514 255 6 12016 4E 12 A
1672-6553/2016/14(6)/555-6

B EEE R

JOURNAL OF DYNAMICS AND CONTROL

Vol. 14 No. 6
Dec. 2016

AT R PR A NS SNER S RT

2% Hum

(BRI A2 5 S R SR Be, 755 710062)

f#E  FIH Courbage-Nekorkin-Vdovin 1 2 JUA4 5 A7 M 5 IR iy (A A 22 70 100 2 AL Y 3 ok M (A 4ULATE 5
R ORI R O AR Ao 2 7 D 245 A [+ A R R (9 . AF S SRR T 2 R R 58 R T LA
5 R 2 T R 2% IR BURR [R5 (RIS, 950 R A I ] LA A5 i 220 I 2% 1 B TR] 20 55, EL 2
IS R/ N2 g 1) 2% H i A e 2 DT R IR T ) B A s Ao 200 I 8% 19 7% [+ A B G BB % 1) A1
B BEAh, WA SRR T A 075 5 O A [ 0 B X0 100 286 DAY PO 15 58 B2 190 46 [ ) e e R LA 5 R

KR EHREITM, A,
DoI: 10.6052/1672-6553-2016-012

51

T

[P BGRAE H AR s A7 1, B P Ak
SR 2 SR I T TR R AR R A
Hh, A T A B 20 Y [R5 15 Sl R B4k
PRR VR EEAR . X5 IR AR £ # 5 K
M2 ITRS 1 [R) 2 3l 12 R AE R TR L A 420t
AT 25 S T AN ] A [ 2 A 2 (e ] 2 02 [
) ZIE YRR 28 RN S RS TR 20 1 56 &
)5 WU AR Z TR

H TR 28 a5 S AL a2 E A AT BR A, A8 ek
T FEA 22T 2% v AN R ORE G ) dBOR B 22 (9 fF 2
SR i o ft 22 0 9 265 2l g 2 (0 A AL A
TETCHREA 2 70 I 4%, Wang 253 1o 450 (655 01
WIFFE TG IR X o 2800 0 2% ] 25 ) 2 0, % LR
A I BN, Aok 2800 W0 2% 14 52 42 [ 2 RE A (] 1
H B 5 Jalilit © BF 5 5 B s /At S 2 T A 4 i
(125 (R 30 o BB AP A BTG 2 A A
TSR 3 S A A 2 S SR £, 34 ) I
RES 8 190 405 P g ] A0 Bl 5 T30 MV AGE 1) Ik B2 J2
DI, ki 2T M 28 (RS54 T AT BBk
R PRI, AR 2 T R 4 (B 45 1 1 2% )

2015-12-17 g 2155 1 5 ,2016-01-31 U BE .

AEEZIgE

BN 12T g B W | BT AR B ST AN,
BERPARE B R /N T B R 45 0 R B p 22 o0 R 4%
Batista 45" BFST T L A 28 00 B ] AT R 5 30
BRL LS JHRFE T IR& M/ TR Ity XL B 2250
PO 28352 [vi) A5 BRI, T 5 2 TR 45 IRk 00 8 45 56 32
i SRR B IR, Jia 1 BT T A S
B ST A R b 280 I 265 1) 22 B LR AT A SOk
17 JWF5E T HAS 5 AL 2 5 S [V T ity o
B 2270 W 45 [ A0 B A B 20, BN ] LA
SRR 2T 28 1 58 A R 2D R AR AT

AT W25 S, IS i o) 1 2850 1 2% 1 [] 2
Rt R0 5T HA SCHE PR . (HJE AR i 22
TUI 2% e AR X i 22 TC I 28 2y g 2 5 el fF)
FERIEARIRZ V2R RIS A fy ik —
FT AT BA L HE 5 AR 22 50 R0 2%, 15 15 ih
T RE 73 15 B L 28 7 199 2% 1 7% () 25 kA B 37
PR 25 TT 19 2% 1) 0 N5 ) 2 8O0 1 ) 20 A A 4
SOMR B A B SR, F AT A BRI 8 e s P A 7
BB 5T R, A SO Y 5 S Courbage-
Nekorkin-Vdovin( CNV') 1 28 51 19 #52 He 1 28 50 ) 2%
BRI i e SRR [R) A e , R HTREAREAUUT vk ,
FURE I X A5 P b 28 7T M 26 15 [ 20 5l ) 2 v

