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6£x6 xÃºu�K�$3��Ér l��í&h���� Ãºu�K�$3��̀¦ �Ö̧6 x
�#� ���íß��FKÖ6x/BN�<Æõ� ���íß�Ä»�̂

%i��<Æ�̀¦ �<Æ_þvô�Ç��. ¢̧ô�Ç PC 9þt�QÛ¼'�\�¦ f��]X� ½̈»¡¤
�#� #î
§>=>�íß��̀¦ Ãº'��ô�Ç

��. �:r $�"f��H ��6£§õ� °ú s� ½̈$í
÷&#Qe����.

]j 1�©��Ér MATLAB l��í�Ð �:r $�"f\�¦ �<Æ_þv
���HX< e��#Q"f ¹ô�Çכ��9 l��:r&h�

��� "î
§î
#Q[þt�̀¦ �<Æ_þvô�Ç��.

]j 2�©��Ér KOSPI200 Û¼:�¤�̀v��� ����� ���&ñ
 �̧4Sq\� @/ô�Ç Ä»ô�Ç	�ì�rZO�\� �'aK�

"f �<Æ_þvô�Ç��.
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d����� Navier-Stokes ~½Ó&ñ
d��\� @/ô�Ç Ãºu�K�

$3�s���.
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§>=>�íß��̀¦ ½+ÉÃºe����H r�Û¼%7� ½̈»¡¤s���. ���[j>� y��

²DG_�l��©�\V�Ð\���HÃº(�(��ÉÓ'�\�¦��6 xô�Ç��. Ãº(�(��ÉÓ'�_�l��:r�Ér#î


§>=>�íß�Ü¼�Ð ô�Ç���\� @/6 x|¾Ó�̀¦ >�íß��̀¦ Ãº'��
���HX< &h�½+Ë
���. çß�éß�ô�Ç

\V]j\�¦ :�xK�"f #î
§>=>�íß�s� #Qb�G>� s�ÀÒ#Q t���Ht� �<Æ_þvô�Ç��.

&ñ
��A� (tinayoyo@korea.ac.kr)

�̂�$í
l� (zeqcads@naver.com)

�̂�ï�r$3� (cfdkim@korea.ac.kr, http://math.korea.ac.kr/~cfdkim)

This work was supported by Seoul R&BD Program(10551). �:r $�"f��H ¢̧

ô�Ç �¦�9@/�<Æ�§ >�|¾Ó �FKÖ6x l�Õüt ���½̈�è_� t�"é¶�̀¦ ~ÃÎ��¤_þvm���.

3



4

½ÇÔ�§�¿"�

N�ñ5Ñ=�ÈÁÒeµ (i¦ÄZ�¤n>)

>�íß�F�Áº�:r_��9¹$כ�í
�̀¦r����Ü¼�Ð�FKÖ6x��Òqt�©�

¾¡§_� ��u�î̈
��, >�íß�F�Áºl�ZO�[þt, ��Áº�̧+þA�̀¦

��6 xô�Ç ��u�î̈
��, ¼#�p�ì�r~½Ó&ñ
d���̀¦ ��6 xô�Ç ��

u�î̈
��, �7H_�
�\�¦�ÐZO��̀¦ ��6 xô�Ç ��u�î̈
�� 1px

�̀¦ 	�YV@/�Ð [O�"î
ô�Ç��.

���»j(�×��̧ Modeling I MATLAB�̀Ë£� 

(l�¿R�ÊÁ qNSÃZ�ÖR� é�>ë�>¡õ)

��Òqt�©�¾¡§ î̈
��ü< o�Û¼ß¼8£¤&ñ
\� @/ô�Ç ���ë�Ht�

d���̀¦ �̂>�&h�Ü¼�Ð [O�"î

��¦ s�\�¦ MATLAB�̀¦

s�6 x
�#� z�́Áº\� ½̈�&³
���H ~½ÓZO��̀¦ �è>h
�%i�

��.
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;³�	p ¤� qNS£�· �Dø5� ¡�·9̂c¢5·ä«�+ Ã¡>i�&P�'�×Ça�ÐÏ�

(ÊÏ�µì�Tz £�ÈÊÏ�)

�FKÖ6x 7£x�Ý¶�̀¦ 0Aô�Ç �̂¦Ïþ� _�tÝ¼ p�ì�r ~½Ó&ñ
d�� {9�

ë�H"f. p�ì�rõ� ¼#�p�ì�r, _�{9��Q /åLÃº ���>h, &h�

ì�rõ� Áºô�Ç&h�ì�r, ÉÒo�\� K�$3�õ� ¼#�p�ì�r~½Ó&ñ
d��

K�_� /BNd�� 1px_� ?/6 x�̀¦ {����¤��.

¤n>�ä·£�¹¤�> (l�!�
(�×)

���Óüt, �̀v���, Û¼כ��õ� °ú �Ér ��Òqt �FKÖ6x�©�¾¡§\� @/

ô�Ç ���ìøÍ &h�s��¦ �̂>�&h���� ?/6 x�̀¦ ��ê�r ���/BN

"f. ���Óüt_�>h¥Æ�,���Óütr��©�_� ½̈�̧ü<î�r%ò
,�FK

o�/:�x�o/ÅÒ��t�Ãº���Óüt,Û¼כ��, �̀v���r��©�_� ½̈

�̧ü< î�r%ò
 1px 14>h �©�Ü¼�Ð [O�"î

��¦ y�� �©���

�� ���_þvë�H]j\�¦ z�́%3���.

¤n>�ä·,£�¹¤�> ÏÙ������ ��*�× N±Ó�§ ���ÖR� 101��m�

(i¦Äªô5�)

ÈÒ����[þts� ·ú��¦ z�·#Q
���H ���Óüt �̀v�����A�_�

Ùþ�d�����½Ó[þt�̀¦ çß�éß�"î
«Ñ
�>� K�[O�
��¦ e����.

ÈÒ����[þts� ÏãÎ�FKK� 
���H &h�[þt�̀¦ ½̈�̂&h�Ü¼�Ð

\Vr�
��¦ Õª\� @/ô�Ç ²ú�����̀¦ ]jr��<ÊÜ¼�Ð+� ���

Óüt �̀v�����A�_� "é¶o�ü< l�ZO��̀¦ ~1��¦ &ñ
SX�
�>�

s�K�½+É Ãº e���̧2�¤ Ùþ¡��.
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V� 1 *�×

MATLAB e��ï

MATLAB(www.mathworks.com)�Érp�²DG_�Math Works\�"fëß�[þt#Q���áÔ�Ð

ÕªÏþ�Ü¼�Ð, 1984�̧��̧\� �è>h�)a s�Êê�Ð �̧Zþt±ú� ��� [j>� 50ëß� s��©�s� ��6 x
�

�¦ e����. MATLAB�Ér MATrix+LABoratory�Ð"f '��§>=�̀¦ l��:rÜ¼�Ð þj&h��o÷&

#Q��� áÔ�ÐÕªÏþ�Ü¼�Ð ·ú��¦o�7£§ >hµ1Ï, X<s�'� Ãºu�ì�r$3�s��� r�y���o\�¦ 0Aô�Ç (��

ÉÓ'� ���#Qs���. C���#Q\� q�K� ��6 x
�l��� ¼#�o�
�����H �©�&h�s� e��Ü¼�� z�́'��

5Åq�̧�� Ö¼o�����H éß�&h��̀¦ îß��¦ e����.

Dh�Ðî�r�©�ü@��Òqt�©�¾¡§[þt_�Ø�¦�&³Ü¼�ÐÅÒ�Ð/BN�<Æ>�:�x\�"f��6 x÷&~��MAT-

LAB�Ér ¼#�o�ô�Ç ��6 x~½ÓZO�Ü¼�Ð þj��H �̧4Sqa�A�̀¦ 0Aô�Ç áÔ�ÐÕªA�bç
 ���#Q�Ð ���l�

\�¦%3�#Q���¦e��Ü¼ 9s�Õþ�\�"f�̧ �̧��H�ï×¼��H MATLAB���#Q�Ð ½̈�&³
�%i���.

:£¤y� MATLAB_� Financial Derivatives Toolbox��H �FKÖ6x X<s�'� ì�r$3�,

�̧4Sqa�A, r�ÓýtYUs���� x9� þj&h��o\�¦ 0Aô�Ç MATLAB x9� Ú�¦~ÃÌÛ¼�Ð �8 ��[jô�Ç ?/

6 x�Ér <�Ì�̀s�t�\�¦ �ÃÐ�̧
�l� ��êøÍ��.

V� 1 â�
 MATLAB e��ï

>> a = 1 Enter

a = 1
a\� 1 @/{9�

9



]j 1 ]X� MATLAB l��í 11

>> a=1;b=2,c=3; Enter

b =

2

a = 1, b = 2, c = 3°úכs� @/{9�÷&t�ëß�

[jp�c+t�:r(;)s�·¡­�Ér aü< c��H�o���\�Ø�¦

§4� ÷&t� ·ú§�¦ ;s� ·¡­t� ·ú§�Ér bëß� �o���

\� Ø�¦§4��)a��.

>> d=[1 2 3;4 5 6] Enter

d =

1 2 3

4 5 6

d��H 2'�� 3\P�_� '��§>=s� �)a��.

>> d(1,3) Enter

ans =

3

d_� 1'�� 3\P� "é¶�è°ú̀�כ¦ �Ð#�ï�r��.

>> d(2,3) Enter

ans =

6

d_� 2'�� 3\P� "é¶�è°ú̀�כ¦ �Ð#�ï�r��.

>> 2*3 Enter

ans =

6

2 × 3_� >�íß�°ú̀�כ¦ �Ð#�ï�r��.

>> ans Enter

ans =

6

��t�}��Ü¼�Ð>�íß��)a ans°ú̀�כ¦�Ð#�ï�r��.

ans��H ��t�}�� °ú̀�כ¦ ��t��¦ e����.

>> ans+6 Enter

ans =

12

>> clear Enter

��t�}��Ü¼�Ð >�íß��)a ans°úכ\� +6 ���íß�

�̀¦ ô�Ç��. s� Êê, clear
���� ans°úכ�Ér

���������.
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>> a=2, A = 3; Enter

>> a

a =

2

MATLAB�Ér @/�èë�H��\�¦ ½̈ì�rô�Ç��.

>> A=[1 2 3;4 5 6;7 8 9]; Enter

>> sum(A) Enter

ans =

12 15 18

A'��§>=_� y�� \P�_� "é¶�è[þt_� ½+Ë.

>> sum(A’) Enter

ans =

6 15 24

A'��§>=_� y�� '��_� "é¶�è[þt_� ½+Ë. 7£¤,

A_� transpose'��§>=_� y�� \P�_� "é¶�è[þt

_� ½+Ë.

>> sum(sum(A)) Enter

ans =

45

sum(A)_� y�� "é¶�è[þt_� ½+Ë.

>> b=[1 2 3]; Enter

>> sum(b) Enter

ans =

6

b'��§>=_� y�� "é¶�è[þt_� ½+Ë.

>> A=[1 2;3 4]

A =

1 2

3 4

>> B=[5 6;7 8]

B =

5 6

7 8

A'��§>=õ� B'��§>=_� &ñ
_�



]j 1 ]X� MATLAB l��í 15

��6£§�Ér y��y��_� '��§>=\� @/ô�Ç ��gË:���íß�s���.

MATLAB "î
§î
#Q ���íß� _�p�

A*B AB =




1 2

3 4








5 6

7 8



 =




19 22

43 50





A/B or A*inv(B) AB−1 =




1 2

3 4








−4 3

3.5 2.5



 =




3 −2

2 −1





A\B or inv(A)*B A−1B =




−2 1

1.5 −0.5








5 6

7 8



 =




−3 −4

4 5





A^2 or A*A A2 =




1 2

3 4








1 2

3 4



 =




7 10

15 22





0A\�"f '��§>=õ� '��§>=��s�\� ��6 xô�Ç * ���íß�����H ?/&h�(Inner Product)���

íß���s���. ����"f Y�L
���H ¿º '��§>=_� ß¼l��� (n,m) × (m,k) = (n, k)s�#Q��

ô�Ç��. ¢̧ô�Ç / ���íß�����H %i�'��§>=�̀¦ Y�L
���H �Ü¼�Ð	כ ���íß�
��¦�� 
���H ¿º '��§>=

_� ß¼l���H °ú Ü¼ 9 &ñ
~½Ó'��§>=s�#Q�� ô�Ç��. s�]j 0A\�"f �:r ���íß��� ·ú¡\� .�̀¦

n��Ü¼��� #Q�"� ���õ��� ���̧��Ht� ¶ú�(R�Ð��.

MATLAB "î
§î
#Q ���íß� _�p�

A.*B




1 · 5 2 · 6

3 · 7 4 · 8



 =




5 12

21 32





A.^B




15 26

37 48



 =




1 64

2187 65536





���íß���·ú¡\� .s�·¡­>� ÷&���'��§>=_� °ú �Ér0Au�\� e����Hy��y��_� "é¶�èz�o����íß�

�̀¦ Ãº'��
�����H _�p�s���. "é¶�èz�o�_� ���íß�s�Ù¼�Ð ìøÍ×¼r� ¿º '��§>=_� ß¼l�

��H &ñ
SX�
�>� {9�u�K��� ô�Ç��.
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�½Ó3lq "î
§î
#Q l�0px

"î
§î
#Q ��\P� , ¿º >h s��©�_� "î
§î
#Q\�¦ ô�Ç ×�¦\� ³ð�&³
��9

��� 9�u��(,)\�¦ s�6 x
�#� ½̈ì�r

×�¦�Å�l�l� . . . "î
§î
#Q���-ÁºU�́#Q��6£§×�¦�Ð�Å�#Q���¦z�·

�̀¦ M: ��6 x (Command Window\�"f�̧ ��

6 x��0px)

( ¬») plot(x,y,’--rs’,’LineWidth’,2,...

’MarkerEdgeColor’,’k’,...

’MarkerSize’,10)

Ø�¦§4�#�ÂÒ ; Command Window�©�\�"f "î
§î
#Q\�¦ z�́'��


���� �o���\� ���õ��� Ø�¦§4�÷&t�ëß�, [jp�c+t

�:r(;)�̀¦ {9�§4�
�#� z�́'��
���� Ø�¦§4�÷&t� ·ú§�¦

workspace\�ëß� $��©��)a��.

( ¬»)

>> a=1;b=2;c=3;

ÅÒ$3� % "î
§î
#Q_� ·ú¡\� %\�¦ {9�§4�
���� ÅÒ$3�Ü¼�Ð %�

o��)a��.

�o���&ñ
o� clc clc "î
§î
#Q\�¦ {9�§4�
��¦ �'p'�\�¦ u���� Com-

mand Window\� ³ðr�÷&%3�~�� �̧��H ?/6 x[þt

s� t�0>f��

�o���&ñ
o� clf clf "î
§î
#Q\�¦ {9�§4�
��¦ �'p'�\�¦ u���� Fig-

ure\� ����èß� �̧��H ÕªaË>s� t�0>f��

���Ãº���]j clear ���Ãº x9� C�\P�\� ½+É{©��)a °úכ[þt �̧¿º ���]j.

(whos�Ð SX���� ��0px)

• �̧��H ���Ãº\�¦ ���]j : clear all

• :£¤&ñ
 ���Ãºëß��̀¦ ���]j : clear ±ÛÞ­Íò¨ÏáªÁ
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V� 2 â�
 M-file ï5Ñ�æ·e�

MATLAB�̀¦ s�6 x
�#� "é¶
���H l�0px�̀¦ Ãº'��
���H ~½ÓZO��Ér ß¼>� ¿º ��t��Ð ½̈

ì�r�)a��.

