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Fig. 1. K-order structure entropy at influence scale K in graphs generated by randomly rewiring a 50 nodes nearest-neighbor
coupled network based on different probability p: (a) p = 0; (b) p = 0.001; (c) p = 0.002; (d) p = 0.005; (e) p = 0.01;
(f) p=10.05; (g) p=10.1; (h) p=0.5; (i) p= 1.
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Fig. 2. K-order structure entropy at influence scale K in graphs generated by randomly rewiring a 200 nodes nearest-
neighbor coupled network based on different probability p: (a) p = 0; (b) p = 0.001; (¢) p = 0.002; (d) p = 0.005;
(e) p=0.01; (f) p=0.05; (g) p=0.1; (h) p=0.5; (i) p= 1.
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Fig. 3. The minimum structure entropy min H and small-world coefficient o at different network size n and rewiring
probability p: (a) n = 10; (b) n = 25; (c) n = 50; (d) n = 75; (e) n = 100; (f) n = 150; (g) n = 200; (h) n = 250;
(i) n = 300.
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Fig. 4. Small-world coefficiento, degree distribution entropy (DD entropy), Wu entropy (Wu entropy), node and edge

(a) n = 10; (b) n = 25;

difference entropy (SD entropy), node betweenness entropy (NB entropy), edge betweenness entropy (EB entropy) at
different network size n and rewiring probability p: (a) n = 10; (b) n = 25; (¢) n = 50; (d) n = 75; (e) n = 100; (f) n = 150;
(g) n =200; (h) n = 250; (i) n = 300.

018901-5


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

Y38 ¥ 4R Acta Phys. Sin.

Vol. 68, No. 1 (2019) 018901

B P 3 AT, 2 0 4% IASE I NS, ) 4% (1) /N A
FPEANBR 2, min H B p B0 0R T 2 4%
AR K H p BN, 4% LA B35 /Nt 5
I min A B EEMZ S TR A Bk, K-Fr
SEFIRTIN N BRI AT AE A X 45 BEATL I 2% DL K WS 7]y
TH 50 28 ) S A PR AR 3t o, LI 286 1) /D T S
o, H A ME SR, T, K-B S AR T e
EUT R AR /I TH L M ok S Pt o 285 ) e g 1

NT B RAE K-y S5 v gE, 42
#il 7 /N $8 5 o 5 DD 5. Wu fi. SD 4. NB i
A K EB B 9 25 15 i 8n DL EIERER p AL
fih 2%

P 4 7] I, TR MRS DD JEBE p 5
VB T W i BE p BRI, 7T 0L DD 55 Wa
955 350 X DA SR AE /N ThE S X 45 1 S #g v BE Ak, DD
TN Bl AL I 285 1) S R P 55 - R0 DR 8%, 530 o L A
FELEIm 22, 24 X 28 FUTEL /NI, SD I A il 21 RS
I BENLIZE LK WS /N TH 5L R 2% 1) S g 1 AR
YR, 5ARSCEE R HIL. 1 24 X 2% A A KR
SD i B p 388 i ig T, B 2 AR RE R R AL 2%

FRY RGP ANAR ) (H G 0 25475 B A B0 i /I
FHIE; EB R £E R 45 /0t SRR I A 9 WS /) i
TR 2% 1) S AL 1k f o, (E AN BEATL Y 2% 14 R 4
59 T BT ARAE G M 4%, X — S50 [R5 i B AR AT
fEfmZE. R NB RS A SCE AL

3.2 BARLMEMLESERMLE

BA & AR ) 2% 4K 45 18 < A0 3 40 B 2E i A
g PP RN W FE S A Ay = 3R
A, 2% rh B A R 2 i, T oK 2
R BRER:, NN TERREE M 4 BATRR
(¥ S e e 1220250 B I 4 S 48 DA Ph ety SR R,
HAR ™ w2 RS P ey AR B Ph AN, G T
YR AR RETIRE ML IR o, H A T B 5 T
— R TERR R 2%, R AR T K-E R
WA PEREAT B . SO LE BA EhsEE M4 5 2
T 2g BB I, FREE HY = HO = log(n).

K545 5 T AEA R 2 RN, BA Jo s 1M
2% 5 B TN 25 5 — AL J5 1 K-Fir S5 14 e K A2 fk
e

1.0
0.8 |

w 061
T 04+
0.2 +
ol G

——n =250
—-—n =100
——n=200
——n =300 ]
—-n =500 -
—-Iv—n:1000_

3 4 5 6

BI5  BA Jobs R W4 K S8 R 25 7 AN R] W 28 FUBE m SO 0 FURE K R IREE R (a) BA JChREERS;

(b) EH%

Fig. 5. K-order structure entropy of BA scale-free networks and star networks at different influence

scale K and the network size n: (a) BA scale-free network; (b) star network.

FH P 5 AT I, AEAT R N AR T, BA TobnE R
4% 15 BRI 2% 1R 5 R R S K RIS 56 R BR R
Tt BEAh, BA TERREE M 4% min H T B K (B8
DO 26 KRASE 1) 348 32 0 384K, T A2 28 9 2% ming HE T Xof
RL KBS M4 MGG, Bl K = 1A 2 5.
X T AEAT R W48 R T L 2 D 2 f 4 s 45T
B NBER A A, W6 E T EITA A M
25 BENLIN 2 VBA Tobr B ) 28 DA K B 70 ) 2% S5 A [

Z5 R min H, DD %%, Wu /i SD & NB %1 EB
J05 1t D 285 15 R B R AR T

FH P 6 AT I, min H 5 Wu liilN, TEAEE M
FUAE R, B AT A W45, BERLIN 2% . BA TChR
IR 2% DL Ko B RS X 2 ) S ) 1 A ok 3 o, HL B B Y
G, DA ARSI min H 5 Wu iy
2 EFES. EHW AR, BB ) S 1 b
] 8% LA (4] 38 0 7 8 55, 3 ] DLRRORE A AR AT

018901-6


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

Y38 ¥ 4R Acta Phys. Sin.

