
Ô n Æ � Acta Phys. Sin. Vol. 61, No. 19 (2012) 190201

|||^̂̂!!!:::���ÇÇÇµµµ���EEE,,,���äääõõõUUU°°°���555

±/1)2)† ÜÂ´1) ±¥²2) q�2) ~3)

1) ( ��ó§�Æó§Æ�,ÜS 710038 )

2) ( °�C�ïÄ�, �® 100161 )

3) (Üõ�Æ��Æ�, .i 850000 )

( 2011 c 10 � 23 FÂ�; 2012 c 3 � 20 FÂ�?Uv )

�
�ÑykE,�ä°�5ïÄ�.��Ä!:���ÛÜK�5Ú�äÿÀ°�5�"�,JÑ
�«
|^!:�Ç5µ�E,�äõU°�5��{. T�{nÜ�Ä!:����ÛK�5, |^�ä¥!:��Ç
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1 Ú ó

E,�ä´E,XÚ�Ä�, A�¤k�E,
XÚÑ�±Ä�¤�ä�., ù
�ä  äk�
þ�!:, !:�mkXE,�ë�'X [1]. E,
�äØ==�ÃIÝ�ä, §��)0u�Å�ä
�ÃIÝ�äm�Ù¦a.�ä,·�r§�Ú¡
�E,�ä. �XE,�äA5ïÄ��\, E,
�ä|¤5ïÄ��nØ¿ÂÚA^d��F
ÃàwÑ5. du�ä�|¤5�XÚ���5
���', <�  '5�o���ä(�äk�
p�|¤5? æ^�o�{5éE,�ä�|¤
5?1µ�? 8cÄuãØ�E,�ä|¤5ï
Ä�{áÚ
NõÆö�5¿å. 3�½ôÂü
Ñ (�ÅôÂ½O¿ôÂ) e, ©z [2] Ú©z [3]

æ^�ä¥ëÏ!:¤Ó�'~Ú!:é�m�
á´»�©Ù5ïþ�ä���5, @�ëÏ!:
�'~���!!:�m�á´»�á, T�ä�
��5�r; ©z [4]JÑ
�«Äu��ÃIÝ

�ä|¤5`z�{5Aé�ÅôÂ, @��äÝ
©Ù���,�ä|¤5�r;©z [5]ÏL�ä�
ëÏ55ïþ�ä�°�5, @��ä�ëÏ5Ø
=ÉÙÿÀ(��K�, �É!:&EDÑUå�
K�, ���ä&EDÑu)×lÒk�U¬��
���ä��$;©z [6—8] �é�ä¥!:½>
�£Ø, JÑ
Ýþ�ä?é����., @��
��!:¬òÙK1©����!:¿����
!:���. �´§�Ñ�3k�U?�/�:©
z [2—4] ��Ä
�ä�ÿÀ(�é�ä°�5
�K�;©z [6—8] �,nÜ�Ä
�ä�õU°
�5ÚÿÀ(�°�5, �´§��Ä
��!:
K1é��!:�K�, �Ñ
Ù�ÛK�5.

�d, �©�Ä�ä¥��!:��ÛK�5, J
Ñ
�«|^!:�Ç5ïþ�äõU°�5�
�{. �©Äk|^�©�ä!:��Ç5½Â�
!:�K1Ú4�K1, �â�ä�Âc�!:K
1�Cz5(½!:õU���.; ,��Ñ�ä
õU°�5µ½�{, ¿éÙ?1
`z; ��Ï
L¢�©Û5�yÙk�5Ú�15.
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2 E,�äõU°�5µ½

2.1 ¯̄̄KKKJJJÑÑÑ

�cïÄE,�ä°�5��{, kÄu!:
�á´»�!Äu�ä��ëÏf�5��±9
�äëÏ5���, �´¦�Ñ´Äué�äÿÀ
(��ïÄJÑ�, %�Ñ
�ä�õU°�5,