ÕªaË> 1.1: MATLAB�½Ó

'Í	 ���P:��H Command Window\� f��]X� "î
§î
#Q\�¦ {9�§4�
���H ~½ÓZO�s��¦, ¿º

���P:��H Script��{9��̀¦ s�6 x
���H �.���s	כ

MATLAB\�"f ��6 x
���H ��{9��̀¦�Ð:�x M-files����¦ ÂÒØÔ 9��{9�_� SX��©�
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V� 3 â�
 for ∼ end %K�

‘for’ ë�H�Ér ‘end’ë�Hõ� ����̀¦ s�ÀÒ#Q ��6 x�)a��. ‘for’ë�Hõ� °ú �Ér '��\� e����H ���Ãº

_� °ú̀�כ¦ �íl�°úכÂÒ'� 7£xì�r_� ß¼l�ëß��pu ¾º&h�r�v����"f þj7áx°úכ\� �̧²ú��)a M:��

t� ‘for’ë�Hõ� ‘end’ë�H ��s� ë�H�©�_� "î
§î
�̀¦ Ãº'��ô�Ç��. 7£xì�rs� ‘1’��� �â
Äº\���H

‘7£xì�r:’�̀¦ Òqt|ÄÌK��̧ Áº~½Ó
���.

for £o>ÊÁÃZ�=�ïe�G±ê:(¤� &P�:)i¦¤4 G±ê

%K�*�×

end

[UdV�] for ∼ end è«�×Ü«9̂g

for x=0:0.5:1

a=2^x

end

for k=5:-2:1

b=k

end

[è«�×Ü«9̂g ��
�ßjÚr
ø�]

a = 1

a = 1.4142

a = 2

b = 5

b = 3

b = 1
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Ãº'��ô�Ç��.

while �¿�
>

%K�*�×

end

[UdV�] while ∼ end %K� è«�×Ü«9̂g

a=1;

while a<4

a=a+1

end

[è«�×Ü«9̂g ��
�ßjÚr
ø�]

a = 2

a = 3

a = 4

V� 6 â�
 linspace %K�

‘linspace’��H aü< b��s�_� çß����s� 1lx{9�ô�Ç n>h_�  7�'�\�¦ ëß�×¼��H X< ��6 xô�Ç��.

��6£§õ� °ú s� s�6 x
� 9 s�\� @/ô�Ç \V]j\�¦ ¶ú�(R�Ð��.

linspace(a,b,n)

linspace(k�¼ÇÐ�\�,=³¿�\�,�\��+ ¥@ ÊÁ)

[UdV�] linspace %K� è«�×Ü«9̂g
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Ò�o�©� �̧�ª� �����

b Blue . Point - Solid

g Green o Circle : Dotted

r Red x x mark -. Dashdot

c Cyan + Plus – Dashed

m Magenta * Star (none) No line

y Yellow s Square

k Black d Diamond

w white v Triangle(down)

^ Triangle(up)

ÕªaË> 1.2: Plot "î
§î
#Q_� �̀v���

\V\�¦[þt#Q, plot(x,sin(x),’k--’,x, cos(x),’ko’)\�¦z�́'��
����,��6£§

���õ�\�¦ %3�>� �)a��. s���H y»¡¤_� °ú̀�כ¦ sin(x), cos(x)�Ð 
���H ¿º >h_� ÕªA�áÔ

0 1 2 3 4 5 6 7

−0.5

0

0.5

1

ÕªaË> 1.3: plotë�H �̀v����̀¦ s�6 xô�Ç áÔ�ÐÕªÏþ� z�́'�����õ�

\�¦ ����?/ 9, 'Í	���P: sin(x)��H ����Ér Ò�o_� &h����Ü¼�Ð, cos(x)��H ����ÉrÒ�o "é¶Ü¼�Ð

³ð�&³�)a��. (ÕªaË> 1.3 �ÃÐ�¦)



V� 2 *�×

¦�>ñ5Ñ;³�	p כ�»Áþ� (Computational

Finance Engineering)

V� 1 â�
 ���»j;³�	p (�×��̧

���»j;³�	p (�×��̧�Ér l��í��íß�_� ��������1lxÜ¼�Ð ���ô�Ç �<Hz�́0A+«>�̀¦ ]j��
�l� 0AK�

òøÍÒqtÙþ¡��. �̀v���>����_� @/�©�s� ÷&��H �©�¾¡§�̀¦ e��ï��ñ5Ñs��� ô�Ç��. £�¹¤�> (op-

tion)s�êøÍ:£¤&ñ
��íß��̀¦p�o�&ñ
K���������Ü¼�Ðp�A�_�{9�&ñ
ô�Çr�l�\�B�Ãº ¢̧

��H B��̧½+É �Ý¶o��� ?/F��)a >�����̀¦ {9�(����H��. s�\�¦ Ä»�Qx���� �̀v���(European

option)s��� ô�Ç��. s� M::£¤&ñ
��íß��̀¦B�Ãº½+É�Ý¶o�\�¦¦I·£�¹¤�>(call option), B�

�̧½+É Ãº e����H �Ý¶o�\�¦ ��º£�¹¤�>(put option)s����¦ ô�Ç��.

�̀v���B�{9���(option buyer)��H �̀v���µ1Ï'����(option seller)\�>� {9�&ñ
ô�Ç áÔ

o�p�%3� (premium)�̀¦ t�/åL
��¦ �Ý¶o�\�¦ B�{9�ô�Ç ��|ÃÐ�̀¦ ú́�ô�Ç��. �̀v���B�{9���

��H �̀v����Ý¶o�_� 2[1pq\� _�K� �̀v��� B��̧��\�>� &ñ
K���� l�çß�\� �̀v���>����_� ?/

6 x\� @/ô�Ç s�'���̀¦ 'õA½̈½+É Ãº e��Ü¼ 9, ìøÍ@/�Ð �����\�>� Ô�¦o�ô�Ç �â
Äº �Ý¶o�_�

'����\�¦ �íl�½+É Ãº e����.

ìøÍ���\� �̀v���µ1Ï'������H �̀v���B�{9���\�>� �Ý¶o�\�¦ �ª��̧
��¦ {9�&ñ
ô�Ç áÔo�p�

%3��̀¦ ~ÃÎ��H��. Õª\� @/ô�Ç _�Áº�Ð ëß�l�\� �̀v���B�{9����� p�o� &ñ
K���� �̧|	�\�

��íß��̀¦B�{9�
��¦��
���H�â
Äº(c+t�̀v���)��B��̧
��¦��
���H�â
Äº(Û�©�̀v���), ��

A�_� �©�@/~½Ós� ÷&#Q�� ½+É _�Áº�� µ1ÏÒqtô�Ç��.

27
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Äº��H 1,000"é¶, 7£¤ 0.01�í���àÔs���. �̀v�����A���H �����]jô�Ç;�¤s� \O�t�ëß� r��©�

îß�&ñ
�̀¦0AK�"f ñ�������s����{9�_�@/�©���íß������@/q� ±15%\�¦#Á	#Q����H�â


Äº ��A��è\�"f  ñ��]X�Ãº\�¦ ��ÂÒ
���H  ñ��ô�Ç�̧ �����]j�̧\�¦ ¿º�¦ e����.

Äºo����� ÅÒ��t�Ãº �̀v�����A���H ÅÒd��r��©�_� >h�©� r�çß���� 9r�\� ��A�\�¦

r����
� 9 ÅÒd��r��©� 7áx«Ñr�&h��Ð�� 15ì�r 0py�Ér 3r� 15ì�r\� ��A��� 7áx«Ñ�)a��.

Õª�Q�����]j{9�\���HÅÒd��r��©��Ð�� 10ì�r{9�n�� 2r� 50ì�r\���A�\�¦7áx«Ñ
��̧2�¤

÷&#Q e����.

B�Ãº ñ��ü< B��̧ ñ���� {9�u�
���� ��A��� �̂����)a��. A�� 10>���� B�Ãº

ÅÒë�H�̀¦?/�¦1lx{9�ô�Ç�FKÓ�oÜ¼�Ð B�� 30>����B��̧ÅÒë�H�̀¦?/>�÷&���,ÅÒë�Hs�{9�

u��)a 10>����s�s�ÀÒ#Qt���HX<s�M:��A��� �̂����)a 10>����s���A�|¾Ós��)a��.

'����������Ér ���±ú�_� KOSPI 200 7áx��\� ���©� ����î�r '���������õ� 2.5�í

���àÔm��Z�}���'��������� 4>hÕªo��¦ 2.5�í���àÔm��±ú�ð�r'��������� 4>h\�¦]jr��<Ê

Ü¼�Ð+� �̧¿º 9>h '����������̀¦ ����� �̀v���s� ��A��)a��. éß�, 3, 6, 9, 12�Z4s� ���

]j{9���� �̀v����Ér 5�í���àÔ çß����Ü¼�Ð 5>h_� '���������s� [O�&ñ
�)a��.

\V\�¦ [þt#Q 2010�̧� 3�Z4 11{9�_� KOSPI 200 t�Ãº�� 109.30s�%3������ 3�Z4

12{9�Dh�Ðs�[O�&ñ
÷&��H 9�Z4���]j(6>h�Z4ëß�l�)�̀v���'���������_�7áxÀÓ��H 110.0õ�

115.0, 120.0 Õªo��¦ 105.0, 100.0_� 5>h�� �)a��. s�Êê ÅÒ��_� �©�5px ¢̧��H 
�

|ÃÌ\� ���� >�5ÅqK�"f Dh�Ðî�r '���������_� 7áx3lqs� ÆÒ�� [O�&ñ
�)a��.

 ñ��~½ÓZO��Ér�r"é¶���7£x�Ý¶�r����y��t�&h�_�ÅÒë�H?/6 x�̀¦7£x�Ý¶��_����íß�r�

Û¼%7��̀¦ s�6 x
�#� ��A��è �̀v�����A�r�Û¼%7�\� ���²ú�
����� 7£x�Ý¶�r��_� %ò
\O��©�

�è\�[O�u��)a ñ��{9�§4�éß�ú́�l�\�f��]X�{9�§4�
���H~½ÓZO��̀¦��6 xô�Ç��.  ñ��_�?/

6 x\���H t�&ñ
�� ¢̧��H r��©���ÅÒë�H���t�\�¦ ³ðr�
���H ÅÒë�HÄ»+þAõ� B�Ãº <�Ê�Ér B�

�̧_� ½̈ì�r, �����, Ãº|¾Ó, 0A�ÃÌB�B� <�Ê�Ér ��l�B�B�_� ½̈ì�r, �¦Ì�o>�ýa��� ñ, ÈÒ

����½̈ì�r 1pxs� l�2�¤�)a��.

Äºo�����_� �̀v���r��©��Ér ���íß�r�Û¼%7�\� _�ô�Ç >hZ>��â
ÔqtB�B�~½Ód���̀¦ G�×þ�


��¦ e����. B�B�~½Ód��\���H �����Äº���, r�çß�Äº���, Ãº|¾ÓÄº���_� "é¶gË:s� &h�6 x�)a

��.

7£x�Ý¶���Óüt��A��è��H �̀v�����A� ���íß�r�Û¼%7�\� �©�E��� µ1ÏÒqt
�#� 10ì�r s��©�

B�B���A��� Ô�¦��0px
�����, KOSPI 200 ½̈$í
7áx3lq_� ]X�ìøÍ s��©�s� ��A��� s�

ÀÒ#Qt�t� ·ú§��H �â
Äº\� �̀v���_� B�B���A�\�¦ {9�r� ×�æéß�½+É Ãº e����. ¢̧ô�Ç ���Óüt
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�r����H e��_��Ð ìøÍ@/B�B�\�¦ 
����� \V�ÃÌ�)a @/6 x7£x�Ý¶�̀¦ B�y��½+É Ãº e����.

i�Úr
V�»ÈÐÇa�s�êøÍ �̀v�����A��� $í
wn��)a s�Êê ëß�l�{9���t� ìøÍ@/B�B�, �Ý¶o�

'����, ¢̧��H þj7áx���]j 1pxÜ¼�Ð 'õAíß�÷&t� ·ú§�Ér ���&ñ
�̀¦ ú́�ô�Ç��. B�Ãº p����]j

���&ñ
�̀¦ �ÐÄ»
��¦ e����H �¦̀�	כ “B�Ãº �ít����(Long Position)�̀¦ 2[
��¦ e����.”

���¦ ú́�
��¦ B��̧ p����]j ���&ñ
�̀¦ �ÐÄ»
��¦ e����H �¦̀�	כ “B��̧ �ít����(Short

Position)�̀¦ 2[
��¦ e����.” ���¦ ú́�ô�Ç��.

7£x�Ý¶�r����H ÈÒ����_� 0A�ÃÌÅÒë�H\� @/ô�Ç B�B���A��� $í
wn�
����� þj7áx���

]j ¢̧��H �Ý¶o�'����\� _�ô�Ç ���]j�� µ1ÏÒqtô�Ç M: ÈÒ�����ÐÂÒ'� 7£x�Ý¶�r���� &ñ
ô�Ç

0A�ÃÌÃºÃº«Ñ\�¦fç
Ãºô�Ç��. ½̈{9�ô�Ç �̀v����̀¦ëß�l�{9���t��ÐÄ»
�t�·ú§�¦, �̧×�æ\�

ìøÍ@/ B�B�
�#� �<He���̀¦ SX�&ñ
f±	��H ��s	כ ×�æçß� &ñ
íß�{9�m���.

1.1 KOSPI 200 £�¹¤�> k�TzØ̧ ���ÐM� ß��

ÕªaË> 2.1��H��Êê�FKÖ6x �̀v���r�[j\�"fµ1ÏLYô�Ç�
Ü¼�Ð,��6£§_���s�àÔ\�¦~½Óë�H	כ�

#� &ñ
�Ð\�¦ %3�%3���.

http://kr.stock.yahoo.com/sise/idx202.html

s�]j, ÕªaË> 2.1�̀¦ �Ð���"f y��y��_� 6 x#Q[þt_� _�p�\�¦ &ñ
o�K��Ð��.

- �&³F��� ( 207.44 ) : �&³F� t�Ãº

- ���{9�q� ( H 2.30 ) : ���{9� 7áx��\� q��§ô�Ç °úכÜ¼�Ð ( �&³F��� - ���{9�7áx�� )

- ���{9�t�Ãº��H 207.44 + 2.30 = 209.74

- 1px|ÃÌÒ�¦ ( 1.09%) : ���{9� 7áx��\�¦ l�ï�rÜ¼�Ð �̧ØÔ�¦ ?/�2; &ñ
�̧�Ð

���{9�q�

���{9�7áx��
× 100% =

2.30

209.74
× 100% = 1.0966%

- r��� ( 209.43 ) : {©�{9� þj�í�Ð +þA$í
�)a t�Ãº

- �¦�� ( 209.99 ) : 
�ÀÒ ×�æ ���©� Z�}�Ér t�Ãº

- $��� ( 205.80 ) : 
�ÀÒ ×�æ ���©� ±ú��Ér t�Ãº

- '��������� ( 210.00 ) : �̀v���B�{9����� ëß�l�{9� ¢̧��H Õª s����\� �Ý¶o�\�¦ '����

½+É M: &h�6 x÷&��H �����

'���������( 210.00 )\� @/ô�Ç c+t�̀v��� B�Ãº����H 9.40s���. \V\�¦ [þt#Q, A�� 7>�
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õ� °ú s� &ñ
_�
���.

