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$ cp /home/t25001/1dheat.tar .
$ tar xvf 1dheat.tar
$ cd 1dheat

��,�7õ�$3<$1DH>��U

$ ls
data   parallel   single
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����k�V
r«%Eo�N

• V
r«%Eo�N

input.dat
50             N �ô#6â
1.d0 1.e0      dx, BF �ô#6LE=DyQ�
5000           ITERmax Ôz|}�â
1.e-7          EPS ���M

$ cd <$1DH>/single
$ f90 heat_cg.f –o cg
$ ./cg

$ cd <$1DH>/single
$ cc heat_cg.c –o cg
$ ./cg

• ����k��<¤
$ cd <$1DH>/single
$ ls heat_cg.f

$ cd <$1DH>/single
$ ls heat_cg.c
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• M*NÍFinite Difference Method
• �õ���*

– �*�â3âã!O��?@8N

• ���P��:^j½3mn@

�x �x
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[A]{x}={b}
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�â���E���Sparse Matrix�

• 0�÷�
• µ¶�B*�´3·¸?@_N

– Compressed Row Storage, CRS�¨¹�

• K���º»��¼<½��Ö×
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• :^jQRS_`a�M*N
• \]:^_`a�TN
• |}NOÌ��

–XYZ[N�CG�N
–~�¼OÌ��

• XYZ[N34"�5:^jQRSTU���
�kOÌ��
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����IJO�´@z{|±ì
_`a�TN

• ÷æ�����IJ�EÔ¾!Oz{|±ì_`aAx=b3T
æ��O¿À��@Íp±ìç%ó's
– important, expensive

• ��$&'#(
OûÁ�êë�8N��Â����@
– E���sparse�EK���dense�
– �ÃN�direct�E|}N�iterative�

• ��î�ï���E��E|}NOÌ��½��

• K���dense�
– ��'ó%�ÄÅÆ"�<ÍBEMEcHõ�%NEMOEMD�ÆÇ�

• E���sparse�
– �'�%�ÄÅÆ"ÍFEMEFDMEMD�È�E�É÷0þ¤x�BEM
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�K���
ñòFGÕÊ�E÷âFG��ÄÅÆ"�<

FG1CNEcHõ�%NEMDN
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�E���
�ÃFG�´��ÄÅÆ"
M*NEAB1CN
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�ÃN�Direct Method�
• Gauss�ËÌNEÍÎLU*T

– Ï��A-13�Ãb�@

• Ð�
– �fELM���$&'#(
Oq"àV

• Partial Pivoting

– E��EK���n�OÕq"àV
• Ñ�

– |}NP<Õ�¶$EIJÒ�3�1�?@
• K���­�EO�N3 ��IJ�

– z{|�IJÓ´����
• O�N2 ��·¸,�EO�N3 ��IJ�
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|}N�Iterative Method�
• fÔ�stationary�N

– |}IJ­ETÞõ�%�«�Õâ�Õ)Ön
– SOREGauss-SeidelEJacobi�T
– l��×�

• µfÔ�nonstationary�N
– ØÙEÔq)ÚÛ��7@
– Krylov\*Ü��subspace�}�ÝÞ3ÃX���4"?@5�E

Krylov\*Ü�N�Õ�8�@
– CG�Conjugate GradientÍXYZ[N�
– BiCGSTAB�Bi-Conjugate Gradient Stabilized�
– GMRES�Generalized Minimal Residual�
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|}N�Iterative Method��Ü
�
• Ð�

– �ÃN�º»��E�¶$4"�EIJ��ß���
– ��IJO�q���@�

• Ñ�
– àÙ2�E��$&'#(
EFGÚÛ�áâ3ö´�?��
– ~�¼�preconditioning��01�
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• :^jQRS_`a�M*N
• \]:^_`a�TN
• |}NOÌ��

–XYZ[N�CG�N
–~�¼OÌ��

• XYZ[N34"�5:^jQRSTU���
�kOÌ��
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u�!�|}NÍXYZ[N

• Conjugate GradientNEË��pCGsN
– ÔÕu�!�pµfÔs|}N

• Kãäfã���Symmetric Positive DefiniteÍSPD�
– å��Þõ�%{x}OK��{x}T[A]{x}>0
– ÎKæB*>0EÎÈAã>0EÎ\*��a>0�®ã
– �ª�'ç
N�QRSEè2EéÁ<Í�V'W�­�ÕSPD

