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1 Ú ó

Cc5, ÍÜÄ��ä�ÓÚ¯K®²¤�2
�'5�9:ïÄ¯K. ïÄ�ä(�A5�ÓÚ
Uå�m�'X´E,�äÓÚ¯KïÄ�cJ
Ú9:�� [1−3]. @Ï�'uÓÚUå�ïÄÌ�
8¥3äk��5KÿÀ(���ä [4], Ù¥�ü
�;.~f´ÍÜN��f [5] Ú[� ²�ä [6].
�X�­.ÚÃIÝA5�JÑ, <�5¿�E,
�ä�ÿÀ(� [7] é�äÓÚA5åX­���
^,¦�<�m©'5�ä�ÿÀ(���ä�Ó
Úz1��m�'X, F"��ÓÚ�`��ä(
�. 8c�kNõ©zÏLUC�ä�ÿÀ(�5
Jp�ä�ÓÚUå [8−15]. �3ù
ïÄ¥�õ
b½�ä´Ã�Ã��, ,
, ý¢­.¥��ä
éõÑ´\��. ¯¢þ, éõE,�ä�ÓÚÑ
´��ä¥>����'�, ¿�LyÑ
!:Ý
Ú���É�5©Ù, ~X,  ²�ä, Ê��ä.
�
�ÎÜ¢S��ä(�, Ó���
?�Ú�
ïÄy¢�ä(��ÄåÆA5, �5�õ�<m
©ïÄ\�ÍÜ�E,�äA5.

8c�k�
Æöé�ä����ÓÚU
å�'X?1
ïÄ, Motter �<�ïÄL², �
ä�Ý©ÙÉ�5ü$
�ä�ÓÚUå [16].
¿ � Ï L � « � ! : i � Ý � ' � \ � �ª,
Gij = Lij/kβ

i 5-�É�5é�äÓÚUå�
K�, d��ä�rÝ Si ©Ù´þ!�. ©z [16]
¥\��ä¥!:�rÝ Si ½Â�

Si =
∑

j∈Γ(i)
wij , (1)

Ù¥, Γ (i) L«!: i ��!:¤|¤�8Ü. 3k
��ä¥, (1)ª¤½Â�rÝ Si �!:�Ñ\�
��Ú. �ö�Ñ� β = 1�, ÍÜÝ
 G äk�
��A��'� R. Chavez �<JÑ
�«�>�
0ê bij �'��«\��ª, ¿��äÓÚUå
�`��\��ª� Motter �<����`(J
�Ó [11]. ù´�«Äu�ä�Û&E�\��ª,
�ö�ÑÄu�Û&E�\��ªU
Jp�ä
�ÓÚUå. �´, Zhou Ú Motter � [17] ¤JÑ�
ÄuÛÜ&E�\��ª Gij = −kα

j /
∑

j∈Γ (i) kα
j ,

�U¦�ä�ÓÚUå¼��A�Jp, �äÓÚ
�`��ÿéA�ëê α = 0. ©z [17] �(J
�©z [11] ¥��� β = 1 ��ä��´��é
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A�. ,	, Zhao �<3©z [17] �Ä:þÚ\

ëê β, Gij = −kα

j /(
∑

j∈Γ (i) kα
j )β , ¿�ïÄ


�ä�ÓÚUå�ü�ëê�'X [12]. �k�«
;.�\��{´|^!:�c# [18]. Hwang[19]

Ú Zou[20] �<ïÄ
�!:�c#k'��é¡
\��äÓÚUå�\��ª�m�'X. ��ä
¥lÎ!:��ä�#!:�m���ÓÌ�/
 �, �ä�ÓÚUå�r.

�Ä�ý¢�ä¥, >���Ï~´�>�
ü�à:Ñ�'�. �©Äu©z [16], JÑ
�
«Äu wij ü�à:�Ý ki, kj ��é¡\��
Y. ÄkïÄ
�­.�äÚÃIÝ�ä¥\�
�ª��äÓÚUå�K�. Ùg, ïÄ
Ý©Ù
�É�5ØÓ��ä�\��ª�ÓÚUå�m
�'X.

