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Fig. 1. The processing of merging nodes.
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A2

p2itE D2;t€

(13)
2 (13) SR A5 M AP
GG
Z (i + Lig) par + (Lis + Uji) pai + (Lij + ;)
oy
X (p2i +€) = A2~ (2p2i +¢). (14)
R o Z [ B E & < pog, AITLART LA Z2 0 €
IR, FEE T 515 BT ST 0L A AFAE [6] 3
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ﬁﬁ{ujﬂp% & B] (11) Z_Et:kl .%ITEIW%B‘J
Laplacian #4315 HAAIE TR

lin + 151

ol i+l L Lt e
2 2 2
X | p2i | = A2 +9) | P2 |
(15)
(15) K2 i AR
1
3 Z (Lik + Lik) P2
ki
1
+3 (Lis + Ui + Lij + 155) 2
=(Ag +9) - pau. (16)
i (14) 2R (16) B AT A3
5o Pe— W+ e (17)

2p2;
(17) UK, AR 285 X B 1 6 AU
FEAIE ) 43 it ] P 48 X0 BB B e A OC, I8 SRk ] 1
I3 po; MK/ G, 1E e MXT T poy RBE/NET, 55
YRS 5 min { po;, po, } I p = ¢/ min { pa;, po; }
BOE CBIDC R, [FHE, AT LIS 22 po; A HAER 6 5
</ min {Ipai] Ipay [} LI FE. FRLBE, 96 4 25 01
) 288 2R AE AR ) A2 4K 5 65 po; FT poy 1B B AH X B 25
e/ min { |pa;| , |pa; |} BIE L. GESE.
MERE 1 FTH, B IE T RO L R 1]
ot (] P AF I 8 25 B B O IS R (B 1Y A8 b
i, TS e SR AL A R8CR . PRI, 78 X 4R )
TR TS, BOZ LARAE ) £ [R] A AH TR RS
R

4 ISCGR & &

55 SCG F1ISCG kA, ISCGR Hk LIAH
XoF B B A Ry A3 AR AR, DT B B X A2
M T 2 APRDRLAR AR, (0 BT R £k o 268 £y
25 fE 1358

FESCPRERAE T, AR AL e/ min { |pas| , [po;|}
(1) KM A B3 A A I WA e, DR A4 0 1Y
Sy AN A RS & S8/ N min { |pa| , |pes|}

X451, Ml e/ min { |p2;] |p&:2j|}/f:\ﬁ$E'fILH?Ej(E4JEE
R e min { [p2;, [p2;|} + |172|§Eﬁ%'§
e/ min { [po;] , [p2; |} E J 15 B I3 H) s AR i, Horp
P27 Ao Xﬁ@ﬁ"]?fﬁ%?ﬂ? ) 3 e 206 N 19 - 3
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—J5 TEESR T HEE 0 1Y il K HE R AE, 53
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2 Xt PR B8 e AR R o S A A LRI IOR . 5
ISCG FAH I, ISCGR B AE XS FFAE ] 5t 3 dk fE
TP 250t AR 0 A/ A5 A ik, JRISIX[H)
HHC BE R/, BRI B 0 B9 0 1 o A oA, SRR IX
[] P B AR

ISCGR Bk i AR 20 B - 1) 48 Ao X I
SIS 1A 1 == s ol o N N NI . S | S
{Pa1, Paz -+~ Pan'}, VI P P AH AR =2 [) 1) BE 5
gi(i=1,2,--- , N —1); 2) FIXAHE B B DL X 1 43
TZAOHE S A ST 4N B SAE R R, BRI
=t —(i=1,2,--, N 1) .

min { |pa;| , [P2,i+1]} + |p2l ’
3) MR s IR/ NG5BS, o o R T
AR 4) R — R T A I — AN
I (11) A5 BHRLAL M4 1) Laplacian AR