* HEHARF I G VT IIIUE (11572180) , B PG4 B SR B2 Bl A 52 7RI T H (2014JQ1013 ), v e iy £ FE ARl 55 2% & T 3 4

(GK201302001 ) %% Blyist
+ W IRA/E#H E-mail; yangxiaoli@ snnu. edu. cn



556 g % 5 o O# ¥ i 2016 4F55 14 %
ibp AT HARL,BH B, 6 R ERE S HBAR, F(x) =»

1 WEEBFRE T i8HR

1.1 MZgiEs

PR — A MN AP 2 TT B ) 25, A
P 4 2 B LA 7 190 45 ALY, L7 99 46 7T LA R
W] TG BE B /M B R 2. i T AR R 45 (14 R g 2
AR DA P T R 3 LA B AR 1 i
DU EBCHR . R I ke ) 2% £ 4 3 T 1 o < ST 4 i
M AT Mg HEAF Mt &H N ARG
MEE T AR J(1,] =12, M, H J#I) A+
2% P AL L — %47 4, I B ., 7EZEHX
(A SO 2 B 5 A — 2], e R TG o)y 325 mT LA
a3 HRBEER O 2. E AR SR T 2% SR B B I 4% 1) £
AF W2 AR S NW /N 45 AR 4 Newman Al
Watts'"™ (AR, ELAT NW /)N SR 6 19 45 ] 1A
FIR AN B 7 A s N— D SR B N 3R
AR SBFEE ML TFLG , b AT S S e A A
FAABIAAS k/2 A1 BAHTE (k2B E0) 2R 5 DI
FEBEMLIE B — %15 s Z [0 b — 4%, X ARk
BT A NW /N LR 28 A SCRERL I S 805 R
M=2,N=50,k=6,5%—"F MM EE R
P =0. 05, 55 AN F W5 B I BEREH P
=0.1.

R 4B B CNV B2 onpim 2
B 270 2% T BN TT i R R ) 2, HL
TR R T 2O A P2 R A DTS
WA TTE 1 B0 12 D RN -

x,(i,n+1) =x,(i,n) +F(x,(i,n)) -

y,(i,n) =BH(x,(i,n) —=d) + 17} (n)

y,(i,n+1) =y,(i,n) +e(x,(i,n) =G) (1)
I ORRA T, HRk = -

i) = cm.mzlwxmsw,o,(n _1)) -6) -

M N
(Ve —2,(i,n)) +cimer2 Zglvl(izj) .

J=1 G

S, (j,(n=1)) =0) (v, —x,(i,n))  (2)
Horp, o, (iyn) Ry, (Giyn) 002K I(1=1,2, -+,
M) AT RGeS i(i=1,2, - N) PMIEICHE n i
ZIWI ALK A 6 e (& > 0) AR AL 5 1Y)

1,x=0 o .
MBS EUER a =

(x—a)(l -x),H(x) = {O,x <0
0.1,8=0.3,d=0.45,£=0.001,G =0. 1 i} HA~pf
Zouy R R MR AL S 3 N (2) e, AERT M
NI SR L ¢, TUFR T I 5 18] O 5 9 L,
gy = (g, (i,))) FonEHIERE AR 141 M4
RIS | DIEITHER T AT MR j 4
JUAHE WA g, (iy)) =g, (o0 =1, 80 g, , (i,
7 =g5,0,0) =0. (2)Hw, = (w,(i,/)) FREH T
AT WL R R I, IR T AT M2 R 2R
LTSS A TTRE A w, (i,)) =w,
(J,i) =1, %W w,(i,j) =w,(j,i) =0 Hw,(i,i) =
0. fL=ME I S(x,0) =H(x - 0) 2B
BN IR EZSIMID) NG IR VAR By LY RN
XM IE A TT AL (2) o R il
A TRIRER v, o 58 Ml AT 3 A A2, ZELLR WFSE
P e, =0.01,0=0.45 0, =0.6.
1.2 FZREFER

AT F SR R e
2 TR R R AR AR, o U

R = ﬁV‘ ]214‘1 jifeigou,j,n) ‘ (3)
XH o(J,7,n) TR T DFMLERRE ) s
JCIERT 2 n AR AR AR, 3B 00R -

o(J,j,n) =27k + 27 " a _ni’j,’;