2 �!:Ý�'�\��ª

� Ä � � d N � � Ó ! : | ¤ � Ä � �
ä, Ù¥z�!:´�� n �XÚ, ÙG�Cþ
^ xi(i = 1, 2, · · · , N) L«, @o1 i �!:�Ä
��§L�ª�

ẋi = f(xi) + σ

N∑
j=1

Gijh(xj), (2)

Ù¥, f £ãü��á!:�Ä�A5, h �SÜÍ
Ü¼ê, σ �ÍÜrÝ, G = (Gij)N×N �ÍÜÝ
.
b� G �¤kA��÷v

0 = λ1 > λ2 > · · · > λN , (3)

d�Ì­½�§�

η̇ = [Df(s) + αDh(s)]η, (4)

Ù¥, α = σλi, λi �ÍÜÝ
 G �A��. �ä¥
> (i, j) ���� Gij , � Gij = Gji �, �ä´Ã
��ä; � Gij 6= Gji�, �ä´k��ä.

3ùp, æ^Xe��äÓÚUå�½IO:
éua. I �ä
ó, ÓÚUå�±dÍÜÝ
 G

�1��A�� λ2 £ã, λ2 ���ä�ÓÚU
å�r. éua. II �ä�ÓÚUåÏLA��
�' R = λN/λ2 5£ã,R ���ä�ÓÚUå
�r, �� R ���ä�ÓÚUå��. Ïd, ©
Û�äÓÚ¯KÒ�=C�©ÛÍÜÝ
A��
�¯K.

½Â��Ý
 L∗, äN��Xeª¦�, ��
ué�5�ÍÜÝ
 L �é����?1
?U
���.

L∗
ij =


Lij , j 6= i,

−
N∑

j=1j 6=i

Lijk
α
i k−β

j , j = i,
(5)

Ù¥, ki, kj ©O�!: i Ú j �Ý; α, β ©O��
��Nëê; Lij ��äÍÜÝ
 L 31 i 11 j

���� (é��� Lii = −ki, XJ!: i �!
: j �mkë� Lij = 1, vkë� Lij = 0).

�ÄXe/ª�\��ä:

Gij = L∗
ij/kα

i kβ
j , (6)

Ù¥, Gij L«!: j �!: i �>�, � α 6= 0, ½
ö β 6= 0�, ù��ä�\�k��ä, � α = β 6=
0 �, ù��ä����Ã��ä, α = β = 0 �,
�ä�Ã�Ã��ä. XJÍÜÝ
 G ÷vÓÚ�
�½^�, G �A��÷v (3)ª. @o�±^ÍÜ
Ý
�A��5£ã�äÓÚUå���. e¡·
�y², Uì (6)ª½Â�ÍÜÝ
´é¡�1"
Ú�, ÙA��÷v (3)ª.
Äk, r (6)ª�ÑÝ
/ª

G = D−αL∗D−β , (7)

Ù¥, D = diag{k1, k2, · · · , kN} �d!:�Ý|¤
�é�Ý
.

du

det(D−αL∗D−β − λI)

= det(D
−α−β

2 L∗D
−α−β

2 − λI), (8)

éu?Û λ Ñ¤á, ¤±, k�é¡Ý
 G �¤k
A���u��é¡Ý
 H �A���

H = D
−α−β

2 L∗D
−α−β

2 . (9)

d H �¢é¡Ý
��, Ý
 G �¤kA���
¢ê, ,	d H ´�K½Ý
��, G �¤kA�
�´Kê½ö´ 0. e¡y² G �÷v1"Ú�
Ý
.

G 1 i 1¤k���Ú�

Gi = k−α
i

∑N

j=1
L∗

ijk
−β
j

= k−α
i (

∑N

j=1
j 6=i

Lijk
−β
j

+(−
N∑

j=1
j 6=i

Lijk
β
i k−β

j )k−β
i )
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= k−α
i

∑N

j=1
j 6=i

Lijk
−β
j

−k−α
i

∑N

j=1
j 6=i

Lijk
−β
j

= 0, (10)

¤± G ���A�� λ1 � 0. XJ�ä´ëÏ�,
@oéu?Û α, β Ñk, λi < 0 (i = 2, 3, · · · , N).
�±ÏLÍÜÝ
�A�� λ2 ÚA��'� R 5
£ã�ä�ÓÚUå. 8c�é\��ª�ÓÚU
å�ïÄÌ�8¥3a. II �ä, �©�éda�
ä?1�ý©Û.