• �%Ù$Úk
– Ôêë�N�Steepest Descent Method��Õì
– x(i)= x(i-1) + �ip(i)

• x(i)Í|}TEp(i)ÍíîÞõ�%E�iÍfâ�

– £KT3y�?@�
 {x-y}T[A]{x-y}3Ôï�?@P��{x}3b�
@�

– �:âðñ�?@�ð��|}�àÙ�o��ò��M�áâ�
– óô�õmQ
õö

• ÷n8ÍøäùpâãTU��2v�s�X]0v�
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XYZ[N��%Ù$Úk

Compute r(0)= b-[A]x(0)

for i= 1, 2, …
z(i-1)= r(i-1)

�i-1= r(i-1) z(i-1)
if i=1
p(1)= z(0)

else
�i-1= �i-1/�i-2
p(i)= z(i-1) + �i-1 p(i)

endif
q(i)= [A]p(i)

�i = �i-1/p(i)q(i)
x(i)= x(i-1) + �ip(i)

r(i)= r(i-1) - �iq(i)

check convergence |r|
end

• ��Þõ�%D
• Þõ�%+D
• Þõ�%fâú��û

x(i) ÍÞõ�%
�i Íc��'
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XYZ[N��%Ù$Úk

• ��Þõ�%D
• Þõ�%+D
• Þõ�%fâú��û

x(i) ÍÞõ�%
�i Íc��'

Compute r(0)= b-[A]x(0)

for i= 1, 2, …
z(i-1)= r(i-1)

�i-1= r(i-1) z(i-1)
if i=1
p(1)= z(0)

else
�i-1= �i-1/�i-2
p(i)= z(i-1) + �i-1 p(i)

endif
q(i)= [A]p(i)

�i = �i-1/p(i)q(i)
x(i)= x(i-1) + �ip(i)

r(i)= r(i-1) - �iq(i)

check convergence |r|
end
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XYZ[N��%Ù$Úk

• ��Þõ�%D
• Þõ�%+D
• Þõ�%fâú��û

x(i) ÍÞõ�%
�i Íc��'

Compute r(0)= b-[A]x(0)

for i= 1, 2, …
z(i-1)= r(i-1)

�i-1= r(i-1) z(i-1)
if i=1
p(1)= z(0)

else
�i-1= �i-1/�i-2
p(i)= z(i-1) + �i-1 p(i)

endif
q(i)= [A]p(i)

�i = �i-1/p(i)q(i)
x(i)= x(i-1) + �ip(i)

r(i)= r(i-1) - �iq(i)

check convergence |r|
end
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XYZ[N��%Ù$Úk

• ��Þõ�%D
• Þõ�%+D
• Þõ�%fâú��û

x(i) ÍÞõ�%
�i Íc��'

Compute r(0)= b-[A]x(0)

for i= 1, 2, …
z(i-1)= r(i-1)

�i-1= r(i-1) z(i-1)
if i=1
p(1)= z(0)

else
�i-1= �i-1/�i-2
p(i)= z(i-1) + �i-1 p(i)

endif
q(i)= [A]p(i)

�i = �i-1/p(i)q(i)
x(i)= x(i-1) + �ip(i)

r(i)= r(i-1) - �iq(i)
check convergence |r|

end
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~�¼�preconditioning���?

• |}N�àÙ��â���ÈAã*üOý�
– ÈAã*ü�ß�æE¤Ì1O��STàÙ�þ���°���
– ÚÛâ�condition number��Kãäf�rÔzÔïÈAã�º

• ÚÛâ�1O��STàÙ��?�

• Õ���â��[A]Oéæ�5~�¼��[M]3q"?@��
OP��ÈAã*ü3è�?@�
– ~�¼��[M]OP��j�_`a[A]{x}={b}3
[A’]{x’}={b’}}�Õ�?@����[A’]=[M]-1[A]E
{b’}=[M]-1{b} ��@�

– [A’]=[M]-1[A]��°��O�´�8é�E�����O�@�

• p~�¼s�K��EE���ÕO4"?@�E�;�E��
3KLO?@���÷��
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~�¼�
XYZ[N��%Ù$Úk

x

Compute r(0)= b-[A]x(0)

for i= 1, 2, …
solve [M]z(i-1)= r(i-1)