E [X] =

∫ ∞

−∞

xf(x)dx =

∫ ∞

−∞

x

σ
√

2π
e−

(x−µ)2

2σ2 dx. (2.1)

ô�Ç¼#�, µ = 0s��¦ σ = 1��� �â
Äº\�¦ SX�Ò�¦���Ãº X�� ³ðï�r&ñ
½©ì�r�í\�¦ ���Ér

���¦ 
� 9, s�M: SX�Ò�¦x9��̧�<ÊÃº��H ��6£§õ� °ú ��.

φ(x) =
1√
2π

e−
x2

2 .

¢̧ô�Ç X ∼ N(0, 1)�Ð ³ðl� ½+É Ãº�̧ e����. SX�Ò�¦x9��̧�<ÊÃº(probability density

function)\�¦ çß�éß�y� l� ñ pdf�Ð ³ðr�ô�Ç��.

ëß�{9� X ∼ N(µ, σ2)s����, ��6£§ d��[þts� $í
wn�ô�Ç��.

E [X] = µ (2.2)

V ar[X] = σ2 (2.3)

MX(t) = exp

(
µt +

σ2

2
t2

)
(2.4)

Proof. ��6£§ d���̀¦ &ñ
_�
���.

MX(t) =

∫ ∞

−∞

1√
2πσ

exp

(
tx − (x − µ)2

2σ2

)
dx.

s� d��\�"f exp(·) �<ÊÃº_� t�Ãº �½Ó�Ér ��6£§ d���̀¦ ëß�7á¤ô�Ç��.

tx − (x − µ)2

2σ2
= − 1

2σ2

(
x − (σ2t + µ)

)2
+ µt +

σ2

2
t2.

#�l�"f y = x − (σ2t + µ)���¦ 
���. Õª�Q���, ��6£§ d���̀¦ ëß�7á¤ô�Ç��.

∫ ∞

−∞

1√
2πσ

exp

[
−{x − (σ2t + µ)}2

2σ2

]
dx =

∫ ∞

−∞

1√
2πσ

exp

(
− y2

2σ2

)
dy.

s�]j I\�¦ ��6£§õ� °ú s� &ñ
_�
���.

I =

∫ ∞

−∞

1√
2πσ

exp

(
− y2

2σ2

)
dy.
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Brown (P��â 

��6£§ �̧|	�[þt�̀¦ ëß�7á¤
���H SX�Ò�¦õ�&ñ
 {S(t)|t ≤ 0}�̀¦ Brownî�r1lxs����¦

ÂÒ�Ér��.

• S(0) = 0

• e��_�_� 0 ≤ t1 < t2 < t3 < · · ·\�@/K�"f S(t1), S(t2)−S(t1), S(t3)−
S(t2), · · ·��H "f�Ð 1lqwn�s���.

• ëß�{9� 0 ≤ α ≤ βs����, S(β) − S(α)��H î̈
ç�Hs� 0s��¦ ì�ríß�s� σ2(β −
α)��� &ñ
½©ì�r�í\�¦ ���Ér��. s� σ\�¦ ���1lx$í
(volatility)�� ô�Ç��.

• SX�Ò�¦õ�&ñ
 {S(t)}\�"f z�́�&³�)a ³ð�:r�â
�Ð��H t_� ���5Åq�<ÊÃºs���.

σ�� 1s����, s� SX�Ò�¦õ�&ñ
�̀¦ ³ðï�r Brownî�r1lxs��� ô�Ç��.

��
ð5��ª Brown (P��â 

ëß�{9� SX�Ò�¦���Ãº S(t)�� 0A_� Brown î�r1lx_� 'Í	���P:, ¿º���P:, Õªo��¦

[j���P:�̧|	��̀¦ëß�7á¤
��¦ î̈
ç�Hs� µts��¦ì�ríß�s� σ2t���&ñ
½©ì�r�í\�¦��ØÔ���

{9�ìøÍ�o Brown î�r1lxs��� ÂÒ�Ér��. s� µ\�¦ ÆÒ[j�̧Ãº(drift parameter)��

ô�Ç��.

{9�ìøÍ�o�)a Brown î�r1lx\�"f ��Òqt�)a l�
� Brown î�r1lx�Ér ��6£§õ� °ú s� &ñ


_��)a��.

e�
� Brown (P��â (Geometric Brownian Motion, GBM)

{9�ìøÍ�o�)a Brown î�r1lx {S(t)|t ≤ 0}\� @/K�"f, d�� Z(t) = eS(t)�Ð &ñ
_��)a

{Z(t)|t ≤ 0}\�¦ l�
� Brownî�r1lxs��� ô�Ç��.

ò́Ö�¦&h� r��©���[O�(effective market hypothesis)�Ér r��©�\�"f l��:r&h� &ñ
�Ð

ü< l�Õüt&h� &ñ
�Ð\�¦ �í�<Êô�Ç õ���_� �̧��H &ñ
�Ð�� �FKÖ6x��íß�_� �����\� ìøÍ%ò
÷&

#Qe�����¦��&ñ
ô�Ç��. ���$�,��íß������\�"f]X�@/&h��������o��HÕª���̂�Ð"fÄ»
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SX�Ò�¦p�ì�r~½Ó&ñ
d��(stochastic differential equation)

dS

S
= µdt + σdX (2.5)

�̀¦%3�>��)a��. ��íß������_�:£¤fç
���Áº���0A$í
(randomness)�̀¦�í�<Ê
���H dX��H

0A�-õ�&ñ
(Wiener process)�̀¦ ��ØÔ�¦ ��6£§_� $í
|9��̀¦ °ú���H��;

• dX��H &ñ
½©ì�r�í�ÐÂÒ'� ���:r SX�Ò�¦ ���Ãºs���.

• dX_� î̈
ç�H�Ér 0s���.

• dX_� ì�ríß��Ér dts���.

φ�� î̈
ç�H 0 ì�ríß� 1_� ³ðï�r&ñ
½©ì�r�í N(0, 1)�̀¦ ���Ér����� dX��H &ñ
½©ì�r�í

N(0, dt)\�¦ ��ØÔÙ¼�Ð dX =
√

dtφ�Ð ³ð�&³�)a��. X(t)��H p�ì�r��0pxs� ��m�Ù¼

�Ð dX�̀¦ &ñ
_�½+É Ãº��H \O�t�ëß� dt → 0Ü¼�Ð Ùþ¡�̀¦ M:

dX =
√

dt

�Ð �)a��.

r�>�\P� S(t)_� ����o|¾Ó dS�� ��6£§_� d��\� ���� ¹¡§f��s��¦ e�����¦ 
���.

dS = a(S, t)dt + b(S, t)dX.

{9�ìøÍ�o�)a 0A�-õ�&ñ
_��©�Ãº aü< b\�¦ Sü< t\� @/ô�Ç �<ÊÃº a(S, t), b(S, t)�Ð {9�ìøÍ

�oô�Ç �¦̀�	כ s�¢̧õ�&ñ
s����¦ 
� 9, ����"f, s� r�>�\P� S(t)_� ¹¡§f��e���̀¦ s�¢̧

õ�&ñ
s���½+ÉÃºe����. s�¢̧õ�&ñ
�̀¦s�6 x
����s�¢̧_��Ð�̧&ñ
o�(Itô lemma)\�¦

s�=åJ Ãº e����.

l�£¿�+ �×�¿Ça�h�

S�� s�¢̧õ�&ñ


dS = a(S, t)dt + b(S, t)dX

\�¦ ��\�¦ M:, Sü< t_� �<ÊÃº V (S, t)_� 1lx�¾Ó�Ér

dV =

(
∂V

∂t
+

1

2

∂2V

∂S2
b2(S, t) +

∂V

∂S
a(S, t)

)
dt +

∂V

∂S
b(S, t)dX

\�¦ ���Ér��.
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s� ÷&�¦, s�\�¦ d�� (2.7)\� @/{9�
����

dV =

(
µ − σ2

2

)
dt + σdX =

(
µ − σ2

2

)
dt + σ

√
dtφ

\�¦ %3�>� �)a��.

V� 2 â�
 £�¹¤�> ��~Ê� Úr
Ça� �¿ÌfC�+ Black-Scholes Ã¡>i�&P�

'�×Ça�ÐÏ�

Black-Scholes ¼#�p�ì�r ~½Ó&ñ
d��(partial differential equation:PDE) [?] �Ér p�²DG

_� Fisher Black �§Ãºü< Myron Scholes �§Ãº\� _�K� >hµ1Ï�)a �̀v��� ����� ���&ñ


�̧+þAÜ¼�Ð"f �̀v��� s��:r ������̀¦ íß�Ø�¦½+É M: {9�ÂÒ Ãº&ñ
�)a �̧4Sqs� �&³F� V,�o� s�

6 x÷&�¦ e����. s� �̧4Sq�̀¦ s�6 x
���� l��í��íß������(S), '���������(E), ïß��>rl�

çß�(T ), Áº0A+«>s���Ö�¦(r), l��í��íß������_� ���1lx$í
(σ)_� °úכ[þt�Ð c+t�̀v���õ� Û�©

�̀v���_� s��:r������̀¦ f��]X� >�íß�½+É Ãº e����.

�̀v��� s��:r�����\�¦ ½̈
�l� 0AK�"f��H ��6£§_� ��$Á	 ��t� ���Ãº\�¦ ìøÍ×¼r� ·ú�

���� ô�Ç��.

(1) l��í��íß� �����, S

(2) '���������, E

(3) s���Ö�¦, r

(4) ïß��>rl�çß�, T

(5) ���1lx$í
, σ

Black-Scholes��H >�íß��̀¦ ~1�>� 
�l� 0AK�"f ��6£§õ� °ú �Ér Y>� ��t� ��&ñ
�̀¦

Ùþ¡��.

• ïß��>rl�çß� 1lxîß� �����_� ���1lx$í
õ� Áº0A+«> s���Ö�¦�Ér ���
�t� ·ú§��H��.

• ��A�q�6 xõ� [j�FK�Ér {9��̂ �¦�9
�t� ·ú§Ü¼ 9, C�{©��Ér \O���H �Ü¼�Ð	כ �:r��.

• l�ï�rÓüt_� ��A���H ���5Åq&h�Ü¼�Ð {9�#Qèß���.

l��í��íß������ S�� s�¢̧õ�&ñ


dS = µSdt + σSdX (2.8)
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�̀¦ �̧Ø�¦
�>� �)a��. #�l�\� �̀v���_� ëß�l�r�&h�\�"f t�Ô�¦÷&��H t�Ô�¦�FKÓ�o�<ÊÃº\�¦

�â
>��̧|	�Ü¼�Ð 
���� ��6£§_� d��(2.14)�̀¦ ëß�7á¤
� 9, ÕªaË> 2.3\�¦ ��ØÔ>� �)a��.

V (S, T ) =






S − E if S ≥ E

0 if S < E

(2.14)

d�� (2.13)�Ér d��(2.14)_� ëß�l��̧|	��̀¦ ��t���H Black-Scholes_� ¼#�p�ì�r ~½Ó&ñ
d��

s���.

0 100 200 300
0

50

100

150

200

S

V(S,T)

E

ÕªaË> 2.3: �̀v���_� ëß�l�r� t�Ô�¦�FKÓ�o�<ÊÃº

2.1 Black-Scholes Ã¡>i�&P�'�×Ça�ÐÏ��+ �ÐÏ«כ�

s� ]X�\�"f��H Black-Scholes ¼#�p�ì�r~½Ó&ñ
d��_� K�\�¦ ½̈ô�Ç��.2

��6£§õ� °ú �Ér +þAI�_� �©�p�ì�r ~½Ó&ñ
d���̀¦ Òqty��K� �Ð��.

g(y)
dy

dx
= f(x). (2.15)

0A d��_� �ª����\� x\� �'aK�"f &h�ì�r�̀¦ Ãº'��
���� ��6£§�̀¦ %3���H��.

2s� ]X�\�"f �8 ��[jô�Ç ?/6 x�Ér ;³�	p ¤� qNS£�· �Dø5� ¡�·9̂c¢5·ä«�+ Ã¡>i�&P�'�×Ça�ÐÏ�(ÊÏ�µì�Tz £�ÈÊÏ�)

_� Õþ��̀¦ �ÃÐ�¦
�U�́ ��êøÍ��.
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Äº��� ~½Ó&ñ
d���̀¦ \P� ~½Ó&ñ
d��(heat equation)+þAI��Ð ���8̈�
��¦ K�\�¦ ½̈ô�Ç Êê

��r� u�8̈��̀¦ :�xK�"f "é¶A� ~½Ó&ñ
d����� Black-Scholes ¼#�p�ì�r~½Ó&ñ
d��_� K�\�¦ ½̈

ô�Ç��. Black-Scholes ¼#�p�ì�r~½Ó&ñ
d�� (2.13)\� @/K�"f ¿º >h_� ���Ãº xü< τ\�¦

�̧{9�
���

1£U>G1 £o>ÊÁ£o>».É

x = log
S

E
+

(
r − σ2

2

)
(T − t) (2.24)

τ = T − t (2.25)

2>h_� ���Ãº xü< τ\�¦ ��6 x
�#�, V (S, t)\�¦ ��6£§õ� °ú s� ³ð�&³
���.

V (S, t) = e−rτu(x, τ),

#�l�"f �<ÊÃº V (S, t)\�¦ s�ü< °ú s� ³ð�&³
���� �̂¦Ïþ� _�tÝ¼_� ¼#�p�ì�r~½Ó&ñ
d���̀¦

B�Äº çß�éß�ô�Ç ¼#�p�ì�r~½Ó&ñ
d��Ü¼�Ð �¦5g jþt Ãº e��>� �)a��. VS(S, t), VSS(S, t),

Vt(S, t)\�¦ y��y�� >�íß�
�#� �Ð��. ����WZO�gË:(chain rule)�̀¦ ��6 x
�#�

VS(S, t) = Vx(S, t)xS + Vτ (S, t)τS =
∂

∂x

(
e−rτu(x, τ)

)
xS

= e−rτux(x, τ)S−1.

VSS(S, t) =
∂

∂S

(
e−rτux(x, τ)S−1

)
= e−rτ

(
uSx(x, τ)S−1 − ux(x, τ)S−2

)

=
e−rτ

S2
(uSx(x, τ)S − ux(x, τ))

=
e−rτ

S2
([uxx(x, τ)xS + uτx(x, τ)τS ] S − ux(x, τ))

=
e−rτ

S2
(uxx(x, τ) − ux(x, τ)) .
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d�� (2.30)�ÐÂÒ'� ��6£§ d��s� $í
wn�ô�Ç��.

∂û(λ, τ)

∂τ
+

σ2λ2

2
û(λ, τ) = 0. (2.31)

d�� (2.31)�Ér û(λ, τ)_� τ\� �'aô�Ç �©�p�ì�r ~½Ó&ñ
d��s���. d�� (2.31)�Ér ì�ro���

0px ~½Ó&ñ
d��s����¦�̧ 
� 9, s���H ��6£§õ� °ú s� ����è­q Ãº e����.

1

û(λ, τ)
∂û(λ, τ) +

σ2λ2

2
∂τ = 0.

c\�¦ e��_�_� �©�Ãº�� 
��¦, s�]j 0A d���̀¦ &h�ì�r
���� ��6£§_� d���̀¦ %3�>� �)a��.

∫
1

û(λ, τ)
∂û(λ, τ) +

∫
σ2λ2

2
∂τ = 0

ln û(λ, τ) +
σ2λ2

2
τ = c

û(λ, τ) = e−
σ2λ2

2
τ+c

&h�ì�r�©�Ãº c_�>�íß��̀¦0AK��íl��̧|	��̀¦&h�6 xK��Ð��. ���$�,�íl��̧|	� u(x, 0) =

g(x)�̀¦ û_� �íl��̧|	�Ü¼�Ð ��ÜãJ Ãº e����.

