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�
IJK���L>M%L>N#E"#$%OE%P%Q#RS%$TEBUSX-9VWXYZ
[�*V\]^Y_��`abTcSd%Te#OHfFgUhiVjklm_nopqKrO

stuvwlxyVz{Y_|Z}~ 24 ��O������^Yl�^��O[*��`ab
VTcSd%Te#Y_~�V9���n���qK�vl�� !�j��_�OOZ��O

����>�O��qZ���:O��`abuK����� wn¡¢�£¤q�� !u¥

¦w_���O£:§¨©ª�«¬�l®¯Z��Ohi� !�O°±uvwlZ��`a

bTcSd%Te#�²³�´µu¶·�¸¹º�lw�n 

1.� ���� 
()»qi+����KZ¼½�¾¿À�UVÁk_���ºÂÃ�Z¼½q�Ä.��*

O	VÅ¯ÆÇlZÈÉ�Ê��«q !��nÈkl !qËº�_��`ÌK¼½�ÌV

Ylw�n��`abK¥oÍuKÎÏ�Ð�qÑÒ��OqZ¡ÓuÔw¼½����§¨

ÕÖGuvwlÎÏ`O×ØÙÚ�VÛÊr^�qm�ÜZ¼½�`Ì�Ý¡Þßqà�nY�

YÕÖG�¼½u��áâ«ãKäåu��OqZ¡¢KÙÚ�VQ#RS%$qæçÍuÛÊZ

æçÛt�èéÍuXwº�lw�n 
`Ì«ãK���§¨ÕÖGVê�^YlZëO^mâOÈÉ�`Ì� !��O�V�!

��Ùtqà�_ìZÕÖG^`Ì^Oí�îï�ðñò)^��nr�VóuWX��^Z 

!`Ì^Zæç«ãqËº�_�ô`Ì^VõöYlZëO÷ø�ùÊ��ÈÉuÕÖGVú

ûYlwÊr^qZ����ü§¨Vý±��r^�qm�þ�`Ì>#M%<e#�n�*��

O��OñèOðvKZIJ�����r^�qm�w�ü§¨V�	u�º�u��r^qà

¯ZQ#RS%$V
k_`Ì«ãKëO_ìO��^��n 
æç«ã^ð�qkl�Z�J�st��¢��nstO��O�q����uZ����O

�.uvwlZ���O`V«ã�����^wÉ�O�à�n¡ÓO��`^��ÈÉuZ3
��O�*ÕÖG	Vab�� 3��O`V?Gu«ã��ÙtK�3��ÕÖ�#F�^�Ü
��nr�K��¡ÓuÔw�ô`Ì�Ëº���Z �«ã�!�þ¾Õ�^«ã"#�V

$�^��nr�u\YlZ�üO 2��%&O'u(ñYlZëO&£Va�� 2��O`)
ÇV«ã��stK�2��ÕÖ�#F�qà�nrOstK«ã!��*�Êl�+ðÙZ3
��O`&O,��Í�-�¯VûYÊ./qm�w¹wqZ !`Ì^��õö�qm�wÖ

¾�01�+��[1]n 
2�OÈÉ��3OÖ¾�01V45�6Ê78�_O�ZopqXw��9\: 2.5��

ÕÖ�#F�qà�nr�K��VÅ�;�9O<¯u9\:�§¨V=±��r^qZ3 ��
Í�>#O-�¯O?�V 2��%&u@^YAB)OCZëO%&£u®wlZ&£DE 2~
�^Z&¤DE 1~�OZ3��O`EabV«ã��ÙtqZ�`EF 3��Z§¨ 2���^
wÉGHq�2.5 ���^�:��nrOstK§¨%&O'uvwl«ãVjÉr^q«ã
!�K 2��ÕÖ�#FI'uJKqmZ�"u 3��O��`abVûYÊL¯M³�n¡¢
K«ã�ÏßONOuÈ¯Z10�áâPQqK�Þß)k_RS«ã�âBâBÓ¡Ylw�
�Zë�q� 3��ÕÖ�#FqK 1TO«ã��k^qà¯ZëO 1UV10U�O 1q«ã
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�j³� 2.5��ÕÖ�#FKZW)^YlXÐÍ�stqà�n 
æç«ãstO��q�Éðv����uZYZ[stO\w�à�n¼½��Ä.�.V]

ÐY_«ãqKZ«ãO\]^��[>#�"#^_VYZ[YlÛÊF6�á^Bâqà��Z

YZ[stO\wuÈklø�tZ`a�btZcEdD1GtZ�â�Ju����nrO

ÉCø�tKZ×ØÙÚ�u¡��ef�Vø�qÔg��Ûtqà¯ZQ%ÖC#F�hiq

��`OTcSd%Te#qjkÍu
��lw�OqZIJOHfFgUq�ø�tuÈ�Y

Z[VlXYlw�n 
�

2.� 	��	
���������� 
�*2¤O��O��uvwlÒ6�PuZoJqKstOz{VmnlZr�QquIJ�

jklm_[�*��`abTcSd%Te#OxyVÒ6_wn 
IJKr�QqZ[�*V$%o01^Y_��`TcSd%Te#O_ìuZ9\: 2.5�
�ÕÖ�#FVXw_`Ì«ãHfFgUOhiVjklm_nrOHfFgUqKZ��^�

*	pVqr9V z9^Y_*sètþr, , �V±uYlZ Ùvu§¨ÕÖGO9\:ÏVw

]Y_É³qZëO 2��%&þr- %&�uvwlÎÏ`O×ØÙÚ�VÛÊnø�t^ 2.5�
�ÕÖ�#FVx'6�¹_[�*��`TcSd%Te#KZ90�yzÜ�º�ÔQq#%�
ÊWX�lw��OO[2-8]Z9\:O=±O¹wqZ9V{Bq|\:�¡ÓÍ�§¨VM³
�w}���¢Y_n��uvwl�Z~j��qK��iOÈÉ�9\:�¾¿À�UVÁv

��)Ç�Xwº�Z%�DEOÈÉ�|\:���KL¯M��lw��k_n�³lZ*s

ètVXw_ÛtqKZ*O	pþr = 0��ÙÚ�O���^��_ìZr�VT���Ùt�
$�u��n~j��O	uK��`EFV��FqÔgYlZ�*	pV�ìl«ãVjk_

�O�à��[6]ZP`^ S`VQ^�u«ãY_�K�wnrOÈÉu«ãO?�Ï^K�m�
³uZ��O9\: 2.5��ÕÖ�#FuK���6m�� Ê�¢Y_n 
IJKÅ�O*sè^_^sè9OL¯ÙV�³_�Ywsè^_�é*sè^_�V±u�

�r^qZ��OstO�x'q�GO|\:§¨VL¯MÉr^u~�Y_[9]nÅ�O*sè
^_þ0 < r < �, 0 �  � ,  �  � �VXw�^Z*O�u�k_§¨%&K = 0^ = u
à� 2 �Oz��q���nrO_ì�GO§¨ÕÖGV = 0 O&u]Ð��^Z9\:Ï
uÈkl = O&u®Ç�§¨K = 0O�O^\:u�º��VË��k_þ� 1a�nr�u
\Ylé*sè^_þ0 < r < �, �  �  � , � /2 �  � /2�qKZ*O�u�k_§¨%&K = 
0 u®Ç��� 1 �O'q��ZrO&uK�GO�Ä.§¨ÕÖG�]Ðqm�þ� 1b�n
sè9OL¯ÙV�³�)Ç�OqZ��O9\:ÕÖ�#FO?�O�KëOQQqZ|\

:�§¨ÕÖG�L¯M³�nrOÈÉu¡¢OHfFgUK9\:ÏO=±uÈ�Ö¾�01

�ºKÛ��lw�OqZ2�qK�9\:�^wÉ ¡VXw�r^V�ÇZostV�*

sèt 2.5��ø�t�^�rr^u��n 
Q_�GO|\:��V 5¢�O���bu�ÛYlÛÊstuÈ¯Z%��ºÂÃ���
�`OTcSd%Te#�Þßu�k_[10]nºuZ«ã£�V¤ì��.Pg¾%$Ow]

� 1¥Å�O*sè^_þa�
^é*sè^_þb�[9]n 
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[11]Z��¾¿À�UV./Y_¦Ì§¨uÈ�*	pO���}�OT�Z®È©�.O-Ï
�¨[�ÎÏ��ºª�lw�r^uÈ¯+����`O«¬¡]þ�|ÎÏ«¬�Ow][12]
�jwZ¡¢OHfFgUqK�ìl¡ÓuÔw��`abVTcSd%Te#qm�n 
*sètV
k_��`abTcSd%Te#qKZ*sètu®Ç�ÎÏ`O×ØÙÚ��

VÛÊnrrq�K"#Z�K�Z�^�Kg¾±æZ��Z��Z	�
Z��
Kë�®�¯°±�Z�²

ÐZ³ÐB#´GZÕ%¾#1B#´GO~�qà�þ� � � �� � ���nrOÙÚ�Vø�tqÛ
ÊµuXw�¶°Ø·OS��V� 2u¸�n¹�V�+�.q�º±u«ãqm�ÈÉZ¯°
±�^³ÐO»JO¶°uØ·���E$¼%½¶°�VlXY_nQ_*sètqK*O	

p¾Ô¦Êáâ ÙvO¶°#¿�ÀÊ�klYQÉOqZ¶°L>�����¼æO¶°V r
Ùvu�ÁYZ	p�º�&QqáÂð±O¶°#¿uÃvÈÉuYlw�[12]n 

� � 3K 2009� 11� 9Äu?C<%qi
+Y_��þMw 7.3, ��O� 604 km�
uvwlZ3 vO !�qÑÅ�_ !
`Ì^Z*sèt 2.5 ��ø�tuÈ��
ô`Ì^VõöY_q�qà�nr�K«

¬§¨V�+*\:�*ÕÖGPREM[13]
V]ÐY_Æ<¶��`þ��"#îæO

PGEÇ 30 s�O«ãq�qà��Z��
�ºOÙÈ�ÉY���� 3 !��6l
qZ�üE�Ê�E��ËEO 3~�O`
Ì�ÈÊðÌYlw�r^����nrO

ÈÉuostVXw�^Z*�w«ã�!