3 �ý©Û

3.1 ���­­­...���äää

Newman Ú Watts 3 1999 c, 35K�ä�Ä
:þ, |^�Åz\>�K�E��.�¡� NW
�­.�. [21]. NW �­.�ä´0u�C�
ÍÜ�äÚ�ÛÍÜ�ä�m��«�ä�.,
ÏLé�C�ÍÜ�äO\ë�, ¦�ääk�
��²þ�á´»Ú��qXê, O\>�VÇ
� 0 6 p 6 1, �©À� p = 0.5.

éuC�ÍÜ�5K�ä, ?Û�½�ÍÜr
Ý σ, ÃØ σ ´õ�, XJù��ä¿©�, Kù�
�äØUÓÚ. ��, �ÛÍÜ�5K�ä, ÙÓÚ
Uå��ä�5�Ã', ��ÓÚz«� (α2, α1)
÷v α2/α1 < 1(α2, α1 < 0), Ò�±¢yÓÚ. �
­.�ä�ÓÚUå0uüö�m. �´ù
(Ø
Ñ´ïá3�ä´Ã���äÄ:þ�. éu\
��ä, �ä¥>���´�>�ü�!:�Ý�
'�\��ªe, ÓÚUåÚü�!:�Ýäk�
o���'A5�, �äÓÚUår? >�!:�
Ýäk�o��'A5�, �ä�ÓÚUåfQ?
ã 1 �Ñ
 NW �ä�5�� N = 500�, �äÓ
ÚUå�ü��Nëê α, β �m�'X.

lã 1 ¥�±wÑ R �ëê α, β �m�'X.
R ���, �äÓÚUå�r. ��ä¥�ü�ë
ê α, β �¥, α = 0�, Gij = L∗

ij/kα
i kβ

j = L∗
ij/kβ

j ,
> � � � = � Ð : j � Ý kj � '. β = 0 �,
Gij = L∗

ij/kα
i kβ

j = Lij/kα
i , >���=�Ð: i

�Ý ki �', ¤JÑ\��ªòz�©z [17] ¤
ïÄ��¹. dã 1 �±wÑ, α ≈ 1 ��ä¼�
�Ð�ÓÚUå. 
��ä� α > 0 ½ö α < −2
�, �ä�ÓÚUåÉ β �K�é�. ù¿�X, �

ä�>� Gij �ª: i ��'5, é�ä�ÓÚU
åK���. �>��ª:�ÝCq¤�'��ÿ,
�äÓÚUå�Ð.

ã 1 NW �­.�äA��'� R �ëê α, β �'X

ã 2 β = 0 � NW �­.�äA��'� R �ëê α �
'X

ã 2 �Ñ�ä5�ØÓ��¹e, �ëê β =
0�, �äÓÚUå�ëê α �'X, Ù¥ α = 0 �
:, éAÃ��ä. �±wÑ: ÃØ3=�«�ä5
�e, 0 < α < 2�, �äÓÚUåOr. 3 α = 1
�, �ä�ÓÚUå�r, ù�©z [16] ���(
Ø´�Ó�.

ã 3 α = 1 � NW �­.�äA��'� R �ëê β �
'X

ã 3 �Ñ α = 1, �ä5�ØÓ�, ëê β é
ÓÚUå�K�. ã 3 ¥ØÓ�­�éAØÓ��
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ä5�, ^ “©” IP5� N = 100 ��ä, IPÎ
Ò “©, m, ×, ·, 4” �gL«�ä!:ê� 100—
500, �ä5�ÅìO\. �±wÑ, � NW �­.
�ä�5���, ëê β é�äÓÚUå�K��
�,$�A�vkK�.

