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Fig. 1. (color online) Diagram for gradient decrease in
coupling intensity between neurons. The center area
i =[98, 102], j = [98, 102] (purple area), the outward
second area i = [93, 98], ¢ = [102, 107] and j = [93,
98], j = [102, 107](blue area); the second area i = (88,
93], i = [107, 112] and j = [88, 93], j = [107, 112] (in-
digo area); done in the same manner, 4, j is increased
(or decreased) five nodes space, until to reach the po-
sition ¢ = 73, 7 = 127 and the network is divided into

seven areas.
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Fig. 2. (color online) Diagram for gradient decrease
in coupling intensity between neurons. In the case of
spatial symmetry, the coupling intensity in different

area from the center is defined in Eq. (3).
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Fig. 3. (color online) Different initial states are set for the neuronal network. (a), (c) initial states are selected as

wedge-shaped type; (a), (b) the coupling intensity is decreased under inlay style shape(Hollow Square) with step

0.1; (b), (d) initial states are used with random values; (c), (d) the coupling intensity is decreased with coefficient

k = 0.02 and the border effect is not considered. The coupling intensity for center area is selected as (a) D = 2.0,

(b) Do = 1.0, (¢) D = 2.0, (d) Do = 1.0, respectively.
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Fig. 4. (color online) Developed spatial pattern at t=20000 time units, the initial values are selected

with wedge-shaped type, and coupling intensity decreases with step 0.1 and no border effect is

considered as well. The coupling intensity for center area is selected as (a) D = 1.0, (b) D = 1.3, (¢)

D =1.5,(d) D=1.8, (e) D= 2.0, respectively.

0.0008
0.0007-
0.0006-—

X~ 0.0005;

o o00a]- -\/'/k

0.0003

0.0002 Il L Il L Il L Il L Il L Il
1.0 1.2 1.4 1.6 1.8 2.0

D

Bl5 2O R Rl KR & 5 T MR 7,
FFORH 08 2% TR IX 0o IO 14 8 5 e 422 AR R] P99 TR B 0.1 R B
Fig. 5. Distribution for factor of synchronization vs.
coupling intensity for the center area, and the coupling

intensity is decreased with step 0.1.
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Fig. 6. Time series of membrane potentials for node (80, 80), and the coupling intensity is decreased with
step 0.1. The coupling intensity for center area is selected as (a) D = 1.0, (b) D = 1.3, (¢) D = 1.8, (d)
D = 2.0, respectively.
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Fig. 7. (color online) Developed spatial pattern at ¢ = 20000 time units. The coupling intensity decreases

with step 0.1 (a) and 0.2(b). The maximal coupling intensity for center area is selected as D = 1.5.
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Fig. 8. Time series of membrane potentials for node (80, 80). The coupling intensity decreases with step 0.1 (a) and 0.2

(b). The maximal coupling intensity for center area is selected as D = 1.5.
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Fig. 9. Time series of membrane potentials for node (80, 80). The maximal coupling intensity for center area

and negative gradient step in coupling intensity are selected as (a) D =1, G =0.1; (b) D = 1.5, G = 0.1,

respectively.
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Fig. 10. (color online) Developed spatial pattern at ¢ = 20000 time units. Negative gradient step is fixed at

0.1, and initial values are selected in random as —2 < zg < 2, —1 < yo < 2, —0.5 < zp < 2.5. The maximal
coupling intensity for the center area are selected as (a) D = 1.0, (b) D =1.5, (¢) D =2.0, (d) D = 3.0..
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Fig. 11. Distribution for factor of synchronization vs.

coupling intensity for the center area, and the cou-
pling intensity is decreased with step 0.1 with random

initial values being used.
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Fig. 12. Time series of membrane potentials for node (80,80). the coupling intensity is decreased with step
0.1, and the maximal coupling intensity for center area are selected as (a) D = 1.0, (b) D = 1.5, (¢) D = 2.0,
(d) D = 3.0, respectively.
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Fig. 14. (color online) Developed spatial pattern at ¢t = 20000 time units. The coupling intensity is calculated

according to Eq. (3), and initial values are selected as wedge-shaped type. The coupling intensity for center
area and decrease step are selected as (a) Do = 1.0, k = 0.02; (b) Do = 1.5, k = 0.02; (c) Do = 1.0, k = 0.03;

(d) Do = 1.5, k = 0.03, respectively.