�qZ£���ÊZÓµO !`Ì^��

õöÞß��ô`ÌVË�r^�qm�

[14]n 
�

�

�
� 2¥«ãqXw_ø�¶°OS��nÍ�¯°
±�ZÎ�³ÐO¶°V��n 
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3.� �����	
���������� 
� oJqK}~ 24��O����O��^Yljk_Z*sèt 2.5��ø�tuÈ��^��
O��`abTcSd%Te#O~�uvwlÒ6�n 
�K�*2¤qÏðZÐÑO®Ç��� !�j��_��qà¯ZÒÓf«¬qÔ·�_

4 �O��«uÈklZ1969 ��ºÕ�Ç 9 �q 12558 ÖO�O��þ����ÑÅ�lw
�nr�ºO>×#1KZi+F7�i+�íO\wq 5 ¢�u»�lw�[15]nrOÉC
���±æ� w��i���KZ�zØOz�Ú�^wÉ|�u�w^rÙqi+��M 1V
2Ú�O��qZ7245ÖO>×#1��±�lw�[16]nr�ºKáÂÚQk_F7qÛ¯Ü
YÃmlw�r^�ºZ�*�ÝÞOßàÐq���Ì��µuZ%��Ewli+����^

.³º�lw�[17]nðÙ�ái���KZ�&âÔOõöÍáwF7qi+�� M 3V4 Ú�
O��qZ�±æ� 28 Ö^*�w_ì�	K��qà��Z%�DEuÈ�BD1À0D��
�^.³º�lw�[18]nr�ºO��O P`�S`Oã"Ö%$�ºKZ�J� 1���£:
§¨ÕÖG�§ä�lw�[19-21]nQ_�ÔqKZ��`1ÕFg?CuÈkl�A#1GO
3����`±�§¨ÕÖG�§ä�lw�[22-24]nY�Yå"O��«K<`ææ_�aº
�lw_r^�Z�O��Oçè<`æ���«O<`ææ_^6klw��k_r^éO�ê

�ºZ !`ÌK�&âÔqOëwZìO��VíÇ_�OY��ÊZ�£:OÓ�`abO�

	KW)^Yl��qà�n 
� ðÙ��qKZM>î#F 2ïuÈkl 1976�u 5��#�� !���_�OOZ��
�&Oð�ëw�>��^�¯Z()��^ñ���>×#1V 1v !Y_O'qàk_[25]n
_)Ô�K���&O¤Ûò�¬òÛóuÈklZ�ÔEw_^ñ���%��Ì� æi�

�l®¯[26]Z��O��¾¿À�U���ôE�Oý±�j��lw�[27]nQ_��õ�O
x~�öÏÕ%¾#1��Ð�÷�âO#�Í�89VXwl§ä�_£:§¨ÕÖG��¢

��[28]n 

� 3¥*sèt 2.5��ø�tuÈ��*O�ô��`Ìþø¦�^ !`ÌþÍ¦�Oõö
[14]n3  !�ë�®�q�üE�Ê�E��ËEO 3 ~�Võön��OÈ·�¾¿À�U
^ !�È·Kù�O��u¸Y_n�6lO`Ìu 1/30 HzOf%PE?CG$%VúXn
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� ¡¢Z����O�¶��©ª«¬�û�qNìº�l®¯Zë�®�O��O`EFO�ü

VýQ³_��«Ohi�þ�qà�nQ_ !Þß�Ó�`O?�%�V�±YZ?�Íu 

!�VØ·��r^��Q��nÒÓf«¬�M>î#F 2ïuÈ� !Ö%$V§¨YZ��
�:QqO��`abO�°V����uKZTcSd%Te#��úqà�n�TKIJ�h

iVjklm_*sèt 2.5 ��ø�tOHfFgUuZê�O�^��O£:§¨ÕÖG^�
 ���ÕÖGV]ÐYlZ���O��`abTcSd%Te#Vjk_nopO«ãqXw

_������*O 1��§¨ÕÖGK� 4u¸Ylw�n�OÕÖGK	
[21]uÈ��Z�
O��`±�K²³º�lw�wOqZA#1G�ü:O±�V�ÆYl�~Y_nQ_��O

ÕÖGKZõ�x~^öÏÕ%¾#1OÓ!çVë�®����Ê�qm� 2¢�OÕÖG(Õ
ÖG A^ B)��¢��[28]n 
�

3.1� ��	
���������� 
�TKZþ1��i��^ái��uÈ���`ÌO\wZ®È©þ2��O 1 ��£:§¨Õ
ÖG^ 3��1ÕFg?CÕÖGuÈ���`ÌO\wZV�6�_ìuTcSd%Te#VÓ
jY_n«ãK 0 km � r � 1738 kmþ�&�Z�  �  � O��VZK 320U�O>#¶°�u�
�Yljk_n>#¶°#¿KK 2 kmqà�n"#�'K 0.0125 s^YZPGEÇ 15 sO`V
��u]ÐYlZ;�ª����uvwlÂÃ| 1250 sQq«ãY_n��K�i��OF6 r 
= 738 kmþ� 1000 km�Z  = 0�Zái��OF6 r = 1638 kmþ� 100 km�Z  = 0�u·w
_n 

� 4¥opO«ãqXw_þa��[21]�þb���[28]�þc��*[13]O 1��£:§¨ÕÖGn
ø¦Z�¦Z�¦Kë�®� P`±�ZS`±�Z�V��n��OÕÖGKZÕÖG AþÓ
¦�^ Bþ�¦�O 2¢���¢��n 
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Qªþ1�Oq�V¸�n� 5KZ1��£:§¨ÕÖGVXwl«ãY_�i��^ái��
O�ô`Ìqà�n=�Í� !�VZ��ÉY 10°�º 90°QqK 1°®mué#¿q�&�u
Ø·YZ�9ÙvuI6lw�n�i��OF6K P`^ S`O�C��¯��òqZ`Ì�Q
#PD1uQ^Qklw�Ou\YlZái��OF6K�C��¯���òqZ`�����

«¬Y�w_ìu|Á`�|�uÆ"#Áwlw�r^����n�O��K��`±���Y

Êùw_ìZ���áwáâ��£:u`�1g0H�Z ���VÛ¯ÜY_q�ZÆ"

#O�E�+�_^.³º��nrO^mO�%&u®Ç���`abOE�0HTe01K�

6u¸Y_nái��qKZ�&âÔq+�_ S`O�üÍ� ����Z��:QqabYl
wÊ�°��lL��nÒÓf��«uÈ�`ÌK 0.1V10 Hz O <¶æqO !qà��Z

� 5¥�i��þa�^ái��þb�O�ô��`Ìn��ÉYK 1°®mu`ÌV�uI6l
�¸Y_nûP!GO�:u P`^ S`O"(V¸Ylw�n�6lO`Ìu 1/15 HzOf%
PE?CG$%VúXn 

� 6¥�i��þa�^ái
��þb�O�%&u®Ç�
��`abOE�0HTe

01nÂÃ| 100 s^ 750 s
qO¯°±�O r ~�O�
ÇV¸Ylw�nø#KûZ

�#K$O�ÇV��n��

K�%n 

�������	
����
������������



�TOái��O«ãq�^���`ÌO�ü��º��n <¶OF6KZ�&âÔqO��

`OZìO���ëÊ�¯ZºuÆ"#O�E�+���Z<¶ 15 s^wÉÆ<¶q��gY
_�ü�Ý¡qm_r^K&H�ÊZoTcSd%Te#K !���lw�wÆ<¶'O�

�O�üV§É�O^¶·qm�n 
� �uþ2�Oq�V¸�n� 7 KZ�T«ãuXw_1ÕFg?CÕÖGO�Z®È© 1 ��
ÕÖG^1ÕFg?CÕÖGuÈ�ái��O`Ìõöqà�n1ÕFg?CÕÖGK�Oø(

u�k_%&VlXY_[23]n� 7qK�^Yl S`±�§¨%&O'V¸Ylw�n !`Ì
K��ÉY 40°Z50°Z60°O 3�q�¸Y_n��Ô)u S`±��*w^_�à�_ìZ1Õ
Fg?CÕÖGuÈ� S`+EK5�l,�l"(Ylw��Z !��üO S`±��¤w¹
wqZ ���VÛ¯ÜY_|Á`KÈ-�.klwÊ�°��lL��nrOÈÉu	��\

wK�º���Z�TKÆ<¶q«ãY_Oq`ÌO�ü�mÊ���r^K��k_n1Õ

Fg?CÕÖGuÈ� <¶�ô`ÌO6~KZ�|O MPI I/«ãq0~YlL¯x'_w
^.³lw�n 
�

3.2� ���	
���������� 
¡¢71�lw���O 1��£:§¨ÕÖGuKZ� 4u¸Y_ÕÖG A^ BO 2¢�
�à�nQ_���&O�ÐÖ%$^�Ì�ºZ-Ï�Äð���^A#1GO 2�§¨V=±
YlÕ2&�÷�ý±qm�n�TOTcSd%Te#qKZþ1�ÕÖG A^ BuÈ���`Ì
O\wZ®È©þ2��ÄðÕ2&Ì3V./Y_F6O��`abO�[ZV�6�r^V$
%o01^Y_n«ãK 0 km � r � 3390kmþ���&�Z�  �  � O��VZK 544U�O>
#¶°�u��Yljk_n>#¶°#¿KK 2 kmqà�n"#�'K 0.025 s^YZPGE
Ç 30 sO`V��u]ÐYlZ;�ª����uvwlÂÃ| 5000 sQq«ãY_n��K r = 
3360 kmþ� 30 km�Z  =0�u·w_n� 8u�T�~Y_Õ2&Ì3ÕÖG^Z«ãu
X
Y_%&OÈ·V¸Ylw�nÕ2&Ì3ÕÖGVXw_«ãqKZÕÖG AO��:�V�Ä
ð��4q·m�³lÓjY_n���&O�ÌÛó�º����ôE��¤w^ý±�lw

��_u��V·mZ�����5Ê��6gE}�VÅ�%&V°B)n�

� � 9u 2¢�O 1��§¨ÕÖG^Z�ÄðÕ2&Ì3ÕÖGuÈ���%&u®Ç���`

� 7¥ù¥«ãuXw_1ÕFg?CÕÖGO%&[23]n�^Yl S`±�§¨%&V¸Y_n
�#�¤±�Zø#�*±�^_nÝ¦:�O�&u®Ç�È·KùüOP!Gu�¸n��

K�%Z !�Kó78ÌZÒÓf��«OÈ·Kû78Ìn9¥1ÕFg?CÕÖGþø¦�

^ 1��ÕÖGþÍ�¦�uÈ�ái��O�ô`Ìnù�u¸Y_ 3 !�qO`ÌV�¸n
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abOE�0HTe01V¸�n�TK<¶ 30 s^wÉÆ<¶O`V]ÐYlw�_ìZÂÃ|
1200 sqKm�\wK�º��w�ZA#1G�5wÕÖG BqKZ�-A#1G:»�ºO
��`�ÕÖG AÈ¯�;Ê"(Ylw��°����n2400 sqK���&u�kl��O�
\'Qq�&`�abYlw�nÕÖG A qKÆÉYu<kl�Ç�ëw^_�ÁÊOu\YZ
ÕÖG B qKõöÍQ#PD1uQ^Qklw�OKZÕÖG A uõ6lÕÖG B O��� 3
=4w¹wqZ ����ÃmuÊÊ�k__ì^ñ���nQ_Õ2&Ì3V]�_«ãqKZ

	���ÌO��K>�u�º��w�OOZÂÃ| 2400 sqKÕÖG A^õöYl�º�u
�&`O?	�Ãmlw�nr�ºO«ãVºu <¶QqÓj��ÜZâOÈÉ�`O?�

%�u£:§¨O\w�ëÊ������6�r^�qmZ*�w !�q£:§¨V�6�µ

O´µV²³�r^�qm�^.³º��n�

�

� 8¥ù¥�T�~Y_Õ2&Ì3�÷nÍ¦K«ãu
XY_%&^���&^O@¦V¸
�n�%���n9¥«ãu
XY_%&u�k_Õ2&O��[n 

� 9¥þa�ÕÖG AZþb�ÕÖG BZ®È©þc��Äð��4ÕÖGVXwl«ãY_��%
&u®Ç���`abOE�0HTe01nÂÃ| 1200 s^ 2400 sqO¯°±�O r~�O
�ÇV¸�nø#KûZ�#K$O�ÇV��n��K�%n 
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�

�

�

� 10¥������*O��`abOõön� 30 kmuAª����V·wl«ãn��
qÂÃ��`OPGEÇK 30 snÂÃ| 600 s^ 1800 sqO¯°±�O r~�OE�0H
Te01V¸Y_nø#KûZ�#K$O�ÇV��n��K�%n 
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3.3� �����	��	
���� 
�|u������*O��`abO\w���¯��wÈÉZ3 ��O���uZ��¾
¿À�UO��V]�lTcSd%Te#Y_q�Vz{��n��K� 30 kmu·mZ¾¿
À�UKRSÒ�Aª��^Y_nQ_���ºÂÃ��`OPGEÇ� 30 sqBðY_n§
¨ÕÖGK�6l 1��qà�n��O§¨KÕÖG AVlXY_nrO«ãO¶°æ�¾Õ�
éK�JO� 1VCD�_wn 
� 10K 3��O%&u®Ç�ZÂÃ| 600 s^ 1800 sO��`abOE�0HTe01qà