FATE IR UL ISCGR W AE A B8 . Bk
o KT 7 F R AIE [0] 38 Py 40 8 { o1, paz - Dan} s
BOR A 325 B SRR ) i i U/NEIR
HEG A {Por, oo -+ - Pan }, FHAR 43 12 2Z (6] ) [A] FE
H {er,e0---ena), B A X E K
{mume---nn_1}, P8 H KBS A X R R IC A
N (5 < k) o 0y ML Poj B Po, ;1 Z [H] A AE X FE
BI, i Dok M Po g1 ZHI AR IR 5. B FEIX
A PR AR TR B AR e, AR 3 R 3 25, 4300k
(P21, Do) s [P2,j+1, Pok) FA [Po,kr1, Pon]. TS 478 ARl
— X[ B A T — T, A (11) R
4 I J5 1Y Laplacian B, ®t AT DLARAS 35 S 4CH
3 KL AE M 265 ISCGR 8L XY 143 250 %5 18
TR 1) A () A AR X R S R PR 2 3 (R R A
R TEALT, 5T 0 o E AR R B R, A
SRSEAESEIT O WIS ] St ] 152 8 20 1 A5, FEARXT
SR N i S O VA IR V== O B 1 AT U
ISCGR B AE X I3 A ) 35 5 A A ADURE BE I B A0 5
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5N M, X T2 1T 2%, 2% Ay /A ME
R lF) A Re ) s e bRk, e ISCGR 8% 43 Bt
A T Xo X6 I R RRAIE 1] 2t i HEA 74025, 4 R B 3
ZATE R — R B I —A A8, BE
Laplacian 5[4, 1532915 BAURL 25,

5 5B

A 7 T — P i % I [R] F) 50 2 0 2% A5 7R A
27 Foft B S A B 10 4% R AT RO D7 L, o3 )
ISCG J5 &M ISCGR J7 ik} M 2 gt AT 29 ), HOBR
PRS00 W 265 240 5 I ) AP BE T B DR T BCR.

5.1 HREINKAE
T SR % S A R] 2 2 R AR A T REL L

T HLBEH AR 2R, BRI BA JChREERZE 251

ER FlHLIZE 24 F1 NW 7N j 2% 125261 53551 iy
FH ISCG B M ISCGR Bkt Halb 17 20, 43t
FU B B 2 AT B AR T R X B 1 B 1)
iR R R

XFTA T W2, PRAFR2DRE AR HA 2k
FE M AZERIAT. & 3 R T 4 R A ISCG ik
FTISCGR BEXT 1000 499 451 BALER.NW ¥
LR ARG Ao BIZEALAE L. 18] 3(a) JEXF 1000 4S5 5
() BA W 4% iR AL i B2 05 L, LR R 45 19 Ao R
2.95. K F ISCG J7 2 F W 4% 24 faf 2= 200, 102,
72 AT R, A Xo 43 BIAE Ry 2.96, 3.13, 3.26,
b 5L 4% 348 T 0.34%, 6.10%, 10.51%; K H
ISCGR Jy i M 45 2515 2 200, 102, 72 A7 55 0,
W 2% B Ao B 2.95, 2.95, 2.98, 454k T 0, 0,
1.02%. HEn] WL, R ISCGR A B:A%4F BA W45
Ao WY RE J1 B F 1SCG B ik, X F &l 3(b)1000 4
AT ERBE AL P 2% AR 3(c)1000 A~ 1 Y
NW /IR 2 5EA5 i [FIFE I 2518, RITE 242
fal AR R AT i, SR ISCGR B3k Ao [EHAYAE fk
/N T ISCG Hik, X RWIRH ISCGR Bk )
FREHL T W45 [ BE T BRCRZAE T ISCG Hik.

XA T (4%, [RI2ERETIH AN /Ao i i 5] 4
J& R T 430 R H ISCG B 7 fil ISCGR 5. 32 %

1000 ~719 5 B9 BA Jobs BE M 4% | ER BEHL R 25 |

NW /N FE 4% 21587 J5 PRAF A /A T LA He. DA
B HR AT DL Y, SR FH 33 7 A 38 3 o I 2% 1R T 24
J&i s A/ Mo BB BEE 21 5 45 558 N I T

3.8
(a) BA network
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114.5
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(¢) NW network e 1SCC
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A2
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N

3 RHISCG 5 ISCGR 5135 345 1 MUK AL [ 45 X Ao
BRI REO (a) BA AR BE M %% (b) ER BEHLR 2% ; (c)
NW /M5 44

Fig. 3. The maintaining of A2 obtained by using ISCG and
ISCGR algorithms in coarse graining metwork: (a) BA net-
work; (b) ER network; (c) NW network.

N, ABTE NARF RSB T, H ISCGR 545 3]
HURLAL P28 1 Ay /Ao A0 TE /N, X R B T ISCGR
AR 1T MZ8 IR P RE T LG ISCG S 5.

