslo discovered that if they delivered a 
brief burst of pulses at the right frequency, 
around 100 hertz, the magnitude of the synaptic 
signal grew stronger and remained that way 
when it was tested minutes later. They named 
this phenomenon long-term potentiation, or LTP. 
A greater synaptic signal meant a stronger func-
tional connection had formed between the two 
neurons—a piece of a memory.

Interestingly, the synapse remains “stronger” 
for several hours after a short series of shocks, but 
then the voltage slowly subsides to its original 

level. If three consecutive shocks are delivered at 
about 10-minute intervals, however, the synapse 
becomes permanently strengthened. As we all 
know from trying to remember people’s names 
when we fi rst meet them, repetition is necessary 
to move the data from short-term into long-term 
storage. Repeating the person’s name three times 
right after you are introduced will not help as 
much as repeating the name to yourself every 10 
minutes. In evolutionary terms, a stimulus encoun-
tered repeatedly is more likely to be important.

Making Memories Stick
There is a complication, however. The mole-

cules that establish current fl ow around synapses 
are proteins, and all proteins in the body degrade 
and are replaced constantly over a period of 
hours or days. To strengthen a neural connection 
for a lifetime, some other process must take place 
to bolster the physical structure of a synapse or A
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STRENGTHENING After a synapse fi res briefl y at high 
frequency, it becomes more sensitive (left), experi-
encing a greater voltage swing in response to subse-
quent signals. This temporary strengthening of the 
synapse is the basis of short-term memory. Perma-
nent strengthening to form long-term memories re-
quires the postsynaptic cell to manufacture proteins. 
The proteins might add more receptors and other-
wise remodel the postsynaptic part of the region as 
well as infl uence the presynaptic cell’s response.

CROSSING THE GAP At the axon termi-
nal (below), an electrical pulse causes 
synaptic vessels in the axon to release 
chemicals called neurotransmitters 
into a synaptic cleft between the axon 
and dendrite. The neurotransmitters 
bind to receptors on the dendrite, trig-
gering a local depolarization of the 
cell’s membrane that is described as a 
“fi ring” of the synapse.

Making Memories
SIGNAL PATH Messages begin to travel between neurons when an electrical 
pulse known as an action potential travels down an axon of one neuron and 
crosses a tiny gap, or synapse, to the dendrite of another neuron.

Memories are created when nerve 
cells in a circuit increase the strength 
of their connections, known as syn-
apses. For short-term memories, the 
effect lasts only minutes to hours. For 
long-term memories, the synapses 
become permanently strengthened.

COPYRIGHT 2005 SCIENTIFIC AMERICAN, INC.

www.sc iammind.com   31

side [see box above]. The channels allow a small 
fl ow of ions (charged molecules) to drain some of 
the voltage from the recipient neuron. When the 
voltage drops enough—because many synapses 
around it are fi ring together—the neuron sends an 
impulse down its own axon to relay the signal on 
to the next neuron in the network.

In 1973 Tim Bliss and Terje Lømo of the Uni-
versity of Oslo discovered that if they delivered a 
brief burst of pulses at the right frequency, 
around 100 hertz, the magnitude of the synaptic 
signal grew stronger and remained that way 
when it was tested minutes later. They named 
this phenomenon long-term potentiation, or LTP. 
A greater synaptic signal meant a stronger func-
tional connection had formed between the two 
neurons—a piece of a memory.

Interestingly, the synapse remains “stronger” 
for several hours after a short series of shocks, but 
then the voltage slowly subsides to its original 

level. If three consecutive shocks are delivered at 
about 10-minute intervals, however, the synapse 
becomes permanently strengthened. As we all 
know from trying to remember people’s names 
when we fi rst meet them, repetition is necessary 
to move the data from short-term into long-term 
storage. Repeating the person’s name three times 
right after you are introduced will not help as 
much as repeating the name to yourself every 10 
minutes. In evolutionary terms, a stimulus encoun-
tered repeatedly is more likely to be important.

Making Memories Stick
There is a complication, however. The mole-

cules that establish current fl ow around synapses 
are proteins, and all proteins in the body degrade 
and are replaced constantly over a period of 
hours or days. To strengthen a neural connection 
for a lifetime, some other process must take place 
to bolster the physical structure of a synapse or A

L
F

R
E

D
 T

. 
K

A
M

A
JI

A
N

 

Neuron

Synapse

Dendrite

Axon

Neuron
Action 

potential

Synapse-
strengthening 

proteins

Axon

Synaptic 
cleft

Receptor

Neurotransmitters

Depolarization

Dendrite

 Po
st

sy
na

pt
ic

 c
el

l 
Pr

es
yn

ap
tic

 c
el

l

STRENGTHENING After a synapse fi res briefl y at high 
frequency, it becomes more sensitive (left), experi-
encing a greater voltage swing in response to subse-
quent signals. This temporary strengthening of the 
synapse is the basis of short-term memory. Perma-
nent strengthening to form long-term memories re-
quires the postsynaptic cell to manufacture proteins. 
The proteins might add more receptors and other-
wise remodel the postsynaptic part of the region as 
well as infl uence the presynaptic cell’s response.

