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�é°,Å�µe�8Iuÿé°��65r�¯K, �©æ^©êÙK$Ä�.é¢ÿ°,Åï�, (Üõ
­©/�³ÅÄ©Û{(½©/ëê, ©Û
°,Å�üºÝ!õ­©/A5. 3üºÝ©/�Ä:þ, |^L�
°,Å©/A��©ê�Ú Hurst �ê�ï
©/�þ, JÑ
Äu©/�þ��8Iuÿ�{; 3õ­©/Ä:
þ, '�
ü«°,Å�pºÝõ­©/A5. (JL², �ºÝ q > 10�, X°,Å�õ­©/ëêH(q) < 0, 

�3�8I� H(q) > 0, d�É5�pºÝ©/ëê�°,Å�µ�8IuÿJø
�½�â. ¤ïÄ�ü«�{
þU¢yØÓ°�e��8Iuÿ.

'�c: °,Å, ©/, �8Iuÿ, õ­©/

PACS: 05.45.Df

1 Ú ó

°,Å´ÛÜ°²¡éX�u�&Ò���
Ñ�£Å, É�º!L�õ­Ï��K�. |^°
,Å�A5©Û°²¡G¹,¢y°²¡!$��
8I�&ÿäk­��nØ¿ÂÚ¢^d�. °,
Å�µe��8Iuÿ´8c�ïÄ9:ÚJ:,
uÿ�â´�3�8I�°,Å�X°,Å3,
«A5þ��É5, Ì��3ü�a�{ [1].

Ä u Ú O � � {, ù a � { Ì � l Ú O �
� Ý © Û ° , Å A 5, Ï ~ æ ^ éê� � ©
Ù [2]!Weibull ©Ù [3] ±9EÜ K ©Ù [4] �é
°,Åï�, EÜ K ©ÙU�Ð/�N°,Å�Ú
OA5. ùa�{�Ì��â´�3�8I�°,
ÅØ2÷v,«ÚO©ÙA�. �°,ÅÉº!L
�õ­Ï�K�, ü��ÚO©Ù¿vkl°,Å
�Ôn¿Â��¡5©Û. Ó�, ÚO�{Ï~@
�°,Å´²­L§, �¢�þ°,Åäkr��
�²­5, 3¢S¥$^ÚO��{¢y�8I�
uÿ�3���Û�5.

Äu��5��{, ùa�{$^��5�{
l�m½ö�m��Ý©Û°,Å�A5, ��*
/�N
°,Å�ÔnA5. 1990 c, Haykin � [5]

©Û¢ÿ°,Å(½
°,Å�i\�3 5—9 �
m, �� Lyapunov �ê��ê, @�°,Å´(�
�·bXÚ
��ÅL§, ¿�â�8I��3
¬»��°,Å�·bA5, JÑ
Äu·b�
�m­�Ú��DÂ (BP)  ²�ä�(Ü��
8Iuÿ�{ [6,7]. ���'�ïÄöJÑ
·
b��m­��»�Ä¼ê (RBF)[8,9]!|±�þ
Å (SVM)[10−12] � ²�ä(Ü�U?�{. �C
c5kïÄL², i\�Ú�� Lyapunov �ê´
�ê¿ØU`²°,Åäk·bA5 [13,14], ¿�
Ñ 1/f (f �ªÇ) D(�äkaq°,Å�A5,
�°,Å���5A���
ïÄö�@�. ©/
´­����5?n�{, �2�$^u)Ô�
Æ [15−17]!Y© [18] �+��ïÄ, �æ^©/�
{©Û°,Å�A5. 1993 c, Lo � [19] æ^©ê
�©Û°,Å, �Ñ�8I��3¦ÛÜ«��°
,Å©�êu)Cz, �â�É5U
¢y°,Å
�µe��8Iuÿ. ©z [20—23] æ^©êÙK
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$Äé°,Å?1ï�, y²
°,Å3�½�m
«mäk©/A5, ¿$^n«ØÓ��{(½

L�°,Å©/A5� Hurst �ê,¢y
Ó�°
�e��8Iuÿ, 3dÄ:þ?Ø
°,Å�õ
­©/A5. du°,Å�©/A5¬�X°��
Cz
Cz, ü��©/ëêØU¢yØÓ°�e
��8Iuÿ. IS, N��� [24,25] JÑ
Äu�
m©/A5�°,Å�µe�8Iuÿ�{, �¿
vk�\?Ø�{�Ê·5. Guan � [26] ò SVM
 ²�äÚõ­©/Ì(Ü�Ð/¢y
°,Å
�µe��8Iuÿ, � SVM ÔöI��þ�O
��m, ��ü$
�{5U. ñR� [27] æ^©/
`²°,Åäk·bA5, ,�$^ SVM¢y

°,Å�µe�f&Ò�uÿ, �¿vkäNy²
©/Ú·b�éX.

Cc5, ·�é·b�µe�8IuÿÚ°
,Å�A5?1
�½�ïÄ [11,12,28], |^°,
Å�·bA5Ú�`z�{JÑ
 BP  ²�ä
Ú SVM �uÿnØ, �ùü«�{Ñ´ïá3°
,Å�·bA�þ, é°,Å�·bëê�65�
r. �©Äu°,Å���5A5, æ^©/nØ,
ïÄ©Û°�ÚX�45é°,Å©/ëê�K
�, 3ü�ºÝ©/Úõ­©/�Ä:þ, ©Oï
Ä�A��8Iuÿ�{,¢yØÓ°�e�8I
�uÿ.

2 ©êÙK$Ä

XJëY�Å&Ò X = {X(t), t > 0}, ÷v^
�

X(λt)
d=λHX(t) t > 0, (1)

Ù¥ λ > 0, 0 < H < 1, λ �'~Xê, d L«ÚO
©Ù�Ó, K¡T&Ò�g�q&Ò, H � Hurst �
ê.