Ï�¢S�äXÚ�$1Ø=ÉÙÿÀ(��K
�, �É!:g�Nþ���. ~X,Ï&�ä¥�
&EDÑI��Ä�!:�&EDÑK1; �Ï�
ä¥��ÏP×�¹I��Ä��ÏÍÝ��Ï
ÕÑUå. ��Ï&�ä¥!:&EDÑL1½´
�Ï�ä¥�Ï6�L�ÏÍÝ�ÕÑUå,Ó�
¬�����ä��$. �éã 1 ¤«�{üÏ
&�ä (��!:>�þ� 1), XJ!: v1 u)�
�, Ò¬¦�ë�f� A Ú B �Ï&K1�ÜU\
3 v4 þ, �� v4 L1, ��Ï&�ä�ëÏ5Ò¬
;�»�.

v1

v9
v8

v7

v6

v5

v4

v3

v2

ã 1 {üÏ&�ä&E6©�«¿ã

��, 3¢SE,�ä°�5ïÄL§¥, ü
X�Ä�ä�ÿÀ(�´Ø
�, Ï�!:½>�
£Ø¬�����ä&E6Ï�#©�Ú!:
3&EDÑL§¥¤«ÉK1�Cz. é¢S�ä
XÚó, !:��é�ä�K�´�Û5�, 
Ø´�é�Ø!:�)K�, ~Xã 1 ¥!: v1

���¬K� v4. �ä�ëÏØ==´Ônþ>�
ëÏ, 3¢SXÚ¥�A�Ä!:K1��«É�
�Ú!:Nþ��. =¦´Ônþ�>;É
�Â,

��!:äkv
�], §Ò¬ÏLÙ¦�ª�
±§yk�õU. �´, XJ!:L1,Ó�¬��
�ä��$, Xã 1 ¤«. Ïd, 3E,�ä°�5
ïÄL§¥, �Ä!:K1��ÛK�5Ú!:õ
U°�5´�©7��.

2.2 nnnØØØÄÄÄ:::

�ã G = (V ,L) ´��Ãg��Ã�ëÏ�
ä, Ù¥ V = {v1, v2, · · · , vn} ´�ä¥¤k!:
�8Ü; L = {l1, l2, · · · , lm} � L ⊆ V × V ´!
:m>�8Ü. ωij L«ë�!: vi Ú vj �> lij

���.

½Â 1 éuã G = (V,L), ^ aij L« G ¥
!: vi Ú vj �m>���, � vi � vj �����,

aij = ωij , ÄK aij = ∞, K n ��
 A = (αij)n×n

¡� G �>�Ý
.

>�Ý
 A ^5L«�ä�!:�Ú���
ål. � αij = ∞ �, `²!: vi � vj ØU�Ú�
�, §�Ø��. �ä¥�>�^5L«!:�m
&E6Ï�J´§Ý, ê���, �Ñ�]�õ.

½Â 2 !:ål´�ü!:�m¤k´»
>��Ú����, ^ d L«. XJ vi Ú vj �mØ
�3´», K dij → ∞. �ä¥!:�mål��
����ä��» R. ��ä�Ã��ä�, d L«
ü!:�m�á´»þ�>ê,

dij = min

{∑
pq

ωpq

}
, vp, vq ∈ rij ∈ Rt, (1)

dij L«!: vi Ú vj �m�ål, rij L«ë�!
: vi Ú vj �,�^´», Rt L«ë�!: vi, vj

�´»8Ü.

½Â 3 �ä�Ç E ´��ä¥¤k!:é
�mål�ê�Ú�²þ�.

E =
1

n(n − 1)

∑
i 6=j

1
dij

, (2)

ª¥, n��ä¥!:ê8, dij �!: i Ú j �m
�ål.

l�ä�Ç E �½Â¥�±wÑ,�ä�Ç E

L�
�ä¥¤k!:é�m�²þ�C§Ý.�
ä¥!:é�m��C!ål�á,�ä�Ç��
�.�
ïþ�ä¥,��!:�Ù¦!:�²þ
�C§Ý, �â�ä�Ç�½Â, ·�JÑ!:�
Ç I �Vg.