û(λ, 0) = ĝ(λ) =
1√
2π

∫ ∞

−∞

g(x)e−iλxdx. (2.32)

�íl��̧|	� (2.32)\�¦ ëß�7á¤
���H �©�p�ì�r ~½Ó&ñ
d�� (2.31)_� K��� ��6£§õ� °ú 6£§

�̀¦ ~1�>� ·ú� Ãº e����.

û(λ, τ) = ĝ(λ)e−
σ2λ2τ

2 . (2.33)

d�� (2.33)\� %i� Fourier ���8̈��̀¦ &h�6 xK�"f u(x, τ)_� K�\�¦ ½̈½+É Ãº e����.

u(x, τ) =
1√
2π

∫ ∞

−∞

û(λ, τ)eiλxdλ =
1√
2π

∫ ∞

−∞

ĝ(λ)eiλx−σ2λ2τ
2 dλ

=
1√
2π

∫ ∞

−∞

[
1√
2π

∫ ∞

−∞

g(y)e−iλydy

]
eiλx−σ2λ2τ

2 dλ

=
1

2π

∫ ∞

−∞

g(y)

[∫ ∞

−∞

e−iλ(x−y)−σ2λ2τ
2 dλ

]
dy. (2.34)
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2£U>G1 £o>ÊÁ£o>».É

v =
y − x

σ
√

τ
→ y = x + σ

√
τv (2.42)

s� M: �â
>��̧|	��Ér ��6£§õ� °ú s� jþt Ãº e����.

g(y) = g(x + σ
√

τv) =






E(ex+σ
√

τv − 1) if v ≥ −x
σ
√

τ

0 else

2���P: ���Ãº���8̈��̀¦ 
�>� ÷&���,

u(x, τ) =
1√
2π

∫ ∞

−∞

g(y)e−
v2

2 dv.

g(y)_� �â
>��̧|	�\� ���� v < − x
σ
√

τ
��� ÂÒì�r_� &h�ì�r °úכ[þt�Ér �̧¿º 0_� °úכ

�̀¦ °ú�>� ÷&Ù¼�Ð, v ≥ −x
σ
√

τ
_� ÂÒì�r_� &h�ì�r °úכëß� Òqty��
���� �)a��. g(y)_� �â
>�

�̧|	�\� ÅÒ3lq
����,

u(x, τ) =
1√
2π

∫ +∞

− x
σ
√

τ

g(y)e−
v2

2 dv =
1√
2π

∫ +∞

− x
σ
√

τ

(Eex+σ
√

τv − E)e−
v2

2 dv

=
1√
2π

∫ +∞

− x
σ
√

τ

Eex+σ
√

τve−
v2

2 dv − 1√
2π

∫ +∞

− x
σ
√

τ

Ee−
v2

2 dv (2.43)

'Í	 ���P: ���Ãº���8̈�(2.25)\� _�K� d��(2.43)_� 'Í	 ���P: �½Ó�Ér ��6£§�̀¦ ëß�7á¤ô�Ç��.

u(x, τ) =
1√
2π

∫ +∞

− x
σ
√

τ

Serτ−σ2

2
τeσ

√
τve−

v2

2 dv − 1√
2π

∫ +∞

− x
σ
√

τ

Ee−
v2

2 dv

=
Serτ

√
2π

∫ +∞

− x
σ
√

τ

e−
1
2
(v−σ

√
τ)2dv − 1√

2π

∫ +∞

− x
σ
√

τ

Ee−
v2

2 dv. (2.44)

#�l�"f z = v − σ
√

τ�Ð ���Ãº���8̈��̀¦ 
�>� ÷&���,

u(x, τ) = Serτ 1√
2π

∫ +∞

− x
σ
√

τ
−σ

√
τ

e−
z2

2 dz − 1√
2π

∫ +∞

− x
σ
√

τ

Ee−
v2

2 dv

= SerτN

(
x

σ
√

τ
+ σ

√
τ

)
− EN

(
x

σ
√

τ

)
,
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d1 = (log(S/E) + (r+ 0.5*sigma^2)*T)/(sigma*sqrt(T));

d2 = d1 -(sigma*sqrt(T));

CallPrice = S * normcdf(d1) - E * exp(-r * T)*normcdf(d2)

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

0A_� MATLAB �ï×¼eurocall.m�̀¦ z�́'��
���� ��6£§_� ���õ�\�¦ %3���H��.

>> eurocall

>> CallPrice =11.6105

V� 3 â�
 ËÂø5� 	�&P�ß�� (Finite Difference Method)

Ä»ô�Ç	�ì�rZO��Ér p�ì�r~½Ó&ñ
d�� (differential equation)�̀¦ 	�ì�r~½Ó&ñ
d�� (difference

equation)Ü¼�Ð s�íß��o r�&�"f Ãºu�&h���� K�\�¦ ½̈
���H ~½ÓZO�s���. s� �©�\�"f

��H Ä»ô�Ç	�ì�rZO��̀¦ ��6 x
�#� \P�~½Ó&ñ
d�� (heat equation)õ� �̂¦Ïþ� _�tÝ¼ ¼#�p�ì�r

~½Ó&ñ
d��_� ��H��K�\�¦ ½̈½+É �.���s	כ ���$� Taylor_� &ñ
o�3\�¦ ���½ÓÜ¼�Ð 
��¦ e��

��H Ä»ô�Ç	�ì�rZO�_� l��:r "é¶o�\�¦ ¶ú�(R�Ð��. Taylor_� &ñ
o�\�¦ s�6 x
���� �<ÊÃº

u(x + h, t)��H ��6£§õ� °ú s� (x, t) \�"f_� u �<ÊÃº°úכõ� p�ì�r°úכ[þt_� Áºô�Ç/åLÃº�Ð

����è­q Ãº e����.

u(x + h, t) = u(x, t) + ux(x, t)h +
uxx(x, t)

2
h2 +

uxxx(x, t)

3!
h3 + · · · (2.45)

ux(x, t)\� @/K�"f &ñ
o�
����, 1	�p�ì�r\� @/ô�Ç 	�ì�rd���̀¦ %3���H��.

ux(x, t) =
u(x + h, t) − u(x, t)

h
+ O(h). (2.46)

s����ì	s����~½Ó	כrZO� (forward difference method)s���. ��ðøÍ��t��Ð,���Ãº t\�

�'a
�#� ���~½Ó	�ì�r�̀¦ 
����

ut(x, t) =
u(x, t + k) − u(x, t)

k
+ O(k) (2.47)

3Taylor &ñ
o�: �<ÊÃº f(x)�� x = x0\�"f n��� p�ì�r��0px
����¦ 
���.

pn(x) = u(x0) + u
′(x0)(x − x0) +

u′′(x0)

2!
(x − x0)

2 + . . . +
u(n)(x0)

n!
(x − x0)

n

�̀¦ x = x0\�"f u(x)_� n���P: Taylor ���½Ód��s��� ô�Ç��.
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s� M: �â
>��̧|	��Ér u(0, t) = u(1, t) = 0 (t > 0)s��¦ �íl��̧|	��Ér u(x, 0) =

sin(πx) (0 ≤ x ≤ 1)�̀¦ ëß�7á¤ô�Ç��. K�$3�K���H u(x, t) = sin(πx)e−π2ts� 9 Õª

aË>2.5ü<ÕªaË>2.6%�!3� ÕªA�áÔ�Ð����è­qÃºe����. s�~½Ó&ñ
d��\�@/ô�Ç��H��K�\�¦

"î
r�&h�, �<Ê»¡¤&h�, Õªo��¦ ß¼Ï��ß¼-m�c+t��H Ä»ô�Ç	�ì�rZO��̀¦ s�6 x
�#� ½̈K��Ð��.

0

0.5

1

0
0.05

0.1
0.15

0.2
0

0.2

0.4

0.6

0.8

1

xt

ÕªaË> 2.5: \P�~½Ó&ñ
d��_� K�$3�K�

4.1 ÃZ�k��\� (Explicit) ËÂø5� 	�&P�ß��

���$� &ñ
Ãº Nx > 0�̀¦ ���×þ�
��¦ h = 1/(Nx − 1)s��� &ñ
_�
����, d��(2.47)ü<

(2.51)�̀¦ s�6 x
�#�, \P�~½Ó&ñ
d��(2.52)\� @/K� ��6£§õ� °ú s� Ä»ô�Ç	�ì�rZO��̀¦ &h�6 x

½+ÉÃºe��>��)a��. r�çß�\�@/K�"f ut�̀¦Ä»ô�Ç���~½Ó	�ì�rÕªo��¦/BNçß�\�@/K�"f

uxx\� @/ô�Ç ×�æ�©��̀¦ s�6 x
�#� \P�~½Ó&ñ
d���̀¦ ��6£§õ� °ú s� s�íß��o r�&�"f ����

è­q Ãº e����.

un+1
i − un

i

k
+ O(k) =

un
i+1 − 2un

i + un
i−1

h2
+ O(h2) (2.53)

for i = 2, . . . , Nx − 1 and n = 1, 2, . . . ,Nt.
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for n=1:Nt

for i=2:Nx-1

u(i,n+1) = u(i,n)+alpha*(u(i-1,n)-2*u(i,n)+u(i+1,n));

exu(i,n+1) = sin(pi*x(i))*exp(-pi^2*(k*n));

end

end

plot(x,u(:,1),’k*’,x,u(:,50),’kd’,x,u(:,100),’ks’,...

x,u(:,Nt+1),’ko’);

hold

plot(x,exu(:,1),’k’,x,exu(:,50),’k’,x,exu(:,100),’k’,...

x,exu(:,Nt+1),’k’)

legend(’initial’,’n=50’,’n=100’,’n=Nt+1’,’exact

solution’,-1)

xlabel(’x’,’FontSize’,20); ylabel(’u(x,t)’,’FontSize’,20)

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

4.2 Áþ���́�\� (Implicit) ËÂø5� 	�&P�ß��

"î
r�&h� Ä»ô�Ç	�ì�rZO�_� îß�&ñ
�̧|	���� 0 < α ≤ 1
2_� ]j����̀¦ x�
�l� 0AK� �<Ê»¡¤&h�

Ä»ô�Ç 	�ì�rZO��̀¦ s�6 xô�Ç��. �<Ê»¡¤&h� ~½ÓZO��Ér r�çß�çß�����̀¦ ���>� 2[
�t� ·ú§�¦�̧

ú́§�Ér Ãº_� �����&h�[þt�̀¦ s�6 x½+É Ãº e����. ��ëß� �<Ê»¡¤&h� ~½ÓZO��Ér Ä»ô�Ç	�ì�r ���wn�

~½Ó&ñ
d��_� K�\�¦ ½̈K��� ô�Ç��. �Ð:�x �<Ê»¡¤&h� Ä»ô�Ç	�ì�rZO�s����¦ ·ú��9��� ¢-a���

�<Ê»¡¤&h� Ä»ô�Ç	�ì�rZO��Ér ut\� @/ô�Ç Êê~½Ó Ä»ô�Ç	�ì�r��H��ü< uxx\� @/ô�Ç ×�æ�©�	�ì�r

��H��\�¦ s�6 xô�Ç��. ����"f ��6£§õ� °ú �Ér �<Ê»¡¤&h� Ä»ô�Ç	�ì�r ~½Ó&ñ
d���̀¦ s�=åJ#Q

è­q Ãº e����.
un+1

i − un
i

k
=

un+1
i−1 − 2un+1

i + un+1
i+1

h2
.

��r� &ñ
o�
���� ��6£§_� �<Ê»¡¤&h� Ä»ô�Ç	�ì�r~½Ó&ñ
d��

−αun+1
i−1 + (1 + 2α)un+1

i − αun+1
i+1 = un

i , α =
k

h2
(2.55)

for each i = 2, · · · ,Nx − 1
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initial
n=50
n=100
n=Nt+1
exact solution

ÕªaË> 2.8: α = 0.55��� Ô�¦îß�&ñ
ô�Ç �©�I�





1 + 2α −α 0 . . . 0

−α 1 + 2α −α 0

0 −α
. . .

. . .
...

...
. . .

. . . −α

0 0 −α 1 + 2α









un+1
2

un+1
3

...

...

un+1
Nx−1





=





αun+1
1 + un

2

un
3

...

...

un
Nx−1 + αun+1

Nx





=





bn
2

bn
3

...

...

bn
Nx−1





. (2.56)
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4.2.1 �×��â« N±Ó�§h�¤æ̧ (Thomas Algorithm)

%ò
s� ����� "é¶�è\�¦ ��t���H ��6£§ '��§>=�̀¦ ¶ú�(R�Ð��.





d1 c1

a1 d2 c2

a2 d3 c3

. . .
. . .

. . .

ai−1 di ci

. . .
. . .

. . .

aNx−2 dNx−1 cNx−1

aNx−1 dNx









x1

x2

x3

...

xi

...

xNx−1

xNx





=





b1

b2

b3

...

bi

...

bNx−1

bNx





, (2.59)

#�l�"f³ðr�÷&t�·ú§�Ér"é¶�è[þt�Ér �̧¿º 0s���. ���×�æ@/y��(Tridiagonal)'��§>=�Ér

|i − j| ≥ 2{9� M:, aij = 0�� ÷&��H :£¤fç
�̀¦ ��t��¦ e����. s�]j ���×�æ@/y�� '��§>=

_� K�\�¦ ½̈
���H ·ú��¦o�7£§�̀¦ ½̈K��Ð��.

1'��\� a1/d1�̀¦ Y�Lô�Ç °ú̀�כ¦ 2'��\�"f �É���. Õª�Q��� a1_� ��o�\���H 0s� 0A
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���~½Ó�è��_� ���õ��Ð, d��(2.59)�Ér ��6£§_� +þAI�\�¦ °ú�>� �)a��.





d1 c1

d2 c2

d3 c3

. . .
. . .

di ci

. . .
. . .

dNx−1 cNx−1

dNx









x1

x2

x3

...

xi

...

xNx−1

xNx





=





b1

b2

b3

...

bi

...

bNx−1

bNx





.

#�l�"f biü< di[þt�Ér %�6£§ °úכõ���H ���Ér °ú̀�כ¦ ��t��¦ e��t�ëß� ci_� °úכ[þt�Ér %�6£§

°úכõ� 1lx{9�
���. s�]j Êê~½Ó@/{9��̀¦ :�xK� xNx , xNx−1, · · · , x1�̀¦ 	�YV�Ð ½̈

½+É Ãº e����:

xNx =
bNx

dNx

,

xi =
1

di

(bi − cixi+1), i = Nx − 1, Nx − 2, · · · , 1.

heatim.m�Ér \P�~½Ó&ñ
d��_� �<Ê»¡¤&h� Ä»ô�Ç 	�ì�rZO��̀¦ s�6 xô�Ç Ãºu�K�\�¦ �Ð��Û¼ ·ú�

�¦o�7£§�̀¦ s�6 x
�#� ½̈
���H MATLAB �ï×¼s���.

%%%%%%%%%%%%%%%%%%%%%%%% heatim.m %%%%%%%%%%%%%%%%%%%%%%%%%%

clear; clc; clf; Nx=12; x=linspace(0,1,Nx); h=x(2)-x(1);

T=0.1; alpha=2; k=alpha*(h^2); Nt=round(T/k);

u(:,1)=sin(pi*x);

for i=1:Nx-2

dd(i)= 1 + 2*alpha; c(i)= - alpha; a(i)= - alpha;

end
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ÕªaË> 2.9: �<Ê»¡¤&h� \P�~½Ó&ñ
d�� α = 2��� îß�&ñ
ô�Ç �©�I�

s�]j �̧×¼(xi, t
n)\�"f _�{9��Q���>h\�¦ 
���� y��y��_� �½Ó�̀¦ ��6£§õ� °ú s� ����è­q

Ãº e����.