�n��OmuÈ���`abO\wV���Ê��_ìZ3��K��EFqGwlw�n
��K�*OK 1/2Z�K 1/4OmY��w_ìZ�qKÂÃ| 600 sqêu��O�\'Q
q`�"(Ylw�nQ_�O��u®Ç� ���uÈklZ`�wvQq���âÔuHQ

klw��°����n1800 sqKZ��q��ÇO`���O�\u"(Ylw�Ou\YZ
�*qK�ÇOùw P`�"(Y_Ü�¯qà�nQ_�qK	pâÔQq�ÇO`�ab
Ylw�n��`KabÉY�ÆÊ��áâ«¬YlwÊOqZ�*uõ6lùw����q

KZ��`��ÇVÃkl��OI'Qqab��nY_�kl��ORS���F6KZ�

���OÙ� !Þß��_�-wÉ³Z���:VÅJYlm_`V !Y��w^³�n 

4.� SX-9��� 
� opK 3Jqz{Y_TcSd%Te#KZ�6l���L>M%L>N#E"#$%O×
D1G� SX-9þÄoLMN�OPþ2ü NEC�Q�VXwlÓjY_n«ã�OWXuà_k
lKZL>M%L>N#E"#$%^ NEC O����qHfFgUOÏß�óVjwZëOq
�u¥¦wlRS%À#FVSY_ń %EQ%½KFortran90qÑÒYl®¯ZjæKK 18000
qà�nNEC u®wlsEuÈ�G%HTh�×D1G[´¸jOU]ZVã�?W>GXÐ
O	���ú[éORS%À#FVSY_q�Z1CPU ÓjqK 60 =O«ã±�v�u~�Y
_nQ_(EI/[uÈ�Ïß!±þQ#P>G=HTe#“-R2 -f3 -Ep -pi -Pauto 
-Wf,-pvctl fullmsg”�Oq�Z8CPUq 4.4=Z16CPUq 5.8=O±�v�V�_n 
� opK 3.3JO 3��OTcSd%Te#KZ<eYDgE p8q 8CPUVXw_(EI/V
ãqÓjY_nQ#P>G=HTe#K�ÑOÏß!±O"^�ðqà�n3 ��ë�®�O«
ãu®Ç�¾Õ��Ój"#�MFLOPSçK� 1u¸Y_n 
�

� 1¥K 3.3JO«ãZ� 
 PGEÇ (s) >#¶°æ "#¶°æ ¾Õ� (GB) Ój"# (s) MFLOPSç

� 30 03201546 400000   02.304 18785 07780 
�� 30 05442720 200000 03.520 22290 05642 
�* 30 10835200 200000 10.176 12632 20446 

�

5.� ��� 
� opqK}~ 24 ��O����O~�^YlZ�^��O��`abTcSd%Te#O~
�V9�Y_nSX-9O<eYDgE p8uÈ�(EI/VãqZ�qK<¶ 15 sZ��qK<¶
30 sQqO��`ab«ã�Ó¡qm_n�*£:O��`abuvwlOIJO�ÛKZ !
^�ôO-§Í�NOuÈkliTYlm_[\�à�n�^��Kwª��£:§¨ÕÖG^

��uî��89�²³º�l®¯Z�Qu�ô`Ì«ãq`Ea]uî���ÛV�ì�^

_u]klw�no����O~�KZëO`aVhÊ�Oqà�n 
�®�TK 15 sZ30 s^wk_Æ<¶O��`abVTcSd%Te#Y_nºu¡ÓÍ�

TcSd%Te#VjÉ_ìuKZ<¶ 1 sVñèuZqm�)Ç <¶uÔ¦ÇlwÊ$��
à�nY�Y<¶V 1/2u��^ZrÙv^ ÙvO>#¶°#¿Z®È©"#¶°#¿V�6l
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1/2uY�Ç�Ü�º�wOqZ¾Õ�K 4=Z«ã"#K 8=$�^��n�kl <¶OT
cSd%Te#qKHfFgUO MPI [�$bqà�n¡¢Ko����uÈklHfFgU
O MPI[�c�¯Z<¶ 8 sqO��O��`abTcSd%Te#�~�Ylw�nMPIV
Xw_TcSd%Te#uvwlKZQ_»O�Ouz{��r^uY_wn 

�

 !�

� opO��~�KZ���L>M%L>N#E"#$%^ÄoLMN�OPOE$0?

OÙJOdeÐq~YË_�Oqà�nL>M%L>N#E"#$%Oùf-�"#$%ÆZ

ghijklmZùnðoelZpqrsZ'ütsuKZo����O�OV®²³w

_)w_�ZHfFgUhi�TEBUWXuvwl�J�de�deÐVw_)w_n

ÄoLMN�OPOuvwx
�Zá�ysZz:úsZëO{OE$0?OÙJKZHf

FgUORS%À#F^MPI[VÓSYlü¯Z2012� 4� 11ÄZ7� 4ÄZ10� 10
ÄZ2013� 4� 3ÄZ®È© 6� 14ÄO 5Tu�_klh��_9�Oqd9�ük_n
Q_ E¾%GuÈ�.}u��u|}~��dT�Vük_n��j�t�����34
��7O���
�uKZSX-9OWXV®�ìw_)mZTEBUWXuvwl�àº�
�-�u�klw_)w_nÑYl����n 
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opqK���EF^�wL�FO-��XV./Y_ DC–RF >Y�0½�Hg�A�O
|±�¡��æçTcSd%Te#uvwlÒ6�¢Q_�Hg�A^*£�������¡�

�Í���EF�Q¤%d#1§¨þ¥§¨�^wk_oTcSd%Te#uÈ¯Ëº�_�_

���Vz{��¢ 

1.� ?@ 

� DC–RF >Y�0½�Hg�A�^K�M¦üu®wl��þDirect current; DC��Lu
È�|§j�Ò%DHg�A<�01^¤< þ̀Radio frequency; RF��LuÈ��wq6Hg
�AVx'6�¹_¤N#$GR%OHg�A� [1]qà�¢rO�LÌ�uÈkl+~�¨Á

��Hg�A��EO��Í³X¾O¶·KmÊ�r�Qq��¯°O©ªQHf"E[1][2][3]

�A>Df¯°«O¤±*3[Hf"E[4]�âuWX�lm_¢Y�Y��º��Hg�A�

K 10,000 K V¬³�¤£^ëwiV®É��qà�_ì�Ó¯«!KåYÊ�ù�J�E
°%GO¥uÈkl§~�lw�ëO��EFuî����Kû¢Hf"EO?�Í�±²O

_ìu$��Þ³qà�u�î�ºª�W)^Yl´YwO�¡3qà�[5]¢ë�µuæçTc

Sd%Te#uÈ�¡]Û�u¶·�¸¹º�lw��OO��Hg�A�Oæç«ãK¶·Û

VË�_ìuYÜYÜ ��¸ÐV$�^��_ìþ�JCD���u >Y�0½�Hg�A

�uvwlK±�3¹®È©9\:º��V

=±Y_�O�æ�[1][2][6]9��lw�O

'qàk_¢ 
� ërqo��qK� >Y�0½Hg�A

1%R£u®Ç��Hg�A^*£����

����EF®È©¡��Í�Q¤%d#1

§¨OEÍ»EV�º�u��r^q�Hg

�AO�E¡]uî���_���VË�r

^VñÍ^Yl���EF^�wL�FO-

��XV./Y_ DC–RF >Y�0½�H
g�A�O|±�¡��æçTcSd%Te

#V¼'_[7]¢ 
 

2.� ABCD 

� Å�O+~�¨Á½¾u®wl��Hg�

A�O¦ÐKM¦^�Ú�qà�¢¼E¢

uÒG¿#VXw�^��ÜHg�AV�+

��[_u�_klÀ7�}Á�~¯�C�

Q_�Íu5w^=±qm�¢ºu�È

L��ÂÃ��r^�qm�¢rO^m. ���DC–RF����	
��������
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©�DE©�N!GÄ%uî��Ã�ÙÚ��®È©�wL�Fu\��MaxwellOÙÚ��×
ØÙÚ�^��¢o��qK��E¡]OÅ>�cDEVÆ³�_ìu Large Eddy Simulation 
(LES) u¥¦wlæç«ãV¼'���ëOµ 10,000 KV¬³�¤£OHg�A^_^ 300 K
O*£¼E��-��XY��º�"u�¢���EFVL¯M��Ç�Ü�º�w¢�3O#

uKÇÏ��aw��±¦õ��wL�^wk_-Ïçum�ø�à¯�«ã^_O	uÀ7

Íu* Reynoldsæ^_^¤ Reynoldsæ^_�����r^u��¢���Cì�Í�^_^�
�Í�^_V�"u«ã��$��à�¢ërqo«ãqKLYF�0½E°%Gu®wlQ¤

%d#1§¨ÕÖG[8]VXw_¢ 
� ºu�Hg�A�Oæç«ãu®wlK��ÒO-Ïç�[O'�ºª�K 45 =uÈr
��[V./Y�Ç�Ü�º�w¢ëOðÙq���Fu®Ç�A0 æK 0.003V0.045 O�
�uà�_ì�¦EÏ��ÛóXO«ãEî%UVXwlYQÉ^��Íu`G�"#E°%G

qO��DEVÆ³�_ìuKÉ�«ã"#V���r^u��¢���C¡ÓÍ�ÒHf%

R^Yl��Hg�A�V�m���[V®É|¦EÏ���̂ YlL¯MÉr^u����

rO^mæç«ãK|�u�º±^��¢ëO_ì×ØÙÚ�O\�ÊVË�£���ø�tu

ÈklYZ[Y�ëOæçÇÏ?�VWXYl*Yq�«ãVº±[YljÉr^� w¢Y�

Y��º�æçÇÏuK�"u¥VÌYlYQÉ?��à�_ì��Hg�A^*£�����

���EFO¥§¨V�º�u��^wÉo��OñÍu�YlYQÉ¢ërq�TK¥OÍÆ

u`?�	pø�tOúXV¼'���rOÙtK-Ïç�[���[��w��Ûóu®w

l�º«ãV�º±u��r^�ÈÊ�º�lw�¢ëO_ì��Hg�A�Oæç«ãu®w

l	pø�tVXw_^wÉ9�K�w¢ërqo��qK�¥VÍÆ��_ìuº�£�	p

ø�tVúXY��º�«ãOÎÏV�Ð_ìuË�£���ø�tV 10%�ÑÒ�^wÉst
VXwl\�ÊOYZ[Vjk_¢Q_ÓZÊ�+~ÊOYZ[uKÅ�Oº�£�	pø�t

VXw_¢"#f�ÊuKº�£� Adams-Bashforth tVúXY_¢[lO«ã�u®wl.
©�DE©�N!GÄ%OÃ�ÏVÔÕ¹�_ì�«ã^_K`a�²tuÈ¯ 2,051,033Ö
OQ#1f%GÕ�S%Uu�����wL�F^¿0H�#FY��º PISO t[9]VXwl

��EFO«ãVjk_¢ 
 

3.� ABEF 

� �Ëu DC–RF >Y�0½�Hg�A1%ROxy�V¸�¢£Ø 50 mmO1%RO�:
uÖ&u�klÔÇº�_Ç 3 mmOE�01�º 300 KOÒG¿#¼E�T%E¼E^Yl×
T~�VÁklØ]��¢Q_1%R�:	pO£Ø 8 mmO��G�º 12,000 KO DCH
g�A<�01� 3 Sl/minqÙÚ��¢RF�wQ>GKzØ 30 mm�Æ 30 mm�R0R
#¿ 10 mmOº¹BÌ3VYlw�¢DC�L®È© RF�Lu\��Û]LÐKë�®� 0.6 
kW®È© 6.0 kW^Y�RF%�<`æK 4 MHz^Y_¢"#EB0HÇV 0.5 ms^Y�+¶
½¾ (time = 0) ^Yl9\:º��OFV«ã^_[�u²³_¢«ãuK���L>M%L
>N#E"#$%OE%P%Q#RS%$ SX-9VXw_¢ 
 