©/L²
¯Ô���g�q5±9¯Ô�
m��q5. ©/¥~^�êÆ�.´©êÙK
$Ä�., d Mandelbrot Ú Ness u 1968 cJÑ.
Mandelbrot[29,30] é©êÙK$Ä BH(t) ?1
X
e½Â:

BH(t) =BH(0) +
1

Γ (H + 1/2)

×
∫ τ

−∞
K(t − s)dB(s), (2)

Ù¥ BH(0) = 0, dB(s)´pd©Ùû½� £, s

��mò´, Γ (H + 1/2) �~ê, È©Ø K(t) �

K(t − s)

=

(t − s)H−1/2 (0 < s < t),

(t − s)H−1/2 − (−s)H−1/2 (s < 0),
(3)

Hurst �ê H L�
êâ�m��q5'X. §�
©êÙK$Ä�©ê� D �3Xe'X [29−31]:

H = 2 − D, (4)

�� Hurst �ê H O\�, �A�©ê� D Ò¬
eü, ��, � H ~��, �A�©ê� D ¬O\.
ùü�ëêþUL�©/A�.

©êÙK$Ääkg�q5,´�«;.��
²­L§. �©êÙK$Ä�Oþ�²­pd�Å
L§, Ù©Ù÷v N(0, δ2), Ù¥ δ ´�"�. Ïd
k

BH(t + 1) − BH(t) ∼ N(0, δ2), (5)

Var(BH(t + τ) − BH(t)) = δ2τ2H . (6)

©êÙK$Ä�I� H(½ö D) ��ëêÒUL
�êâ�©/A�, Ù¥ τ ��mò´, Var ���
�¼ê. ©êÙK$Ä�g�q5!�§�'5±
9õÇÌ�©ÙA��°,Å�A��~�q, Ï
dæ^©êÙK$Ä�.é°,Å�?1ï�, ©
ÛÙÄ�A5. �°,Å¿Ø´���©êÙK$
Ä, �3�½��mºÝ��SLyÑ©êÙK$
Ä�A5. ïÄ�L²°,Å�±$^©/ÙK$
Ä5©ÛÚ?n.

3 õ ­ © / � ³ Å Ä © Û { (MF-
DFA)

Hurst �ê H U
L�©/ÙK$Ä�¤k
A5, �±æ^õ«�{é Hurst �ê?1�O,
~^�kÅÄ©Û{!�³ÅÄ©Û{ (DFA) Ú
�ÅÅÄ©Û{� [20]. DFA ´'�#L��{
��, §3 1994 cd)ÔÔnÆ[&¢ø�Ø0
Ø� (DNA) �L§¥JÑ. DFA Äk�ØS��
Ä�ª³��#S�, ,�é#S�?1PÁA
��ïÄ. 2002 c, Kantelhardt � [32] 3 DFA Ä:
þJÑ
k���­��mS�� MF-DFA, �Ñ

 MF-DFA 3©Û�­��mS�õ­©/A5
�k�5Ú¢^5,´ DFA �2Â½Â.
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b�� 3 � Ý � N ��m S � X =
{x(n), 0 < n 6 N}, MF-DFA �¢yL§Ì�©
�Xe�Ú½ [32−34]:

1) òS�~�²þ�, ¦ÛÜÚ, �¤�Åi
rS�

y(n) =
n∑

i=1

[x(i) − x̄] 0 < n 6 N, (7)

Ù¥ x̄ ��mS�þ�, XJS���÷v�Åi
rS�, KTÚ½ÑL;

2) ò#S� y(n) ©)¤ Nm = INT(N/m) �
���Ø­UfS�, Ù¥ INT(x)´éCþ x �
�, ���Ý��mS�, XØU��©), KlS
��Ü�c��©)¼� INT(N/m) �fS�, �
¤ 2Nm �fS�, �Ý����mS��Ø?1
��©), �¤ Nm �fS�, ~�O�þ;

3) z�f«m i(i = 1, 2, · · · , 2Nm) æ^��
�¦{?1õ�ªêâ[Ü¼�fS��ÛÜª
³� yi,fit(n), Ù¥õ�ª�±´��!��!p �
�, ~�fS��ÛÜª³� yi,fit(n), ¼�fS�
�ÛÜ��, ¿éÛÜ��U (8)ª!(9)ª¦��.
XJ�k Nm �fS�, K�I�O� (8)ª:

F 2(i,m) =
1
m

m∑
j=1

{y[(i − 1) ∗ m + j] − yi,fit(j)}2

(i = 1, 2, · · · , Nm), (8)

F 2(i,m) =
1
m

m∑
j=1

{
y[N − (i − Nm)m + j]

− yi,fit(j)
}2

(i = Nm + 1, Nm + 2, · · · , 2Nm); (9)

4) O� q �ÅÄ¼ê

Fq(m) =
{

1
2Nm

2Nm∑
i=1

[F 2(i,m)]q/2

}1/q

, (10)

Ù¥ q ´�"¢ê, é�X�� m, O� Fq(m) �
�;

5) éØÓ� q, (½'X

Fq(m) ∼ mH(q), (11)

O�©/ëê

H(q) =
d ln(Fq(m))

d ln(m)
. (12)

¢SO�L§¥Ï~´é Fq(m) ∼ mH(q) �
Véêã��5«mæ^���¦{?1��[
Ü�O�5«m��Ç��, = H(q). XJ H(q)

� q Ã', K`²�mS�� Fq(m) � q Ã',�
mS��ÛÜ(�´���, äkü©/A�. X
J H(q)´'u q �¼ê, K`²�mS�� Fq(m)
�´'u q �¼ê,�mS��ÛÜ(�´�þ!
�!Ø���, äkõ­©/A�. � q = 2 �,
H(q) =� DFA � Hurst �ê H , dd��§MF-
DFA´ DFA �2Â½Â.

