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��çf¹Ä�Ïý�éÊU!ÏÕ!�/�äk����¿Â. �é\���Û�{3õÚýÿ��3
\ÈØ��A, ïá
Äu��m�Eâ�»�Ä¼ê ²�äýÿ�.. ^T�.é1 22, 23 ��±çfê
²w�þ�?1Å�ý�, ¿�¢ÿ�?1'�. (JL², ý��ýéØ��±��3 15.00 ±S, ²þýéØ
�©O� 5.47, 2.83, �éØ���3 15.00%±S, ²þ�éØ�©O� 5.45%, 4.60%, �y
T�.3ýÿ��
çfê�äk�p�°Ý. òTýÿ�.^u1 24 ��±çfê²w�þ�ý�, �Ñ
g 2009 c 1 �� 2019

c 12 �� 132 ���çfê²w�þ��ý�, �Ñçfê²w�þ������ 104.77, òÑy��m�
2013 c 1 �.
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1 Ú ó

��¹Äé/¥�m�¸U�)�K�, §
�<a�)��¸kX���éX,´��/¥�
¸u)Cz�Ì�Ï�. ��¹Äé/¥�K��
�ug,/³�K�, Ù¥���N���Ïüz
¹ÄA����çféÏÕþ�U�5��³Ú
é<a)¹�¸�K���wÍ. �
;�@
d
3�ã�%�, é�5Ac���çf�ÏuÐª
³?1ý�w�c�� [1].

��¹Ä�Ïý�Ì�´é~^5£ã��
¹ÄoNY²���çfêc!�þ��¹Ä5
Æ, AO´çf¹Ä4�cÚ4�c±9¸���
�ý� [2]. é�Ï��çf¹Ä�ý�®²k
N
õÚOýÿ�{, Xg£8�.!�q±{ [2,3]!
�mS�{!ªÌ©Û{ [4−6]!¹Ä±ëþ{�.

ù
�{ïá3��çfê�Ì,«ÚO5Æ�
Ä:þ, ÏLé{¤*ÿêâ�©ÛÚïÄ, ¼�

��çf{¤Cz5Æ, òù
5Æ	í, �Ñ�
A�ý�. ù
�{�n{ü, ØI��Ä���
�çfêCz�SÜÛ¹�ÔnÅn, �õ´Äu
²½�5S�ï� [1]. ��çfêÉõ«Ø(
½Ï�K�, äk��5!�²A5, ¿LyÑ
$��·b1� [7], Ïdý��O(ÇØp. C

c5, ·bnØ�uÐ���çfêý�Jø
#
�å». du·bXÚS3�kS5Ú5Æ5, |
^���m��{, �±l��m�'�·bê
â¥J�Ú¡EXÚ�5�5Æ.

± Takens i\½n [8] �nØÄ:�\���
Û�{´~^�·b�mýÿ�{, T�{3?1
õÚý���3ý���mºÝá!O�þ�!
k²w�\ÈØ��A�Øv [9], Ó�|^��
�m[ÜÑ��:üz5ÆäkE,���5A
�, ·b�mS�ýÿé¼ê��5%C�¦�p,

T�{k�?�ÚU?. du<ó ²�ääk�
r���5N�Uå, 3����m¥, �±^
 ²�ä%Cy3G�Ú�5G��m�N�'
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X. �DÚ�<ó ²�ä3)ûE,��5�m
S�ýÿ¯K���3J±)û�����ÆS
Ú�z¯K [10]. ��Ñù
Û�5, �©æ^»�
Ä¼ê (RBF) ²�ä5ÆS·b�mS�, qd
u�Ó��m¥�·báÚfäk�Ó�·bA
�, Ïd�±ÏL�gï�B�?1õÚýÿ.

�
u�Äu·bnØ� RBF ²�ä�.
3ý���çfê²w�þ���k�5, kòT
�{©OA^31 22, 23 ±��çfýÿ¥, du
1 22, 23 ��±®k*ÿ�, �ÏLýÿ�Ú¢S
��ÎÜ§Ý, Buïá�¢S�¹�Î�ý�ë
þ. ÏL�yýÿØ�3 1 ���±ÏSvkÑy
:ìO��y�, Ø�3��É���S, ýÿ5
U��Jp, �y
�.3ý���çfê��1
5�, 2òýÿ�.A^u1 24 ��±çfê²
w�þ�ý�¥.

2 Äu·bnØ� RBF ²�äýÿ
�.

·b�.�ïáÚýÿ´3��mp?1�,

�r����mS���äk�Zi\�Úò
´�m���m�, XÚ¥Ny�:$Ä5Æ�ü
z&EÒ�33T��p���m¥. 2[ÜÑ�
:���5üz5Æ, ¿d[ÜÑ5�XÚé�5
�XÚ?1ýÿ [11]. Ïd, ��m�Ú��5¼
ê%C´·b�mS�ï�Úýÿ¥�ü�'�
Ú½.