½Â 4 !:�Ç Ik ´�!: k ��ä¥Ù
¦!:�mål�ê�Ú�²þ�.

d (2) ª��

E =
1

n(n − 1)

∑
i 6=j

1
dij
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=
1
n

n∑
k=1

 1
n − 1

n∑
j=1,j 6=k

1
dkj

. (3)

Ïd�©ò Ik ½ÂXe:

Ik =
1

n − 1

n∑
i=1,i 6=k

1
dki

. (4)

l Ik �½Â¥�±wÑ, ¤k!:�Ç�²þ�
=��ä�Ç E, ��!:��ÇL�
T!:�
�ä¥Ù¦!:�²þJ´§Ý.�ä¥!:�Ç
�p, L²T!:�Ù¦!:DÑ&E�N´!¤
�Ñ�]��.

2.3 õõõUUU°°°���555µµµ½½½���...

·�¤ïÄ��ä°�5´��ä3	.O
¿�Â½g��Å�æ�¹e, E,�äXÚ�U
�±ÙõU�Uå. �©¤ïÄ�E,�äõU°
�5µ½�.´nÜ�Ä�äÿÀëÏ5Ú!:
�«ÉK1JÑ�,ÏL!:K1�Cz5(½
!:��VÇl���äõU°�5µ½�8
�. �©!:K1�Vg´�é¢S�ä¥]
6ÏL§JÑ�, §´é!:g�Nþ�Ä�L
ã, §L�!:�±ykõU�Uå. !:K1�
�, L²!:]�Ñ�î, �±ykõU�U
å�f.

éu�ä¥DÑ�&Eó, XJ!:é�m
ålé�, �´��±&EDÑ���5, @oT
!:é�m&EDÑ¤�Ñ�]Òéõ; XJ
T!:&E?n�]k�, @o§«É�K1
Ò¬é�. du�ä�ÇL�
�ä¥!:�²
þ�C§Ý, Ïd�ä�Ç3�½§Ýþ�N
�
��ä�K1. �ä�Ç�p, L²!:é�må
l�á!�ä&E6Ï�N´!�ä&EDÑK
1��.

du�ä¥¤k!:�Ç�²þ�=��ä
�Ç E, Ïd!:�Ç3�½§Ýþ��N
!
:¤«É�K1. éu&E?n]�½�!:,

XJ§��Ç�p, `²§��ä¥Ù¦!:��
C!&E6Ï�N´, &EDÑ¤�Ñ�]��,

!:¤«É�K1��. �d, �©^!:�Ç5
L�!:K1 LD, ¿ò!: k �K1½ÂXe:

LDk = exp(−Ik). (5)

éuã 1 ¤«�Ï&�ä, !: v2 Ú v6 �m�3
o^Ï&´». � v1 ���, XJ v2 Ú v6 äkv

�]U
¦§�Uì v2—v3— v4—v5—v6 �
´»?1Ï&, @o v2 Ú v6 ÒØ¬��, ¿���
�ä�U�±§yk�õU. Ïd, é!:ó, �
�§Pk�½�]U
�±§yk�õU, §Ò
U«É�½�K1. �©ò�ä¥!:U
«É�
K1½Â�!:N=K1 C.

éu���¢SÏ&�äó, du�ä|ï
L§¥�!:&E?n�]�½!&EDÑL
§¥�!:¤U|^�]�Ó, ��¦�¤U«
É�K1�´�Ó�, þ� C. Ïd, �©^�Ó
� α 5L��ä!:�N=K1, ¿òÙ½Â�

C = α × max(LDk, k = 1, · · · , n), (6)

ª¥, α > 1�!:K1N=Xê.

3¢SXÚ¥, ,
L1�!:¿Ø¬á=
��, Ï�<�¬æ��½���Jp!:�N
þ [5,7]!�)!:¤«É�K1, 5Jp�ä�N
��5, ~XÏ&�ä¥�Ä�´düÑ. Ïd,�
ä¥?Û!:���Ñk��K�. du�ä!:
&E?n]�½, ���!:��K��Ó, �
©òÙ½Â�!:4�K1

C∞ = β × C, (7)

ª¥, β > 1�!:K14�Xê.

