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(¢) w=0.05,¢g=12; (d) w=0.05 g=11; (¢) w=0.07,9g=13; (f) w=0.09, ¢g=19; (g w = 005 g¢g=1.0;
(h) w=0.01, g=0.1; (i) w=0, g=0.1; (j) w=0.03, g=1.0; (k) w=0.07, g=04; (1) w=0.05 g =04

Fig. 1. Pattern of the variable x; ; for different values of coupling strength. Entropy of the corresponding pattern is given under-
neath each panel: (a) w =0, g=0; (b) w=0.17, g =0.3; (¢c) w =0.05, g =1.2; (d) w=0.05, g =1.1; (¢) w=0.07, g =1.3;
(f) w=0.09,g=19; (g w=0.05 ¢g=1.0; (h) w=0.01, g=0.1; (i) w=0,g9g=0.1; (j) w=0.03 g=1.0; (k) w

=0.07, g=0.4; (1) w=0.05, g=04.
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Fig. 2. Spatiotemporal pattern of the variable x; ; of a row and a column of grid points for different values of coupling strength:
(a) w=0.05, g =1.0; (b) w=0.05, g=1.0; (¢) w=0.01, g=0.1; (d) w=0.01, g=0.1.
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Fig. 3. Time evolution of the cluster entropy of the network for different values of coupling strength: (a) w = 0.05, g =1.2;
(b) w=0.05, g=1.1;(c) w=0.07, g=1.3; (d) w=0.05, g=1.0; (¢) w=0.01, g=0.1; (f) w=0.05 g =04.
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Fig. 6. Pattern of the x; ; variable at different time moments for g = 1.2 and different values of coupling strength w: (a) w = —0.15,
t=0; (b) w=-0.15, ¢ =1000; (¢) w=—0.15, t=2000; (d) w= —0.15, t=4000; (¢) w= —0.15, ¢ =6000; (f) w =
-0.15, ¢ =8000; (g) w = —0.15, ¢ =10000; (h) w=0.05, ¢ =12000; (i) w=0.05, t=14000; (j) w=0.05, ¢t=16000;
(k) w=0.05, ¢ =18000; (1) w=0.05, ¢ =20000.
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Abstract

Traveling waves, standing waves, and spiral waves occur spontaneously in the brain neural network in
some brain states. The occurrence of these ordered spatiotemporal patterns is often related to some neurological
diseases. However, the mechanisms behind the generation of the ordered pattern are not fully understood. How
to quantitatively describe the nature of these spatiotemporal patterns still needs further exploring. In order to
solve these problems, the Hindmarsh-Rose neuron model is used to study the dynamic behavior of the two-
dimensional (2D) neuronal network with double-coupling layer, which is composed of nearest-neighbor
excitatory coupling and long-range repulsive coupling layers and evolves from an initial state with a random
phase distribution. An improved cluster entropy is proposed to describe the spatiotemporal pattern of the
neuronal network. The numerical simulation results show that the repulsive coupling can either promote the
formation of ordered patterns or suppress the formation of ordered patterns. When the repulsive coupling
strength and excitatory coupling strength are appropriately selected, the chaotic network can spontaneously
generate single spiral wave, multiple spiral wave, traveling wave, the coexistence of spiral wave and others wave
state, the coexistence of target wave and others wave state, the coexistence of traveling wave and standing
wave, etc. The probability with which spiral wave and traveling wave occur reach 0.4555 and 0.1667
respectively. The probability with which target wave and other states co-occur, and the probability with which
the traveling wave and the standing wave co-occur, are 0.0389 and 0.1056, respectively. These ordered wave
patterns and chaotic states can be distinguished by using the proposed cluster entropy. When the repulsive
coupling strength is large enough, the neuronal network is generally in chaotic state. It is found by calculating
cluster entropy that a large cluster can appear in the neuronal network when the excitatory coupling strength
and repulsive coupling strength are both weak. These results can conduce to understanding the self-organization

phenomena occurring in the experiments and also to treating various neurological diseases.
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