T (xi, t
n) = ut(xi, t

n) +
k

2
utt(xi, t

n) + O(k2)

−uxx(xi, t
n) +

h2

12
uxxxx(xi, t

n) + O(h4).

#�l�"f u(xi, t
n)�Ér \P�~½Ó&ñ
d���̀¦ ëß�7á¤
�Ù¼�Ð ��6£§s� $í
wn�ô�Ç��.

T (xi, t
n) =

k

2
utt(xi, t

n) +
h2

12
uxxxx(xi, t

n) + O(k2) + O(h4)

= O(k) + O(h2). (2.60)

Ãºu�&h� K��� Ãº§4�
�l� 0AK� ¹ô�Çכ��9 �̧|	��Ér Ãºu�l�ZO�_� ²DG�è]X�éß��̧	�

�� /BNçß�çß����õ� r�çß�çß�����̀¦ ×�¦{9�Ãº2�¤ 0\� ��H��K��� ô�Ç����H �.���s	כ s�XO�

�â
Äº\�, Ãºu�l�ZO�s� {9��'a&h� (consistent)s����¦ ô�Ç��. &ñ
SX��̧_� 	�Ãº (or-

der of accuracy)��H ]X�éß��̧	��½Ó\�"f hü< k_� 5pxÃº_� 	�Ãº�Ð &ñ
_��)a��. ]X�

éß��̧	��½Ó�̀¦ O(kl + hm)�Ð ��&ñ

���� Ãºu�l�ZO�s� l	� r�çß� &ñ
SX� (lth order

time accurate)
��¦ m	� /BNçß�&ñ
SX� (mth order space accurate)
����¦ ô�Ç��.

d��(2.60)Ü¼�ÐÂÒ'� "î
r�&h�Ä»ô�Ç	�ì�rZO��Ér 1	�r�çß�&ñ
SX�
��¦ 2	�/BNçß�&ñ
SX��<Ê

�̀¦ ·ú� Ãº e����.
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end

fprintf(’------------------------------------------------\n’)

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

�íl��̧|	��Ér u(x, 0) = sin(x), T = 0.1, α = 0.1, h = 1/N , ∆t = αh2.

MATLAB �ï×¼ heatex_convergence_test�̀¦ z�́'��
���� ��6£§_� ���õ�\�¦ %3�

�̀¦ Ãº e����.

>> heatex_convergence_test

------------------------------------------------

h dt max_error order

------------------------------------------------

0.10000 0.001000 0.001220

0.05000 0.000250 0.000303 2.008865

0.02500 0.000063 0.000076 2.002218

0.01250 0.000016 0.000019 2.000555

0.00625 0.000004 0.000005 2.000139

------------------------------------------------

4.3.2 Áþ���́�\� ËÂø5�	�&P�ß��

\P�~½Ó&ñ
d��_� �<Ê»¡¤&h� Ä»ô�Ç 	�ì�rZO�_� Ãº§4�$í
�̀¦ ·ú����Ðl� 0AK� ��6£§_� _�Û¼àÔ

\�¦ Ãº'��K��Ð��.

%%%%%%%%%%%%%%% heatim_convergence_test.m %%%%%%%%%%%%%%%%

clear; clc; T=0.1; alpha=0.1;

for iter=1:5

N=10*2^(iter-1)+1; x=linspace(0,1,N); h=x(2)-x(1);

k=alpha*h^2; Nt=round(T/k); u(1:N,1:Nt+1)=0;

u(:,1)=sin(pi*x); exact=u(:,1)*exp(-pi^2*T);

for i=1:N-2
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for iter = 2:5

fprintf(’%8.5f %8.6f %8.6f %8.6f \n’, ...

hh(iter),tt(iter), err(iter),Order(iter-1))

end

fprintf(’------------------------------------------------\n’)

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

�íl��̧|	��Ér u(x, 0) = sin(x), T = 0.1, α = 0.1, h = 1/N , ∆t = αh2.

MATLAB �ï×¼ heatim_convergence_test�̀¦ z�́'��
���� ��6£§_� ���õ�\�¦ %3�

�̀¦ Ãº e����.

>> heatim_convergence_test

------------------------------------------------

h dt max error order

------------------------------------------------

0.10000 0.001000 0.004820

0.05000 0.000250 0.001209 1.995470

0.02500 0.000063 0.000302 1.998865

0.01250 0.000016 0.000076 1.999716

0.00625 0.000004 0.000019 1.999929

------------------------------------------------

V� 5 â�
 Black-Scholes Ã¡>i�&P�'�×Ça�ÐÏ�Uc 7�ø5� ËÂø5� 	�

&P�ß��

Ä»�Qx���� c+t �̀v���_� °ú̀�כ¦ ½̈
�l� 0AK�"f Black-Scholes ¼#�p�ì�r~½Ó&ñ
d���̀¦ Ä»

ô�Ç	�ì�rZO�Ü¼�Ð Û�¦#Q"f ½̈ô�Ç��. ¼#�p�ì�r~½Ó&ñ
d���Ér Dirichlet �â
>��̧|	��̀¦ °ú���H

�íÓüt���+þA ¼#�p�ì�r~½Ó&ñ
d��s���. :£¤y� �íl��̧|	��Ð�� ëß�l�r�_� �̧|	�s� ÅÒ#Q���

��. τ = T − t\�¦ ïß��>rl�çß�Ü¼�Ð Z�~6£§Ü¼�Ð+�, �8 �����Û¼�Qî�r r�çß�_� ~½Ó&ñ
d��
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%%%%%%%%%%%%%%%%%%%%%%%% BSex.m %%%%%%%%%%%%%%%%%%%%%%%%%%%%

clf; clear; E=230; L=800; sigma=0.5; r=0.03; T=1; Nx=50;

Nt=1000; k=T/Nt; x=linspace(0,L,Nx); h=x(2)-x(1);

u(1:Nx,1:Nt+1)=0;

for i=1:Nx

if x(i)<= E

u(i,1)=0;

else

u(i,1)=x(i)-E;

end

end

for n=2:Nt+1

u(Nx,n)=L-E*exp(-r*k*(n-1));

end

for n=1:Nt

for i=2:Nx-1

u(i,n+1)=u(i,n) + k*((1/2)*(sigma^2)*((i-1)*h)^2*...

((u(i+1,n)-2*u(i,n)+u(i-1,n))/(h^2)) +...

r*(i-1)*h*((u(i+1,n)-u(i-1,n))/(2*h))-r*u(i,n));

end

end

plot(x,u(:,1:200:Nt+1),’ko-’)

axis image; axis([0 L 0 600])

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

5.2 Áþ���́�\� '�×ß��Uc �+ø5� £�¹¤�> ��~Ê� Úr
Ça�

r�çß�\� @/ô�Ç ���~½Ó 	�ì�r�̀¦ s�6 xô�Ç "î
r�&h� ~½ÓZO�\�"f {9�#Q±ú� Ãº e����H Ô�¦îß�&ñ


$í
 ë�H]j\�¦ K����
�l� 0AK�"f Êê~½Ó	�ì�r�̀¦ s�6 x
�#� �<Ê»¡¤&h� ~½ÓZO��̀¦ &h�6 x
����
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%%%%%%%%%%%%%%%%%%%%%% BSim.m %%%%%%%%%%%%%%%%%%%%%%%%%%%%

clf; clear; E=230; L=800; sigma=0.5; r=0.03; T=1; Nx=50;

Nt=100; k=T/Nt; x=linspace(0,L,Nx); h =x(2)-x(1);

u(1:Nx,1:Nt+1)=0; N=Nx-2;

for i=1:Nx

if x(i) < E

u(i,1)= 0;

else

u(i,1)= x(i)-E;

end

end

for i=1:N

dd(i)=1/k+(sigma*i)^2+r; c(i)=-r*i/2-((sigma*i)^2)/2;

a(i)=r*(i+1)/2-((sigma*(i+1))^2)/2;

end

for n=1:Nt

d=dd;

for i=1:N-1

b(i)=u(i+1,n)/k;

end

u(Nx,n+1)=L - E*exp(-r*k*n);

b(N)=u(N+1,n)/k - c(N)*u(Nx,n+1);

for i = 2:N

xmult= a(i-1)/d(i-1);

d(i) = d(i) - xmult*c(i-1);

b(i) = b(i) - xmult*b(i-1);

end

u(N+1,n+1) = b(N)/d(N);

for i = N-1:-1:1



V� 3 *�×

¦�>ñ5ÑËÂW��]�Áþ�(Computational

Fluid Dynamics)

���íß� Ä»�̂ %i��<Æ(CFD, Computational Fluid Dynamics)�Ér q����+þA p�ì�r ~½Ó&ñ


d�� Navier-Stoke Equation�̀¦ Ãºu� l�ZO�(numerical methods)_� ·ú��¦o�1pu�̀¦

��6 x
�#� Ä»�̂ Ä»1lx ë�H]j\�¦ Û�¦�¦ K�$3�
���H �.���s	כ

V� 1 â�
 j�N±Õ��́ �\�Å]� ËÂW� ËÂ�â 

Navier-Stokes ~½Ó&ñ
d��s�êøÍ &h�$í
�̀¦ ����� Ä»�̂_� î�r1lx�̀¦ l�Õüt
���H q����+þA ¼#�

p�ì�r~½Ó&ñ
d��s���. \V\�¦[þt���,C�_�3lu:�xÅÒ0A\�¦âìØÔ��HÓüts���q�'��l�±ú�>h

0A�Ð âìØÔ��H /BNl�ü< °ú �Ér Ä»�̂ü< l��̂_� âì2£§�̀¦ l�Õüt
���H ~½Ó&ñ
d��s���. s�

�Qô�Ç Navier-Stokes ~½Ó&ñ
d����H �̧Zþt±ú���t� Õª ¾º½̈�̧ K�_� /BNd��_� �>rF� #�ÂÒ

�̧	�µ1ß)�?/t�3lw
��¦e��Ü¼ 9 100ëß�²ú��Q������9e����Hx9�YUm�%3�ë�H]j(9þtYUs�

Ãº�<Æ���½̈�è 1) ×�æ 
���s�l��̧ 
���.

1<³�Qcl� ÊÁÁþ�¥o>Ä©�¿, Clay Mathematics Institute H�e��ÚÔo�t� t�~½Ó\� e����H ��[O� q�

%ò
o� F�éß�Ü¼�Ð Ãº�<Æ�̀¦ µ1Ï���r�v��¦�� #��Q �Ö̧1lx�̀¦ 
� 9 Ä»}©�ô�Ç Ãº�<Æ��[þt\�>� #��Q�©��̀¦ Ãº

#�
�l��̧ ô�Ç��. Õª ×�æ Navier-Stokes ~½Ó&ñ
d����H 9þtYUs� Ãº�<Æ���½̈�è�� 100ëß�²ú��Q_� �&³�©��FK

�̀¦ ?/ |	� 7��t� x9�YUm�%3� ë�H]j ×�æ 
���s�l��̧ 
���. �8 ��[jô�Ç ?/6 x�Ér 9þtYUs� Ãº�<Æ���½̈�è

<�Ì�̀s�t�(http://www.claymath.org)\�¦ �ÃÐ�¦
�l� ��êøÍ��.
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1.1 Navier-Stokes '�×Ça�ÐÏ�

Navier-Stokes ~½Ó&ñ
d����H ��6£§õ� °ú s� ³ð�&³½+É Ãº e����.

ρ

(
∂u

∂t
+ u · ∇u

)
= −∇p + µ∆u + ρg, (3.1)

∇ · u = 0, (3.2)

0A_� ~½Ó&ñ
d��\�"f ��6 x�)a l� ñ[þt�Ér ��6£§_� _�p�\�¦ °ú���H��. ρ, u, p, Õªo�

�¦ µ��H Ä»�̂_� x9��̧, 5Åq�̧, ·ú�§4�, Õªo��¦ &h�$í
�̀¦ _�p�ô�Ç��. ¢̧ô�Ç 5Åq�̧ u =

u(x, y, t)ü< ·ú�§4� p = p(x, y, t)��H /BNçß�õ� r�çß�_� �<ÊÃºs���. ¼#�_��©� ρ, µ, Õª

o��¦ g��H �©�Ãº ¢̧��H �©�Ãº 7�'��Ð çß�ÅÒô�Ç��. 5Åq�̧  7�'� u\� ÂÒõ�½+É �â
>� �̧

|	��Ér no-slip �â
>� �̧|	�s���. s� �̧|	��Ér �¦�̂ �â
>����\� ]X�
��¦ e����H Ä»�̂��H

�â
>�\� ·¡­#Qe���¦ p�ã¼�Qt�t� ·ú§��H����H >pws���.

1.2 Navier-Stokes '�×Ça�ÐÏ� ËÂ�¿ø�Ça�

2	�"é¶ Ä»1lx_� Navier-Stokes ~½Ó&ñ
d�� Ä»�̧ õ�&ñ
�̀¦ ¶ú�(R�Ð��. Ä»�̧õ�&ñ
�Ér �ï

r�(Cauchy)~½Ó&ñ
d��\�6£x§4�-���+þAÒ�¦�'a>�d���̀¦@/{9�
�#�Ä»�̧
�%i�Ü¼ 9Navier-

Stokes ~½Ó&ñ
d���̀¦%�6£§ ]X�
���H1lq��[þt�̧ s�K�
�l�~1��̧2�¤&ñ
o�
�%i���. ¼#�_�

�©� ×�æ§4�õ� °ú �Ér �̂&h�§4��Ér �¦�9
�t� ·ú§Ü¼��� Ä»�̂{9���\� ���6 x
���H �̧��H jËµ_�

½+Ë�Ér Newton_� ]j 2ZO�gË:\� _�K� |9�|¾Óõ� ��5Åq�̧_� Y�L(F = ma)Ü¼�Ð ³ð�&³��

0px
�Ù¼�Ð 2	�"é¶ Ä»1lx_� �ïr� ~½Ó&ñ
d���Ér ��6£§õ� °ú ��.

dm︸︷︷︸
1©

ax︸︷︷︸
2©

= dFx︸︷︷︸
3©

(3.3)

dm︸︷︷︸
1©

ay︸︷︷︸
2©

= dFy︸︷︷︸
3©

(3.4)

s�]j 0A d��\� ���:r í�H"f@/�Ð ·ú����Ð��.

1© |9�|¾Ó�Ér x9��̧ü< ÂÒx�_� Y�LÜ¼�Ð ³ð�&³÷&Ù¼�Ð, ��6£§õ� °ú s� ����è­q Ãº

e����.

dm = ρdxdy
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x

y

−
(

σxx − ∂σxx

∂x

dx

2

)
dy

(
σxx +

∂σxx

∂x

dx

2

)
dy

(
τyx +

∂τyx

∂x

dy

2

)
dx

−
(

τyx − ∂τyx

∂x

dy

2

)
dx

dx

dy

ÕªaË> 3.2: x»¡¤\� @/ô�Ç 6£x§4�ì�r�í
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s�]j 0A d���̀¦ &ñ
o�
���� ��6£§ d���̀¦ %3��̀¦ Ãº e����.