4 Äu©/�°,Å�µ�8Iuÿ

°,Åäk©/A5®²��2��@�, Ä
u©/�°,Å�µ�8IuÿÌ��â�3�
8I�°,Å�X°,Å©/ëê��É5. �8
IÚ°²¡©/ëê�3�É5, ù«�É5¬D
4�X�£Å, ù«�É5=���°,Å�µe
�8I�uÿ�â. �°²¡�©/ëê�X°¡
G¹�Cz
Cz,¦��É5�¬�X°��C
z, ù�\�
ØÓ°�e�8Iuÿ�JÝ. ¢
ÿ°,Å�A5�É�X�æ�ªÇ!X�êâ
45�Ï��K�. ©Ûù
Ï��K�k|uJ
p�8Iuÿ��{U?.

�©æ^ Haykin[35] +n� IPIX °,Åêâ
��ïÄé�. T°,Åêâ¥d 14 «ØÓ°�
�êâ�¤, z�|êâe�¹ HH (u�àÚ�
Âà�4z�ªþ�Y²��) Ú VV (u�àÚ
�Âà�4z��þ�R���) ü«X�45
e 14 �ål��ØÓêâ, z�ål��êâ�
Ý� 131072 :, �� 131 s. �
�BïÄ©Û, �
Õ�²
Ì�!g�8I¤3ål�, äNëw©
z [35].

4.1 ©©©///���þþþ������888IIIuuuÿÿÿ

� q = 2 �, = H(q) = H(2) = H , = æ
^ DFA �O Hurst �ê, Hurst �ê���L�

°,Å�©/A5, ©Û°�!X�45é°,
Å©/ëê�K�, ïÄ�3�8I�°,Å�X
°,Å©/ëê��O.

4.1.1 DFA ©Û°�!X�45é°,Å
�K�

¢ÿ°,Å�ïÄÌ�´'uÌÝ��'?
n, 3$^©êÙK$ÄL§¥, Hu � [21] @�°
,Å��ÅirL§'°,ÅOþ�¤irS�
�ULy°,Å�5�, du IPIXêâþ��, �
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��$^ (8)ª?1O�. cÏïÄ@�°,ÅA
5É�°�!º�Ï��K�, �þ�^äN�ë
ê`²°,Å´É�ÃõÏ�K��E,XÚ.

� � � � � � � � � � � � � �� �� �� �� �� ���� 	 
 �� 
�� �� ���
ã 1 DFA © Û IPIX#17 | Ø Ó å l � HH ° , Å
� F2(m)-m Véêã

°,ÅØ´���©/ÙK$Ä, �3�½
��m��S÷v©/ÙK$Ä. Äk, (½°,
Åäk©/A5��m«m. Xã 1 ¤«, Äk©
Û IPIX #17 |ØÓål�e HH °,Å� F2(m)-
m Véêã. ã 1 ¥�k(Ò�­�£ã
X°
,Å (vkÉ��8IK�°��°,Å) �Vé
êã, 
�k��%�:�­�£ã
�3�8I
�°,Å (½öÉ��8IK�°��°,Å) V
éêã. dã 1 ��, � m ?u 26 � 214 �m�,
IPIX °,Å#17 ¥ØÓål� HH °,ÅþLyÑ
ûÐ��5'X, òT�m«m��°,Å�ÃI
Ý«m, =©/«m. Ùg, ©Û°,Å� Hurst �
ê. �(Ò�­�Ñy�þ�­U, ��Ç�q (H
�C), ù`²X°,Å�©/A53Ó�°�eä
k�q5; ���%�:­���5«m�Ç�u
�(Ò­���5«m�Ç, =�3�8I�°,
Å� Hurst �ê�uX°,Å� Hurst �ê, L²
�8I��3¬UC°,Å�©/A5. ��, ©
Û�8Ié°,ÅK����. �k��%�:�
­��ÑyaqX°,Å�­Uy�, `²o^­
�¤�L�°,Å©/A5¿Ø�Ó, �8I��
3�UC
o�ål�°,Å� Hurst �ê. (Ü
�8I�3� � [35] ©Û, �8I��3�K�
��ål��°,Å� Hurst �ê, =�8I��
3�UC���S°,Å�©/A5, o^�%�
:­��3�É, `²�½��S�8I�K��
J�3�É. �â (4)ª��, Hurst �ê�Cz�

¬D4�©ê�, Ó�«°�e, �8I��3�
¬UC���S°,Å�©ê�. dd��, 3Ó
�«°�e, X°,Å�©/A5�q, �8I�
�3¬UC���S°,Å�©/A5.

� � � � � � � � � � ��� � � �� � � �� � � �� � � ��
ã 2 ØÓål�X°,Å�X°�Cz� Hurst �ê­
�

ã 3 IPIX#17 X°,Å3 HH Ú VV ü«X�45e
� F2(m)-m Véêã

ã 2 � 14 «ØÓ°�e, o�ØÓål� HH
X°,Å� Hurst �ê H ©Ù. x ¶L«®�� 14
«ØÓ°�, y ¶L«°,Å� Hurst �ê H . d
ã 2 ��, 3ØÓ°�e, Ó�ål�°,Å� H