J.jk+1 I,k

(nj,j,k$n<nj.j,k+l>‘ (4)
Hrb,n,  RE T AT LTS ] DPHEITHE k
BT HCR B I 2. R B, 22 B AR B g 25
TUI 2% 7 [F) A0 R B . XS M b 28 50 ) 4% TP By
A AT I8 2 [/ 25 B, AR AL LT — 3, A
MR BEF 1. M b T s oo ih 58 A
RS, AL T ASHOE, AT R=0. 5 &3
W2 25 R I REAILYE , AR 6 F R BOBUE TR 25 2
X P28 25 A6 SF- 15 50 U 4

FE R A 22 50 ) 2% F o 22 0 7 T H, A T A A
W] DA X Ok @ R, BAR S X =
Y Y - BT A

j=i j=i

ST AR I, P2 37 77 81 S B A



5 6 1]

F L AR G 220 W25 R A I T B R R 2 T 557

JETHI B i IR 57 5 T AR A 20 R 285 v BT AT 1 4
ZIUHER LIRS B R, 23 7 8 SR B
BEHL /N P 3.

2 RREMEZ T ERIFERE B S F 451

T — 043, FATE el S ph 22 70 I 4%
HRAS S I (B 7 = 0) IR, 7 190 28 PR 5 56t 32 X 468
B e MR R IR, SRS e A I 5
NI 15— ARG I R A e 228 7 ) 2% % ) 25
ARSI
2.1 BEBREFSNERS

N T WFSE T W25 PR 5 E XA R 225 M 4%
TR AL BN, A6 B TR TE R, [ 5 1 I 245 1] 19 12
MR R A I3 0 piy, =0. 02 Fl 7 =0.

L | L
0 0.005 0.01 0.015 0.02

Ci ntra

BL 2 py, =0.02 B, JFSH R BET W AR IR ¢, 2 1E
Fig. 1 Relationship of the order parameter R and the intra-coupling

strength ¢;,,, when p;., =0.02

B 1 filid TS50 R B T R 45 S 9
Conr A S NP Fpa] DUULER 21, Bt 35 A 15 56
FERIER, SRR W2 R, H Y o, BT HE
— I FHE ¢iien =0. 0035 B, FSEL R KTF0.9. X
BTN 22 0 9 45 15 158 14 I 285 AR 45 56k J3E
A RERS BUSAR A28 (AR SCREBUBRAIE T2 R =
0. 9 i, BB 2250 W) 45 RE G 35 B A RO 7 [R] 28 IR
&) BARBLR AL AT LU i A T 3 R 4 G s
KIFF Rk R 20 m. 8] 2 705 g7 1 4G
SR /N T SR T e L 190 285 114 s 25 161 A
SFEIGEA. 25T R4 RS 9 R D T [
A S (4 ey, = 0. 001) AL HR A 280 j 2% o
MR A — 2, FO 2 B R BUR ALRAS
(B 2(a)) , BEmFF- 2437t B /N A BlATL 35 )
(&1 2Ce) ) 5 i 32 T3 55 14 R 13 6 2 AN 2 Lol A6 B

AT IR BRI, AR S, 5 1 45 N AR
TR [ A (e SHELI (A ¢y, =0.01) AL
B 2870 W 2% rp i 22 ST IR T AR — B, L)
ZEF B BHPRZS (B 2(b) ), e 2137
S B IR KRR (1B 2(d) ), X R4
i AR 15 9 BE 1T LR i 28 0 I 45 R B[] 20

B2 24 pyy,, =0. 02 B, A [ 5~ 0 2% PR 5 i BEIRC(E T A 25 ]
FT-25 X R ) 38 Ak it 2%
(a) ¢pe =0.001;(b) ¢,y =0.015
() € =0.001;(d) ;0 =0.01
Fig. 2 Space-time plots and time history of the mean field X for

different ¢;,,, of modular neuronal network when p, ., =0.02
(a) €y =0.0015(b) ¢y, =0.015
(€) € =0.0015(d) ¢y, =0.01