�â!:�N=K1Ú4�K1,·��±ò
!: k ���VÇ pk ½ÂXe:

pk =


0, LDk < C,

LDk − C

C∞ − C
, C < LDk < C∞,

1, LDk > C∞.

(8)

lª (8) �±wÑ: � α → ∞ �, C → ∞, `²�
!:äkv
�]5�±ykõU, ØÉ�ä
ÿÀ(�Cz�K�, ��u�ïÄ�ä�ÿÀ°
�5; � α �½!β → ∞ �, `²�!:¤U«É
�4�K1Ã¡�, L1!:���¿Ø���6
u!:�K1, ´±�½VÇ�±ykõU.

��ä;É�½�ª��Â�, ��!:¬Ú
u&EDÑ�ÛÚÙ¦!:K1�Cz, ��!:
K1�L4�K1, Ò¬��T!:��, ¿�g
K�Ù¦§!:�K1. XJ�ä;É�Â�, �
�!:��, `²T�ä�±�~ó��Uå�r.
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Ïd, �©ÏL��!:�ê85Ýþ�ä�õU
°�5, ¿�ÑÙ8�zL�ª

f =

Num∑
i=1

fi

Num × n
, (9)

ª¥, n��ä¥!:ê8, Num L«�ä;É�
Â�gê, fi L«1 i g�Â¤�����!:�
ê8. z�g�ÂØ=�u��!:u)��, §
�±�¹õ«���ª.

2.4 õõõUUU°°°���555µµµ½½½���{{{

�
é�ä¥��!:?1ÚO, e¡·��
ÑÙ{ü�{Ú½:

Ñ\: �ä>�Ý
 A = (αij)n×n, α, β

ÑÑ:�ä�õU°�5 f

Begin

1) �â A O�¤k!:é�m��áålÝ

 Dis = [dij ]//Floyd �{;

2) (½�ä!:��ÇÚK1
For i = 1 to n

{�â Dis = [dij ], (½!: vi � Ii, LDi};

3) �â�©�ä�!:K1, (½�ä!:N
=K1 C Ú4�K1 C∞;

4) (½�ä�õU°�5 f

� â � Â � � ª, ( ½ � � � ! : 9 Ù ê
8 k sx;

While (k sx > 0)

{�â���!:, é A ?1?�;

EÚ½ 1), 2) (½!:K1;

� â (8) ª ( ½ õ U � � � ! : 9 Ù ê
8 k sx;}

�â (9) ª(½�ä�õU°�5, ÑÑ f ;

End

l þ ã � { Ú ½ � ± w Ñ, � � � { � �

m E , Ý � û u ¤ k ! : é � m � á å l Ý

 Dis = [dij] �O�. du Floyd �{��mE
,5� O(n3), ¤±T�{3���¹e��mE
,5� O(n4). �é Floyd �{O�!:é�m�
áål�A:, �©�
ü$Ù�mE,5, �±
éÙ?1`z. du Floyd �{3O��áålÝ

 Dis = [dij ] L§¥, I�é>�Ý
?1 n g
Ì�, �´��ä¥¤k!:é�m��áålÑ
®²é��,·�Ò¬uy Dis = [dij ] 3�YÌ�
L§¥�±ØC. Ïd, 3¦) Dis = [dij ] L§¥,

XJ_8/?1 n gÌ�, ³7¬E¤O�]�
L¤!Jp�{��mE,Ý. Äud, �©3$
^ Floyd �{O� Dis = [dij ] L§¥,ÏL��I
£Ý
5�ä!:é�m��áål´Ä®²é
�, ��é�BaÑÌ�, l~�§S$1��
m,Jp�{��Ç. �â�ÅÝ
nØ,·��±
��?¿!:é�m��áålÑ�±ÏL>�
Ý
 A = (αij)n×n 5¦�. e!:é�m��á
ålÑ®²(½, ¿�X�ä¥!:é�mål�
��� (�ä��» R) �®²(½. dd��, ²
L`z��©�{��mE,5C� O(Mn3), M

L«(½�ä�» R ¤I�Ì�gê. ��ääk
�.A5, � M ¿ n �, �{��mE,Ý�±
�� O(n3), é�5��.�äõU°�5�µ
d�±¼�n��O�Uå.