ρ

(
∂u

∂t
+ u

∂u

∂x
+ v

∂u

∂y

)
=

∂σxx

∂x
+

∂τyx

∂y
, (3.8)

ρ

(
∂v

∂t
+ u

∂v

∂x
+ v

∂v

∂y

)
=

∂σyy

∂y
+

∂τxy

∂x
. (3.9)

• £� �]�ø� £o>ÌfC��· ®̧�N�ÐÏ�

Ä»�̂_� &h�$í
>�Ãº\�¦ µ���¦ 
����

(���éß�6£x§4�) = (Ä»�̂_� &h�$í
>�Ãº) × (Ä»�̂_� 5Åq�̧����oÖ�¦)

0A d��Ü¼�Ð Ä»�̂ü< î̈
óøÍ ��s�_� ���éß�6£x§4��̀¦ ½̈½+É Ãº e����.

τxy = τyx = µ

(
∂u

∂y
+

∂v

∂x

)

¢̧ô�Ç, ����©�6£x§4��Ér �ª�Aá¤Ü¼�Ð Òqtl�Ù¼�Ð ��6£§�̀¦ ëß�7á¤ô�Ç��.

σxx = −p + 2µ
∂u

∂x
, σyy = −p + 2µ

∂v

∂y

s�]j, &ñ
o��)a �ïr�(Cauchy) ~½Ó&ñ
d�� (3.8)õ� (3.9)\� 6£x§4�õ� ���+þAÒ�¦ ��s�

_� �'a>�d���̀¦ @/{9�K��Ð��.

ρ

(
∂u

∂t
+ u

∂u

∂x
+ v

∂u

∂y

)
= −∂p

∂x
+

∂σxx

∂x
+

∂τyx

∂y

= −∂p

∂x
+

∂

∂x

(
2µ

∂u

∂x

)
+

∂

∂y

(
µ

(
∂u

∂y
+

∂v

∂x

))

= −∂p

∂x
+ µ

(
∂2u

∂x2
+

∂2u

∂y2

)
+ µ

∂

∂x

(
∂u

∂x
+

∂v

∂y

)

= −∂p

∂x
+ µ

(
∂2u

∂x2
+

∂2u

∂y2

)
,
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+� %3���H �.���s	כ s� �©�\�"f��H 1lq��[þt_� s�K�\�¦ [�vl� 0AK� 2	�"é¶�©�\�"f l�

Õüt
�t�ëß�, s�\�¦ l�ìøÍÜ¼�Ð 3	�"é¶Ü¼�Ð_� SX��©��̧ #Q§>�t� ·ú§>� ]X���H½+É Ãº e��Ü¼

o��� Òqty���)a��.

v
i,j− 1

2

v
i,j+1

2

v
i+1,j− 1

2

v
i+1,j+1

2

u
i− 1

2
,j

u
i+1

2
,j

u
i− 1

2
,j+1

u
i+1

2
,j+1

p
i,j

ÕªaË> 3.4: ·ú�§4��Ér !sq ×�æ�©� Õªo��¦ 5Åq�̧��H !sq �â
>�\� &ñ
_�÷&#Q e����.

>�íß� %ò
%i��Ér �����çß����s� h��� ç�H1px�����s���. y��y��_� !sq, Ωij_� ×�æd���Ér

(xi, yj) = ((i − 0.5)h, (j − 0.5)h) i = 1, · · · ,M Õªo��¦ j = 1, · · · ,N \� 0Au�

K� e����. #�l�"f Mõ� N�Ér y��y�� xü< y-~½Ó�¾Ó_� !sq_� >hÃº\�¦ _�p�ô�Ç��. s�

]j, Navier-Stokes ~½Ó&ñ
d��\�¦ Û�¦l� 0AK� Staggered Marker-and-Cell (MAC)

�����\�¦s�6 x½+É�.���s	כ Harlow and Welch [3]_� MAC�������H·ú�§4��Ér!sq×�æ

�©�\� 5Åq�̧��H !sq �â
>�\� &ñ
_�
���H �����\�¦ _�p�ô�Ç��.

un
i+ 1

2
,j

≈ u(xi+ 1
2
, yj , t

n), (3.17)

vn
i,j+ 1

2
≈ v(xi, yj+ 1

2
, tn), (3.18)

pn
ij ≈ p(xi, yj , t

n). (3.19)

ÕªaË> 3.4�Ér MAC �����\�¦ ����?/��H ÕªaË>s���. un
i+ 1

2
,j
�Ér 1lxÕª��p� d���̂¦

s� e����H /BM\� vn
i,j+ 1

2

�Ér ��s����7H×¼ d���̂¦s� e����H /BM\� pn
ij�Ér &ñ
��y��+þA d���̂¦s�

e����H t�%i�\� y��y�� &ñ
_� ÷&#Q�����.
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s�]j (n + 1) r�&h�\�"f ·ú�§4��©�\� @/
�#� ��6£§ ~½Ó&ñ
d���̀¦ ó�r��.

un+1 − ũ

∆t
= −∇dp

n+1, (3.24)

∇d · un+1 = 0. (3.25)

d�� (3.24)\�"f divergence operator(∇d ·)ü<d�� (3.25)�̀¦ s�6 x
����·ú�§4�\�

@/ô�Ç �í��5Åx ~½Ó&ñ
d��(Poisson equation)�̀¦ %3��̀¦ Ãº e��>� �)a��:

∆dp
n+1 =

1

∆t
∇d · ũ, (3.26)

0A_� d��\�"f y��y��_� �½Ó[þt�Ér ��6£§õ� °ú s� &ñ
_�÷&#Q�����.

∆dp
n+1
ij =

pn+1
i−1,j + pn+1

i+1,j − 4pn+1
ij + pn+1

i,j−1 + pn+1
i,j+1

h2
,

∇d · ũij =
ũi+ 1

2
,j − ũi− 1

2
,j

h
+

ṽi,j+ 1
2
− ṽi,j− 1

2

h
.

·ú�§4�\� @/ô�Ç �â
>��̧|	��Ér ��6£§õ� °ú ��.

n · ∇dp
n+1 = n ·

(
−un+1 − un

∆t
− (u · ∇du)n +

1

Re
∆du

n

)
, (3.27)

#�l�"f n�Ér %ò
%i� �â
>����\�"f_� éß�0AZO���� 7�'�(unit normal vector)s���.

d�� (3.26)�Ð %3�#Q��� ���+þAr�Û¼%7��Ér Gauss-Seidel ìøÍ4�¤>�íß�ZO��̀¦ s�6 x
�#�

��H��K�\�¦ ½̈½+É Ãº e����. pn+1�̀¦ ½̈ô�Ç ��6£§ divergence-free 5Åq�̧��H ��6£§õ�

°ú s� &ñ
_�÷&#Q�����.

un+1 = ũ − ∆t∇dp
n+1.

7£¤,

un+1
i+ 1

2
,j

= ũi+ 1
2
,j −

∆t

h
(pn+1

i+1,j − pn+1
ij ),

vn+1
i,j+ 1

2

= ṽi,j+ 1
2
− ∆t

h
(pn+1

i,j+1 − pn+1
ij ).

s��Ð+�, ô�Ç���_� time steps� =åQ��>� �)a��.
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ÅÒ#Q����íl��̧|	��Ér (x0, y0, z0) = (0, 0, 0)�̀¦ s�6 x
�#�ìøÍ4�¤&h�Ü¼�ÐK�\�¦ ½̈K�

�Ð��� ��6£§_� ���õ�\�¦ %3�>� �)a��.

k = 0 {9� M: x1 = (3 − 2y0 + z0)/4 =
3

4
,

y1 = (−1 − x0 − z0)/3 = −1

3
,

z1 = (4 − x0 − y0)/4 = 1.

k = 1 {9� M: x2 = (3 − 2y1 + z1)/4 ≈ 0.6667,

y2 = (−1 − x1 − z1)/3 ≈ −0.9167,

z2 = (4 − x1 − y1)/4 ≈ 0.8958.

z�́]j K� x = 1, y = −1, z = 1�Ð �̧�FKm�� ��H]X�K�����H �.���s	כ ��6£§�Ér MAT-

LAB�̀¦ s�6 x
�#� 0A_� \V]j_� K�\�¦ ½̈
���H �ï×¼s���.

%%%%%%%%%%%%%%%%%% Jacobi_iteration.m %%%%%%%%%%%%%%%%%%%%

clear; clc; x(1) = 0; y(1) = 0; z(1) = 0; Max_iter = 20;

fprintf(’----------------------------------------\n’)

fprintf(’ k x y z \n’)

fprintf(’----------------------------------------\n’)

for n = 1:Max_iter

x(n+1) = (1/4)*(3 - 2*y(n) - z(n));

y(n+1) = (1/3)*(-1-x(n)-z(n));

z(n+1) = (1/4)*(4-x(n)-y(n));

fprintf(’%5.0d %10.4f %9.4f %8.4f \n’,...

n, x(n+1), y(n+1), z(n+1))

end

fprintf(’----------------------------------------\n’)

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

MATLAB�ï×¼ Jacobi_iteration.m�̀¦z�́'��K��Ð��� ��6£§_� ���õ�\�¦ %3��̀¦ Ãº

e����.
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UdV�

��6£§_� ÅÒ#Q��� ���wn�~½Ó&ñ
d���̀¦ Gauss-Seidel ìøÍ4�¤>�íß�ZO��̀¦ s�6 x
�#�

x, y, z_� ��H��K�\�¦ ½̈K��Ð��. �íl� �̧|	��Ér x0 = 0, y0 = 0, z0 = 0Ü¼�Ð

��&ñ

���.

4x + 2y + z = 3,

x + 3y + z = −1,

x + y + 4z = 4.

0A_� ���wn�~½Ó&ñ
d���̀¦ ��6£§õ� °ú s� ���+þA
�#� ����?/�Ð��.

4x = 3 − 2y + z,

3y = −1 − x − z,

4z = 4 − x − y.

Gauss-Seidel ìøÍ4�¤>�íß�ZO��̀¦ s�6 x
���� 0A_� d���Ér ��6£§õ� °ú s� &ñ
o��)a��.

xk+1 =
1

4
(3 − 2yk + zk),

yk+1 =
1

3
(−1 − xk+1 − zk),

zk+1 =
1

4
(4 − xk+1 − yk+1).



]j 4 ]X� �í��5Åx ~½Ó&ñ
d��(POISSON EQUATION) 87

MATLAB�ï×¼ GaussSeidel_iteration.m�̀¦z�́'��K��Ð�����6£§_����õ�\�¦%3�

�̀¦ Ãº e����.

----------------------------------------

k x y z

----------------------------------------

1 0.7500 -0.5833 0.9583

2 0.8021 -0.9201 1.0295

3 0.9527 -0.9941 1.0103

4 0.9944 -1.0016 1.0018

5 1.0004 -1.0007 1.0001

6 1.0003 -1.0001 1.0000

7 1.0001 -1.0000 1.0000

8 1.0000 -1.0000 1.0000

----------------------------------------

0A_� ���õ�\�¦ �Ð��� y��y��_� \P�s� k, x, y, z\�¦ �����·p��. 0A_� �ï×¼��H 8úx 8���

_� ìøÍ4�¤�̀¦ r�'��
�%i���HX< s��Ð ���wn� ~½Ó&ñ
d��_� K� x = 1, y = −1, z = 1�Ð Ãº

§4��<Ê�̀¦ SX����K��̂¦ Ãº e����. ¢̧ô�Ç ·ú¡"f C�î�r Jacobi ìøÍ4�¤>�íß�ZO��Ð�� �s̀��� ��

ØÔ>� K�\� Ãº§4��<Ê�̧ ·ú� Ãº e���̀¦ �.���s	כ

V� 4 â�
  ï��¢4 '�×Ça�ÐÏ�(Poisson equation)

Poisson ~½Ó&ñ
d���Ér &ñ
���l��<Æ(electrostatics), l�>�/BN�<Æ(mechanical engineer-

ing)õ� s��:rÓüto��<Æ(theoretical physics)\�"f V,�o� æ¼s���H ¼#�p�ì�r ~½Ó&ñ
d��s�

��. �í��5Åx ~½Ó&ñ
d���Ér ��6£§õ� °ú ��.

∆u = f, (3.28)

#�l�"f ∆��H ��e�¦��Û¼ ���íß���(Laplace operator)���¦ 
��¦ 1	�"é¶\�"f��H

∆u = uxx, 2	�"é¶\�"f��H ∆u = uxx + uyys���. s�]j, 1	�"é¶õ� 2	�"é¶\�"f �í

��5Åx ~½Ó&ñ
d���̀¦ Ãºu�&h�Ü¼�Ð Û�¦#Q�Ð�̧2�¤ 
���.
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u3 − 2u2 + u1 = h2f2

u4 − 2u3 + u2 = h2f3

...

−uN + uN−1 = h2fN

0A r�Û¼%7��̀¦ Gauss-Seidel ìøÍ4�¤>�íß�ZO�\� ���� Û�¦l�0AK� ��r� &ñ
o�
����,

��6£§�̀¦ %3��̀¦ Ãº e����.

uk+1
2 = (uk

3 − h2f2)/2

uk+1
3 = (uk

4 + uk+1
2 − h2f3)/2

...

uk+1
N = uk

N−1 − h2fN

0A r�Û¼%7��̀¦ �8¹¡¤ çß�éß�y� &ñ
o�
����,

uk+1
2 = (uk

3 − h2f2)/2

uk+1
i = (uk

i+1 + uk+1
i−1 − h2f2)/2 (3 ≤ i ≤ N − 1)

uk+1
N = uk

N−1 − h2fN

#�l�"f, uk+1_� °úכ[þts� Ä»{9�
�>� ���&ñ
÷&�̧2�¤ 
�l� 0AK�"f �̧��H k\� @/

K�"f uk
1�̀¦ e��_�_� �©�Ãº 0Ü¼�Ð �¦&ñ
r�(����. s�]j, s� õ�&ñ
�̀¦ MATLAB�ï×¼

�Ð ëß�[þt#Q�Ð��.

f(x) = −4π2 cos(2πx) (3.31)

�Ð ÅÒ#Q&���̀¦M: d�� (3.29)�̀¦ ëß�7á¤
���H Ãºu�K�\�¦ ½̈
�r��̧.

è«�×Ü«9̂g �óÞ«
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(b)

ÕªaË> 3.6: Gauss Seidel~½ÓZO�\� _�K� ó�r �í��5Åx ~½Ó&ñ
d��_� ���õ�. (a) 10��� ìøÍ

4�¤ (b) 50��� ìøÍ4�¤.