4.� ABGH 

� �ºuo«ãuÈklËº�_��EFOy�Í�Ü#òV¸�¢7,500 K®È© 10,000 KO
é£�&��±q#âÇº�_�¦�º�Hg�A1%R£K¼½q¡��Í���EF^�k

l®¯�YÜYÜ=±��9\:º��OF^KÚÝw�O^�klw�r^����¢¤£

OHg�A^_uK�º¹B3O�¦�¸�ÝÞß���º��r^� w¢r�KwL�O¤

wHg�A^_u LorentzÐ�i+Y���DEVàE��_ìqà�¢Q_ëOÝÞß�K1
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%R�:�ºØ]��*£OT%E¼E�u���V²³�_ì�q�^Yl1%R£O��

EFuá¸¯�+���NÏO¤w DCHg�A<�01�âj��¢Q_*£^_u®Ç��
±KùÊ�ðÙq¤£OHg�A^_u®Ç��±Kãumw¢r�K*£OM��Hg�

A[Yl¤£u��µu��ÉäuÈkl�²�å���_ìqà�¢ 
� �¡u±�æØB#´GOKç��© Q = 3Oéç&uÈkl±u��¥§¨V¸�¢rr
q QKy�±� 10 m/s^1%R£ØuÈklÂ��[�lw�¢¤£^_u®Ç�¥§¨K
mÊ�ëOðÙq*£^_qK æOù�¥�i+Ylw�¢¤£^_u®Ç�¥KãuH

g�AuèÊ Lorentz ÐuÃí���Oqà�^.³º��¢Q_¤£^_KÇÏ�¤w_ì�
*£^_u+��ÈÉ�ù�¥K�¢qm�w¢ùRS�YÊK	RSO¥«K 4,000 K2ü
O^_u�º����r�KHg�A�^*£O¼E�^O»&âÔq+����Ð�Í��º

±ÏuÈkli+Y_�O^.³º��¢Q_1%R�ÖâÔq�*£Où�¥«�+��H

g�A<�01<éu�¢��¥§¨u�mAQ�l6����°�«ã�lw�¢ 
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� ��EF^�wL�FO-��XV./Y_ DC–RF >Y�0½�Hg�A�O|±�¡�
�æçTcSd%Te#V¼'��Hg�A^*£�������¡��Í���EF®È©Q

¤%d#1§¨V�º�u��r^u~�Y_¢�	K	
[7]VCD�_w¢ 

��� ���������������� � ! "������ �#$%&'�()*+,-./�01�

�������	
����
��������� �������������� !"#$%&'()*�+,-./0123/45



 

 ! 
� o��K����L>M%L>N#E"#$%OE%P%Q#RS%$VWX��r^qÓ

¡��r^�qm�«ãQ%½O¤±[uà_klK�"#$%îïûÈÈ¯dêÐVw_)m

QY_¢Q_¥§¨uî��`ë�eVÊ)wQY_����������OìË�l

m^íî£ðïklmu��OGV�YQ�¢�®�o��K�4��e~¥ðe~ðþ¥��

�(C): 23560182�uÈklj��_�Oqà�r^VrruÑYQ�¢ 
 

"#$% 
[1] Yoshida T., Tani T., Nishimura H., and Akashi K., “Characterization of a hybrid plasma 

and its application to a chemical synthesis”, J. Appl. Phys., Vol. 54 (1983), pp. 640-646. 
[2] Shigeta, M. and Nishiyama, H., “Numerical Analysis of Metallic Nanoparticle Synthesis 

using RF Inductively Coupled Plasma Flows”, Trans. ASME, J. Heat Transfer, Vol. 127 
(2005), pp. 1222-1230. 

[3] Shigeta, M. and Murphy, A.B., “Thermal plasmas for nanofabrication”, J. Phys. D: Appl. 
Phys., Vol. 44, No. 17 (2011), pp. 174025 (16 pages). 

[4] Takana, H., Jang, J., Igawa, J., Nakajima, T., Solonenko, O.P., and Nishiyama, H., 
“Improvement of In-Flight Alumina Spheroidization Process Using a Small Power Argon 

�2� (%345678�9:;<=> ?@A-./BCD�

�������	
����
�������������



DC–RF Hybrid Plasma Flow System by Helium Mixture”, J. Thermal Spray Tech., Vol. 20, 
No. 3 (2011), pp. 432-439. 

[5] Kawajiri, K., Sato, T., and Nishiyama, H., “Experimental analysis of a DC–RF hybrid 
plasma flow”, Surface Coatings Tech., Vol. 171 (2003), pp. 134-139. 

[6] Seo, J.H., Park, J.M., and Hong, S.H, “Influence of DC arc jets on flow fields analyzed by 
an integrated numerical model for a DC–RF hybrid plasma”, Plasma Sources Sci. Technol., 
Vol. 17 (2008), pp. 025011 (10 pages). 

[7] Shigeta, M., “Three-dimensional flow dynamics of an argon RF plasma with DC jet 
assistance: a numerical study”, J. Phys. D: Appl. Phys., Vol. 1 (2013), pp. 015401 (12 
pages). 

[8] Kobayashi, H., “Large eddy simulation of magnetohydrodynamic turbulent channel flows 
with local subgrid-scale model based on coherent structures”, Phys. Fluid, Vol. 18 (2006), 
pp. 045107 (11 pages) 

[9] Issa, R.I., “Silution of Implicitly Discretised Fluid Flow Equations by Operator-Splitting”, 
J. Computational Phys., Vol. 62 (1985), pp. 40-65. 

�������	
����
��������� ��������������� !"#$%&'()�*+,-./012.34



�������	
����
�������������



IJKL=>AB�MNOPQRSTU-3�V/WXY,�EF��

Z[\]^_ `a& 1�bX�cd�e�fg�

�

'o� uñ ò� �ó� !ô õ�
ò'ö���÷���56��:��TEBU��/0�

õøù���������°���/0�

hi� �����

�ú6û�üyYg#°01ýþ� (È©å��) O`Ð�§Oðvqà� FLiBe �ú�(LiF
^ BeF OÑ6�ú�)KZ1�[�Íº±ÏZ2��M��Ð�Í (MHD, Magneto-Hydro-Dynamics )
¦Ð��O	Í*«Z3�ýþ�O'�ºªå��È©	Ï°å=�^wk_ �ßÏV`Ylw
��&Z
�Za��[O}���´�lw�[1,2]n

rO FLiBe�ú�KHg#1Gæ 25Ú�O¤Hg#1Gæ�� ( Hg#1Gæ¥DE©ÓZ
^�ÓZOõZHg#1Gæ 25OF6Z�ÓZKDE©ÓZO 1/25qà�r^V¸� ) qà�
_ìZëOa��ÏKì��a�uëÊW���nY�YëO¤Hg#1G��u®Ç� MHD
ì��a�O��K|�u*�wn�í^YlKZ|±�Ï�3 ��ÏV`��ë|¦Ì�Z�
Ð�¡]qà¯Z�ôÍL¯MwKäåqà�r^ZºuÓ¯Ístu®wl��FüV\]

^��_ìZL°��VXw_¤£�«!���úXqm�wr^ZQ_�����qà�_ì

d%�éO�!±�ÞÃ[�äåqà�r^�»�º��[3]n

ërqo��qKZÔ�ñ�YwNTV��vvà�«ã��Ístu(ñYZ�Ï?��ì

�?�����?�V¤£�u�!Þß���æç«ãst ( DNS, Direct Numerical Simulation ) 
OhiÈ©ëO£�O��VÓj��^^�uZÓµO�ú6ûÖ�>#½¾ ¥¤ G1A#æ

( �Ï?� )Z¤d>�G�æ ( ì�?� )Z¤Hg#1Gæ ( �ÓZ?� )ZuúXYZ¤£
� DNSÖ%$×%EO§äVñ´��Oqà�.

o9u®wlKZQªYg#°01Ö�>#½¾ü[2]qO DNS Ö%$×%E§äu$��«
ã�!�O�²V¸�nëYlëOq�u¥¦mZ	:����µRS89¥���WX��

�����Oðß^YlÓSY_Z¬I/«ã�TEBU(1000 I/2�)V\]^Y_ MHD ì
�FO��æç«ãsthiuvwl9���n

ji�  kl=>ABmD�no�X�cd�efg�poqABrst�

jih� ABuv�

� 1-(1)u�ú6ûYg#°01u®Ç�ýþ��Ox��V¸�nQ_� 1-(2)KZYg#°0
1ýþ��V�y[Y_«ã�tqà�nrrusètKã�ÙvV x9ZÖ��ÙvV y9ZEP
#ÙvV z9^Y_n��FKZã�Ùvuð±O¦ÐæØ(F=u 2/h, u : Ö&��±�, h: R�#!
GzçÇ)uÈ¯àE��}j}�#��qà�n��½¾^YlKZ�Ö��O£�øð±½¾
( = top- bottom=ð±, top: �Ö£�Z bottom: üÖ£�)^YZ��üÖ£Kë�®�ð±qà�nQ_£�
FKP0TYE¿g%^Y_n�FKZ*£Ö'(üÖ')�º�Öuv�klð±�·�(By)qð
�u%�Y_n
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� 1-(1)� Yg#°01ýþ��� � � � 1-(2)� Yg#°01ýþ��V�y[Y_«ã�t

jij� MwCxy�

¥ ÙÚ�KZ�� (1) - (4) u¸�Z|¦EÏ��u®Ç�Z!Á� (2) È©*�Md>�G
�æO=±u¥¦ÊLÈÓB#T�G[4]VXw_ Navier-Stoks � (3)ZLÈÓB#T�GOÓÒ
´#ÙÚ� (3) È©N!GÄ%ÙÚ� (4) qà�n
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rruZui ( = u,v,w ( i=1,2,3 ) ) K ã� ( x, i=1 ), Ö�� ( y, i = 2 ), EP# ( z, i = 3 ) Ùv¾O±
�Z t: "#Zp: ¦ÐZ : LÈÓB#T�G, : £�qà�nQ_�âm"³#*KÜ#çqà�
r^V¸�nºu ij , ijk ( i,j,k = ë�®� 1,2,3 )KDf!0¿%OÖG$ZNÖC#1#O>H
Tf#qà¯ZÛ¯ÜY"³#KEKRKu�É�O^��n

jiz� {|}mD�

o��qKZ¬I/«ã�TEBU�O¤£�MHDì�FO��æç«ãst^YlZcE
dD1GtÈ©¤�£�	pø�tu¥¦Ê«ãstV�$Y_n

(1)cEdD1Gt[5,6] 

>#OYZ[KZã�È©EP#Ùvu?%�N�EdD1GtZÖ��Ùvu 2�£�O	
pø�VXw_n"#NjK\�ÊÈ©�FÊu 3�£�O Runge-KuttatZÇÏ(ÓZ)Êu
Crank-NicolsontZ¦ÐæØÊu Euler%ÛtVXw_nQ_ã�È©EP#ÙvON>�Ò<#
F&øKÈ-T?1tuÈ¯Zr�V'(Y_n¶°tKZ;�Ùv±�~�(u2=v)O±uVë
O{O-�©�ºz¶°�ªºY_E$¼%½¶°[7]V
XY_n
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(2)¤�£�ø�t

ø�tOF6u®wlKZE$¼%½¶°u®wlZDEN!GÄ%VYZÍuÃ��� 6�
È© 12�£�O¤�£�	pø�t[8]VúXY_n�®Ö��ÙvuvwlK 2�£�	pø
�tVXwlw�n"#NjKZFractional steptVúXYZ¦ÐÊu Euler%ÛtZëO{OÊ
u 3�£� Runge-KuttatVXw_n¦ÐÓÒ´#ÛtuKZ¤±?%�N��^ 3�\8j/
Ût ( Tri-diagonal Matrix Algorithm, TDMA ) uÈ���ÛtuÈ¯r�VÛw_n