�3�É5; 3Ó�«°�e, ØÓål�°,Å
� H �~�C. `²3Ó�«°�e, �½��S
�°²¡�©/A5�Ó, �°��Cz¬��
°²¡©/A5�Cz, ÏLUC Hurst �ê�±
Ny. ã 3 ©Û
 IPIX#17 °,Å (ØÉ�8IK
�) 3 HH Ú VV ü«X�45e� F2(m)-m V
éêã, dã 3 ��, ü«45e�°,Å3ØÓ
�«�Ñy�þ­U, `²Ó�45eX°,Å
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�©/A5�q. �´3ØÓ�45e, °,Å�
©/A5ØÓ.Äk, HH 45e�°,Å3 m ?
u 26—214 �m�þLyÑûÐ��5'X, 
 VV
���°,Å�3 m ?u 26—212 �m�LyÑ
ûÐ��5'X, `²ü«45e°,Å�©/«
m�3�É; Ùg, ü«45e°,Å3�5«m
��Ç���LyÑ�É, =°,Å3ØÓ45e
� Hurst �êØÓ, `²°,Å3ØÓ�45e©
/A5Ø�Ó. nÜü��¡��, ¢ÿ°,Å�
©/A5�°�!X�45�k���'X.

|^©/ëê Hurst �ê H ��Ó�«°
�e�8I�uÿ�â��
�Ð�uÿ�J,
ã 4(a) ´ IPIX #17 HH °,Å3ØÓål�e
� Hurst �ê H �©Ù, ���3�8I�°,Å
� Hurst �ê�uX°,Å� Hurst �ê, Ó�, X
°,Å� Hurst 3ØÓål�eÄ��Ó, ��3
�8I� Hurst �ê¿Ø�Ó, =�8IéÛÜ°
,Å�K�¿Ø�Ó, �3�½��É. �â (4)ª
��, Hurst �ê H �©�ê D �3�½�'é
5, Ó�«°�e H ��É5�¬Ny3 D þ, �
�±æ^©ê���Ó�«°�e�8I�uÿ
�â, ã 4(b) �Ñ
 IPIX#17 HH °,Å3ØÓå
l�e©ê� D �©Ùã, �±wÑ, �3�8I
�°,Å�©ê��uX°,Å�©ê�. T(Ø
� Lo � [19] ���(Ø��. ÏdÓ�«°�e�
±æ^ü��©/ëê (H ½ö D) ���8Iu
ÿ��â.� � � � � � � � � � �� � �� 	 �� 
 �� 
 �� 
 �� 
 �� 
 �
� � � � � � � � � � � �� 
 �� 
 �� 
 �� 
 �� 
 �

ã 4 IPIX #17 HH °,Å3ØÓål�� H Ú D ©Ù
ã (a) H ©Ùã; (b) D ©Ùã

nÜþã©Û��, 3Ó�«°�e, Ó�4
5e, �½ål��SX°,Å�©/A5�q,

�3�8I�°,Å©/A5Cz��. ù´�

8I�°²¡ÔnA5��É¤���, �8I�
�3¬�����S°²¡©/A5�UC, ��
°,Å©/A5�UC. IPIX ¥�8I¬��°,
Å� Hurst �ê H O�, Ïd3Ó�«°�e, °
,Å�µ��8Iuÿ�|^ Hurst �ê H �C
z­�5�ä, �â (4)ª�±¯�(½°,Å�
©ê�, Hurst �ê��É5�¬D4�©ê�, Ó
�«°�e, ��ò©ê���°,Å�µe�8
Iuÿ��â.

� � � � � � � � � � � � ���� �� �� �� �
�

ã 5 IPIX � HH 45°,Å Hurst �ê�ÚO©Ùã

�âþ¡�©Û��, 3ØÓ°�e, °,Å
�©/A5LyÑ����É5, XJ¤k�3
�8I�°,Å�X°,Å�©/A5þk��
��O, K�±òü��©/A5��ØÓ°�e
°,Å�µ�8I&ÿ��â, =�æ^ðJ´Ç
¢yØÓ°�e��8Iuÿ. ��, `²X°,
Å�©/A5�ØÓ°�e�3�8I�°,Å
Ù©/A5�q, Kæ^ü��©/A5ØU�ä
�8I�kÃ. �
��X�êâ45Úg�8I
¤3ål�°,Å�K�,¢�¥ÀJÓ�45e
�«°��°,Å, ¿�Øg�8I¤3ål��
°,Å, éü«°,Å� Hurst �ê?1ÚO. ã 5
´ IPIX ¥ØÓ°�e HH °,Å� Hurst �êÚ
Oã, ã¥çÚ�L�3�8I�°,Å, xÚ�
LØ�3�8I�°,Å. ��°,Å�©/ëê
Ñy
�½§Ý�­U, `²3ØÓ°�e�38
I�°,Å©/ëêÚØ�38I�°,Å©/
A5k�½§Ý��q5, =ü��°,Å©/A
5ØU¢yØÓ°�e°,Å�µ��8Iuÿ.
Ùg, �,Ó�«°�e°,Å�©/A5���
�8Iuÿ��â, �´ó§¢�¥, °�E,¿
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��mUC, éJO(¼��«°��°,Å©/
ëê. ��, (½°,Å©/ëêI��þêâ, I
�O�ØÓål�e�©/ëê��âU�ää
N��´Ä�3�8I.

4.1.2 Äu©/�þ��8Iuÿ
©ê� D Ú Hurst �ê H þUL�°,Å�

©/A5, �âüö�Ó�­�5, ½ÂÄu Hurst
�ê�� ∆H Ú©ê��� ∆D �©/�þ ∆T :

∆T =|∆H| + |∆D|

=|H − Hsea| + |D − Dsea|, (13)

d (4)ª��

∆T =|H − Hsea| + |(2 − H) − (2 − Hsea)|

=2|∆H|, (14)

Ù¥ Hsea �Ó�«°�eX°,Å�²þ Hurst
�ê, Dsea �Ó�«°�eX°,Å�²þ©ê
�.