�i-1= r(i-1) z(i-1)
if i=1
p(1)= z(0)

else
�i-1= �i-1/�i-2
p(i)= z(i-1) + �i-1 p(i)

endif
q(i)= [A]p(i)

�i = �i-1/p(i)q(i)
x(i)= x(i-1) + �ip(i)

r(i)= r(i-1) - �iq(i)

check convergence |r|
end

Jul2009
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ILU(0), IC(0)
• ÔÕPæ4"����@~�¼�E��"�

– �ÍÎLU*T
• Incomplete LU Factorization

– �ÍÎV7cç'*T
• Incomplete Cholesky Factorization�Kã���

• �ÍÎ��ÃN
– Õ�����E�ÕEÏ���E��B¥���
– fill-in
– Õ�����®Áµ¶�r-'
�fill-in)��3����@��

ILU�0�EIC�0�
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z{|±ìç%ó'��Ó

• |}N�P<Mæ4"��@P�O�<ÌÌ�@
– 100V�3�n@P��z{|��#cÈk���ÃN���2V�
0��ÍÏO¡�P<ï�´�8�ÃN�ÕOK�����O�@�

– K��Õ|}N�TæP���´������@�
• K��347���l�Ö¥�@P���%Ù$Úk�xy

– �É÷0þ¤x�Fast Multipole�
– ñ_¤¥�hi3õ�c-$
�E�@��)á
– K��

• �¶$'c&'�ä%����

• ~�¼�
|}N�preconditioned iterative solvers�
– �f�5~�¼��12
– �f�5~�¼�l��p��)s�Ö×
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• :^jQRS_`a�M*N
• \]:^_`a�TN
• |}NOÌ��

–XYZ[N�CG�N
–~�¼OÌ��

• XYZ[N34"�5:^jQRSTU���
�kOÌ��
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:^jQRS_`a�1/3�
y[_`aÍQRS�r1�:ê�

xxBFxBF
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dx
dxBF

dx
d
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2
1

@0,0@0,0
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:ê=DyQ BF

�=0 �Q

���P���+)�1C­Û���Õâ3fî�3���@������1
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�@�����E
�¤��£�IJ
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Jul2009 48

:^jQRS_`a�2/3�
TUT

xxBFxBF max
2

2
1

����

T=0
X=0

�Q����
�@�����E
�¤��£�IJ
�����X=Xmax��

12255.98505.1200495.4949
2
1 2 ���������

�x=1.d0E�ô#6â=50E�?@�EXmax=49.5E
����XO$�49.0��@�BF=1.0d0�?@�����£�Í
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:^jQRS_`a�3/3�
\]:^_`a

• �1CO�´@±ì_`a����P��ìO�@
– ��3XYZ[N�Conjugate GradientN��Tæ
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�â���
�ìa

�1CO�´@±ì_`a

� � ),,1(),())(()()()(
)(

1)1(
NiiRHSkITEMPHIkAMATiPHIiDIAG

iINDEX

iINDEXk
������ �

���
KæB* µKæB*

P<:�!�ì�
�?@����
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N=8�­�Í\]:^_`a
ß*�¡�²³�´Oµ¶�B*ÍE��

AD(1) AR(1)

1 2 3 4 5 6 7 8
1
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AL(2) AD(2) AR(2)

AL(3) AD(3) AR(3)

AL(4) AD(4) AR(4)

AL(5) AD(5) AR(5)

AL(6) AD(6) AR(6)

AL(7) AD(7) AR(7)

AL(8) AD(8)

)1()2()1()1()1( BFAA RD ���� ������
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�� �

BF(1)

BF(2)

BF(3)
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BF(7)

BF(8)

� =

)2()3()2()2()2()1()2( BFAAA RDL ������ ���

)3()4()3()3()3()2()3( BFAAA RDL ������ ���

)4()5()4()4()4()3()4( BFAAA RDL ������ ���

)5()6()5()5()5()4()5( BFAAA RDL ������ ���

)6()7()6()6()6()5()6( BFAAA RDL ������ ���

)7()8()7()7()7()6()7( BFAAA RDL ������ ���

)8()8()8()7()8( BFAA DL ���� ��

� � ),,1(),())(()()()(
)(

1)1(
NiiRHSkITEMPHIkAMATiPHIiDIAG

iINDEX

iINDEXk
������ �

���
KæB* µKæB*
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�â���
�ìa�1/8�
µ¶�B*�´3
�EE��Ó´_N