���m�8�´3p���m¥r·b
áÚf¡EÑ5, l|^��áÚf©ÛX
Ú�ÄåÆA5. Takens �i\½n@�, �Ä
åXÚ��ê� d, i\�ê m ÷v m > 2d + 1

�, ����m�±òÄåXÚ�NõA5�
�e5, U3ÿÀ�d¿Âe¡EÑ�XÚ�Äå

ÆA5 [9].

~^���{´d Packard � [12] JÑ�
ò´¥þ{, =^�©XÚ¥�,Cþ�ò´
� I 5  � � � m � � {. é u � ��m S
� {x1, x2, · · · , xN}, ��Ü·�i\�ê m Ú
ò´�m τ , Ò�±���� m ���m

Y (i) = (x(i), x(i + τ), · · · , x(i + (m − 1)τ)) ∈ Rm,

(1)

ª¥ i = 1, 2, · · · , N ; N = N − (m − 1)τ . �3�
�N� f : Rm → R,¦

Y (i + 1) = f(Y (i)) ∈ R i = 1, 2, · · · , N. (2)

du��çfêäk�r���5A�, Kol-

mogorov ëY5½n� ²�ä?1��5¼ê
%CJø
nØ�â. RBF ²�äØ=kûÐ�
��5N�Uå, �äk¯��ÆSUå9ûÐ�
	íUå, §ÏL��5Ä¼ê��5|Ü¢yl
Ñ\�m�ÑÑ�m���5=� [13], À^§?
1[Ü f : Rm → R N�´��n�ÀJ.

RBF ²�äÏ~´dÑ\�!Û¹�ÚÑ
Ñ��¤� 3 �c" ²�ä, Ù(�Xã 1 ¤«.

T�äd m �Ñ\, n �Û¹�!:, 1 �Ñ
Ñ|¤, Ù¥ Yi = (Y1, Y2, · · · , Ym) ��äÑ\¥
þ, Ñ\�òÑ\��mS�D4�Û¹�, Ñ
\�� ²��ê�u��m�i\�êýÿ
�J�Ð. ci ´1 i �Û¹�!:�êâ¥%�,

qi = ϕi(‖Yi − ci‖)´Û¹�!:�ÑÑ, Û¹�æ
^äkÛÜaÉA5�»�Ä¼ê�� ²��
-¹¼ê (�©æ^pd.¼ê). �äÑÑ��Û
¹�!:ÑÑ��5|Ü y =

∑
i wiqi − θ, wi �ë

���, θ �!:K�.ÑÑ�¢yéÛ¹�!:�
�5Ä¼êÑÑ��5|Ü, Ùë����N, l
��ÑÑ(J, �©ÑÑ�� ²�� 1 �=ý
ÿ�.�� �� �� M

M
M

� � � � � � � 	 � � � 
� � � � � � � 	 � � � 
� � � � � � � 	 � � � 
 ∑ 
ã 1 RBF ²�ä(�ã
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3 1 24 ��±çfê²w�þ�ý�

��çf*ÿ]��~´L, �øïÄ¦^�
��çfc²þ�]��cí� 1610 c, ��ç
f�éê´�é�¦ØÓ*ÿ/:���çf*
ÿ]�äk�'5JÑ�Vg. �Ï*ÿ]�
�nuy, ��çfêCzäk±Ï5, ²þ±Ï
� 11.1 c, ¿ò 1755 c� 1766 c���¹ÄÏ½
�1����¹Ä±, �âù�5½í�e5±9
8c�*ÿêâ, ·�ÀJ1 24 ��¹Ä±�m
©�m´ 2009 c 1 �.

�©À�g 1755 c 1 �� 2008 c 12 ���
�çfê²w�þ�?1��m�, é��ç
fê²w�þ�êâ^ò´�I{?1��m
� [12,14]. dã 2 ��, T�mS�ò´�m� 37

�, ã 3 ´È©'é¼ê Cd(r) Ú?��ål�
þ r �éê'X�. �
¦����5«�,

z^�¦�Ç, ���Ç3i\�ê m = 7

�Ø2u)²w�Cz. dã 4 �±wÑ, 'é�
ê�i\�êO\� 7 ��ÒÄ�½, 'é�
ê���Ú, �Ú'é�ê� 2.6, ¤éA�i\�
êÒ´���m��Zi\�ê´ 7. Ïd�£
ã��çfê�Cz5Æ?1ÄåXÚï�, ��
I� 3 �ÕáCþ, �õI� 7 �ÕáCþ. eò
1 22 ±!23 ±���çfêØë\��m�
�, ùA�ëþ�Ä�ØC, `²�Ó��m¥�
·báÚfäk�Ó�·bA�.