�TZ¤�£�	pø�tOúXV�$Y_)*^YlKZ«ã£�O&�ºKZEdD1G

t�0Èqà�r^u+wK�w�Z�üy×D1GI/«ã�u®wlKZ¾Õ�M#½ÇO

«*u�³Z�%½#ÅÐÇO«*��!��n�klZ?GM>"DTe#M#½ÇuÈ¯

ëOVãÏß�W���¤±?%�N��:��ã�«ã:�^��EdD1Gtu®wlKZ

Vã?�O*ü�,���r^uà�n

ji~����EF�

:»½¾K[-�©u\YZã�È©EP#Ùvu<¶:»½¾^YZÖ&q±�Fu no-slip ½¾Z
LÈÓB#T�GK-.ÖV=±YZæØ 0Z£�Kð±^Y_n Q_EP#ÙvO}ÄL�K 0^Y
_n

�

ji�� -3�V/WXY,�EF�

� 2� �ú6ûÖ�>#½¾üqO DNSÖ%$×%E§äu���«ã�!�

� 2u FLiBe�ú�VXw_F6u®Ç�Zì�d>�G�æ^«ã!�^OîïV¸�nY
g#°01Ö�>#½¾[9]u®wlKZì�d>�G�æ ( Re = u h/ Zu :Ö&���±� ) K
400 – 3000Ú�ZR�#!GÇ(2h)u¥¦Ê G1A#æ ( Ha=By2h( / )1/2Z : LMaw�, : 
� ) K 20 – 100Ú�qà�( /uKd>�G�æuW��� )n
Q_� 2O�9K$�¾Õ�©[TB](à�wK 1°%Eà_¯O«ã"#V 10�Ú�^Y_F

6O$�Ó?Vã±� [ TFLOPS ] )qà�nFLiBe�ú�OF6ZÖ�>#½¾üaâÔOZ
Re =400ZPr=25ZHa=20Ú�OF6u 1TBZ1TFLOPSÚ�O«ã�!�V���r^V¸Ylw
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�n

}~ 24��QquZ	:����µRS89¥���WX�������OêÐVËlZ�
��L>M%L>N#E"#$%^O����q�uÈ¯ZFLiBeV�±Y_ZRe = 400, Pr = 
25, Ha =0, 20, 28 O°%E ( � 2O1 ) È©Sc��O KOH[3]V�±Y_ Re = 1000, Pr = 5, Ha 
=0, 28, 48 O°%E ( �2O2 ) ODNSÖ%$×%E§äu~�Ylw�nQ_}~25��KZ
Re = 2000, Pr = 5, Ha =0, 48Z96 O°%E ( � 2O1 ) u®Ç� DNSÖ%$×%E§äuL¯x
+�±qà�nr�ºO DNSÖ%$×%EO§äuÈ¯ZÖ�>#½¾üqO±�Fu®Ç�
MHDì���uî��E°%�#FÛóÈ©ì�ÕÖGhiu$�����Ëº���O^.
³lw�n

Y�YëOðÙqZ���uîYlKZ¤d>�G�æ½¾ü ( Re =1000, 2000 ) u®wlKZ
«ã�!�O±KuÈ¯ZSc��O KOH ( Pr =5 Ú� ) uaº�l®¯ZFLiBe�ú�V\]
^Y_ Pr =25 Ú� ( � 2O1 ) uÓä��uKZÓjVã±�q 10-100 TFLOPSÚ��$�^
��nr�u\3��uKZ�üy×D1GI/«ã�à�wKZE%P%Q#RS%$øDg

EO«ã��$�qà¯Zr�ºO«ã�TEBU¾O DNSstO�ú[��Þ³qà�n

zi� ��}�no�

� ×D1GI/«ã��qOI/[stKZEdD1GtÈ©¤�£�ø�t^�uZP9[10]
^áÂ��qà�n2üuëOx�VQ^ì�n��

zih� �������0����

o DNSQ%½qK yÙv¾O 1��^_��^�%½#ÅÐÙt^YlMPI(Massage Passing 
Interface)VXwlw�nã�ÅÐ:�KZyÙv¾Oø�XEB#TGuî�� shiftÅÐÈ©�
3u¸�ÈÉuZyÙvO TDMA:�u®ÉZy9�º z9¾O��9�4uÈ�Ö%$5·O
alltoallÅÐqà�nalltoallÅÐu®wlKZFf%MG¾Õ� (GM)�qO�Õ%1¾Õ�ÒD
"E(RMA)�ßVWXY_MPI_PUTuÈ� one-sideÅÐ[11]V
XYlw�nºu alltoallÅÐ
u®wl�±�%½(È© CPU)uÅÐ�?	��r^uÈ�ÅÐOQ#?�D1V�Ð_ìuZ
� 4OÈÉ��%½#ÅÐOE°<S%�#F[12]Và�¹lÓ6Ylw�n

Q_P9�ºO���^YlKZ�%½#ÅÐOE°<S%�#FVø�XEB#TGuî�

� shiftÅÐ:�u�úXY_n

� 3� 1��^_��Ùt^Ö%$5·(4I/OF6)
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� 4� �%½#ÅÐOE°<S%�#F(4�%½OF6)

~i� ];^_��D�Z[\d�W��������

�TúXY_¤�£�ø�tu®wlKZDEN!GÄ%OÃ�ÏV7Ã��_ìu 1�à_
¯OEB#TGKZ6�£�OF6 11�Z12�£�OF6u 23�V���nr�u\3��_
ìuZo��qK�E1Ø/VúXY_nºu 12�£�ø�tOF6KZ\�ÊéO«ãV¼
æG%Hu��YZ	#Ø/V�`��r^uÈ¯Z�¾Õ�[Vjk_n

ëOq�Z$�¾Õ�©KZ6�£�È© 12�£�O�stu®wlZ2�£�OF6^�Ú
�qà¯ZEdD1Gt^õöY_F6KZz�2üu8±��r^�qm_nQ_¤�£�ø

�tOVã©KZ12�£�OF6ZrCº�EdD1GtOKz�Ú�qàk_n

ðÙZ¤�£�ø�tOVã:�O×D1G[�K 99.7%Ú�V7ÃYlw��OOZ�E1
Ø/O
XuÈ¯M#DQ#?�D1�9XYZÇ�Ïß�[V�_ºY_n

ërqr�u\3��_ìuZØ/^_£u®wlKZ�E1Ø/V:;YZ <�ø��u

úûY_n�E1Ø/�$�^��<¶:»:�u®wlKZexpand ´¸jZunroll ´¸jqG
%HThVjwZ¤±[V�k_n� 5urOHfFgU�V¸�n
�

��h�j�����(((((������������������������ �

��h�z¡����¢((((��������������£�h��¤�

��h�zh��������������¥¦�§¨� ©ª«���¬�

��h�zj�����(((��������������§�h�¬�

�����������������������������®¯°±�

��h�¬z����¢(((����������� �����²� �����²� �����

�

��h�¬³����(((((������������������������ �

��h�¬´�����((((��������������£�h��¤�

��h�¬������¢(((��������������§�³��©(��

��h�³h���������������������µ�©�®��¦� ¶h�©¬µ®§���£������±�

��h�³j�������������������·��������¦� ¶h�©�µ®§�~�£������±�

��h�³z�������������������·��������¦� ¶h�©~µ®§�z�£������±�

��h�³~�������������������·��������¦� ¶h�©zµ®§�j�£������±�

��h�³��������������������·��������¦� ¶h�©jµ®§�h�£������±�

��h�³¬�������������������·��������¦� ¶h�©hµ®§���£������±�

��h�³³�������������������·�������(¦� ¶h�©hµ®§(h�£������±�

��h�³´�������������������·�������(¦� ¶h�©jµ®§(j�£������±�

��h�³��������������������·�������(¦� ¶h�©zµ®§(z�£������±�

��h�´¡�������������������·�������(¦� ¶h�©~µ®§(~�£������±�

�E1Ø/V
X 

�E1×D1GV:;

Ø/¤CD�i+Y�wÈÉu

G%HÆVÔ± 
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��h�´h�������������������·�������(¦� ¶h�©�µ®§(��£������±�

��h�´j�������������������·�������(¦� ¶h�©¬µ®§(¬�£������±�±�

��h�´~���������������������¸�¤�®��¦� ¶h�¤¬¸®§���£ª�®£±����±�

��h�´��������������������·��������¦� ¶h�¤�¸®§���£ª~®£±����±�

��h�´¬�������������������·��������¦� ¶h�¤~¸®§���£ªz®£±����±�

��h�´³�������������������·��������¦� ¶h�¤z¸®§���£ªj®£±����±�

��h�´´�������������������·��������¦� ¶h�¤j¸®§���£ªh®£±����±�

��h�´��������������������·��������¦� ¶h�¤h¸®§���£���������±�

��h��¡�������������������·�������(¦� ¶h�¤h¸®§���£¹h®£±����±�

��h��h�������������������·�������(¦� ¶h�¤j¸®§���£¹j®£±����±�

��h��j�������������������·�������(¦� ¶h�¤z¸®§���£¹z®£±����±�

��h��z�������������������·�������(¦� ¶h�¤~¸®§���£¹~®£±����±�

��h��~�������������������·�������(¦� ¶h�¤�¸®§���£¹�®£±����±�

��h����������������������·�������(¦� ¶h�¤¬¸®§���£¹¬®£±����±�±�

��h��³���������������������º���®�º®§�£��±(º®§�£��(h±�±»��®�±�

��h��´���������������������§¸®§�£��±�®��µ�©��¸�¤��º���±»�¼h�

��h¬¡¡�����¢(((����������� �����²� �����²� �����

�

��h¬¡~����(((((������������������������ �

��h¬¡�����¢((((��������������£�h��¤�

��h¬¡¬��������������¥¦�§¨�µ�¨�½½���

��h¬¡³�����(((��������������§��©(~��©�

�����������������������������®¯°±�

��h¬z´����¢(((����������� �����²� �����²� �����

� 5� ¤�£�ø�tu®Ç�×D1GRS%À#F�

�

�i� ¾¿(� ÀÁ�ÂÃÄÅ�

�TZ��Y_ DNSQ%½V SX-9uúXYëOÏßV�$Y_nëOµ���L>M%L
>N#E"#$%OêÐVËlZ16�%½/256I/Oß:qÓj��r^�qm_n2üuëO
q�V9���n

� 1� SX-9/256CPU� qOVãÏß

�

ABr ÆÇ=

(x,y,z)

ÈÉÊBË_

[TFLOPS] 

ÈÌÉÍ

[%]

eÎ�W�D SX-9/256 2000, 2032, 1920 6.5 24.81 

12;^_ÏÐ��D SX-9/256 7.7 29.53 

Iwamoto et al.[13] ES/ 2048 2304, 1025, 2048 5.5 33.57 

Ishihara et al.[14] ES2/512 2048, 1536,2048 6.0 11.54 

� 1u Re  = 2000 O«ã½¾üqZSX-9/256CPUVXw_F6OVãÏßV¸�nEdD1Gt
u®wl 6.5 TFLOPS, 12�£�ø�tu®wl 7.7 TFLOPS OÓjVã±��Ëº�l®¯Z12
�£�	pø�tOF6OÓj?�K�ôÏßOK 30%u�Ylw�nr�Qqu9��lw
�×D1GI/«ã�u®Ç�R�#!Gì�FO DNS OVã±�KZ+y�*TcSd%$

�E1Ø/V
X 
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(ES)2048 I/�qO 5.5 TFLOPS[13]ZëYl 2 yñ�*TcSd%$(ES2)512 I/�qO 6.0 
TFLOPS[14]�à��Z�TOVã±�KZEdD1GtZ12 �£�	pø�t^�ur�ºV
�Tklw�(=Y��*TcSd%$qO«ãq�KZÖ��ÙvOYZ[sté���klw
�_ì <�õöKqm�wr^uØG��$��à�)n