Compressed Row Storage �CRS�

DIAG(i) KæB*�oâEi=1,N�
INDEX(i) µKæB*âO9?@:^j[�

��âEi=0,N�
ITEM(k) µKæB*�1C�����

��âEk=1, INDEX(N)�
AMAT(k) µKæB*

�oâEk=1, INDEX(N)�

AD(1) AR(1)
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AL(2) AD(2) AR(2)

AL(3) AD(3) AR(3)

AL(4) AD(4) AR(4)

AL(5) AD(5) AR(5)

AL(6) AD(6) AR(6)

AL(7) AD(7) AR(7)

AL(8) AD(8)
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K���E��

• �:âÍNñ�?@�
–K��ÍN2ñ�B*3·¸?@�1�<

–E��Íµ¶��\*<´·¸?�8E:
^j !�­�3Nñ�B*�lZ

• N=106��5�
��1·¸,�

–K��
• 8�106�106=8�1012= 8TB

–E���¨��INDEXEITEMÕÊZ�
• 8�3�106+4�3�106= 36�106= 36MB
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��Þõ�%D}�q"
µ¶�B*�´3
�EE��Ó´_N

DIAG(i) KæB*�oâEi=1,N�
INDEX(i) µKæB*âO9?@:^j[�

��âEi=0,N�
ITEM(k) µKæB*�1C�����

��âEk=1, INDEX(N)�
AMAT(k) µKæB*

�oâEk=1, INDEX(N)�

PQRSTUVWPXR

YZTcST\]T^
Q_c`STh_c`eX_c`
YZTiSTj^hkX_cl\`d\]Tj^hkX_c`
Q_c`STQ_c`TdTVmVn_i`eX_jnkm_i``

fgYYZ
fgYYZ
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1
1

�â���
�ìa�2/8�
KæB*ÍDIAG

DIAG(i) KæB*�oâEi=1,N�

DIAG(1)= AD(1)
DIAG(2)= AD(2)
DIAG(3)= AD(3)
…
DIAG(8)= AD(8)

AR(1)

2 3 4 5 6 7 8
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AL(2) AR(2)

AL(3) AR(3)

AL(4) AR(4)

AL(5) AR(5)

AL(6) AR(6)

AL(7) AR(7)

AL(8) AD(8)
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AD(3)

AD(4)

AD(1)
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INDEX, AMAT�9�
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AL(6) AD(6) AR(6)

AL(7) AD(7) AR(7)

AL(8) AD(8)

INDEX(2)=3, INDEX(3)=5
ITEM(4)=2, AMAT(4)= AL(3)
ITEM(5)=4, AMAT(5)= AR(3)

AL(3) AR(3) 4 5
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INDEX, AMAT�9�
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�ìa�4/8�
µKæB*: i=1

INDEX(i) µKæB*âO9?@:^j[�
��âEi=0,N�

ITEM(k) µKæB*�1C�����
��âEk=1, INDEX(N)�

AMAT(k) µKæB*
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µKæB*Íi=2

INDEX(i) µKæB*âO9?@:^j[�
��âEi=0,N�

ITEM(k) µKæB*�1C�����
��âEk=1, INDEX(N)�

AMAT(k) µKæB*
�oâEk=1, INDEX(N)�

INDEX(1)=1
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ITEM(2)=1, AMAT(2)= AL(2)
ITEM(3)=3, AMAT(3)= AR(2)
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µKæB*Íi=3

INDEX(i) µKæB*âO9?@:^j[�
��âEi=0,N�

ITEM(k) µKæB*�1C�����
��âEk=1, INDEX(N)�

AMAT(k) µKæB*
�oâEk=1, INDEX(N)�

INDEX(2)=3
INDEX(3)=5

ITEM(4)=2, AMAT(4)= AL(3)
ITEM(5)=4, AMAT(5)= AR(3)
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µKæB*Íi=7

INDEX(i) µKæB*âO9?@:^j[�
��âEi=0,N�

ITEM(k) µKæB*�1C�����
��âEk=1, INDEX(N)�

AMAT(k) µKæB*
�oâEk=1, INDEX(N)�

INDEX(6)=11
INDEX(7)=13

ITEM(12)=6, AMAT(12)= AL(7)
ITEM(13)=8, AMAT(13)= AR(7)
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µKæB*Íi=8