�̀¦ &h�6 xr�v���. 0A ~½Ó&ñ
d�� (3.32)�̀¦ 	�ì�r~½Ó&ñ
d��Ü¼�Ð ��Ë̈���,

ui+1,j + ui−1,j − 4uij + ui,j+1 + ui,j−1

h2
= fij (3.34)

for 1 ≤ i ≤ Nx, 1 ≤ j ≤ Ny

s�]j s�íß� �â
>��̧|	��Ér d�� (3.33)�̀¦ s�6 x
���� ��6£§õ� °ú s� ����è­qÃº e��

��.

ui0 = ui1, ui,Ny+1 = ui,Ny (1 ≤ i ≤ Nx)

u0j = u1j , uNx+1,j = uNxj (1 ≤ j ≤ Ny)

�̀¦ &h�6 x
���� ��6£§õ� °ú ��. �í��5Åx ~½Ó&ñ
d�� (3.28)_� u(x, y)�� K������, e��_�

_� �©�Ãº C\� @/
�#� u(x, y) + C�̧ K��� �)a��. ����"f, K�_� Ä»{9�$í
�̀¦ �Ð�©�

~ÃÎl� 0AK� u11 = 0Ü¼�Ð ¿º�̧2�¤ 
���. d��(3.34)�̀¦ Gauss-Seidel ìøÍ4�¤>�íß�ZO�

\� ���� Û�¦l�0AK� ��r� &ñ
o�
����, ��6£§�̀¦ %3��̀¦ Ãº e����.

uk+1
ij = (h2fij − uk

i+1,j − uk+1
i−1,j − uk

i,j+1 − uk+1
i,j−1)/(−4).
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end

end

end

mesh(xx,yy,exu-exu(1,1));

mesh(xx,yy,u);

xlabel(’x’,’fontsize’,25); ylabel(’y’,’fontsize’,25);

zlabel(’u’,’fontsize’,25,’rotation’,0);

set(gca,’fontsize’,20); colormap([0 0 0]);

axis image; view(26,34); axis([0 1 0 1 -1.2 0.6])

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

ÕªaË> 3.7\�¦ �Ð���, u(1, 1) = 0��� °úכÜ¼�Ð �¦&ñ
Ùþ¡�̀¦ �â
Äº ìøÍ4�¤ S��Ãº\� ����

Ä»{9�ô�Ç K� (a)�Ð Ãº§4�K�y���̀¦ SX����K� �̂¦ Ãº e����. (b), (c), (d), (e), Õªo��¦

(f)��H 2, 10, 50, 5000, Õªo��¦ 100000��� ìøÍ4�¤ ���õ�s���.

V� 5 â�
 Úr
ø�

MAC�����\�"f q�·ú�»¡¤$í
_� Navier-Stokes ~½Ó&ñ
d��_� Ãºu�K�\�¦ ÕªaË> 3.8\�"f

SX����½+É Ãº e����. s� ���õ���H ����̂ %ò
%i� Ω = (0, 1) × (0, 1)\�"f Nx = Ny =

16s��¦, r�çß�çß���� ∆t = 0.001, YUs�Z�tÝ¼Ãº Re = 100��� �â
Äº\��íl� 5Åq§4��©�

õ� s� M: ÅÒ#Q��� �â
>��̧|	�, Õªo��¦ {9�&ñ
r�çß�s� âì�Ér Êê\� 5Åq§4��©��̀¦ SX����½+É

Ãº e����.

%%%%%%%%%%%%%%%%%%%%%%%%% NS_GS.m %%%%%%%%%%%%%%%%%%%%%%%%%%

clear; clc; clf;

xleft = 0.0; xright = 1.0; yleft = 0.0; yright = 1.0;

nx = 16; ny = nx; h = xright/nx; h2 = h^2;

max_it = 50; dt = 0.001; Re = 100.0; a = 1.0;

u(1:nx+1,1:ny+2) = 0.0; nu = u;

v(1:nx+2,1:ny+1) = 0.0; nv = v; p(1:nx+2,1:ny+2) = 0.0;
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+ 0.25*(u(i-1,j)+u(i-1,j+1))*0.5*(-v(i,j)-v(i-1,j))/h;

else

adv_v(i,j) = 0.5*v(i,j)*(v(i,j+1)-v(i,j-1))/h ...

+ 0.25*(u(i-1,j)+u(i,j)+u(i-1,j+1)+u(i,j+1)) ...

*0.5*(v(i+1,j)-v(i-1,j))/h;

end

end

end

for i = 2:nx

for j = 2:ny+1

tu(i,j) = u(i,j) + dt*((u(i+1,j)+u(i-1,j)-4.0*u(i,j)

...

+u(i,j+1)+u(i,j-1))/(Re*h*h) - adv_u(i,j));

end

end

tu(1,2:ny+1) = 0.0; tu(nx+1,2:ny+1) = 0.0;

for i = 2:nx+1

for j = 2:ny

tv(i,j) = v(i,j)+dt*((v(i+1,j)+v(i-1,j)-4.0*v(i,j) ...

+v(i,j+1)+v(i,j-1))/(Re*h*h)-adv_v(i,j));

end

end

tv(2:nx+1,1) = 0.0; tv(2:nx+1,ny+1) = 0.0;

tol = 1.0e-4; oldp(1:nx+2,1:ny+2) = p; resid = 1.0;

while (resid > tol)

oldp = p;

for i = 2:nx+1

for j = 2:ny+1

coef = 0.0;



]j 5 ]X� ���õ� 97

for i = 1:nx

for j = 1:ny+1

if (j==1)

dpdy(i,j) = 0.0;

elseif (j==ny+1)

dpdy(i,j) = 0.0;

else

dpdy(i,j) = (p(i+1,j+1)-p(i+1,j))/h;

end

end

end

for i = 2: nx+1

for j = 2: ny+1

nu(i,j) = tu(i,j) - dt*dpdx(i,j-1);

end

end

for i = 2:nx+1

for j = 2:ny+1

nv(i,j) = tv(i,j) - dt*dpdy(i-1,j);

end

end

nv(1:nx+2,1) = 0.0;

nv(1:nx+2,ny+1) = 0.0;

u = nu; v = nv;

end

x=linspace(0.5*h,1-0.5*h,nx);

y=linspace(0.5*h,1-0.5*h,ny);

[xx,yy]=meshgrid(x,y);

for k2=1:ny
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(f) 100000��� ìøÍ4�¤

ÕªaË> 3.7: Gauss Seidel ìøÍ4�¤>�íß�ZO�\� _�K� ó�r �í��5Åx ~½Ó&ñ
d��_� ���õ�.
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PC <³��aâ«'a Ä©��́ ��� ÄZ�Ý~
N�ñ5Ñ

V� 1 â�
 ÄZ�Ý~
N�ñ5ÑUc 7�B�"�

1.1 ÄZ�Ý~
N�ñ5Ñ(Parallel computing)l�î5�?

(��ÉÓ'�\�"f#î
§>=>�íß�s�êøÍáÔ�ÐÕªÏþ�"î
§î
#Q\�¦#��QáÔ�Ð[j"f\�ì�ríß�r�&�1lx

r�\� Ãº'���<ÊÜ¼�Ð+� ���Ér r�çß� ?/\� "é¶
���H ²ú��̀¦ ½̈
���H ���\O��̀¦ {9�(����H��.

V� 2 â�
 PC <³��aâ«'a Ä©��́

9þt�QÛ¼'�(Cluster)êøÍ W1àÔ0>ß¼\�¦ :�xK� #��Q @/_� (��ÉÓ'�\�¦ ������
�#� 
���

_� éß�{9� (��ÉÓ'�%�!3� 1lx���
��̧2�¤ ]j���ô�Ç (��ÉÓ'�\�¦ ú́�ô�Ç��.

Cluster ½̈»¡¤ õ�&ñ
 ���¹כ 1

1. �'ao�(Master)(��ÉÓ'�\� o�³nqÛ¼\�¦ [O�u�ô�Ç Êê MPI(Message Passing In-

terface) ��s�ÚÔ�Qo�\�¦ [O�u�ô�Ç��.

2. >�íß�(Slave)(��ÉÓ'�\� o�³nqÛ¼\�¦ [O�u� Êê MPI ��s�ÚÔ�Qo�\�¦ [O�u�ô�Ç��.

3. ¢-a$í
�)a 9þt�QÛ¼'�\�¦ _�Û¼àÔô�Ç��.

*²DG?/ �$�%��r���Ð��H clunix�� e����. http://www.clunix.com

1�:r Õþ�\�"f��H • Master (��ÉÓ'� −→ �'ao� (��ÉÓ'� • Slave (��ÉÓ'� −→ >�íß� (��ÉÓ'����¦
�

��x��.

101
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♠ â«�D�b� )�áÃ(Switching Hub)

Û¼0Ag�A)�ÚÔ(ÕªaË> 4.3)��H ��H��o�:�x���}©�(LAN)�̀¦ ½̈$í
½+ÉM:éß�ú́�l�çß�|9�

��� �©�u��Ð Û¼0Ag�A l�0px�̀¦ ����� �©�u�\�¦ ��o������.

ÕªaË> 4.3: Route

♠ KVM â«�Dn�

9þt�QÛ¼'�\�¦ ��6 x½+ÉM:\���H �̧m�'�, ��ÄºÛ¼, Õªo��¦ v��Ð×¼\�¦ ��6 x
�

t� ·ú§�¦ W1àÔ0>ß¼\�¦ s�6 x
�#� áÔ�ÐÕªÏþ��̀¦ z�́'��
�>� �)a��. 
�t�ëß� %�6£§

\� 9þt�QÛ¼'�\�¦ ½̈»¡¤½+É M:\���H �̧m�'�\�¦ �Ð�¦ ��ÄºÛ¼ü< v��Ð×¼\�¦ ��6 x
�

#� î�r%ò
�̂]jü< ¹ô�Çכ��9 ��s�ÚÔ�Qo�\�¦ [O�u�ô�Ç��. ����"f 
���_� v��Ð×¼, �̧

m�'�, ��ÄºÛ¼\�¦ /BNÄ»
���� q�6 x]X�y��_� ò́õ��� e����. s� M: æ¼s���H �©�q�\�¦

KVM(Keyboard, Video, Mouse) Û¼0Au����¦ ô�Ç��.

ÕªaË> 4.4: Switch
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Fedora Download ~½ÓZO�

1. KAIST FTP Server\�"f Download

ÅÒ�è {9�§4�êøÍ\�

ftp://ftp.kaist.ac.kr/fedora/linux/releases/11/Fedora/i386/iso/\�¦{9�§4�


��¦ Fedora-11-i386-DVD.iso\�¦ ��î�r~ÃÎ��H��.

ÕªaË> 4.5: KAIST FTP Server

2. Fedora<�Ì�̀s�t�\� e����H Mirror Server\�¦ s�6 x

Fedora Mirror Server�Ð s�1lx
�#� FTP"f!Q\�¦ ���×þ�ô�Ç��.

releases Directroy�Ð s�1lx

11 Directroy�Ð s�1lx

Fedora Directroy�Ð s�1lx

i386 Directroy�Ð s�1lx

iso Directroy�Ð s�1lx

Fedora-11-i386-DVD.iso \�¦ ��î�r~ÃÎ��H��.
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ÕªaË> 4.8: 11 Directroy

ÕªaË> 4.9: Fedora Directroy
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ÕªaË> 4.12: Fedora iso Download

V� 3 â�
 ®̧�h� �É�ÐÚ'a(Master computer) Linux à�
n�

(Fedora 11 e�)K�)

¿º >h_� �½�
�×¼\�¦ ½̈q�ô�Ç (��ÉÓ'�\� [O�u�ô�Ç��.

♠ BIOS à�
Ça�

Fedora11 DVD\�¦ CDROM\� V,��¦ F�ÂÒh�A�̀¦ ô�Ç��. CDROM�Ð ÂÒh�AK�

�� 
�l� ë�H\� BIOS\�"f ÂÒh�Aí�H"f\�¦ CDROMs� 'Í	 í�H"f�Ð ÷&�̧2�¤ K� Z�~

��H��. BIOS�Ð [þt#Q����H ~½ÓZO��Ér ÂÒh�A 
���H �o���\�"f F2v�\�¦ ¾ºØÔ��� �)a��.

CDROMs� ���©� ÂÒh�A Äº���í�H0A�Ð ÷&��� F10v�\�¦ Ðüt�Q $��©�
��¦ BIOS�o���

\�"f ��çß���.

♠ Select Install Menu

[O�u���H Install or upgrade an existing system�̀¦ ���×þ�ô�Ç��.
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♠ Media Test

ÂÒh�A�̀¦
���� CDB��̂\�¦�����½+Ét�Óüt#Q�Ð��HX< Tabv�\�¦��6 x
�#� [Skip]�̀¦

���×þ�ô�Ç Êê Enter v�\�¦ ¾º�Ér��. s�Êê\� Next 9þtaË:ô�Ç��.

ÕªaË> 4.14: Media Test

♠ Language

o�³nqÛ¼�©�\�"fæ¼{9����#Q\�¦���×þ�ô�Ç��. English(English)\�¦���×þ�Êê Next

9þtaË:
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ÕªaË> 4.16: Keyboard

ÕªaË> 4.17: �'ao� (��ÉÓ'�
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ÕªaË> 4.19: Nearest City

ÕªaË> 4.20: Root Password
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ÕªaË> 4.22: Partition

ÕªaË> 4.23: Partition Add
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ÕªaË> 4.25: Partition WriteDisk

ÕªaË> 4.26: Boot System
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(a) (b)

ÕªaË> 4.28: (a) Install (b) Reboot

♠ Welcome Fedora

Reboot�̀¦ 
��¦ ����� ��6£§õ� °ú �Ér �o���s� ���̧��HX< Forward\�¦ 9þtaË:ô�Ç

��.

(a) (b)

ÕªaË> 4.29: (a) Welcome Fedora (b) License

♠ License

License&ñ
�Ð�� ���:r��. Forward\�¦ 9þtaË:ô�Ç��.

♠ Create User

>�&ñ
_� s�2£§�Ér #Q�"� s�2£§�̧ �©��'a\O�t�ëß� ìøÍ×¼r�

• >�íß� (��ÉÓ'�ü<�'ao� (��ÉÓ'�_�>�&ñ
s�2£§�Ér°ú ����ô�Ç��. �:r\V]j

\�"f��H korea����H >�&ñ
 s�2£§�̀¦��6 xô�Ç��. q�x9���� ñ�̧¼#�_��©� 111111Ü¼
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ÕªaË> 4.31: Date And Time

ÕªaË> 4.32: Hardware Profile
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ÕªaË> 4.34: Main

♠ gCÉÙ�× ¥o>Úr
ÛÖS O3æ«3Aæ« *�×n� à�
Ça�

(�:rÕþ�\�"f��H eth1s�ü@ÂÒ�Ð������÷&#Qe����. SX�����̀¦0AK�"f��H Network con-

figuration\�"f Hardware\�¦ �Ð��� ü@ÂÒ�½�
�×¼ Description�̀¦ �Ð��� ·ú�Ãºe����.

>�íß� (��ÉÓ'���� �â
Äº [O�u�
�t� ·ú§��H��.)

• Terminal�Ð [þt#Q�� system-config-network\�¦{9�§4�ô�Ç��.

• Õª ��6£§ ü@ÂÒ�Ð �������)a �©�u�(eth1)\�¦ �8�̂¦ 9þtaË:

• Controlled by NetworkManagerü< Activate device when computer starts\�¦

�̂ß¼
��¦

• Statically set IP address�½Ó3lq�̀¦ ���×þ�
�#� Address, Subnet mask, De-

fault gateway address, Primary DNS, Õªo��¦ secondary DNS\�¦ {9�§4�

ô�Ç��. ìøÍ×¼r� /BN��� IPs�#���ô�Ç��. OK\�¦ 9þtaË:
��¦ File > Save\�¦ 9þt

aË:ô�Ç��. Õªo��¦ Quit\�¦ 
��¦ ���:r��.
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�:r \V]j\�"f��H

Address : 163.152.197.67

Subnet mask : 255.255.255.0

Default gateway address : 163.152.62.1

Primary DNS : 163.152.1.1

Secondary DNS : 163.152.11.6

Ü¼�Ð ô�Ç��.
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♠ 6�ÉÙ�× ¥o>Úr
ÛÖS O3æ«3Aæ« *�×n� à�
Ça�

(�:r Õþ�\�"f��H eth0s� ?/ÂÒ�Ð ������÷&#Q e����.)

• Terminal�Ð [þt#Q�� system-config-network\�¦{9�§4�ô�Ç��.