�

¬i� 	������cÀÁ�ÂÃÄÅ�

���L>M%L>N#E"#$%O«ã�TEBUu®wlKZ�I/æ� 256qà¯Z
ñèqà� 10-100 TFLOPSOÓjVã±�VË�_ìu�Þ³� 1000I/V¬³�ß:qOÏ
ß>?K�Þßqà�nërq@A��hi�§O�*TcSd%$(ES2)�u®wlZEdD1
GtuÈ�DNSQ%½VúXYëOÏß>?Vjk_n�®ES2OCPUKZ���^�� SX-9 
(CPU à_¯Z102.3 GFLOPS) �Xwº�lw��OOZ�%½£ 8 CPU (¾Õ� 125GB )ZQ_
�%½#�ÁKZ���OTEBU� ^DfEM§~�Ou\YZES2K 2^O Fat-Tree §
~^�klw�n

� 6uEdD1Gtu®Ç� DNSQ%½O ES2È© SX-9�qOVã±�V¸�n�	O
original KZ3BqÒ6_I/[stu®wlZshiftÅÐ:�u�%½#E°<S%�#FVXw
�wF6qà¯ZnewOÙKZrOE°<S%�#FVúXY_°%EVGH��n

���L>M%L>N#E"#$%O SX-9/256I/�qKZshiftÅÐ:�OE°<S%�#
FO��Káâñ�_�w�OOZES2O 768I/È© 1024I/"u®wlKm��C��
º�_nD�ÍuKZES2/1024I/"uÓjVã±� 21TFLOPSZÓj?� 20.1%OVãÏß�
Ëº�lw�n

�

�

�

�

�

�

�

�

� 6� hiQ%½OÏß>?(Ó?Vã±�)

�

³i� ];^_��D�AB^_�ÑÒ�

�|u 6�È© 12�£�ø�tVXwlZ¤d>�G�æì�FO DNSVÓjYZëO£�
uvwlEdD1Gt^OõöVjk_n«ã½¾KZ¤d>�G�æì�F�`ORS§¨

OX¡�7E�lw�ì�d>�G�æ 1000OF6V\]^Y_n¶°æKZ( x,y,z )Ùvuë
�®�Z( 720, 512,720 )^Y_nrOF6O¶°�ÛßKEdD1Gtu®Ç� DNSu®wl�
*$��Ûßqà�Z x+=18, z+=9 Ú�^��(�âm"³#+K��±�^EÇÏïæuÈ¯R
¶[Y_çqà�r^V¸�)nQ_õöO_ìuZÈ© 2�£�	pø�tVXw_«ã�jk
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_n

� � 7u}Ä±�È©ì�ë�OõöV¸�n2�£�	pø�t ( 2nd FDM ) OF6KZ¶°
Ûò��ÕO��uÈ�}Ä±�O«*��º���Z6�£� ( 6th FDM ) È© 12�£� (12th 
FDM ) OF6KZEdD1GtOq�^�FuðÌ��nQ_ì�ë�Oõöu®wl�Z2nd 
FDMOF6KZì�OJù>?��º���Z6th FDM È© 12th FDMOF6KZEdD1Gt
Oq�^±©ÍuðÌ��n

� 7-(1)� }Ä±��÷Oõö� � � � � � � � � 7-(2)� ì�ë��÷Oõö

� 7� ¤�£�ø�tO£���

� 8 uã�Ùv�E±�Oã�ÙvEdD1Gu`æV�Ç_EdD1G(Pre-multiplied 
spectrum, PMS)OQ#$V¸�nrru�9KZ`ÆZA9KZÖ��Ùv¤V¸YZ�\æq
Hf01�lw�nÓ¯Ístu®wlKZrOã�Ùv�E±�Oã�ÙvEdD1Gu®

wlZRS§¨O��VGô��r^� ÊZrO-�©OÝ¡ÏKZ|�u��qà�n

wª�O°%Eu®wl�ZÖÔ)O*`Æ:�(y+=15, x
+=1000 Ú�)Oì�OR%D:�KÈ

ÊðÌYlw�nY�YZy+>100, x
+=10000Ú�ORS§¨O^_u®wlKZ2nd FDMOF

6KZEdD1GtOq�^Oª��7Eqm�n6th FDMOF6u®wlKZkxEuu/u = 0.6 (¤'
�º 3oñ)Og>#�HIª�lw��OO�÷�KÈÊðÌYlw�nðÙZ12th FDMOF6u®w
lKZ[g>#u®wlZEdD1GtO°%E^±©Í�ðÌ�7Eqm�n

Q_ 12 �£�	pø�t^EdD1Gt^OQE1õöu®wlKZSX-9/32 I/V
XY_F6Z1
$>UEB0HO"#²�u���"#�Z1/3Z¾Õ�©� 1/2� Ú�^�kl®¯ZRS§¨V\]
^Y_¤d>�G�æì�FODNSÛóu®wlZ¤�£�ø�t(�u 12�£�	pø�t)O0ÈÏ
�7Eqm_n

´i� ZÓÔ��

}~ 24��	:����µRS89¥���WX�������Oðß^YlZ¬I/«ã
�TEBU(1000I/2�)V\]^Y_MHDì�FO��æç«ãsthiVÓSY_n

ëOq�Z�*TcSd%$/1024I/"uZ×D1G[� 99.8%ZÓj?� 20%ZÓjVã±
� 21 TFLIOPSV�~Y_n

ºu�%½#ÅÐQE1OJ«VñÍ^YlZ¤�£�ø�tuÈ���æç«ãstOh
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iVK¹lÓSY_nëOq�ZSX-9/256I/"uZ×D1G[� 99.6% ÓjVã? 30%ZÓ
jVã±� 7.7 TFLOPSV�~Y_n¤�£�ø�tOF6KZEdD1Gt^õöYZ}Ä©
È©ì�B«©ºuKZRS§¨OÝ¡ÏV7ÃY_�qZVã±�q 3=Z¾Õ�QE1
Vz�u¦E��r^�Þß^�k_n

2�uÈ¯Z1000I/V¬³�ß:qZü»�±RSO¤?�Vã�Þß^�¯ZostuÈ
��ú6ûYg#°01Ö�>#½¾üO����ÏO�Û�ÇuNT��r^�¶·qm�n

� }~ 25��KohiQ%½VXwlZ�ú6ûYg#°01Ö�>#½¾VLMY_d>�G
�æZ G1A#æu®Ç� DNSÖ%$×%EV§äYZMHDì���uî��56ÍQ^ì
È©ì�ÕÖGO>?VjÉ�±qà�n

(1) 2nd FDM                                             (2)  6th FDM 

             (3) 12th FDM                                              (4) spectral 

� 8� PMSOQ#$ZkxEuu/u = 0.2(blue), 0.4, 0.6, 0.8, 1.0, 1,2, 1,4, 1,6 ,1.8, 2.0(red) 
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� o«ãO×D1GRS%À#F�¤±[�®È©ëOÏß>?u®wlZ���L>M%L

>N#E"#$%îïûÈu`ë�d´w^dêÐVw_)w_nÑYl�GV���n

�

"#$%�
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MATLABK�¤�ß�æç«ã�ß^ c�ÞÃ[�ßVd³_34«ã´?1e�Òq�¢��Í���Í�fO

�J�æç«ãg�uj/Vãh�Ö%$Ûó�TcSd%Te#�®È©i<SÒg>j%Te#O_ìOB6ß:V7

ÙYlwQ�¢Q_�MATLABK¤Ïß�æç«ã�ßVÁvÜ�¯q�Ê� c�ÞÃ[�ßVd³l®¯�«ãq

�V� uFg?u�¸��r^�qmQ�¢ 

�TK�MATLABO¥oÍ�
wÙVz{YQ�¢ 

î%k%½¥¤�ß�æç«ã�j/Vã�ÞÃ[�ß�Fg?3� 

 

Ë� K�ìu 
MATLAB K�/;OHfFgA�Q#RS%$u�Yw�)ÇqK�Ê�ðlOWX3u�¤��

�ß�� u
³�ÈÉu�º�lwQ�¢rO_ì��uà��ÈÉ��üV�klwQ�¢ 

�MATLAB^wÉm:�nmatrix laboratoryoOy:^wÉ)Çàkl��u�j/^×D1GO
«ãK�æ�Í�ÑÒuÔw�¡q� uVãqmQ�¢rO_ì�Fortran�Basic�C ^wk
_¡qHfFgUVÑÒ��Ou���"#^õ6�MATLABK|�u*�w"#q ÊO}
�VÛÊr^�Þß^�¯Q�¢�u�RS�j/«ãK�MATLAB�o�ËG^��^rÙ
qà¯Q�¢ 

�æçÓ¯Oq�V 2 ��®È© 3 ���&q� u�¸qm�^�"u�?W>GXÐ�%pX
Ð�qmQ�¢?W>GXÐY_�&V	qr?sqHfFgU TeX O]Ð^��r^�qmQ
�¢ 

�\t�OÓjuÈ¯�ÕÖGO�æ�Pg¾%$V¢J�4YlæçÓ¯�qmQ�¢ 

�
wÙuvwlK�$��"�q8£89V¬&uX�r^uÈkl��Ðs�quÑºªu�

+ÈÉ helpQA#½uÈ�=#g>#AÀSÒG�¨dYlwQ�¢ 

�u%GÕ0DE^�Ü���±�fOÛtV?ì_<S%GVx'A+r^uÈ¯�hiu�ß

ÓäVjÉr^�qm�/;Í�WXu�vwu\³qmQ�¢ 

MATLAB KQÒÕ<S%GO MATLAB V	p^Yl�Yf0DÅ>ÒFgUTcSd%$O
Simulink�®È© Toolbox^�Ü��ÒH�°%Te#Õ<S%G�º§~�lwQ�¢o"#$%
qK�O ToolboxV
XqmQ�¢ 
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x�Communications System Toolbox¥ÅÐTEBUOÔ«�Ûó 

x�Control System Toolbox¥¦Ì±²TEBUOÔ«�Ûó 

x�Curve Fitting Toolbox¥æ�Ôgu%G 

x�DSP System Toolbox¥Ðï3�TEBUOÔ«^TcSd%Te# 

x�Fixed-Point Toolbox¥y±ùæ�Ö%$$>H^Vã�ßV7Ù 

x�Fuzzy Logic Toolbox¥?W<%�ôu¥¦ÊTEBUOÔ«�Ûó 

x�Image Processing Toolbox¥¬ò3��Ûó�ÞÃ[®È©ÒG¿��UhiO_ìOFg?C¿G u%G 

x�MATLAB Coder¥MATLABQ%½�ºE$#½Òf#O C Q%½^ C++ Q%½V+~ 

x�MATLAB Compiler¥MATLAB ÒH�°%Te#VÓj?W>G��`g>Yg�^Yl+~ 

x�Model Predictive Control Toolbox¥�!±²TEBUOÔ«�Ûó 

x�Neural Network Toolbox¥ÀS%gG!01k%D�ôVXw_¼½|¦Ìz]OÕÖ�#F 

x�Optimization Toolbox¥èéÍ®È©RS��ú[u-Ê
X��ÒG¿��UV7Ù 

x�Partial Differential Equation Toolbox¥ef�ÙÚ�OÛtu%G 

x�Robust Control Toolbox¥fME1ÏO>?�Ûó 

x�Signal Processing Toolbox¥Ò�fF®È©Ö<$GÐï3� (DSP) OÒG¿��UV7Ù 

x�Simulink Coder¥SimulinkÅ>ÒFgU�®È© MATLABîæ�º C Q%½^ C++ Q%½V+~ 

x�Simulink Control Design¥SimulinkqÕÖG[�_±²TEBUOÔ«^Ûó 

x�Simulink Design Optimization¥SimulinkqÕÖG[�_±²TEBUOæç�ú[ 

x�Simulink Fixed Point¥SimulinkHfÅD1?Wc�qy±ùæ��ß�WXÞß 

x�Simulink Verification and Validation¥SimulinkqÕÖG[�_±²TEBUO7E���®È©BE1 

x�Statistics Toolbox¥Ö%$O���Ûó�®È©ÕÖ�#FO_ìOÒG¿��U^u%GV7Ù 

x�Symbolic Math Toolbox¥æ�3�^Þ�£�VãVjÉ_ìOu%GV7Ù 

x�System Identification Toolbox¥!±�_]XÐÖ%$�ºEÍTEBUOæ�ÕÖGV§ä 

x�Wavelet Toolbox¥e�%Yd01��VXw_¬ò3��Ûó�ÞÃ[u%G 

�T�MATLAB O];^Yl�ëO¥oÍ�WXt^
X�V,v�z{YQ�¢Simulink ^
ToolboxuvwlK��O�Ouz{��r^uw_YQ�¢ 