2.2 WHBESHERTRT

DRI IR o AR Ao 25 70 1 4% 2 [ A1 1) 52
AR — e, BT RS N B SR B ci =
0.005. [&] 3 Zlm 1 AR 7 11 F T Hph 220
P25 I 25 (] DAL rp T LA HY Bt A s F) 4
R ABEHRA 250 0 45 1) I 2 ] i) Bl £ B 13 A 5
ASHIIU R BRAS:  33 2 WH T BsF i o A ol 2856 ) 4% 114
FRIF AT A . B A (1 =0) 1Y
THOUT B2 T 265 v i A A 28 0 TR FL T
FEAR— 3 B 250 M 45 38 B T RR IR B ARAS , n
3 (a) P s i 7 =200 A B 2250 R 45
HrRi TR R AT R L B 220
ZARERI AR TE R REIR (LI 3 (b)) 5 2 i 3 K
) 7 =380 W, iR 2 T 2% 3 AL R AR R
Ui 3 Ce) B ; B I ik — AP0, B 22
T2 1 15 [R) P IR ASTE 7 = 570 B SUIH 2%, T 7E =
=750 B BLCILE 3 (d) F1 3 (e) ) s 2RI L
B 7=940,7 =1120,7 = 1330 F1 7 = 1490 4L FHIK
EEMB,WE 3(H) -3(0) s, LEBIG RN &



558 B %5

EC I 2016 4E4 14 45

T IR LSS A R DL AR A £ JEHQ%EI’J
FRIFIEAT N, RIVREE A Il (43 R e 220
%B’J%’%H*ﬁ#ﬁ**ﬂﬂliﬂ*}%*ﬁ%%l‘ﬁﬂ%ﬁﬁthI)'E

_HHHHH! ﬂ m: Hi H Hﬂ

neurons i

*E ‘Ka

!7

m nn i

,?,
B3 % p. =0.02,c,,, =0.005 i RFEE 7 fEFH T
L 25 ) 245 1 it 55 ]

(a)7=0;(b)1=200;(c)r=380; (d)7=570;(e)r=750;
(£)7=940; (g)7=1120; (h) 7 =1330; (i) = 1490

Fig. 3 Space-time plots of modular neuronal network for

different delays 7 when p,,,, =0.02 and ¢, =0. 005
(a)7=0;(b)7=200;(c)7=380; (d)r=570;(e)T=750;
(£)7=940;(g)7=1120;(h)7 =1330; (i)7 = 1490

R T AL R A A s A X e o 28 5 ) 4%
ERIE R, & 4 (a) #3877 S8k R BT
(AL 2R, DA AT DALER 3], B 25 B+ 03
K, MR 2 I 2 AR R A A /IMEL S s B 2R
ZIFSH R M KRE KA HBAE 7 =380,7 =
750,7 =1120,7 =1490 4b, HF S50 R 153X S8 K
(BT 0. 9. 33 3 B I A B doft 22 70 o 2% L AT 3¢
TFFEIR AR, PS50 R B/ IME R BRAE 7 =
200,7=570,7 =940, =1330 &, H)¥ S35 R 193X
ﬁhT&/J\{E%‘B%ﬁO IX 2 BH A B b 246 7T ) 2% Ak
FIERPRA. X segh R 5E 3 pif s B 5

SER— U, RIGE 24 1 s v] DA AR AR b 22 50 19 2%
(1) 7% ) 25 146 By A ) B A

h T RER G B S S B 2 T X 45 7K
[l 1 3l 1 24 HLEE, T 4 (b) Z1 i 1 A% e o 22
TCIRI 2 v A Pt 25 71349 5 e 7 174 Bsf [ VA 2k

PRic B R S 7 22 18] ) B a] TR B K T (= 1,
2, ARBEAE—BUN RN AT L AN B, e R 2%

A MATCH P IRG R T = L7 Z T, &it
AT T~380. Al L, REAS (HAG BB 2250 I 268 7 ]
A5 LRI H BR A A A I i K 240 2 IR 281 34 4 v A 3
T (R REBAR. I DL, RSBl 28 50 0 246 T A 7 () 200 e

TR TR AR 5 X 2 - 32 I 355 J) 39 194 A
FIHEEAY.

r , 06
(a3 (b)

0 500 1000 Ts00 4000 8500 8000 9500 10000
B4 4 pie =0.02, ¢, =0.005 i,
(a) PS80 R BRI 7 210 2R 5
(b)) B 2850 I 46 v JT A Ao 28 70 1) - 249 R Fb, A6 14 s ) 9 el %
Fig. 4 (a) Order parameter R-delay 7 curves;