3 ¢��©Û

3.1 ���...kkk���555©©©ÛÛÛ

�éã 1 ¤«{üÏ&�ä, �©±�äë
Ï5Ú��ëÏf�5���I, ��ä3 v1, v1

Ú v2 Ó���ü«�¹e��äÿÀ°�5Úõ
U°�5?1µ½, µ�(JXL 1 ¤« (õg�
ý²þ�).

L 1 {üÏ&�ä°�5µ�(J
hhhhhhhhhhhhhhhµ��I

��!:
v1 v1, v2

ÿÀ°�5
�äëÏ5 ëÏ ØëÏ

��ëÏf�5� 17 13

õU°�5 (α = 1, β = 1.5)
�äëÏ5 ØëÏ ØëÏ

��ëÏf�5� 14 0

õU°�5 (α = ∞)
�äëÏ5 ëÏ ØëÏ

��ëÏf�5� 17 13

190201-4



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 19 (2012) 190201

lL 1 �±wÑ, � α = ∞ �,�äõU°�
5µ�(J�ÿÀ°�5µ�(J��; � α = 1,

β = 1.5 �, �äõU°�5µ�(JÐyÑ
�
ÿÀ°�5Ø���(Ø. ÄÙ�Ï, ´du�ä
õU°�5�µ½�Ä
Ï&�ä!:��«É
K1. ��!:L1, Ó�¬���äëÏ5�»
�Ú��ëÏf�5��~�, ~X>�!: v7,

v8, v9 �L1. dd��, üX$^ÿÀ°�5é¢
S�ä°�5�µ½´¡¡�, �knÜ�Ä�ä
�ÿÀ(�!!:�NþÚ�«ÉK1âU¦�
ä°�5�µ½�\O(.

�éE,�ä°�5�ïÄ, ÊH@�3�Å
ôÂeÃIÝ�ä'�Å�ääk�r�N�5;

�3O¿ôÂe, ÃIÝ�ä%qw�É~yf.

�
�yk(Ø?1'�©Û, �©�Ä!:�
õU°�5,ÏL�E!:ê8þ� 500!>ê8
þ� 1500 �ÃIÝÏ&�ä [9] ��ÅÏ&�ä,

$^�©¤J�{éÙ°�5?1µ½. ÏL�
ý (õg��²þ�), �±���ÅÏ&�ä�Ã
IÝÏ&�ä�õU°�5µ½(JXã 2 Úã 3

¤«.

ã 2 �ÅÏ&�äõU°�5«¿ã

lã 2 Úã 3 ¥�±wÑ, �X�ä!:K1
N=Xê α ÚK14�Xê β �O�,Ï&�ä�
õU°�5ÅìOr. � α → ∞ �,Ï&�äõU
°�5���^�Ç� 1 ���, `²Ï&�ä
¥vkÏ�L1���õU��!:, Ø
��
Â!:, Ù¦!:ÑU�±§ykÏ&õU, d�
Ï&�ä�õU°�5�r. dd��, éuØÓ
ÿÀ(��¢S�äXÚ, �JpÙ��5!~�
ÏL1���õU��!:�ê8,·��±Ï
LO\!:&E?n�]5Jp!:�Nþ, l

ü$!:õU���VÇ, ¦�ääk�r�õ
U°�5.