0.00070
0.00065 |-
0.00060 |-
0.00055 |-
e 0.00050 [
0.00045 -
0.00040 |-
0.00035 |-
0.00030 | ‘ ‘ :
0.6 08 1.0 12 14 16

15 (TR ) P02 ol i BOAS R B KR 9 BE R Y
A 25 R, e A AR EAR I X 30T L RS & 3B D 4% (3)
TR, P Z IR IR A e U IR AR AEL

Fig. 15. (color online) Distribution for factor of syn-
chronization vs. maximal coupling intensity for the
center area. The initial values are selected as wedge-
shaped type and coupling intensity is calculated ac-
cording to Eq. (3), and initial values are selected as

wedge-shaped type.
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Fig. 16. Time series of membrane potentials for node (80, 80). The coupling intensity is calculated according

to Eq. (3) and initial values are selected as wedge-shaped type. The coupling intensity for center area and
decrease step are selected as (a) Do = 1.0, k = 0.02; (b) Do = 1.5, k = 0.02; (c) Do = 1.0, k = 0.03; (d)
Do = 1.5, k = 0.03, respectively.
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Fig. 17. (color online) Developed spatial pattern at ¢ = 20000 time units. The coupling intensity is calculated

according to Eq. (3) and the same high potential values are used as initial values, the decrease step is
k = 0.02, and the maximal coupling intensity for the center areas is selected as (a) Do = 0.5, (b) Do = 1.0,
(¢) Do = 1.5, respectively.
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Fig. 18. (color online) Developed spatial patterns at ¢ = 20000 time units with random initial values being

used. The maximal coupling intensity and decrease step are selected as (a) Do = 1.0, k = 0.02; (b) Do = 1.5,
k =0.02; (c) Do = 2.0, k = 0.02; (d) Do = 3.0, k = 0.02; (e) Do= 1.0, k = 0.05; (f) Do = 1.5, k = 0.05; (g)

Do = 2.0, k =0.05; (h) Do = 3.0, k = 0.05, respectively.
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Fig. 19. (color online) Distribution for factor of syn-
chronization vs. maximal coupling intensity for the
center area, and the coupling intensity is calculated
according to Eq. (3) with random initial values be-
ing used. The decrease step for coupling intensity is

selected as k = 0.02, 0.05, respectively.
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Fig. 20. Time series of membrane potentials for node (80, 80). The coupling intensity is calculated according
to Eq. (3) and initial values are selected in random way. The maximal coupling intensity and decrease step
are selected as (a) Do = 1.0, k = 0.02; (b) Do = 1.5, k = 0.02; (c) Do = 2.0, k = 0.02; (d) Do = 3.0,
k = 0.02; (e) Do= 1.0, kK = 0.05; (f) Do = 1.5, k = 0.05; (g) Do = 2.0, k = 0.05; (h) Do = 3.0, kK = 0.05,

respectively.
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Fig. 21. (color online) Development of spatial patter at ¢ = 1000 (a), 5000 (b), 10000 (c) time units. The
initial values are selected as wedge-shaped type, the decrease step for coupling step is k& = 0.03 and the

maximal coupling intensity for center area is selected as Do = 1.0.
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Abstract

Distinct rhythm and self-organization in collective electric activities of neurons could be observed in a neuronal
system composed of a large number of neurons. It is found that target wave can be induced in the network by imposing
continuous local periodical force or introducing local heterogeneity in the network; and these target waves can regulate the
wave propagation and development as ‘pacemaker’ in the network or media. A regular neuronal network is constructed
in two-dimensional space, in which the local kinetics can be described by Hindmarsh-Rose neuron model, the emergence
and development of ordered waves are investigated by introducing gradient coupling between neurons. For simplicity,
the center area is selected by the largest coupling intensity, which is gradually decreased at certain step with increasing
distance from the center area. It is found that the spiral wave and/or the target wave can be induced by appropriate
selection of gradient coupling, and both waves can occupy the network, and then the collective behaviors of the network
can be regulated to show ordered states. Particularly, the ordered wave can be effective to dominate the collective
behavior of neuronal networks, even as the stochastic values are used for initial states. These results associated with the
gradient coupling on the regulating collective behaviors could be useful to understand the self-organization behaviors in

neuronal networks.
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