P LT DAL, S AN [ AR 1) I 4 RIS [ 11 P 4%
R SR F ISCGR vk 24 177 I 2% I 443 [l 46 1) R
FHRE T 1SCG Bk,
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<
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N
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15‘ ——ISCG
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2.35
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2.34
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<
= 4.0
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N

Bl 4 RHISCG 553k 5 ISCGR 57 3 4K 453 3 UKLk 190 45
X AN /A2 RGO (2) BA EAREEM % (b) ER BEHLI
45 (c) NW /v L 246

Fig. 4. The maintaining of An /A2 obtained by using ISCG

and ISCGR algorithms in coarse graining metwork: (a) BA
network; (b) ER network; (c) NW network.
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Fig. 5. The maintaining of A obtained by using ISCG and
ISCGR algorithms for real-world networks in coarse grain-

ing network.
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£ 1 AR ISCG M ISCGR B SEPRIM % A Ao IO PRFRITBLGET
Table 1.  The Statistics table of maintaining Ao obtained by using ISCG and ISCGR algorithms for some real-world net-
works in coarse graining network.
Sk - . . St ANy (30%N) ANy (20%N) AXy (10%N) AXy (2%N)
ISCG ISCGR ISCG  ISCGR ISCG  ISCGR ISCG ISCGR
i DD gl 327 899 27 2.06% 1.77% 7.66%  7.17% 34.90% 23.46% 187% 173%
DD_g1046 707 1646 [27] 1.40% @ 1.31% 7.21%  6.62% 42.92% 17.81% 191% 94%
v netscience 379 914 277 0.13%  0.13% 1.05%  1.05% 5.79%  5.46%  49.74% 39.41%
ca-GrQc 4158 13422 [27] 0 0 0 0 0.03%  0.03% 0.34%  0.20%
ia-infect-dublin 410 2765 [27] 0.91%  0.95% 3.59%  2.46% 13.47% 14.3™% 104% 51%
. moreno_crime 829 1473 [28] 0.01%  0.01% 0.39%  0.24% 3.02%  2.32% 13.34% 13.05%
il socfb-Sim81 1518 32988 [28§] 0 0 0 0 0 0 23.65% 11.82%
ia-email-univ 1133 5451  [27] 0 0 0 0 0.07%  0.06% 0.26%  0.16%
ARALHR 58 70 [29] 8.14% 5.78%  24.36% 18.63%  54.65% 54.65% — —
H 7 IEEE162 162 280 29] 2.35%  2.10% 16.94%  8.68% 27.70% 25.65% 113% 113%
IEEE145 145 422 [29] 0.85%  0.80% 4.14%  3.16% 17.85% 14.22% 240% 230%
7] diseasome 516 1188  [27] 0.22%  0.11% 0.79%  0.67% 2.58%  2.02% 33.45% 15.82%
. Route views 6474 12572 [28] 0 0 0 0 0.07%  0.07% 1.07%  0.57%
AL Wiki-vote 889 2914 [27] 0.02% 0.01% 0.07%  0.05% 0.17%  0.17% 0.61%  0.49%
bibd 12 4 495 2951  [27] 0.02%  0.01% 0.20%  0.06% 0.80%  0.41% 29.02% 19.73%
Gl 800 19176  [27] 0 0 0 0 0.27%  0.19% 0.56%  0.55%
EFZN GDO00_c 638 1020 [27] 0.02%  0.02% 027%  0.27% 1.50%  1.15% 4.29%  2.75%
dwt_ 1005 1005 3808 [27] 2.17%  0.49% 4.25%  1.61% 23.93% 10.83% 129% 92%
dwt_ 503 503 2762 [27] 4.94%  3.68% 9.33%  6.18% 44.00% 21.32% 138% 117%
130bit 584 6058 [27] 0.01% 0 0.02%  0.01% 0.68%  0.36% 1.51%  1.15%
ash608 608 1212 [27] 0.74%  0.40% 6.95%  1.10% 18.29% 13.73%  51.99% 30.57%
bibd_12_5 792 7860  [27] 0.02% 0 0.07%  0.03% 0.35%  0.11% 25.14%  5.84%
B jagmesh3 1089 3136 [27] 0.31%  0.10% 1.44%  1.13% 16.86%  9.25% 192% 127%
frb45-21-1 945 386854 [27] 0.03%c0 0 0.23%00  0.04%c0  0.51%0c0 0.28%00  1.39%00  1.34%o0
kneser 6 2 1 676 2017 [27] 0.03%  0.01% 0.16%  0.13% 1.83%  0.44% 81% 30%
EX1 560 4368  [27] 0 0 0.03%  0.03% 3.08%  0.41% 123% 26%
KL G43 1000 9990  [27] 0 0 0.01% 0 0.13%  0.11% 0.95%  0.50%