ã 3 ÃIÝÏ&�äõU°�5«¿ã

� α Ú β ���½�, l�Nþw: ÃIÝÏ
&�ä3AéO¿ôÂ�ÙõU°�5é$, �é
�ÅôÂäk�r�N�5; ØÓ�ª�ôÂé
�ÅÏ&�ä�K�Ø�, ù��ä°�5µ½�
²;(Ø [10,11] ´���, `²
�©�{�k�
5. �´, é�Ä!:�«ÉK1�E,Ï&�ä
õU°�5�µ½, AT^¢SÏ&XÚ3AéØ
Ó�ªôÂe�±�~õU�^�\±�å. ~
X: XJÏ&�ä 10% �!:��Ò¬¦��ä�
$, @o�!:�Â5��L 10% �, E,�ä°
�5µ½�²;(Ø´Ø¤á�, Ï�3ù«�¹
e�ÅôÂÚO¿ôÂéÏ&�ä�K�´��
�. Ïd, 3¢S�äXÚ�±�~õU�^�e,

ÃIÝ�ä3AéO¿ôÂ�éyf, �é�Åô
Âäk�r�N�5, Xã 3 ¤«; �!:�Â5
����, ØÓ�ª�ôÂé�Å�ä�K�Ø�,

�!:�Â5��L�½K� (40%) �, �Å�
äéO¿ôÂ�éyf, Xã 2 ¤«.

3.2 ���{{{���ÇÇÇ©©©ÛÛÛ

�céE,�ä°�5ïÄ¥, Æö��¤±
��Ä!:���ÛÜK�5�ÑÙ�ÛK�
5, ´du�Ä�ä�Û&E�°�5µ½�{�
mE,Ýp, é�5��ä¿Ø·^, �d�©J
Ñ
E,�äõU°�5µ½`z�{. �
éT
�{�Ç?1©Û, $^T`z�{3 Intel Core 2

Duad 2.83 GHz �Åþ$1 MATLAB §Sé>�
� 1 �ØÓ5��.�ä [12] (z�!:��� 6

�!:�ë, >ë�VÇ� 0.2) �õU°�5?
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1µ½, � α = 4, β = 8, $1�m (õg��²þ
�) Xã 4 ¤«.

ã 4 ØÓ5��.�ä�{�1�Çã

lã 4 ¥�±wÑ, ÏL`z���©�{,

é!:ê8� 1000!O¿ôÂ5�� 20% ��
.�äõU°�5�µ½Ø�L 100 s, ��X!
:�Â5��~�, ÙO�Uå�`, `²�©¤
J�{´k��. du¢SXÚ�õäk�.A
5, Ïd$^T�{é�5��.�äõU°�
5�µ½�±¼�n��O�Uå.

4 ( Ø

�é�cE,�ä°�5µ½�.��Ä�
äÿÀ(�°�5Ú��!:ÛÜK�5�"�,

JÑ
�«�Ä�ä�Û&E�|^!:�Ç5
µ�E,�ä°�5��{, ¿�Ñ
Ù`z�{.

¢�©Û(JL², üX$^ÿÀ°�5é¢S�
ä°�5�µ½´Ø
�, �A�Ä!:��«É
K1,·��±ÏLO\!:&E?n�]5J
p¢S�äXÚ���5; éu¢S�äXÚõU
°�5�ïþ, AT^XÚ�±�~õU�^�\
±�å. 3¢SXÚ�±�~õU�^�e, ÃI
Ý�ä3AéO¿ôÂ�éyf, �é�ÅôÂä
k�r�N�5; �!:�Â5����, ØÓ�
ª�ôÂé�Å�ä�K�Ø�, �E,�ä°�
5ïÄ�²;(Ø��, `²
T�{�k�5.

�´, �!:�Â5��L�½K��, �Å�ä
éO¿ôÂ�éyf. �{�Ç©ÛL², `z�
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Abstract

In order to overcome the disadvantages of existing complex network robustness research models in which only the local influences

of disabled nodes and topological robustness are considered, the node load, utmost load and disabled model are defined by node

efficiency and a new method to evaluate complex network functional robustness is proposed in which the whole influence of disabled

nodes is considered. The complex network functional robustness is evaluated by the final disabled node proportion after beat and the

optimized evaluation arithmetic is given. Experiments show that this method is effective and feasible in evaluation of complex network

functional robustness in which the node load is considered, and it is applicable for large scale complex networks.
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