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

ã 2 ò´�m

�
u��.ýÿ���5, ké��¹Ä
1 22, 23 ±���çfê©O?1ý�, duùü
�¹Ä±®²k*ÿêâ, �±�yïá��.é

��çfê?1õÚýÿ��J.

òØ�ý�êâ���çfê²w�þ�ê
â?1��m����Ôöýÿ�., ©O�
1 22, 23 ¹Ä±���çfê²w�þ�êâ�
�ýÿ��, ¿ò¢S*ÿêâ�ýÿ(J?1'
�. 3?1õÚýÿ�, æ^S��ÚEÄýÿ�
�{, 3�äÆSL§¥, ÏLu�8IØ�, gÄ
O\Û�!:ê, ��8IØ����¦½�� 
²��ê. ÏLÆS,¢yl��5Ñ\�m�Ñ
Ñ�m�N�=�, l��ýÿ�8�. ýÿ(
JXã 5 Úã 6 ¤«.

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

 � � � ��� �� �� � � �� � �

ã 3 lg 2Cd(r)- lg 2r ã

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

ã 4 'é�ê�i\�ê�'X

lã 5 Úã 6 �±wÑ, ýÿØ�3��¹
Ä 1 �±ÏSvkÑy:ìO��y�, �,�
Xýÿ��mºÝC�, Ø��kO��E�Ñy
:ìO\��¹, ýÿ��¢S�ÎÜ�éÐ, v
kÑy��� �. ý��ýéØ�!�éØ�
Ø�O��	, Ù{�Ñ��, ²þýéØ�©O
� 5.47, 2.83, �éØ�Ä���3 15.00 %±S, ²
þ�éØ�©O� 5.45%, 4.60 %, þ��Ø�©O
� 0.10, 0.07. ²þýéØ�Ú²þ�éØ�Ñé
�, `²�.U
k�/ý���çfê.
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� �−
� ��� �� � 
  �

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 	 � � � � � � � �−
� � ��� � � 
 � ���

�
ã 5 1987—1996 c²w�þ�ý� (a) ýÿ�Ú*ÿ�; (b) ýéØ�; (c) �éØ�� � � � � � � � � � � � � � � � � � � � � � � � � � � ��� �� � �� � � � 	 


� � � � � � � � � � � � � � � � � � � � � � � � � � � �−
� ��� � � � 


� � � � � � � � � � � � � � � � � � � � � � � � � � � �−
� � ��� � � �  
��

�
ã 6 1997—2008 c²w�þ�ý� (a) ýÿ�Ú*ÿ�; (b) ýéØ�; (c) �éØ�
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|^ 1755 c 1 �� 2008 c 12 ����çf
ê²w�þ�?1��m���Ôö��, é�
�¹Ä1 24 ±���çfê?1ýÿ. duçf
ê²w�þ�u 2008 c 12 �â��4�, 4��
� 1.3, ·�ý��ml 2009 c 1 �m©,�mªÝ
���çfêCz²þ±Ï 11 c. ý�(JXã 7

¤«, L 1 �Ñ
äNz��ýÿ�. 1 24 ±��
çfê�²w�4��� 104.77, òÑy3 2013

c 1 �; 4��� 5.61, òÑy3 2019 c 1 �. �
©(½ 24 çf¹Ä±u 2009 c 1 �m©, Ïd, 24

±�þ,Ï� 4 c, eüÏ� 6 c, ±�� 10 c, '
��çfêCz²þ±Ïá 1 c.

L 1(a) 1 24 ±��çf²w�þý�� (1—12 �)

1 � 2 � 3 � 4 � 5 � 6 � 7 � 8 � 9 � 10 � 11 � 12 � ²þ�

2009 c 1.76 1.92 2.19 3.02 3.73 4.29 4.88 5.47 6.15 7.00 8.19 9.75 4.86

2010 c 11.81 14.56 17.35 19.78 22.69 27.02 32.13 36.83 40.60 43.71 45.97 47.52 30.00

2011 c 49.11 50.88 52.99 55.52 57.67 58.03 56.58 54.81 53.98 54.37 55.74 57.58 54.77

2012 c 59.42 61.08 62.60 64.25 67.05 71.47 77.70 85.43 91.71 95.19 98.39 102.39 78.06

2013 c 104.77 104.74 103.99 102.85 100.25 96.92 94.22 90.98 88.01 86.87 85.09 81.15 94.99