INDEX(i) µKæB*âO9?@:^j[�
��âEi=0,N�

ITEM(k) µKæB*�1C�����
��âEk=1, INDEX(N)�

AMAT(k) µKæB*
�oâEk=1, INDEX(N)�

INDEX(7)=13
INDEX(8)=14

ITEM(14)=7, AMAT(14)= AL(8)
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CGNOP@:^jQRS_`a
IJ����k

• ~�¼�
XYZ[N
– Preconditioned Conjugate 

Gradient Method
– Kãäf��"

• Kæc&'$
��Diagonal
Scaling�
– [A]�KæB*�´¤¥�@��3
~�¼��[M]�?@�

– ���� !O�¤q"�
����
– ��V��Point Jacobi�~�¼�Õ
�8�@�

Compute r(0)= b-[A]x(0)

for i= 1, 2, …
solve [M]z(i-1)= r(i-1)

�i-1= r(i-1) z(i-1)
if i=1
p(1)= z(0)

else
�i-1= �i-1/�i-2
p(i)= z(i-1) + �i-1 p(i)

endif
q(i)= [A]p(i)

�i = �i-1/p(i)q(i)
x(i)= x(i-1) + �ip(i)

r(i)= r(i-1) - �iq(i)

check convergence |r|
end
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Kæc&'$
�E��V�~�¼

• ~�¼�����EÕ�����KæB*�´3¼<0�5
��3~�¼�� [M] �?@�
– Kæc&'$
�E��V��point-Jacobi�~�¼

� �
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• solve [M]z(i-1)= r(i-1)���­�OÏ��3��Ob
�@����
@�
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CGNOP@:^jQRS_`a
����kl1�1/7�

!C
!C   1D Poisson Equation Solver by
!C   CG (Conjugate Gradient) Method
!C
!C   d/dx(dPHI/dx) + BF = 0
!C   PHI=0@x=0
!C

program CG_poi
implicit REAL*8 (A-H,O-Z)

integer :: N, ITERmax
integer :: R, Z, P, Q, DD

real(kind=8) :: dx, OMEGA, RESID, dPHI, dPHImax, BF, EPS
real(kind=8), dimension(:), allocatable :: PHI, RHS
real(kind=8), dimension(:  ), allocatable :: DIAG, AMAT
real(kind=8), dimension(:,:), allocatable :: W

integer, dimension(:  ), allocatable :: INDEX, ITEM

!C
!C-- INIT.

open  (11, file='input.dat', status='unknown')
read (11,*) N
read (11,*) dX, BF
read (11,*) ITERmax
read (11,*) EPS
close (11)
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CGNOP@:^jQRS_`a
����kl1�2/7�

allocate (PHI(N), DIAG(N), AMAT(2*N-2), RHS(N))
allocate (INDEX(0:N), ITEM(2*N-2), W(N,4))
PHI= 0.d0
AMAT=  1.d0/dX
DIAG= -2.d0/dX
RHS=  -BF * dX
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allocate (PHI(N), DIAG(N), AMAT(2*N-2), RHS(N))
allocate (INDEX(0:N), ITEM(2*N-2), W(N,4))
PHI= 0.d0
AMAT=  1.d0/dX
DIAG= -2.d0/dX
RHS=  -BF * dX
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allocate (PHI(N), DIAG(N), AMAT(2*N-2), RHS(N))
allocate (INDEX(0:N), ITEM(2*N-2), W(N,4))
PHI= 0.d0
AMAT=  1.d0/dX
DIAG= -2.d0/dX
RHS=  -BF * dX
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INDEX= 2
!C
!C-- CONNECTIVITY

INDEX(0)= 0
INDEX(1)= 1
INDEX(N)= 1

do i= 1, N
INDEX(i)= INDEX(i) + INDEX(i-1)

enddo

do i= 1, N
jS= INDEX(i-1)
if (i.eq.1) then
ITEM(jS+1)= i+1
AMAT(jS+1)= 0.d0
DIAG(i )= 1.d0
RHS(i )= 0.d0

else if             &
&     (i.eq.N) then

ITEM(jS+1)= i-1
DIAG(i )= -1.d0/dX
else
ITEM(jS+1)= i-1
ITEM(jS+2)= i+1
if (i-1.eq.1) then