Ó�«°�e, �½��SØÓål�eX
°,Å� Hurst �ê½ö©ê��~�C, �^²
þ Hurst �ê Hsea ½ö²þ©ê� Dsea L�T�
�SX°,Å�©/A5. Ó�«°�e, ØÓå
l�X°,Å�©/�þ ∆T �; 
�3�8I�
°,Å Hurst �ê�uX°,Å� Hurst �ê, ©
ê��uX°,Å�©ê�, K©/�þ ∆T ��.
3�«ØÓ°�e, �3�8I�°,Åþk��
�©/�þ, X°,Å�ké��©/�þ, Ïd
�^ü��©/�þ��°,Å�µ�8I�u
ÿ�â.

Ó�«°�e°,Å� Hurst �ê�~�C,
²þ Hurst �ê^,��äNX°,Å� Hurst
�ê�O. �8I��3�é���S°,Å�
©/A5kK�, 3ó§¢�¥, �Iæ8Ó�
45eü��å��ål��°,Å, (½ü«
°,Å� Hurst �ê, ¿O�ü� Hurst �ê��
� (��� Hurst �ê�²þ Hurst �ê) ∆H , �
â (14)ª(½©/�þ ∆T . b½�3��K� T ,
� ∆T > T �, `²ü«°,Å©/A5�O�
�, �@� Hurst �ê��°,Å¥�3�8I;
� ∆T < T �, `²ü«°,Å©/A5�q, �
@�°,Å¥Ø�3�8I.

ã 6´ IPIX ��«°�e HH °,Å©/�
þ�ÚO©Ùã. dã 6 ��, �3�8I�°,
Å©/�þ�X°,Å�©/�þØ�3­U,¢

y
k8I�Ã8Ié��©l, 3ã 6 ¥, Ø�
3�8I�©/�þÌ�©Ù3 0.1 ±e, �3 0
NC�þ�õ, `²X°,Å�©/�þ�~�,
�C 0; �3�8I�°,Å©/�þ©Ù3 0.1
±þ, `²
�3�8I�°,Å�©/�þ�
'X°,Å�©/�þ��. þã¢�`²
æ
^©/�þ¢y°,Å�µe�8Iuÿ�Ün
5. Ïd, 3#N�½J´VÇ�Ä:þ, Äuü
�©/�þ�©Û�{U¢yØÓ°�e°,Å
�µ�8I�uÿ. �âã 6, 3ØÓ°�e, �±
@�� ∆T < 0.13�, °,Å¥Ø�3�8I, 

� ∆T > 0.13�, �3�8I.

ã 6 IPIX � HH 45°,Å�þ©/�ÚO©Ùã

4.2 pppºººÝÝÝõõõ­­­©©©///ëëëêêê������888IIIuuuÿÿÿ

� (11)ª¥ q 6= 2�, XJ H(q) Ø´~ê, 

´'u q �¼ê, K`²êâ÷võ­©/'X.
©z [21, 22] é°,Åæ^©êÙK$Äï�, æ
^�ÅÅÄ©Û{�O H(q), Øy
°,Åäk
õ­©/A5. �c$^°,Å�õ­©/A5¢
y°,Å�µe�8Iuÿ�Ì��{´òõ­
©/ÌÚ SVM �(Ü [26], ÏL SVM ©a¢y�
8I�uÿ, T�{U
�Ð/¢y�8I�uÿ,
�´I��þêâ, Ó� SVM ÔöI��þ��
m.

(½õ­©/ëê H(q) �L§�üºÝ©/
ëê�L§�q. ?Ø°�é°,Å�õ­©/
ëê�3K�, é IPIX #17, #54 ü«°�eX°,
Å (#17 �1 1 ål�!#54 �1 1 ål�) Ú�3
�8IK��°,Å (#17 �1 9 ål�!#54 �
1 8 ål�) ?1 MF-DFA ©Û, q ´�"�¢ê,
b� q = ±1,±2, · · · ,±30, (½'u q � H(q). X
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ã 7 ¤«, H(q) �X q �UC
UC, `²°,Å
äkõ­©/A5. ã 7 ¥o^­�*d�m©
m, `²ØÓ°�e°,Å�õ­©/A5ØÓ,
=°�K�°,Å�õ­©/A5. lã 7 ¥��,
� q < 0�, o^­�� H(q) > 0, ­�ª�²­;
� q > 0�, o^­�Ñy���«O, X°,Å�
õ­©/ëê3 q > 5�, H(q) < 0, 
�3�8I
�°,Å�õ­©/ëê3 q > 5�, H(q) > 0, Ó
��X q �O\, H(q) ª�²­, `² q 3�½�
�S H(q) Cq��. dd��, °�é°,Å�©
/A5�3K�, ù�ü�ºÝe�(Ø�Ó, Ó
��8I��3¬UC°,Å�õ­©/ëê, �
3 q > 5 ��¹eLyÑ����É5.

�
u�� q > 5�X°,Å��3�8I°
,Åõ­©/A5�É�ÊH5, é 14 «°�©
O(½õ­©/ëê H(q). ¢�ÀJ 20 6 q 6 30,
duX�45é°,Å�©/ëêkK�, éØÓ

�45©m�Ä, Ó��
~�êâþ, �éØÓ
°�e�ü|°,Å (�|�X°,Å, ,�|�
�3�8I�°,Å) (½ H(q), XL 1 ÚL 2 ¤
«.