=0.02,¢

(b) Time evolution of the average membrane potential of all the

neurons in modular network when p;,,, =0.02 and ¢,,,, =0. 005

2.3 HMHESHERSHIXNEMSHHNEHTE

ST I 2% ] 1) A R R AR B 22 50
W28 B () AP T A2, 181 S 25 T PB4 R B
e U R B e S Y A U B e A I AN S
R AR, 6 AN [R] 1) 5 19 2% 1) 3 i B, Bt
A T BT K B 280 W 2% (4 7 R A5 A
AR ) 25 XS B, iy EL S50 () A0 Ta] s B )
FE DA BEE P, H R T A AR 225 PR A
K B ISt 75 3 1A 7 ) 200 A A o A A 22 5 I %
T2 8] 1 R R A B

N RBIETE T 285 A 1R 5 JEE o A il 222

TCR AR R LRI BRI, [ 6 fIR PSR

BETAT 7 AT W28 RS SR ., 2R B0
B Rl O él?ﬂ%ﬁﬂﬁ’ﬁ%’*ﬁf”ﬁﬂ%
— I FHE G 4 T AR 5~ R 25 RS 5 9 L, B
AP 7 (R O B 2 0 o 245 1) e [ 26 A
e 25 DX IS B, T EL 75 5 [ 205 1] 8 ) B )
F I A A ¢, B BCAE T A 25 PR AL X R
I 175 ) % [7) 200 2 1 o A Bl b 2 T8 T 4% 1 IO 4%
PN AR £ R LA R



5 6 1] F L AR G 220 W25 R A I T B R R 2 T 559

ES My, =0.005 B, FFSE R Bl — Fl
TR B py, LB IS

Fig. 5 The contour plot of order parameter R over the plane of

7 and p;,,, when c;,,, =0. 005
0.02 1
: 001 0.5
S
0 500 1000 1500
T

F6 X pi, =0.02 i, JF S8R BT Hi 7 Fi
TRLE AR IR ¢, AL
Fig. 6 The contour plot of order parameter Rover the plane of

7 and ¢;,,,when p; .. =0.02

515 i, ¥ s i L A 22 0 2% T ol A7
TE. i T oolE fF B AL S H M 20m/s 5] 60m/
s, T 518 # f% T if fii Je MLZ R 2L 2
B2 AR SO AR £ B s 0 P AR — S 3¢
HRRITTE 4 SR IUTE 25 (4 R S i T Lol A Bl
LU 245 T [R) 290 Bl i A TR R AT, R ) e
IS 7558 [ A 1 400 2 P 3 ) — 6 3 22
(IR R <5 AR AE ) 55 1 31 ) A4 il S 1L BLIE
55 R U 28 UL, U1 9 265 749 3 A%
W2 i T 25T R RN SR A SO AR I 45 2R K
IRBRAL. BRI , 3% AP 2.

3 RE

P s i SR A 22 G 190 248 Hp 5 3l A7 1. AR 3C
A AR A P 2 NW /N SR O 2% F) A B ol 22 0
W25 WFTE T AR I A AR 2800 R 245 1 e
[l B 2. B4 R R, B 1 1 45 NS
SR EE R LS S R 22 50 I 26 3K B R [R] A0 [l
Eri eI LIEIVN v V. ST r DAL DS ILE
Hh BT A 220 YR D S U T R AR e s ]
VAT SR A 22 T 9 45 1A 75 ) A0 2 A () B PR e AT
- ELIS 7 5 5 1) 78 () 25 e 30 0 1 I 245 T O 3 56
JEE 5 4 B 4 3 A AR LA R

10

11

13

14

Z % X W

Singer W. Synchronization of cortical activity and its puta-
tive role in information processing and learning. Annual Re-
view of Physiology,1993,55(55) :349 ~374

Franovic 1, Miljkovic V. Phase plane approach to coopera-
tive rhythms in neuron motifs with delayed inhibitory synap-
ses. Europhysics Leiters ,2010,92(6) :1637 ~ 1649

Belykh I, Lange E D,Hasler M. Synchronization of bursting
neurons: what matters in the network topology. Physical
Review Letters ,2005,94(18) ;188101

Dhamala M, Jirsa V K,Ding M Z. Transitions to synchrony
in coupled bursting neurons. Physical Review Letters,2004 ,
92(2).028101

Zheng Y H,Lu Q S. Spatiotemporal patterns and chaotic
burst synchronization in a small-world neuronal network.
Physica A,2008,387(14) :3719 ~3728