CROSSING THE GAP At the axon termi-
nal (below), an electrical pulse causes 
synaptic vessels in the axon to release 
chemicals called neurotransmitters 
into a synaptic cleft between the axon 
and dendrite. The neurotransmitters 
bind to receptors on the dendrite, trig-
gering a local depolarization of the 
cell’s membrane that is described as a 
“fi ring” of the synapse.

Making Memories
SIGNAL PATH Messages begin to travel between neurons when an electrical 
pulse known as an action potential travels down an axon of one neuron and 
crosses a tiny gap, or synapse, to the dendrite of another neuron.

Memories are created when nerve 
cells in a circuit increase the strength 
of their connections, known as syn-
apses. For short-term memories, the 
effect lasts only minutes to hours. For 
long-term memories, the synapses 
become permanently strengthened.

COPYRIGHT 2005 SCIENTIFIC AMERICAN, INC.

Plasticidad en el Cerebro



Modelo de Ito y Kaneko 
J. Ito, K. Kaneko, Neural Networks 13, 275 (2000).

Input

xi
n+1 = xi

n + Ω+
k

2π
sin(2πxi

n) +
c

2π

N∑

j=1

εij
n sin(2πxi

n) + Ii

εij
n+1 =

[1 + δ cos 2π(xi
n − xj

n)]εij
n∑N

j=1[1 + δ cos 2π(xi
n − xj

n)]εij
n

xi
n = estado de la unidad i

N = número de unidades
εij
n = intensidad de acoplamiento de j → i

δ (0 ≤ δ ≤ 1) = grado de plasticidad
c = acoplamiento global



Comportamiento del Modelo 

N = 10
δ = 0.1

Ω =0
I = 0

A =
1

(N − 1)2
1

τm

∑

i !=j

τt+τm∑

n=τt

|εij
n − εij

n−1|

A(con I = 0)−A(con I = 0.2)

Respuesta más fuerte al est́ımulo en
3.5 < k < 4.2 y 0.2 < c < 2



Evolución de la matriz de conectividad

N = 50 ×50
k = 4.1
c = 1.0

δ = 0.1
I = 0.2

El tamaño de los cuadros es proporcional al valor de εij



Estructura jerárquica emergente en la red

 Lineas delgadas indican dirección      
Lineas gruesas indican dirección      

u = 0.1

Las unidades de la capa M se conectan con las unidades en la capa ( M - 1 ),  M,  y  ( M + 1 )



Formación de estructuras con estímulo variable

Iu
Coeficiente de Clustering en función de los parámetros

de umbral     y de intensidad de estímulo externo   .
δ = 0.1,Ω =0 , N = 50 δ = 0.1,Ω =0 , N = 50

( a )  Promedio del coeficiente de clustering    .
( b )  Promedio asintótico        de la desviación 
estándar, como función del estímulo externo   .I

〈σ〉 C

σn =

[
1
N

N∑
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(xi
n − 〈xn〉)2

]1/2

Nuestros 
resultados



Conexiones salientes kout

Conexiones entrantes        kin

δ = 0.1,Ω =0 , I = 0.2, N = 50

Distribución de probabilidad de conexiones para 
distintos valores de umbral 

δ = 0.1,Ω =0 , I = 0.2, N = 50
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Distribución de probabilidad de conexiones para 
distintos valores de estímulo externo 

Conexiones entrantes        kin koutConexiones salientes        u = 0.1
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M
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V

Número de nodos presentes en distintas capas

δ = 0.1,Ω =0 , I = 0.2, N = 50

δ = 0.1,Ω =0 , u = 0.1, N = 50



Existen rangos de valores de parármetros del sistema, especialmente de 
la intensidad del estímulo, para los cuales surgen estructuras jerárquicas.

El estímulo externo induce mayor estructura en la red adaptativa cuando 
los estados de los mapas están menos sincronizados.

T. Zhuang, H. Zhao, Z. Tang, Computer and Information Science 2, 109 (2009)

La mayor estructura emergente de la red, inducida por mayores valores 
del coeficiente de clustering C, ocurre para valores pequeños de umbral u.

Para valores de umbral pequeños, la conectividad de la red es más 
uniforme y existe una mayor concentración de nodos en pocas capas.

La presencia del estímulo externo en la red es fundamental para la 
formación de una estructura jerárquica de capas en la red.

La aplicación de los modelos de mapas acoplados en el estudio de 
sistemas complejos coevolutivos.

Conclusiones