2014 c 77.99 77.28 76.76 75.93 76.76 77.96 76.48 73.67 71.42 68.82 66.03 64.27 73.61

2015 c 63.51 62.40 60.90 58.26 53.81 48.94 44.95 41.96 40.05 39.23 38.37 37.18 49.13

2016 c 35.52 33.35 31.53 31.06 31.05 30.91 31.31 31.22 29.86 28.02 26.83 25.92 30.55

2017 c 25.01 25.07 25.62 24.93 23.18 21.17 19.07 17.46 16.39 15.51 14.74 14.08 20.19

2018 c 12.99 10.84 8.28 6.95 6.69 6.52 6.24 6.05 6.26 6.55 6.49 6.00 7.49

2019 c 5.61 5.65 5.81 6.40 7.59 9.04 10.68 12.19 13.38 14.45 15.55 16.51 10.24

�� � � � � � � � � � � � � � � � � � � � � � � ��� �� �	 �
 �� � �� � � � �  � � � � �� � � � � � � �
ã 7 1 24 ��±ý�ã

4 ( Ø

é1 24 ¹Ä±��çfê�¸�Ú�UÑy
��m, IS	®k�þ��'ïÄ, Pesnell[15] |
8
 54 �ý�(J?1
nÜ©Û, uyA^Ø
Ó�ý��{���(J�Ñ��, ��çf�²
w¸�ý��UÑy��m3 2010 c 1 �� 2014

c 1 ��m, ªÝ� 4 c, ¸�����Ü©(J
à83 70—185 �m, ��uÐ���Z�ý��
{Úé1 24 ±��çfêý�?1�\ïÄ´�

~7��.

�©ò·bXÚ�ÄåÆA5Ú RBF  ²
�äûÐ�ÆSUå�(Ü, |^��m�E
âr��çfêi\�����m¥, 3��
m¥�«Ñ��çfê¥%õ�S3�Cz5
Æ, /^ RBF  ²�ä�r���5�[Uåý
�
1 24 ��±g 2009 c 1 �� 2019 c 12 �
� 11 c���çfê²w�þ�, ¼��4��
� 104.77, òu 2013 c 1 �Ñy4��, 2019 c 1

�òÑy4��, Ù�� 5.61.

ù�(ØÚ Pesnell[15] o(� 54 �ý�²þ
� 115 ��4�, Ú Wang � [2] |^�q±�{
ý��¸�e.Ä���, Ú Wang � [16] ý�
� 100.2 ��~��, � Li[17] ý��þ. 101.6 Ä
�ÎÜ. {II[Ê�ÊUÛÚ{II[°��í
Û@�, 1 24 ��±¹ÄY²�O�'1 23 ��
±�f, �� 90, ·���� 2013 c�c²þ�T
Ð´ 94.99. ¦�ý�ò3 2013 c��4��, �
·����Ó, Li � [18] �ý�ò3 2013 c 1 �
Ñy¸�. Pesnell[15] �Ñ� 54 �©z¥��Ü©
����·����aq(J. ¶fÚ¨�� [10]
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$^�CK�L§ ²�äý�
��¹Ä1 23

±���çfê, ��
'�Ð�ý��J, �¦
�ý��´®²k*ÿ��1 23 ��±çfê,

¿vký�ý����1 24 ±���çfê. ë
°ï� [13] =^ RBF  ²�ä5ý�
1 23 ±
���çfê, �ý���m4á, ·�^��m

�Ú RBF  ²�ä�(Üé 22, 23 ±��ç
fêý����²þýéØ�Ú�éØ��'¦
����.

a��®�ÆU©XÇÆW�Çé�ó��|±Ú?

1�4k¿Â�?Ø.
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Prediction of smoothed monthly mean sunspot
number based on chaos theory∗
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Abstract

Long-term prediction of sunspot activity is of great importance for the space activity, communication, disaster prevention and so

on. Cumulative error is main shortcoming of weighted one-rank local-region forecasting model for multi-steps prediction of chaotic

time series. The radial basis function neural network forecasting model based on phase reconstruction is presented for chaotic time

series prediction. The model is applied to the prediction of smoothed monthly mean sunspot numbers for the 22nd and 23rd sun cycles,

and compared them with the observations. The results indicate that the mean absolute errors are 5.47 and 2.82, 15 to the maximum

in absolute errors, and the mean relative errors are 5.45% and 4.60%, 15.00% to the maximum in relative errors. These results show

that this prediction method can be successfully used to predict the smoothed monthly mean sunspot numbers. The predicted maximal

smoothed monthly mean sunspot number is 104.77 that will appear in January 2013 for 132 months of cycle 24 from January 2009 to

December 2019.

Keywords: neural network, chaos, sunspot, prediction
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