3.2 ÃÃÃIIIÝÝÝ���äää

�C�ïÄL², ý¢�ä¥NõE,�ä,
�) Internet, WWW ±9#����ä��ë�
Ý©Ù¼êäk�Æ/ª. ùa�ä�!:�Ý©
ÙÑl�Æ©Ù��ä¡�ÃIÝ�ä. �
)º
�Æ©Ù��)Ån, Barabási Ú Albert JÑ
�
�ÃIÝ�ä�. [22], y�¡� BA �.. BA �
.´�Ä���«ÃIÝ�ä�.. 3ùÜ©¥,
Ì�ïÄ�´>����ü�!:Ý�'��¹
e, BA ÃIÝ�ä�ÓÚUå. �ý¥, æ^�ä
5�� 500, ïÄ�äA��'� R �ü�ëê�
m�'X.

ã 4 BA ÃIÝ�äA��'� R �ëê α, β �'X

ã 4 �Ñ
�ä�ÓÚUå�ü�ëê�m
�'X, �
Bu*	, z ¶À�� log10 R. ã 4
¥,α = 0, β = 0 éAÃ��ä, α < −1, β > 2�,
�äA��'�wÍO\.

ã 5—7 ïÄÃIÝ�ä�ÓÚUå=���
ëêk'��¹, Ù¥ã 5 �Ñ
��ä��/ª
� Gij = L∗

ij/kβ
j �, �äÓÚUå�ëê β �m

�'X. ��ä5�ØÓ�, oUé��� β < 0
�«m, ¦��ä�A�'�' β = 0 ��, �
Ò´'Ã��ä�ÓÚUår. ã 6 �Ñ
�ä
� Gij = Lij/kα

i �, �äÓÚUå�ëê α �m
�'X. dã 6 �±wÑ, ØÓ��ä5�e, �ä
Ñ3 α = 1 ù�:¼��Ð�ÓÚUå, d (1)ª
��, d��ä�Ñ\rÝ� 1.

ã 5 α = 0� BA ÃIÝ�äA��'� R �ëê β �'X

ã 6 β = 0� BA ÃIÝ�äA��'� R �ëê α �'X

ã 7 β = 1� BA ÃIÝ�äA��'� R �ëê α �'X

d	, ·�ïÄ
� β 6= 0 �, ÓÚUå�ë
ê α �m�'X. ã 7 �Ñ
 β = 1�, �äÓÚ
Uå�ëê α �m�'X. dã 7 ·��±w�,
ã¥���ä5�¤éA�­�.ÜÑk�ã'
�²���, �ä¼����A��'��, éA
� α Ø´��:, 
´��«�. ù�«�3�ä
5�ØÓ�, Ñk�É. ��, � β �ØÓ���,
�ä��`ÓÚUå¤éA�ëêk¤ØÓ. nþ
¤ã, ü�ëê α, β é�ä�ÓÚUåÑkK�,
�Óû½X�ä�ÓÚUå.
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3.3 ÝÝÝ©©©ÙÙÙ���NNN���äää

c¡ïÄ
 NW �­.�äÚ BA ÃIÝ�
ä\��ªé�äÓÚUå�K�, uyÝ©ÙÉ
�5ØÓ�, �ä���éÓÚUå�K��´Ø
Ó�. e¡ïÄÝ©Ù0uüö�m�É�5�N
�ä, 3Ý©ÙÉ�5ØÓ�, �ä\��ªé�
äÓÚUå�K�. æ^©z [23] JÑ�Ý©Ù�
N�ä�., T�.´3 BA ÃIÝüz�ä�.
�Ä:þ\\
�Åë�, üzL§¥#\\�!
:À�!:�, UìVÇ ε ?1�ÅÀ�, UìV
Ç (1−ε) ?1Ý`kÀ�. ÏLN!ëê ε ∈ [0, 1],
N!�ä�Ý©ÙÉ�5, � ε = 0�, éAÉ�5
� BA ÃIÝ�ä, �Ç�ê γ = 3. � ε = 1�, é
A!���Å�ä. � 0 < ε < 1�, �ä0u!�
�äÚ BA ÃIÝ�ä�m.

�Ä�y¢¥��ÆÜ��ä, Ê��ä�
�� wij = (kikj)θ, �=�©JÑ�\��ª
¥,α = β ��¹. ÄkïÄ�ä α = β �, �
ä���ëê α, β 3ØÓ�É�5ëê ε e, é�
äÓÚUå�K�.