ã 7 IPIX HH 45°,Å3ØÓ°�e�õ­©/A5

L 1 IPIX 3 HH 45e°,Å�pºÝõ­©/ëêH(q)

q 20 21 22 23 24 25 26 27 28 29 30

#17 11 −0.091 −0.093 −0.095 −0.096 −0.098 −0.099 −0.101 −0.102 −0.103 −0.104 −0.105

#17 92 0.156 0.155 0.153 0.152 0.150 0.149 0.148 0.147 0.146 0.145 0.144

#18 1 −0.070 −0.072 −0.075 −0.077 −0.078 −0.080 −0.082 −0.083 −0.084 −0.086 −0.087

#18 9 0.348 0.346 0.344 0.343 0.341 0.340 0.338 0.337 0.336 0.335 0.334

#19 1 −0.169 −0.172 −0.174 −0.176 −0.178 −0.179 −0.181 −0.182 −0.183 −0.185 −0.186

#19 8 0.075 0.073 0.072 0.070 0.069 0.067 0.066 0.065 0.064 0.063 0.062

#25 1 −0.051 −0.053 −0.055 −0.056 −0.058 −0.059 −0.061 −0.062 −0.063 −0.064 −0.065

#25 7 0.033 0.031 0.029 0.027 0.025 0.024 0.022 0.021 0.019 0.018 0.017

#26 1 −0.082 −0.084 −0.086 −0.088 −0.090 −0.091 −0.093 −0.094 −0.095 −0.097 −0.098

#26 7 0.055 0.053 0.051 0.049 0.047 0.046 0.044 0.043 0.041 0.040 0.039

#30 1 −0.062 −0.064 −0.066 −0.068 −0.070 −0.072 −0.074 −0.075 −0.076 −0.078 −0.079

#30 7 0.035 0.033 0.031 0.029 0.027 0.026 0.024 0.023 0.021 0.020 0.019

#31 1 −0.053 −0.055 −0.058 −0.060 −0.062 −0.063 −0.065 −0.066 −0.068 −0.069 −0.070

#31 7 0.067 0.065 0.064 0.062 0.061 0.059 0.058 0.057 0.056 0.055 0.054

#40 1 −0.072 −0.074 −0.076 −0.078 −0.080 −0.082 −0.083 −0.084 −0.086 −0.087 −0.088

#40 7 0.067 0.065 0.063 0.061 0.059 0.058 0.057 0.055 0.054 0.053 0.052

#54 1 −0.189 −0.192 −0.194 −0.196 −0.198 −0.200 −0.202 −0.203 −0.205 −0.206 −0.207

#54 8 0.126 0.123 0.121 0.119 0.117 0.115 0.114 0.112 0.111 0.109 0.108

#280 1 −0.028 −0.030 −0.032 −0.033 −0.035 −0.036 −0.038 −0.039 −0.040 −0.041 −0.042

#280 8 0.063 0.061 0.059 0.057 0.056 0.054 0.053 0.052 0.051 0.049 0.048

#283 1 −0.084 −0.087 −0.089 −0.091 −0.092 −0.094 −0.096 −0.097 −0.098 −0.099 −0.101

#283 10 0.184 0.181 0.179 0.177 0.176 0.174 0.172 0.171 0.170 0.168 0.167
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L 1 Y

q 20 21 22 23 24 25 26 27 28 29 30

#310 1 −0.075 −0.077 −0.079 −0.081 −0.083 −0.084 −0.085 −0.087 −0.088 −0.089 −0.090

#310 7 0.022 0.020 0.019 0.017 0.015 0.014 0.013 0.011 0.010 0.009 0.008

#311 1 −0.069 −0.071 −0.073 −0.075 −0.076 −0.078 −0.079 −0.080 −0.081 −0.083 −0.084

#311 7 0.081 0.078 0.076 0.074 0.073 0.071 0.070 0.068 0.067 0.066 0.065

#320 1 −0.096 −0.099 −0.101 −0.103 −0.105 −0.107 −0.109 −0.110 −0.112 −0.113 −0.115

#320 7 0.110 0.107 0.105 0.103 0.101 0.099 0.097 0.096 0.094 0.093 0.091

1 #17 1“#17” L«°�� 17, “1” L«°,Å¤3�ål�, Ù¦°�� “1” þL«X°,Å.

2 #17 9“#17” L«°�� 17, “9” L«°,Å¤3�ål�, Ù¦°��� “1” þL«k�8I�°,Å

L 2 IPIX 3 VV 45e°,Å�pºÝõ­©/ëêH(q).

q 20 21 22 23 24 25 26 27 28 29 30

#17 1 −0.074 −0.076 −0.078 −0.081 −0.083 −0.084 −0.086 −0.088 −0.089 −0.090 −0.092

#17 9 0.059 0.058 0.056 0.054 0.053 0.052 0.050 0.049 0.048 0.047 0.046

#18 1 −0.029 −0.032 −0.034 −0.036 −0.038 −0.040 −0.042 −0.043 −0.044 −0.046 −0.047

#18 9 0.259 0.258 0.257 0.255 0.254 0.253 0.252 0.251 0.250 0.249 0.249

#19 1 −0.091 −0.093 −0.095 −0.097 −0.098 −0.100 −0.101 −0.102 −0.103 −0.104 −0.105

#19 8 −0.052 −0.054 −0.056 −0.058 −0.059 −0.061 −0.062 −0.063 −0.064 −0.065 −0.066

#25 1 −0.063 −0.066 −0.067 −0.069 −0.071 −0.073 −0.074 −0.075 −0.077 −0.078 −0.079

#25 7 0.257 0.254 0.252 0.250 0.248 0.247 0.245 0.244 0.242 0.241 0.240

#26 1 −0.035 −0.037 −0.038 −0.040 −0.041 −0.042 −0.044 −0.045 −0.046 −0.047 −0.047

#26 7 0.055 0.052 0.050 0.048 0.046 0.044 0.043 0.041 0.040 0.038 0.037

#30 1 −0.067 −0.069 −0.071 −0.073 −0.074 −0.075 −0.077 −0.078 −0.079 −0.080 −0.081

#30 7 0.075 0.073 0.071 0.069 0.067 0.066 0.064 0.063 0.062 0.061 0.060

#31 1 −0.035 −0.038 −0.040 −0.042 −0.044 −0.046 −0.047 −0.049 −0.050 −0.052 −0.053