AMAT(jS+1)= 0.d0
endif

endif
enddo
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INDEX= 2
!C
!C-- CONNECTIVITY

INDEX(0)= 0
INDEX(1)= 1
INDEX(N)= 1

do i= 1, N
INDEX(i)= INDEX(i) + INDEX(i-1)

enddo

do i= 1, N
jS= INDEX(i-1)
if (i.eq.1) then
ITEM(jS+1)= i+1
AMAT(jS+1)= 0.d0
DIAG(i )= 1.d0
RHS(i )= 0.d0

else if             &
&     (i.eq.N) then

ITEM(jS+1)= i-1
DIAG(i )= -1.d0/dX
else
ITEM(jS+1)= i-1
ITEM(jS+2)= i+1
if (i-1.eq.1) then

AMAT(jS+1)= 0.d0
endif

endif
enddo

INDEX(0)=0
INDEX(1)=1

ITEM(1)=2, AMAT(1)= AR1
INDEX(2)=3

ITEM(2)=1, AMAT(2)= AL2
ITEM(3)=3, AMAT(3)= AR3

INDEX(3)=5
ITEM(4)=2, AMAT(4)= AL3
ITEM(5)=4, AMAT(5)= AR3

…
INDEX(N-1)= 2*N-3

ITEM(2*N-4)= N-2, AMAT(2*N-4)= AL(N-1)
ITEM(2*N-3)= N  , AMAT(2*N-3)= AR(N-1)

INDEX(N)  = 2*N-2
ITEM(2*N-2)= N-1, AMAT(N*N-2)= AL(N)
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INDEX= 2
!C
!C-- CONNECTIVITY

INDEX(0)= 0
INDEX(1)= 1
INDEX(N)= 1

do i= 1, N
INDEX(i)= INDEX(i) + INDEX(i-1)

enddo

do i= 1, N
jS= INDEX(i-1)
if (i.eq.1) then
ITEM(jS+1)= i+1
AMAT(jS+1)= 0.d0
DIAG(i )= 1.d0
RHS(i )= 0.d0

else if             &
&     (i.eq.N) then

ITEM(jS+1)= i-1
DIAG(i )= -1.d0/dX
else
ITEM(jS+1)= i-1
ITEM(jS+2)= i+1
if (i-1.eq.1) then

AMAT(jS+1)= 0.d0
endif

endif
enddo
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INDEX= 2
!C
!C-- CONNECTIVITY

INDEX(0)= 0
INDEX(1)= 1
INDEX(N)= 1

do i= 1, N
INDEX(i)= INDEX(i) + INDEX(i-1)

enddo

do i= 1, N
jS= INDEX(i-1)
if (i.eq.1) then
ITEM(jS+1)= i+1
AMAT(jS+1)= 0.d0
DIAG(i )= 1.d0
RHS(i )= 0.d0

else if             &
&     (i.eq.N) then

ITEM(jS+1)= i-1
DIAG(i )= -1.d0/dX
else
ITEM(jS+1)= i-1
ITEM(jS+2)= i+1
if (i-1.eq.1) then

AMAT(jS+1)= 0.d0
endif

endif
enddo

FGÚÛ�i=1�Í¨¹
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FGÚÛ��¼Íi=N
i = N
jS= INDEX(i-1)

ITEM(jS+1)= i-1
AMAT(jS+1)= +1.d0/dx ,��%�ã
DIAG(i )= -1.d0/dX
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FGÚÛ��¼Íi=1 �1/4�
ITEM(jS+1)= i+1
AMAT(jS+1)= 0.d0
DIAG(i )= 1.d0
RHS (i   )= 0.d0
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ITEM(jS+1)= i+1
AMAT(jS+1)= 0.d0
DIAG(i )= 1.d0
RHS (i   )= 0.d0

� � � � � � 0010

00@0

012

1

���.