ã 8 �Ñ
�äA��'� R �ëê α, β

Ú ε �m�'X. �ýæ^��ä5�� N = 500.
� α = β �, �ä�� Gij = L∗

ij/(kikj)α, α = 0
éAÃ���ä, α 6= 0 ��\��ä. � ε = 0
�, éAÉ�5�ÃIÝ�ä, d� α < 0, �ä
�A��'��ê5O\, �ä�ÓÚUå~f.
� 0 < α < 1�, �äÓÚUåO\. 
 ε = 1�,
�ä´!�5��ä, Ó�k� α < 0�, �ä�
ÓÚUå~�. � 0 < α < 1�, �äÓÚUåO
\. �´�ä�A��'�Cz����õ. Ïd,
� α = β �, �ä�� Gij = L∗

ij/(kikj)α, �äÉ
�5�r, ÏLN!�ä��UC�äÓÚUå�
�J�wÍ, 
�ä�!�, KN!����ªU
C�äÓÚUå�J�Ø²w.

ã 8 α = β ��ä�1��A�� λ2 � ε Ú α, β �'X

ã 9 β = 0, ��ä�A��'� R �ëê α, ε �'X

ã 10 � α = 0�, �ä�A��'� R �ëê ε, β �'X

��ä>=�Ù©:Ý�' (α = 0) ½ö=�
Ùª:Ý�' (β = 0) �¹e, ·�ïÄ�äÉ�
5ØÓ�, ëê β ½ö α é�äÓÚUå�K�.
ã 9 �ã 10 �Ñ
�ä¥>���=�©:Ý½
öª:Ý�'�, ÓÚUå3�äÉ�5ØÓ��
���'X, �
Bu*	, ò z ¶�� log10 R. Ù
¥ã 9 �Ñ
 β = 0 �, ØÓÉ�5�ä�A�
�'� R �ëê α �'X. 3 ε l 0—1 CzL§
¥, Ñ�±ÏL��ä\�5N!�ä�ÓÚUå.
� β = 0�, �� Gij = Lij/kα

i , α = 0 éAÃ��
ä, α 6= 0 éA\��ä. � ε = 0�, �ä�ÃI
Ý�ä. d�, α < 0 �äÍÜÝ
A��'�wÍ
O\, ÓÚUåCf. α > 0, �äÓÚUåOr. Ã
Ø´É�5�ä, �´!�5�, �äÑ´3 α = 1
�¼��`ÓÚUå. ã 10 �Ñ
 α = 0 �, �
� Gij = L∗

ij/kβ
j =�©:Ý�'��äÓÚUå

�ëê β, ε �'X. � β ∈ (α, 0) �, \��ª�
±Jp�äÓÚUå. ¦��äÓÚUåOr�ë
ê β ������äÉ�5k', É�5�r α �
���, ÓÚUåJp� β ���«m��.
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4 ( Ø

�©JÑ
�>�ü�!:ÝÑ�'��é
¡�ä\��ä�.¿y²
¤JÑ��é¡�
ä�.�±^ÍÜÝ
�A����5�ä�ä
�ÓÚUå. ?�ÚïÄ
�äÓÚUå�ü��

Nëê�'X. ÏLïÄuy�äÉ�5�r, Ï
LN!�ä��UC�äÓÚUå��J�wÍ;
�ä�!�, KN!����ªUC�äÓÚUå
�J�Ø²w. �©�ïÄ(Jé�Ï�OÓÚU
år��ääk�½�/��^, ~X ²�ä�
\��ä.
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Abstract

Motivated by the observations that the weight of a link in realistic networks is strongly correlated with the product of the cor-

responding degrees, we present an asymmetrical weighted scheme relating to the degrees of starting point and terminal point, and

investigate the effects of weighted scheme on synchronizability in light of different network structures. The results show that the

more heterogeneous the degree distribution of network, the more remarkable the effect on enhanced synchronizability by the weighted

method is. However, there is little effect on enhanced synchronizability by the weighted method for the homogeneous random network.

It is shown that no matter whether small world networks or scale-free networks, the synchronizability is maximal when the total strength

of all in-links of every node is equal to one.
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