#31 7 0.115 0.113 0.111 0.109 0.108 0.106 0.105 0.104 0.103 0.102 0.101

#40 1 −0.070 −0.072 −0.074 −0.076 −0.078 −0.079 −0.081 −0.082 −0.084 −0.085 −0.086

#40 7 0.136 0.134 0.132 0.130 0.128 0.126 0.125 0.123 0.122 0.121 0.120

#54 1 −0.108 −0.111 −0.113 −0.116 −0.118 −0.119 −0.121 −0.123 −0.124 −0.125 −0.127

#54 8 0.071 0.069 0.067 0.066 0.064 0.063 0.061 0.060 0.059 0.058 0.057

#280 1 −0.097 −0.099 −0.101 −0.103 −0.105 −0.107 −0.109 −0.110 −0.111 −0.113 −0.114

#280 8 0.117 0.116 0.114 0.112 0.111 0.110 0.108 0.107 0.106 0.105 0.104

#283 1 −0.019 −0.020 −0.022 −0.023 −0.024 −0.025 −0.026 −0.027 −0.027 −0.028 −0.029

#283 10 0.200 0.198 0.196 0.194 0.193 0.191 0.190 0.189 0.188 0.187 0.186

#310 1 −0.057 −0.059 −0.061 −0.062 −0.064 −0.065 −0.067 −0.068 −0.069 −0.070 −0.071

#310 7 0.069 0.068 0.067 0.065 0.064 0.063 0.062 0.061 0.060 0.059 0.058

#311 1 −0.069 −0.072 −0.074 −0.075 −0.077 −0.079 −0.080 −0.082 −0.083 −0.084 −0.085

#311 7 0.120 0.118 0.116 0.114 0.112 0.110 0.109 0.107 0.106 0.105 0.104

#320 1 −0.040 −0.041 −0.043 −0.045 −0.046 −0.047 −0.049 −0.050 −0.051 −0.052 −0.053

#320 7 0.122 0.120 0.118 0.117 0.115 0.114 0.113 0.111 0.110 0.109 0.108
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©ÛL 1, L 2 ��, � 20 6 q 6 30�, ü«4
5e�3�8I°,Å�õ­©/ëê H(q) > 0,

X°,Å� H(q) < 0, �3 VV 45e#19 8 (�
3�8I°,Å) � H(q) < 0. Ïd�±@�3p
ºÝ (q > 20) e, X°,Å� H(q) < 0, 
�3�
8I� H(q) > 0. Ïd, �â°,ÅpºÝõ­©
/ëê��É�¢y�8I�uÿ. �8I��3
¦°,Å¥ÛÜ��¤©C�, ÛÜ������
¬O\, Ïd�3�8I�°,Å©/A5o´�
uX°,Å�©/A5, 3pºÝeù«�É5�
\²w. � � � �� � � �

� � � � � � � � � � � 	 � � � 	 � � � � � � � � 
� � 
� � 
��	 �	 �� �� �
� � � � � � � � � � � 	 � � � 	 � � � � � � � � 
 � � ���	 �	 �� �� �

ã 8 æ^pºÝ©/ëê¢y IPIX HH Ú VV 45°,
Å�µe�8I�uÿã (a) HH 45; (b) VV 45

dã 7 ��, 3pºÝe, H(q) ª�­½, �

Jp|Z65, é°,Å�X��pºÝ©/ë
ê H(q) �þ� H̄ , òþ� H̄ � 0 '�, e H̄ > 0,

°,Å¥�3�8I; e H̄ < 0, Ø�3�8I. æ
^pºÝõ­©/ëêé IPIX ü«45e�°,
Å?1�8Iuÿ, Xã 8 ¤«. lã 8 ��, 3ü
«45eæ^pºÝ©/ëê?1uÿÄ�¢y

�3�8I°,Å�X°,Å�©l, �´3ü
«45e�uÿ�J¿Ø�Ó. 3 HH 45e, ü
«°,Å©lØ²w, ��âpºÝ©/ëêUO
(¢y�8I�uÿ; 3 VV 45e, ü«°,Å
©l²w, ��3�½�Ø�. ÑyØ���Ï�
U´3?nL§¥÷v©/A5�«mÀJk�
½�Ø�, 3ØÓ�°�e, ÷v©/A5�«m
�¬�3�½��É5, 
�©3?nL§¥Ñ´
�â�Ó�©/«m.

5 ( Ø

�©æ^©/��{©Û
 IPIX¢ÿ°,Å
�üºÝ!õ­©/A5, JÑ
ü«°,Å�µ
e�8Iuÿ��{, �Ð/)û
�8Iuÿé
°�¯a�¯K. (JL² IPIX ¢ÿ°,Å3�
½�m«mäk©/A5, �©/A5�X°��
Cz
Cz, X�45�¬K�°,Å�©/A�;
�8I��3¬UC���°²¡©/A5�U
C, ?
K����S°,Å©/A5�UC, 3
Ó�«°�e, �±$^©/A5��É¢y°,
Å�µe�8I�uÿ, 3ØÓ°�e, �±æ^
©/�þ¢y°,Å�µ��8Iuÿ; IPIX¢ÿ
°,Åäkõ­©/A5, ØÓ�°�e, 3pº
Ýe (q > 20), X°,Å�õ­©/ëê H(q) < 0,

�3�8I�H(q) > 0. ù�8IuÿJø
�
½�â, )û
ØÓ°�e��8Iuÿ¯K.