Han F,Lu Q S, Wiercigroch M, et al. Chaotic burst syn-
chronization in heterogeneous small-world neuronal network
with noise. International Journal of Non-Linear Mechanics ,
2009,44(3) :298 ~303

Buric N, Todorove K, Vasovic N. Synchronization of burst-
ing neurons with delayed chemical synapses. Physical Re-
view E,2008,78(3-2) :417 ~423

Han F,Lu Q S, Wiercigroch M, et al. Complete and phase
synchronization in a heterogeneous small-world neuronal
network. Chinese Physics B,2009,18(2) .482 ~488

Wang Q Y,Perc M, Duan Z S, et al. Synchronization tran-
sitions on scale-free neuronal networks due to finite infor-
mation transmission delays. Physical Review E, 2009, 80
(2):1711 ~ 1715

Jalili M. Phase synchronizing in Hindmarsh-Rose neural
networks with delayed chemical coupling. Neurocomput-
ing,2011,74(10) ;1551 ~ 1556

Hilgetag C C, Kaiser M. Clustered organisation of cortical
connectivity. Neuroinformatics ,2004,2(3) :353 ~360
Huang L,Lai Y C, Gatenby R A. Alternating synchroniz-
ability of complex clustered networks with regular local
structure. Physical Review E,2008,77(1-2) :119 ~136
Lopez G Z,Zhou C S, Kurths J. Exploring brain function
from anatomical connectivity. Frontiers in Neuroscience,
2011,5:1 ~4

Batista C A S,Lameu E L,Batista A M, et al. Phase syn-

chronization of bursting neurons in clustered small-world



s60 EEEE R KR 2016 44 14 4
networks. Physical Review E,2012,86(1) ;1411 ~ 1432 18 Newman M E, Watts D J. Scaling and percolation in the
15 SRR, e, #h b 4. TRA Il T R A B v X small-world network model. Physical Review E, 2000, 60
REHRA 2570 W 45 52 1] A0 B2 Wi Bl ) o S ) o 4l (6):7332 ~7342
2015,13(6) :462 ~467 (Hu L P, Yang X L, Sun Z K. 19 Courbage M, Nekorkin V I, Vdovin L. V. Chaotic oscilla-
Effect of coupled time-delay on bursting synchronization in tions in a map-based model of neural activity. Chaos,
modular neuronal network with hybrid synapses. Journal of 2007,17(4) :155 ~ 160
Dynamics and Control ,2015,13 (6) :462 ~ 467 (in Chi- 20 Courbage M,Nekorkin V I. Map based models in neurody-
nese) ) namics. International Journal of Bifurcation and Chaos,
16 Jia Y B,Yang X L,Kurths J. Diversity and time delays in- 2010,20(6) ; 1631 ~ 1651
duce resonance in a modular neuronal network. Chaos, 21 Ivanchenko M V,Osipov G V,Shalfeev V D, et al. Phase
2014 ,24(4) 043140 Synchronization in Ensembles of Bursting Oscillators.
17 Liu C,Wang J,Yu H T, et al. Impact of delays on the Physical Review Letters 2004 ,93(13) ;134101
synchronization transitions of modular neuronal networks 22 Kandel E R,Schwartz ] H, Jessell T M. Principles of Neu-
with hybrid synapses. Chaos,2013,23(3) :539 ~552 ral Science. New York:Elsevier,1991
COUPLING DELAY-INDUCED BURST SYNCHRONIZATION
TRANSITIONS IN A MODULAR NEURONAL NETWORK”
Wang Manman  Yang Xiaoli'
(College of Mathematics and Information Science, Shaanxi Normal University, Xi'an 710062, China)
Abstract Through constructing a model of delay-coupled modular neuronal network by Courbage-Nekorkin-

Vdovin neuron elements, this paper numerically studies the effect of coupling strength and delay on the firing

properties of burst synchronization. The results show that appropriately large coupling strength can induce burst

synchronization in this modular neuronal network. At the same time, it is found that coupling delay can induce

the transitions of burst synchronization for the modular neuronal network. Moreover, all these transitions of burst

synchronization occur approximately when the value of the delay approximately equates to the integer multiples of

average oscillation period for all the neurons in the modular neuronal network. Additionally, delay-induced burst

synchronization transitions are confirmed to be robust to the intra-coupling strength and the inter-connection prob-

ability in the modular neuronal network.
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