 

º� MATLABV
É_ìu 

2.1� ¥oÍ�ß:Ô± 

MATLABK�L>M%L>N#E"#$%O gen^wÉmOI/Q#RS%$u>#E1%G�
lwQ�¢rrqK�WX3OÙ��(�O
XYlw�k%DEB%Te#à�wK X`{�º gen
¾�Õ%1fF>#YlWX��r^V�±YltVNìQ�¢D�Í��Vüu¸YQ�¢sshQA
#½O X11Forwarding�ßV`?uYl�genu�ÁYQ�¢ 
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Ø¥|R}K�$%#(�j)OGHq�2üq���GHV�YQ� 

 
2.2�  MATLABOÃE^c~ 

MATLAB OÃEuK�matlab ^wÉQA#½V
XYQ�¢EHg0TS¬&O�¸O|�GUI
eC#½e��¸�Q�¢ 

� EHg0TS¬&��¸��wF6K�f%¿G`{q Xß:�
Xqm�r^^�sshQA#½
VÝ7E��ÈÉuYlÊ)w¢rrq�>>KMATLABO]Ð�NÑï(Hf#H1)q�¢�³Ü�
MATLABVc~Y_wF6uK�quità�wK exitV]Ð��Üc~YQ�¢rOÈÉ� quit� exit
�âV�QA#½^wwQ�¢ 

% ssh� –X WX3�ï@gen.isc.tohoku.ac.jp    <R>  Ø¥Ý¿2E1 gen¾�Á 
 
The authenticity of host 'gen.isc.tohoku.ac.jp (xx.xx.xx.xx)' can't be established. RSA key fingerprint is 
fd:c2:9a:11:xx:xx:xx:xx:xx:xx:xx:xx:xx:cd:53:9f.  
Are you sure you want to continue connecting (yes/no)? yes  Ø¥+T�Á"O'O}6¹ 
 
Warning: Permanently added 'gen.isc.tohoku.ac.jp,xx.xx.xx.xx' (RSA) to the list of known hosts. 
 
WX3�ï@gen.isc.tohoku.ac.jp's password: PEk%½  Ø¥PEk%½V]Ð 
 
Last login: Mon Apr 1 09:26:11 2012 from yyy.yyy.tohoku.ac.jp 4� 1Ä�  13:29:59 JST 2012 
 
[WX3�ï@gen ~]$     Ø¥QA#½]Ð·C 
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3 æç«ã 

3.1  ¥oVã 

æç«ãOF6K�MATLAB �qëOQQ]ÐYl� uVãqmQ�¢WXÞß�Vã°^îæ
VâÅuÑYQ�¢2üqK��(1) (2)VWXYl�«ãÙtV¸YQ�¢ 

2
)43(5

                                                    (1) 

)sin(
)( 52

z
yx
� � � � (+¶ç 3x 2y 5.1z )� � � � � � � � �   (2) 

 

3.2  ×D1G�j/OVã 

×D1G�j/OVã��æ�Í�ÑÒuÔwÌqj³�O��MATLABOm��üOðvq�¢
ërq�2üqK��(3)u¸�j/VãV�MATLAB�qÓ¡��Ùtuvwlz{YQ�¢ 

BAX � � � �

8.5
4
1.6

3
2
1

1.545.1
4.32.15

231

x
x
x

� � � � � � � � � � � � � � � (3) 

2üu¸�ÈÉu�MATLABKj/Où'ã(\¥M0DEg0TS)V7ÙYlwQ�¢ A�ûÙj
/�ºÜ�Û X K BA \ (Ùtº)q�ì_�O^ inv(A) B (ÙtË)q�ì_�O^áÂ��q��«ã
ÙtK��¯Q�¢ A�njn/q��nÖO/×D1G�nÖO/j/�ºÜ� BAX \ KÙÚ�

BAX V¼eE�(q«ãY_Ûu�¯Q�¢AOE°%�#F���k_¯����uÔ�k_¯
��^��¾0"%<��¸�Q�¢�

� A�mjn/(m�n)qB�mÖO/×D1G�mÖO/j/�ºÜ� BAX \ K��æOæ^ÙÚ

�Oæ�ðÌY�wÙÚ� BAX O�ùç�Í�Ûu�¯Q�¢AOg#DkKRÕ01Vjk_QR
�Û�º�ìº�Q�¢Û X K�kÖOjfq�w~�VÁCQ�¢k|nqà�Ü� BAX \ KÅ��

�ù÷ø�GU BAX uÈ��ùç�Ûqà� pinv(A) B^��ÛuK�¯Q¹B¢ 

>> 5*(3+4)/2     <R> 
ans =  
   17.5000 
>> x = 3,   y = 2,   z = 1.5   <R> 
X = 
   3 
y =  
   2 
Z = 
   1.5000 
>> (x^2+y^5)/sin(z)  <R> 
ans =  
   41.1030 
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>> C=[6.1  4  5.8]    <R>                    Ø¥×D1GO]Ð� (ÙtË) 
C =  
    6.1000      4.0000       5.8000� � � �  Ø¥’ K5·OVã° 
>> B = C’     <R> 
B =  
    6.1000 
    4.0000 
    5.8000 
>> B2 = [ 6.1  <R> 
4              <R> 
5.8]            <R>� � � � � � � � � �   Ø¥×D1GO]Ð� (Ùtº) 
B2 =  
    6.1000 

4.0000 
5.8000 

>> A = [1 3 2; 5 1.2 3.4; 1.5 4 5.1]� � � � � � � �  Ø¥j/O]Ð� (ÙtË) 
A =  
    1.0000    3.0000    2.0000 
    5.0000    1.2000    3.4000 
    1.5000    4.0000    5.1000 
>> A1 = [1 3 2; 5 1.2 3.4; 1.5 4 5.1]� � � � � � � �  Ø¥j/O]Ð� (ÙtË) 
                         Ø¥	Oc�¯u�V]��^ëOçK¬&u¡��w 
>> A2 = [1 3 2   <R> 
5 1.2 3.4        <R> 
1.5 4 5.1]        <R>� � � � � � � � � � � � �  Ø¥j/O]Ð� (Ùtº) 
A2 =  
     1.0000   3.0000   2.0000 
     5.0000   1.2000   3.4000 
     1.5000   4.0000   5.1000 
>> eig( A )   <R>� � � � � � � � � � � � �  Ø¥j/ AOy`ç 
ans =  
   9.0284 
  -2.9432 
   1.2148 
     
>> X = inv(A)*B  <R>                            Ø¥×D1G XOÛ(ÙtË) 
X = � � � � � � � � � � � � � � � � (rOÙtK�Å��wÙtqKà¯Q¹BOq�dØG�)
    0.9166 
    2.4089 
   -1.0217 
>> X = A \ B   <R>� � � � � � � � � � � � �  Ø¥×D1G XOÛ� (Ùtº) 
X = 
    0.9166 

2.4089 
-1.0217 

>> max(X)      <R>� � � � � � � � � � � � �  Ø¥×D1G XO�bO�ç 
ans =  
    2.4089 
>> mean(X)     <R>� � � � � � � � � � � � �  Ø¥×D1G XO�bO}Äç 
ans =  
    0.7679 
>> n=length(X)  <R>� � � � � � � � � � � � �  Ø¥×D1G XO�bOÆ 
n = 
     3 
>> x2 = X(2)     <R>� � � � � � � � � � � � �  Ø¥×D1G XOº�ñO�b 
x2 = 

2.4089 
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3.3  ¼bæ 

� MATLABqK�¼bæV�6lOVã�îæu®wl
X��r^�qmQ�¢�æ�¡^YlK�
i^ jOâCº��h�Q�¢ðÙ�i� jVÓ�æ^YlWX��r^�Þßq�¢âCºqWXY
lw�O�K��¡Ùt�ë�QqO���â�ºMATLAB�(EÍuÛ�YQ�Oq�ë�ºVÑ�
Y�wÈÉuØG��$��à¯Q�¢ 

2üqK�MATLAB�q¼bæVãO�V�(4)(5)VXwl¸YQ�¢ 
iZ 431                        iZ 712                           (4) 

  87
65

43
21

iA           
21
37

84
23

iB                  (5) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

       

 

>> z1 = 3+4*i 
z1 = 
   3.0000 + 4.0000i 
>> z2 = 1-7*j 
z2 = 
   1.0000 – 7.0000i 
>> z1+z2 
ans = 
   4.0000 – 3.0000i 
>> z1*z2 
ans = 
   31.0000 – 17.0000i 
>> z1 / z2 
ans = 
   -0.5000 + 0.5000i 
 
>> A = [ 1 2 ; 3 4 ] + i*[ 5 6 ; 7 8]             Ø¥¼bæj/O]Ð(ÙtË) 
A =  
   1.0000 + 5.0000i   2.0000 + 6.0000i 
   3.0000 + 7.0000i   4.0000 + 8.0000i 
>> B = [ 3+7i  -2-3i  ;  -4+1j  8-2j ]� � � � Ø¥¼bæj/O]Ð(ÙtË) 
B = 
   3.0000 + 7.0000i  -2.0000 – 3.0000i 
  -4.0000 + 1.0000i   8.0000 – 2.0000i 
>> eig ( A*B )� � � � � � � � � � � � � � � Ø¥¼bæj/ A*BOy`ç 
ans = 
   -0.7101 – 4.5909i� � � � � �  
   17.7101 +37.5909i 
>>real(eig(A*B))                           Ø¥y`çOÓæ: 
ans = 

-0.7101 
17.7101 � � � � � � � � � �     

>> imag( eig(A*B) )                         Ø¥y`çO�æ: 
ans =� � � � � � � � �  
   -4.5909� � � � � � � � � � � � � � � �  
   37.5909 
>> abs( eig(A*B) )                          Ø¥y`çO-\ç 
ans =� � � � � � � � � � � � � � � � � �    
   4.6455 
  41.5539 
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4  ?W>G^Ö%$O]XÐ 

MATLABqK�save^load^wÉQA#½uÈkl�MATLABq
XYlw_^mO�æVÖCE
D�uqmAB)¯��'AB)¯��r^�qmQ�¢2üqK�loadQA#½uÈ¯?W>G�º
MATLAB�¾ASCIIÖ%$V�'A+ÙtV�YQ�¢wQ�Ö%$?W>GKsam1.dat, sam2.dat, 
sam3.dat^YQ�¢ 

1) sam1.dat^wÉ?W>GO£h(�OÖ%$�ðjuq��lw�r^uØG)¥ 
0.0  0.3  0.95   -0.4  0.4  0.2  -0.3   0.0  0.3  0.0  -0.2   0.1  0.0  0.0   0.0   0.0 

2) sam2.dat^wÉ?W>GO£h(�OÖ%$�7juq��lw�r^uØG)¥ 

 
 
 
 
 
 
 

 
3) sam3.dat^wÉ?W>GO£h(5j3/OÖ%$q�)¥ 
 
 
 
 