• Õª ��6£§ ?/ÂÒ�Ð �������)a �©�u�(et0)\�¦ �8�̂¦9þtaË:

• Controlled by NetworkManagerü< Activate device when computer starts\�¦

�̂ß¼
��¦

• Statically set IP address�½Ó3lq�̀¦ ���×þ�
�#� Address, Subnet mask\�¦ {9�

§4�ô�Ç��. ?/ÂÒ�Ð �������)a (��ÉÓ'�ëß� :�x����̀¦ 
�l� M:ë�H\� #Q�"� IP\�¦ ÅÒ

�è\�¦ {9�§4�K��̧ �)a��. éß� ���Ér >�íß� (��ÉÓ'�ü< °ú �Ér IP��H Ô�¦��0px
���.

OK\�¦9þtaË:
��¦ File > Save\�¦9þtaË:ô�Ç��. Õªo��¦ Quit\�¦
��¦���:r��.

�:r \V]j\�"f��H

• �'ao� (��ÉÓ'���� �â
Äº(ÕªaË> 4.37)

Address : 192.168.111.111

Subnet mask : 192.168.0.100

• >�íß� (��ÉÓ'���� �â
Äº(ÕªaË> 4.38)

Address : 192.168.111.222

Subnet mask : 192.168.0.100

Ü¼�Ð ô�Ç��.

♠ Network ».É¿R� �\�£� 

·ú¡"f [O�&ñ
K�Z�~�Ér network 8̈��â
�̀¦ &h�6 x
�l� 0AK�

• Terminal�Ð [þt#Q�� service network restart\�¦ {9�§4�ô�Ç��.
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ÕªaË> 4.38: >�íß� (��ÉÓ'� ?/ÂÒ�Ð :�x��� ½+É Network �©�u� [O�&ñ
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ÕªaË> 4.40: Rpm Xinetd [O�u�

ÕªaË> 4.41: Rpm Rsh-Server [O�u�

♠ LAM-MPI à�
n� ��� à�
Ça�

tar -C /home/korea/Download -zxvf lam-7.1.5b2.tar.gz �̀¦ {9�§4�

ô�Ç��. -C �̀v����Ér ·ú�»¡¤�̀¦ Û�¦ �©��è\�¦ t�&ñ

���H �̀v���s���. korea��H >�&ñ
s�2£§

s�Ù¼�Ð ëß���H >�&ñ
\� ���� ²ú���|9�Ãº e����.

• ·ú�»¡¤�̀¦ ó�r /BM lam-7.1.5b2e�¦�8�Ð s�1lxô�Ç��.

�:r Õþ�\�"f��H cd /home/korea/Download/lam-7.1.5b2/\�¦ {9�§4�
����

�)a��.

♠ Configure

�&³F� OS_� 7áxÀÓ�� (����{9��Q 0Au�, 7áxÀÓ 1px�̀¦ �����
��¦, ��6 x���� (����

{9�s� ¢-a«Ñ�)a áÔ�ÐÕªÏþ�_� 0Au�\�¦ t�&ñ

�����, l��� 1px1px 8̈��â
�̀¦ ú́�2X"f ��

���s� "é¶
���H makefile�̀¦ ëß�[þt#Q?/��H õ�&ñ
s���.

• ·ú¡"f s�1lxô�Ç lam-7.1.5b2 e�¦�8\�"f

./configure --prefix=/usr/local/lam�̀¦{9�§4�
��¦�'p'�v�\�¦�2;��.
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--prefix�̀v����Ér[O�u�\�¦ ½+É /BM�̀¦ t�&ñ

���H �.���s	כ (��ÉÓ'�\� ���� ��

ØÔ��xt�ëß�, ��� 5ì�r&ñ
�̧ �è¹כ�)a��.

ÕªaË> 4.44: configure

♠ make

make "î
§î
#Q��H LAMMPI\�¦ Buildô�Ç��.

• Terminal\�"f make\�¦ {9�§4�ô�Ç��.

♠ make install

make "î
§î
#Q�Ðëß�[þt#Q��� binary��{9��̀¦t�&ñ
�)a Directory�Ð 0Au�r�v���H

õ�&ñ
s���.

• Terminal\�"f make install\�¦ {9�§4�Êê �'p'�v�\�¦ �2;��.

s�]j, /etc/bashrc��{9��̀¦ Ãº&ñ

�#� LAMMPI 8̈��â
[O�&ñ
�̀¦ ô�Ç��.

• Terminal\�"f vi /etc/bashrc\�¦{9�§4�Êê �'p'�v�\�¦ �2;��. Õª ��6£§

LAMHOME=/usr/local/lam

PATH=$PATH:/usr/local/lam/bin

export LAMHOME PATH
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�̀¦ ÕªaË> 4.47õ� °ú s� ��t�}�� ×�¦\� ÆÒ��ô�Ç��.

vi\�"f {9�§4��Ér v��Ð×¼ iv�\�¦ ¾ºØÔ�¦ r����
���� ÷&�¦, $��©�
��¦ ��°ú��9

��� ESCv� \�¦ ¾º�Ér ��6£§ Shiftv�ü< :v�\�¦ 1lxr�\� ¾º�Ér ��6£§ wq\�¦ æ¼�¦

�'p'�v�\�¦ �2;��. ��t�}��×�¦\�"f export ��6£§\� çß�����Ér Tabv�\�¦ ��6 xô�Ç

��.

ÕªaË> 4.47: LAMMPI 8̈��â
 [O�&ñ


bashrc��{9��̀¦ &h�6 x
�l� 0AK�

• Terminal\�"f source ~/.bahsrc\�¦{9�§4�ô�Ç��.

ÕªaË> 4.48: Ãº&ñ
ô�Ç bashrc ��{9� &h�6 x

♠ ntsysv à�
Ça�

• Terminal \�"f ntsysv�̀¦ {9�§4�ô�Ç��. Õª�Q��� ÂÒh�Ar� X<�7H�̀¦ ��1lxÜ¼�Ð

z�́'�� ½+É Ãº e����H �½Ó3lq[þts� ���:r��. nfs, rexec, rlogin, rpcbind,

rsh�� �̂ß¼÷&%3���Ht�SX����
��¦, �̂ß¼³ðr���\O������Û¼�̀s�Û¼��\�¦s�6 x
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���7£x�)a "é¶���  ñÛ¼àÔ�ÐÂÒ'� )�6 x�)a �íàÔ\�¦ s�6 x
���H ���7£x�)a ��6 x��_� �Ð

Õª����̀¦ )�6 x
���H "fq�Û¼s���. 7£¤, "é¶��� �ÐÕª��� "fq�Û¼s���.

rsh

"é¶���Q�Ù(remote shell)�Ð"f r-commands _� {9�7áxs���. 7£¤, ���7£x�)a "é¶���  ñ

Û¼àÔ�ÐÂÒ'� )�6 x�)a �íàÔ\�¦ s�6 x
���H ���7£x�)a ��6 x��_� "é¶���Q�Ù�̀¦ ��6 x½+É Ãº

e����H "fq�Û¼s���.

rpcbind

r�Û¼%7�s� ?/�©��)a RPC\�¦ ��6 x
�l� 0A
�#�, ï�rq��)a "fq�Û¼\�¦ ìøÍ×¼r� 1px2�¤

÷&#Q�� ô�Ç��. rpcX<�7H�Ér r�Û¼%7�\�"f RPC"fq�Û¼\�¦ �'ao�ô�Ç��.

s�]j, ntsysv�Ð ����â
�)a ?/6 x�̀¦ &h�6 x
���.

• Terminal\�"f service xinetd restart�̀¦{9�§4�ô�Ç��. ÕªaË> 4.53\�"f

�̂¦ Ãº e��1pws� Starting xinetd�½Ó3lqëß� OKs���� $í
/BN&h�Ü¼�Ð �)a �.���s	כ

ÕªaË> 4.50: Xinetd Restart
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• Exports [O�&ñ
 (�'ao� (��ÉÓ'�ëß� [O�&ñ
)

Terminal\�"f vi /etc/exports\�¦{9�§4�Êê �'p'�v�\�¦ �2;��.

/etc/exports��{9��̀¦ Ãº&ñ

���� ��{9�\� ��î�ràÔ\�¦ )���½+É n��7��Ðo�ü< ��

î�ràÔ\�¦ )���½+É  ñÛ¼àÔ 3lq2�¤�̀¦ [O�&ñ
½+É Ãº e����.

/home node1(rw,async,no_root_squash)

/home node2(rw,async,no_root_squash)

ÕªaË> 4.52: Exports

Terminal\�"f service nfs restart\�¦ {9�§4�ô�Ç��. Starting NFS�½Ó3lq

[þtëß� OK�Ð ���̧��� $í
/BNô�Ç �.���s	כ

ÕªaË> 4.53: NFS Restart

portmapper X<�7H SX����

RPC portmapper�Ér RPC áÔ�ÐÕªÏþ� ��� ñ\�¦ TCP/IP(<�Ê�Ér UDP/IP) áÔ

�Ð�Ðc+t �íàÔ ��� ñ�Ð ���8̈�
���H "f!Qs���. s���Ér	כ  Q�÷¶�©�_� RPC "f!Q[þt�̀¦
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]X���H½+É Host 1px2�¤

"f�Ð ]X���H½+É  ñÛ¼àÔ\�¦ /etc/hosts.equiv\� 1px2�¤ô�Ç��. Óüt�:r hosts�2£§Ü¼

�Ð ��6 x
��9��� /etc/hosts\� p�o� 1px2�¤K�Z�~���� ô�Ç��.

• Terminal\�"f vi /etc/hosts.equiv\�¦{9�§4�ô�Ç��.

�:r \V]j\�"f��H node(��ÉÓ'� 2@/ �>rF�
� 9, host\�¦ node1õ� node2�Ð &ñ


_�Ùþ¡Ü¼Ù¼�Ð, ÕªaË> 4.56õ� °ú s� node1, node2\�¦ {9�§4�ô�Ç Êê $��©�
���.

ÕªaË> 4.56: ]X���H½+É Hosts
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♠ ÉÙ�b�k� ���â mount à�
Ça�

• Terminal\�"f vi /etc/rc.local�̀¦ {9�§4�ô�Ç��. ��t�}�� ×�¦\� ��6£§�̀¦

{9�§4�
���.

sleep 7

mount -a

ÕªaË> 4.58: ÂÒh�Ar� ��1lx Mount [O�&ñ


♠ ÊÁ�â mount à�
Ça�

��1lx mount[O�&ñ
s�÷&t�·ú§�̀¦�â
Äº,Ãº1lxÜ¼�Ð mount[O�&ñ
�̀¦K���ô�Ç��.

• Terminal\�"f mount -t nfs node1:/home /home�̀¦ {9�§4�ô�Ç��.

ÕªaË> 4.59: Ãº1lx Mount [O�&ñ




]j 4 ]X� >�íß� (��ÉÓ'� [O�&ñ
 147

lamboot

LAM/MPI\�¦ s�6 x
�#� MPI Job�̀¦ z�́'�� r�v�l� 0AK�"f��H >�íß�\� �ÃÐ#�


���H �̧��H Node\� @/K� lamd(LAM demon)�� z�́'��÷&#Q�� 
� 9, lamboots�

����H "î
§î
s� s��Qô�Ç %i�½+É�̀¦ ô�Ç��. ¢̧ô�Ç ��6 x½+É Cluster Node\� @/ô�Ç &ñ
�Ð

�� e��#Q�� ô�Ç��.

• �'ao� (��ÉÓ'� Terminal\�"f root>�&ñ
Ü¼�Ð vi lamhosts\�¦ {9�§4�ô�Ç��.

��{9�s�2£§�Ér #Q*�ô�Ç s�2£§s�#Q�̧ �©��'a\O���.

node1

node2

\�¦ {9�§4�ô�Ç��.

ÕªaË> 4.62: Cluster Node &ñ
_�

Õª ��6£§ lamboot"î
§î
#Q�Ð lamd\�¦ z�́'��r������.

• Terminal\�"f{9�ìøÍ>�&ñ
Ü¼�Ð lamboot -v lamhosts(0A\�"fÒqt$í
ô�Ç��

{9�)\�¦ {9�§4�ô�Ç��.

ÕªaË> 4.63: Node(��ÉÓ'� &ñ
_�
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ÕªaË> 4.65: greetings.c Compile

ÕªaË> 4.66: greets z�́'��

s� e�������, rank�Ð 0, 1, · · · , p − 1�̀¦ °ú�>� |̈c �.���s	כ Õªo��¦ #�l�"f áÔ�Ð[j

Û¼ 0\�>� Bj[jt� ���²ú��Ér 0�̀¦ ]jü@ô�Ç ���Ér áÔ�Ð[jÛ¼[þts� r�'��ô�Ç��.

MPI_Sendü< MPI_Recv\�¦ s�6 xô�Ç çß�éß�ô�Ç áÔ�ÐÕªÏþ��̀¦ ¶ú�(R�Ð��.

#include <stdio.h>

main()

{

printf("Hello World!\n");

}

MPI Compiler��� mpicc�Ð Compileô�Ç��.

• Terminal\�"f {9�ìøÍ >�&ñ
Ü¼�Ð

mpicc -o greetp greetingp.c\�¦{9�§4�ô�Ç��.

‘

Parallel Program z�́'��

mpirun"î
§î
#Q�Ð compileK�"f Òqt|����{9��̀¦ z�́'��ô�Ç��.
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{

int id, p;

double wtime;

MPI_Init ( &argc, &argv );

MPI_Comm_rank ( MPI_COMM_WORLD, &id );

MPI_Comm_size ( MPI_COMM_WORLD, &p );

printf ("Solve the 1D time-dependent heat equation from

node %d.\n",id);

update(id, p );

MPI_Finalize ( );

return 0;

}

void update (int id, int p)

{

int i, it, it_max = 100, n = 5, tag;

double pi, time_delta, x_delta,

x_max = 1.0, x_min = 0.0, *h, *h_new;

FILE *x_file, *h_file;

MPI_Status status;

pi=4.0*atan(1.0);

time_delta = 0.001;

x_delta=(x_max-x_min)/(double)(p*n+1);

h=(double*)malloc((n+2)*sizeof(double));

h_new=(double*)malloc((n+2)*sizeof(double));

for (i=0; i<=n; i++) {
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printf("node %d %f\n",id,h[i+id]);}

free ( h );

free ( h_new );

return;

}

áÔ�ÐÕªÏþ�_� z�́'���Ér �&³F� heat1d.c ��{9�s� e����H 0Au�\�"f ·ú¡"f [O�"î
ô�Ç

í�H"f@/�Ð 1lx{9�
�>� 
�����)a��.

mpicc -o heat heat_mpi.c -lm

ÕªaË> 4.69: heat mpi.c Compile

0A_� "î
§î
#Q\� _�K� heats�����H z�́'����{9�s� ëß�[þt#Q�����. Õª z�́'����{9�

�̀¦ 2>h_� áÔ�Ð[jÛ¼\� _�K� z�́'��÷&�̧2�¤ "î
§î

���.

mpirun -np 2 heat

s� áÔ�ÐÕªÏþ�_� ���õ���H ÕªaË> 4.70õ� °ú s� �o���\� ����èß���.

ÕªaË> 4.70: heat z�́'��
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c+t�̀v���(call option), 27

�Ð��Û¼·ú��¦o�7£§(Thomas algorithm)

~½ÓZO�, 57

��Òqt�FKÖ6x�©�¾¡§, 27

Û�©�̀v���(put option), 27

�<Ê»¡¤&h� (Implicit) Ä»ô�Ç 	�ì�rZO�, 53

SX�Ò�¦p�ì�r~½Ó&ñ
d��(stochastic differen-

tial equation), 37

Êê~½Ó	�ì�r(backward difference), 50
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