[1] Duan G, Qian Y Y, Wang Z 2009 Sci. Technol. Inform. 35 863 (in
Chinese) [ãf, a�C, �ó 2009 �E&E 35 863]

[2] Trunk G V, George S F 1970 IEEE Trans. Aero. Elec. Sys. 6 620

[3] Fay F A, Clarke J, Peters R S 1977 Proceedings of the Interna-
tional Conference, London, England, October 25–28, 1977 p101

[4] Nohara T J, Haykin S 1991 Proc. Inst. Elect. Eng. 138 80

[5] Haykin S, Heung H 1990 Appl. Phys. Lett. 56 593

[6] Haykin S, Li X B 1995 Proc. IEEE 83 195

[7] Haykin S, Puthusserypady S 1997 Chaos 7 777

[8] Chen Y, Luo P F 2005 Rader Sci. Technol. 5 271 (in Chinese) [�
k, Û+� 2005 X��Æ�Eâ 5 271]

[9] Hennessey G, Leung H, Drosopoulos A, Yip P C 2001 IEEE J
Ocean Eng. 26 358

[10] Jiang B, Wang H Q, Fu Y W 2007 Prog. Nat. Sci. 17 415 (in
Chinese) [ñR, �÷r, G�© 2007 g,�Æ?Ð 17 415]

[11] Xing H Y, Xu W 2007 Atca Phys. Sin. 56 3771 (in Chinese) [1
õ�, M� 2007 ÔnÆ� 56 3771]

[12] Xing H Y, Jin T L 2010 Atca Phys. Sin. 59 140 (in Chinese) [1
õ�, 7Uå 2010 ÔnÆ� 59 140]

[13] Unsworth C P, Cowper M R, McLaughlin S, Mulgrew B 2002 IEE
Pro.: Radar Son. Nav. 149 105

[14] Haykin S, Bakker R, Currie B W 2002 Proc. IEEE 90 860

[15] Yu Z G, Vo A, Gong Z M, Long S C 2002 Chin. Phys. 11 1313

[16] Han J J, Fu W J 2010 Chin. Phys. B 19 010205

[17] Yang X D, Ning X B, He A J, Dou S D 2008 Atca Phys. Sin. 57
1514 (in Chinese) [
�Á, w#�, ÛO�, Ñgû 2008 Ôn

160504-9



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 16 (2012) 160504

Æ� 57 1514]
[18] Zang B J, Shang P J 2007 Chin. Phys. 16 565
[19] Lo T, Leung H, Litva J, Haykin S 1993 IEEE Proc. F 140 243
[20] Hu J, Gao J B, Posner F L, Zheng Y, Tung W W 2006 Fractals 14

187
[21] Hu J, Tung W W, Gao J B 2006 IEEE Trans. Antennas Propag.

54 136
[22] Gao J B, Yao K 2002 Proceedings of the 2002 IEEE Radar Con-

ference Long Beach, USA, April 25–25, 2002 p500
[23] Shi Z G, Zhou J X, Fu Q 2006 J. Sys. Simu. 18 2289 (in Chinese)

[��2, ±ê<, Gr 2006 XÚ�ýÆ� 18 2289]
[24] Xu X K, Liu X M, Chen X N 2007 J. D. M. U. 33 45 (in Chinese)

[N��, 7¡´, �¡� 2007 �ë°¯�ÆÆ� 33 45]
[25] Xu X K 2010 IEEE Trans. Antennas Propag. 58 1425
[26] Guan J, Liu N B, Zhang J, Song J 2010 Signal Proc. 90 523
[27] Jiang B, Wang H Q, Li X, Guo G R 2006 Acta Phys. Sin. 55 3985

(in Chinese) [ñR, �÷r, i�, H?J 2006 ÔnÆ� 55
3985]

[28] Xu W, Tang S T, Zhou X C 2007 Radar Ecm. 2 27 (in Chinese)
[M�, /UU, ±F� 2007 X��é| 2 27]

[29] Mandelbrot B B, Ness J W V 1968 SIAM Rev. 10 422

[30] Gao J B, Cao Y H, Tung W W, Hu J 2007 Multiscale Analysis of
Complex Time Series: Integration of Chaos and Random Fractal
Theory, and Beyond (New York: John Wiley and Sons, Inc.) p79

[31] Flandrin P 1992 IEEE Trans. Inform. Theory 38 910

[32] Kantelhardt J W, Zschiegner S A, Koscielny B E 2002 Physica A
316 87

[33] Zhou Y, Leung Y, Yu Z G 2011 Chin. Phys. B 20 090507

[34] Yang P, Hou W, Feng G L 2008 Atca Phys. Sin. 57 5333 (in
Chinese) [
±, û%, µI� 2008 ÔnÆ� 57 5333]

[35] http://soma.crl.mcmaster.Ca/ipix/Dartmouth/[2011-02-15]

Small target detection in the background of sea
clutter using fractal method∗

Xing Hong-Yan1)2)† Gong Ping1)2) Xu Wei1)2)

1) ( Jiangsu Key Laboratory of Meteorological Observation and Information Processing, Nanjing University of Information Science and Technology,

Nanjing 210044, China )

2) ( College of Electronic and Information Engineering, Nanjing University of Information Science and Technology, Nanjing 210044, China )

( Received 25 October 2011; revised manuscript received 20 February 2012 )

Abstract

Because the detecting of the small target in the background of sea clutter is strongly dependent on sea condition, in this article

we use fractional Brownian motion to model IPIX sea clutter and combine multifractal detrended fluctuation analysis (MF-DFA)

to determine the fractal parameters for analyzing fractal and multifractal property of IPIX sea clutter. Based on the fact that Hurst

parameter and fractal dimension can reflect the fractal property of data, a new parameter named fractal differential which has difference

when the sea clutter with or without target is defined, thereby solving the problem of small target in sea clutter background. By

comparing the multifractal parameters of two sea clutter, the experimental results show that H(q) is a special value which is bigger

than zero when the sea clutter has a small target but smaller than zero when the sea clutter has no target if q is bigger than ten. Another

method is proposed by using the difference of H(q). Two methods in this article can solve the problem of strong dependence of

detecting the small target in different sea conditions on sea condition.

Keywords: sea clutter, fractal, small target detection, multifractal
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