2�3vOÖ%$?W>Guvwl�MATLAB�¾QA#½loaduÈ¯ASCIIÖ%$V�'AB)q
�V��u¸YQ�¢ 

Q_�MATLABq�C¡OÈÉu�fread^fscanfQA#½uÈ¯�?W>G�ºM>��Ö%$�
q�âmÖ%$V�'A+r^�qmQ�¢óu�?W>G¾M>��Ö%$�q�âmÖ%$Vqm

A+F6uK�fwrite^fscanfQA#½VXwQ�¢�Yw
XtuvwlK�AÀSÒGVCDYl
Ê)w¢ 

 

0 
3 
9 
5 

-4 
2 

-3 

1.1 1.2  1.3 
2.1  2.2  2.3 
3.1  3.2  3.3 
4.1  4.2  4.2 
5.1  5.2  5.3 
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5 ED�H1?W>G 

MATLAB�q�±²QA#½Vðjðj]Ð��OK���¯&���2q�¢ërq�T�GED
�H1�M0R?W>GOÈÉu��ìÓjY_wQA#½«VQ^ìl?W>Guqwl®m�Q^

ìlÓj¹�r^�Þßq�¢ß:�æMATLABPATHq´±�_ÖCdD1�u� .m ^wÉÓ
ä°VÁv?W>GV�~��^�ëO?W>GKMATLABOED�H1?W>G^'��Q�¢ 

sample.m ^wÉ?W>GO£h�2üOÈÉqà�^YQ�¢ 
load sam1.dat 
sam1 
load sam2.dat 
sam2 
load sam3.dat 
sam3 

MATLAB�qKn}}sample |R}o^]Ð��^�PJu¸Y_�O^��q�u�¯Q�¢ 

 

 

>> load sam1.dat 
>> sam1 
sam1 = 
  Columns 1 through 7 
          0   0.3000    0.9500    -0.4000    0.4000    0.2000    -0.3000 

Columns 8 through 14 
          0   0.3000         0    -0.2000    0.1000         0          0 

Columns 15 through 16 
0 0 

>>load sam2.dat 
>>sam2 
sam2 = 
      0 
      3 

9 
      5 
     -4 
      2 
     -3 
      0 
>> load sam3.dat 
>> sam3 
sam3 =  
     1.1000    1.2000    1.3000 
     2.1000    2.2000    2.3000 
     3.1000    3.2000    3.3000 
     4.1000    4.2000    4.3000 
     5.1000    5.2000    5.3000 
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�� Fg?C0DE�¸�ß 

6.1  � �Fg?C0DEO�¸ 

� MATLAB K�æç«ãO{u��Ö%$OÞÃ[uîYl0�_�ßVÁklwQ�¢sèt�â
V´±Y�wF6K�(EÍu�iw��q�¸YlÊ�Q�¢�CÙB��¸ÙtVÖ�OF'uÈ

¯	�Ê´±��r^�Þßq�¢ 

� 2üqK��� /a/OÖ%$þL#H�#F<`æ 16kHzZ60ms�V speech.dat ^wÉÖ%$?W
>GV
kl�"#`Ì^ëO<`æ�ÏþEdD1G�VGÊ�V¸YQ�¢ 

 
 
 
 

� plotZcloseZlog10ZabsZfftZlength�âQA#½O�ßuvwlK�C.qà�wK=#g>#A
ÀSÒGVCDYlÊ)w¢ 

       
�Ë¥��/a/O��Ö%$O"#`Ì� � � � � �º¥��/a/O��Ö%$O<`æ�Ï 

� �O�K��ºu¸Y_ÈÉ�<`æ�ÏV��¡u¸Y_ÈÉu ARÕÖGuÈ¯�ëO<`æ�
ÏO��¦V«ãYl�¸¹_�Oq�¢þ�®�QA#½ lpc ^ freqz K System Identification 
ToolboxO�ßq��¢rOÈÉ��z��� uqmlYQÉr^�®��¯w_)Ç�qY�É¢�  
� �  
� � � � � � � � � � � � � � � � � � � � � � � � � � � �  
� � � � � � � � � � � � � � � � � � � � � � � � � � � �  
� � � � � � � � � � � � � � � � � � � � � � � � � � � �  
� � � � � � � � � � � � � � � � � � � � � � � � � � � load speech.dat 
� � � � � � � � � � � � � � � � � � � � � � � � � � � a = lpc( speech, 12 ); 
� � � � � � � � � � � � � � � � � � � � � � � � � � � freqz( 1, a ); 
� � �¡¥�ºu¸Y_<`æ�ÏO��¦ 
 

6.2  ¿g%Fg?C0DE 

� MATLAB qK�¿g%Fg?C0DEO�¸�hiuj³Q�¢plot(x,y,’linetype’)K�×D1G x
V x9�×D1G yV y9^Y_�¦V’linetype’q´±�_$>HO¦¢qHf01YQ�¢XV�

>> load speech.dat 
>> plot(speech) 
>> close 
>> freq = 20*log10(abs(fft(speech))) 
>> plot(  freq(1:length(speech)/2)) 
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yF6uK�yO>#Ö0DE� x9u\³��r^u�¯Q�¢’linetype’K�¦O$>H^#þ�Ë�
V´±YQ�¢’linetype’V�yY_F6�(EÍu�#OÓ¦V
XYQ�¢���&�q���g>
#$>H^��#V´±��r^�qmQ�¢��uëO�V¸YQ�¢ 

�Ë¥g>#O$>H^# 
T#ÕG g>#$>H T#ÕG g>#$>H T#ÕG # 

- 
: 
-. 
- - 

(none) 
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6.3  Fg?C0DEOXÐ 

� �~Y_�&VXÐ��uK�print ^wÉQA#½V
XYQ�¢� WX3�(�O^rÙuà�
H�#$�ºXÐ��F6uK�2üu¸�=HTe#VWXYl�ð�ÓE1ED�H1?W>G�

â¾XÐY�ëO?W>GV(�O^rÙu sftpq��r^u�¯Q�¢ 

print  [  -option  ]  filename 
          option:     dps:   ÎÍ  ps  ?W>G� � � � dpsc:  ¿g%  ps  ?W>G 
� � � � � � � � � �  deps:  ÎÍ  eps  ?W>G� � �  depsc: ¿g%  eps  ?W>G 

r�2¤OÖM>E�´±Þßq�Oq�AÀSÒGVCDYlÊ)w¢ 

6.4� 3��Fg?C0DE 

� rOK�MATLAB ux'AQ�lw� peaks ^wÉ��� ��îæVXwl�3 ��Fg?C
0DEO�~V�YQ�¢PeaksîæK�x^ yOîæq��OÌVYlwQ�¢ 

�
222222 )1(53)1(2

3
1)

5
(10)1(3),( yxyxyx eeyxxexyxf � � � �         (6) 

MATLABq peaks(n)VÓj��^� nn OûÙj/�Ëº�Q�¢�æO nV�Ê^�èéç 49�
lX�Q�¢ 
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� 2üK�Z=peaks(7)Oq�q�¢rOj/Oû�bK�x®È© yV�3�º 3Qq�[¹_F6
Oçu�¯Q�¢/Ùv� x�jÙv� yO�[u\³YQ�¢ 

 
 
 
 
 
 
 

� � 5 � 6u�3��O¿g%Fg?C0DEO�V¸YQ�¢Q_¢� 5u¸� 3��Fg?C0
DEK�� 7 � 11u¸�ÈÉ��J�ÙtuÈklé¤¦�¸V��r^�Þßq�¢ 

 

 
�� 

 
 

� � � �  
�¡ 

>> z = peaks(7) 
z =  
   0.0001    0.0034    -0.0299    -0.2450    -0.1100    -0.0043    0.0000 
   0.0007    0.0468    -0.5921    -4.7596    -2.1024    -0.0616    0.0004 
  -0.0088   -0.1301     1.8559    -0.7239    -0.2729     0.4996    0.0130 
  -0.0365   -1.3327     -1.6523    0.9810     2.9369     1.4122    0.0331 
  -0.0137   -0.4808     0.2289     3.6886     2.4338     0.5805    0.0125 
   0.0000    0.0797     2.0967    5.8591     2.2099     0.1328    0.0013 
   0.0000    0.0053     0.1099    0.2999     0.1107     0.0057    0.0000 

c1=[0.0 1.9 1.2 1.8 3.8 5.0 4.8]; 
c2=[0.0 2.8 2.5 4.7 5.6 5.5 8.5]; 
c3=[0.0 4.6 5.5 5.3 7.6 9.5 9.1]; 
plot(c1) 
hold on 
plot(c2, 'b*') 
plot(c3, 'r--') 
plot(c3, 'ro') 
hold off 
axis([1  7  0  10]) 
set(gca,'XTick',[1:2:7]) 
set(gca,'YTick',[0:2:10]) 
xlabel('xlabel'); 
ylabel('ylabel'); 
title('Sample '); 
grid 
h=legend('CASE A','CASE B','CASE C');
set(h,'Position',[0.2,0.65,0.3,0.22]); 
axes(h) 
print -depsc fig4 

surf(peaks(35)) 
print  -depsc  fig5 
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� � � �  
� �� 

 

� �  
�¢ 

 

� �  

�£ 

mesh(peaks(35)+15) 
hold 
pcolor(peaks(35)) 
hold off 
print  -depsc  fig6 

surfc(peaks(30)) 
colormap(hot) 
colorbar('vert') 
grid 
print  -depsc  fig7 

pcolor(peaks(30)) 
colormap(hot) 
colorbar('vert') 
print  -depsc  fig8 
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� �  
�¤ 
 

   
� 10 
 

� �  
� 11 

 

pcolor(peaks(30)) 
colormap(hot) 
shading flat 
hold on 
contour(peaks(30),15,'g') 
hold off 
colorbar('vert') 
print  -depsc  fig9 

b=contour(peaks(35),15);
clabel(b) 
grid 
print  -depsc  fig10 

b=contour3(peaks(35),15); 
clabel(b) 
grid 
print  -depsc  fig11 
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6.5  Ã� 

� ¡��Fg?C0DEO�¸u®� � � � � � � � �  
wl����Ã�O8�O�JuK 
view^wÉQA#½VXwQ�¢ 
view(Azimuth,Elevation)QA#½K� 
¥}Ùv^��ÙvOT58V�Ëº 
u¸�ÈÉu´±��r^uÈ¯�Ã 
�O8�V�JYQ�¢ 
� �³Ü�� 13K speaksQA#½u 
È¯Ëº�_j/V����vOÃ� 
�º�¸Y_�Oq�¢ 

view(-37.5,30)  view(-7,80) 
view(-90,0)     view(-7,-10) 

Azimuth=-7.5  Elevation=30                         Azimuth=-7  Elevation=80 

               
 

Azimuth=-90  Elevation=0                        Azimuth=-7  Elevation=-10 

               
�Ë¡¥peaksîæuÈ� 3��Fg?C0DEV��� 4vOÃ��º�¸Y_� 
 

¢� Q^ì 

� opqK�¤Ïß�æç«ã�ß^ c�ÞÃ[�ßVd³_34«ã´?1MATLABO];^Y
l�ëO�ü�æç«ãO´¸Ùt�Fg?C0DEO�~Ùt�âVz{YQY_¢�Tz{Y_�

OK�MATLAB OWXtOáBOð:�u�¦Q¹B¢§|ð��Óµu(�qWXYl�ëO�¨
��ß^¤w+1ÏV�¯Ylw_)m_w^ñwQ�¢�®�AÀSÒG�L>M%L>N#E"#

$%Ë_OHfFgU-�©uÔ·Ylà¯Q�Oq�
wÙ��k^�YÊ�¯_wÙKëCºVd

ªÊ)w¢�  

 
�Ëº¥3��Hf01OÃ�8�OÔ± 
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再生紙と大豆の油を主成分とした
「ソイ･インキ」を使用しています。
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