RO, T2 (R BE AR R, Do 2 1)1 35 B R R
LY 157 J5 P28 No AR f B /DN, DRFE [R] 25 (Y B )
SR IR PR R 4% 1 B RO, B T A R A
2, 4 R AN S AR TR SR RL Y Y s, T LA
B Ik BT 5S4 R A AN S T3
JEE AN, 2% MR I, 190 2% Hh AR e 2 R ] A A
(Y71 AL 2T i X8 RIS Ak B
FAh, 1R R B, ISCGR 5k %) BBk
W A A3 L AR S S ) TR AE PR R RE T B R
— 8 XFHL g Al R 2% e ) A A fE T s —
BE g R oy BRI B0 B e A2 (i
HRACEI 25 ) T B F N 25 4 2 e S L 4R Ok
1) B FE A M 28 5 GRS ER A “PI IR, A

DARE (0 i 182, RIS 288 Do £ A0 AT R SR IS 1
P, 4% A R AN 3% 4 A 1) sl RE DL A A
JIT L ISCGR B33 033X 258 W 2% 1) 24 T OCR S 4. AH
B, HLIIS | Al s b T s R e s HE
G, XL TR HEAN I B, AN A IR
AR, FTLLR T SCG B3 % N 45 24 7 31— 2 72
JE B ARME RS I 255 11 [ 2D g

& %

JINFIAEE 90 £ v 8 — S RS B L3 1y FH K
B2 | BT LS 2R 28 B A a1 IR T 52 2 ) 445
B ) B Gl A X R 28 2 R, AT DAAE
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o EEORS R B 24 TR 5325 Il X 3 ol 2 i o 25 A5
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X HA WA SRR A B S PR R 45 (LRI | A=) |
AL EVEAF) BRI E A A SE PR 45 (FLJT
Po255) A D) R RURLAL R 2% (9 R] 20 i

s 2R R, SCG LA IE T IR I M %%
HO )2 RE T3 AN X I 6 0 EA T2 T, BT AR AR R 2%
8 A B 2R P B DS AR RIS — s R Y 4%
HAFI AT, SCG FkBR 1 REPR 5 R A2 BET1 Z A1,
e TR RE PRI L TRl Jm W 2% (R HA 3 g~ 4 in
AR — M RETESE Y R BRI AR
PO 265 18 /N T SRR | R ) SR e S T 2
[ 7 FERDRLAR S A0 0 2830 A7 IR LR e PR B TR oK,
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Abstract

As a key approach to understanding complex systems (e.g. biological, physical, technological and social
systems), the complex networks are ubiquitous in the whole world. Synchronization in complex networks is
significant for a more in-depth understanding of the dynamic characteristics of the networks, where tremendous
efforts have been devoted to their mechanism and applications in the last two decades. However, many real-
world networks consist of hundreds of millions of nodes. Studying the synchronization of such large-scale
complex networks often requires solving a huge number of coupled differential equations, which brings great
difficulties to both computation and simulation. Recently, a spectral coarse graining approach was proposed to
reduce the large-scale network into a smaller one while maintaining the synchronizability of the original
network. The absolute distance between the eigenvector components corresponding to the minimum non-zero
eigenvalues of the Laplacian matrix is used as a criterion for classifying the nodes without considering the
influence of the relative distance between eigenvector components in an original spectral coarse graining
method. By analyzing the mechanism of the spectral coarse graining procedure in preserving the
synchronizability of complex networks, we prove that the ability of spectral coarse graining to preserve the
network synchronizability is related to the relative distance of the eigenvector components corresponding to the
merged nodes. Therefore, the original spectral coarse graining algorithm is not satisfactory enough in node
clustering. In this paper, we propose an improved spectral coarse graining algorithm based on the relative
distance between eigenvector components, in which we consider the relative distance between the components of
eigenvectors for the eigenvalues of network coupling matrix while clustering the same or similar nodes in the
network, thereby improving the clustering accuracy and maintaining the better synchronizability of the original
network. Finally, numerical experiments on networks of ER random, BA scale-free, WS small-world and 27
different types of real-world networks are provided to demonstrate that the proposed algorithm can significantly
improve the coarse graining effect of the network compared with the original algorithm. Furthermore, it is
found that the networks with obvious clustering structure such as internet, biological, social and cooperative
networks have better ability to maintain synchronization after reducing scale by spectral coarse-grained

algorithm than the networks of fuzzy clustering structure such as power and chemical networks.
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