Vol. 68, No. 1 (2019) 018901

AT, BRI AMA — Do, R
TR LT AL B SR R G N,
FE IR 2 175 s B B R 25 0 I, X S BT M 4%
f S A PR TR SS. 45 R HE SD A DD KA N
f10) 22 7R 00 2% 16) S ) 1 i EL LA Y 8 DS A 1 53 S
TREFAAS [ ff R 5 4 22 b4k, DD J X 43 il AL
P4k 5 BA AR EEM I RE I A 2, BRI

—*— Regular

4r —6— Random
3 —+— BA scale-free |
& —%— Star
9 . . . . .
0 50 100 150 200 250 300
n
s |

—»— Regular

4t
—6— Random
3 —+— BA scale-free
9 —*— Star
2 . . . . .
0 50 100 150 200 250 300

n

—>— Regular

—6— Random
2 —+— BA scale-free ]
—*— Star
0 O e e e e e I e e e
0 50 100 150 200 250 300

ML 5t 3T 410 R B TN 4% S g e I T ) 4% A 11 9 £
4t NB 6T S5 3 AT A 45 . BE AL 25 DL K& BA
T B 19X 265 Sr g e i T ) 8% R 5 R A8 ) A
55 K-Br G5 R IAR TR, (H 20 T8 1 78 40 e e 22 7R Y 2%
(1) AP EB A BEALIN 2% 5 BA Jo bR FE W 4%
() S AL P 58 T Bl AR A W 4%, 5 08 iR B A7 1
2.

2.5 T T 56 0000600000
2.0 fff (b)
156 —>— Regular
—6— Random
1.0 —+— BA scale-free
—*— Star
0.5 1
0 HdH—d e e e o oo o
0 50 100 150 200 250 300
n
st
6t
—>— Regular
4 —6— Random
& —+— BA scale-free
2 —*— Star )
0 50 100 150 200 250 300
n
T e ?
1
st
6t ,"‘ —— Regular
—O6— Random
4 —+— BA scale-free
4 —*— Star
0 50 100 150 200 250 300

n

6 TR AL BEHLI 2% BA JobR LI 26 SR AR 25 AE AN ) P 26 U v R B min H, DD 5 Wu #. SD 5. NB 5 LL
KX EBH (a) min H; (b) DD 4#; (c) Wu f#; (d) SD J; (e) NB44; (f) EB /4
Fig. 6. The min H, DD entropy, Wu entropy, SD entropy, NB entropy, EB entropy of nearest-neighbor coupled

networks, random networks, BA scale-free networks and star networks at different network size n: (a) min H;

(b) DD entropy; (¢) Wu entropy; (d) SD entropy; (e) NB entropy; (f) EB entropy.
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Fig. 7. K-order structure entropy at different influence scale K of different networks generated by adding

isolated nodes to a 20 nodes nearest-neighbor coupled network, where the number of isolated nodes is .
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Table 1. Network features of the Western Power Grid

of the United States and random networks.
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Fig. 9. K-order structure entropy at different influence scale K of the Western Power Grid

of the United States, nearest-neighbor coupled networks, WS small-world networks, random

networks and BA scale-free networks.
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Abstract

Structure entropy can evaluate the heterogeneity of complex networks, but traditional structure entropy has defi-
ciencies in comprehensively reflecting the global and local network features. In this paper, we define a new structure
entropy based on the number of the K-order neighbor nodes which refer to those nodes which a node can reach within
K steps. It can be supposed that the more K-order neighbors a node has, the more important role the node plays in the
network structure. Combining the formula of Shannon entropy, the K-order structure entropy can be defined and figured
out to explain the differences among the relative importance among nodes. Meanwhile, the new structure entropy can
describe the network heterogeneity from the following three aspects. The first aspect is the change tendency of structure
entropy with the value of K. The second aspect is the structure entropy under a maximum influence scale K. The last
aspect is the minimum value of the K-order structure entropy. The simulation compares the heterogeneities of five clas-
sic networks from the above three aspects, and the result shows that the heterogeneity strengthens in the from-weak-to
-strong sequence: regular network, random network, WS (Watts-Strogatz) small-world network, BA (Barabasi-Albert)
scale-free network and star network. This conclusion is consistent with the previous theoretical research result, but hard
to obtain from the traditional structure entropy. It is remarkable that the K -order structure entropy can better evaluate
the heterogeneity of WS small-world networks and suggests that the greater small-world coefficients a network has, the
stronger heterogeneity the network has. Besides, the K-order structure entropy can fully reflect the heterogeneity vari-
ation of star networks with network size, and reasonably explain the heterogeneity of regular networks with additional
isolated nodes. It suggests that when i additional isolated nodes are added to a regular network with n nodes, the
new network has weaker heterogeneity than the old one, but has stronger heterogeneity than the regular network with
n+i nodes. Finally, the validity of the K-order structure entropy is further confirmed by simulations for the western
power grid of the United States. Based on the minimum value of the K-order structure entropy, the heterogeneity of

the western power grid is the closest to that of WS small-world networks.

Keywords: complex network, heterogeneity, entropy
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