�.��

���

�� x

DIAG RHS

1 0

-2a a

a -2a a

a -2a a

a -2a a

a -2a a

a -2a a

a -a

1 2 3 4 5 6 7 8
1

2

3

4

5

6

7

8
• �����â���Kã��
¥��5�XYZ[N�4n
���

x
a

�
�
1

a



Jul2009 77

FGÚÛ��¼Íi=1�3/4�

� � � � � � 2123 2 RHSaaa ���� ��� 1 0

a -2a a

a -2a a

a -2a a

a -2a a

a -2a a

a -2a a

a -a

1 2 3 4 5 6 7 8
1

2

3

4

5

6

7

8

• i=2O�´@_`a

x
a

�
�
1

• �������:�ã 1�

Jul2009 78

FGÚÛ��¼Íi=1�4/4�

� � � � � � 2123 2 RHSaaa ���� ��� 1 0

-2a a

a -2a a

a -2a a

a -2a a

a -2a a

a -2a a

a -a

1 2 3 4 5 6 7 8
1

2

3

4

5

6

7

8

• i=2O�´@_`a

x
a

�
�
1

� � � � � � � � 12123 02 ���� aRHSaa �����

• �������:�ã 1�

• ��&'c�­��E ��
@5�E���RHS���ä�
�1��@�

01 ��

0

Jul2009 79

ÈfFGÚÛ��¼ÍËÌ
i=kk���PHIx�ãOÈf����@­�

do i= 1, N
if (i.eq.kk) then
DIAG(i)= 1.d0
RHS (i)= PHIx
do j= INDEX(i-1)+1, INDEX(i)

AMAT(j)= 0.d0
enddo

endif
endif

do i= 1, N
if (i.ne.kk) then
do j= INDEX(i-1)+1, INDEX(i)

jj= ITEM(j)
if (jj.eq.kk) then
RHS (i)= RHS(i) - AMAT(j)*PHIx
AMAT(j)= 0.d0

endif
enddo

enddo
enddo

¶�õ$�
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ÈfFGÚÛ��¼ÍËÌ
i=kk���PHIx�ãOÈf����@­�

*�� !��PHIX(jj)OÄ 
?@Õ��0<�5�������
�¼��1���5�

¶�õ$�
do i= 1, N
if (i.eq.kk) then
DIAG(i)= 1.d0
RHS (i)= PHIx
do j= INDEX(i-1)+1, INDEX(i)

AMAT(j)= 0.d0
enddo

endif
endif

do i= 1, N
if (i.ne.kk) then
do j= INDEX(i-1)+1, INDEX(i)

jj= ITEM(j)
if (jj.eq.kk) then
RHS (i)= RHS(i) - AMAT(j)*PHIx
AMAT(j)= 0.d0

endif
enddo

enddo
enddo
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!C
!C +---------------+
!C | CG iterations |
!C +---------------+
!C===

R = 1
Z = 2
Q = 2
P = 3
DD= 4

do i= 1, N
W(i,DD)= 1.0D0 / DIAG(i)

enddo
!C
!C-- {r0}= {b} - [A]{xini} |

do i= 1, N
W(i,R) = DIAG(i)*PHI(i)
do j= INDEX(i-1)+1, INDEX(i)
W(i,R) = W(i,R) + AMAT(j)*PHI(ITEM(j))

enddo
enddo

BNRM2= 0.0D0
do i= 1, N
BNRM2 = BNRM2 + RHS(i)  **2
W(i,R)= RHS(i) - W(i,R)

enddo
!C********************************************************************

KæB*�Ïâ�~�¼"�
¡��£EåJ3?@�h��
!�5�Ee�[�O
�
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!C
!C +---------------+
!C | CG iterations |
!C +---------------+
!C===

R = 1
Z = 2
Q = 2
P = 3
DD= 4

do i= 1, N
W(i,DD)= 1.0D0 / DIAG(i)

enddo

Compute r(0)= b-[A]x(0)

for i= 1, 2, …
solve [M]z(i-1)= r(i-1)

�i-1= r(i-1) z(i-1)
if i=1
p(1)= z(0)

else
�i-1= �i-1/�i-2
p(i)= z(i-1) + �i-1 p(i)

endif
q(i)= [A]p(i)

�i = �i-1/p(i)q(i)
x(i)= x(i-1) + �ip(i)

r(i)= r(i-1) - �iq(i)

check convergence |r|
end

v_c]\`STv_c]w`Tx PyR
v_c]o`STv_c]z`Tx P{R
v_c]o`STv_c]|`Tx P}R
v_c]p`STv_c]~`Tx P�R

v_c]q`STv_c]hh`Tx \�hjV�
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!C
!C +---------------+
!C | CG iterations |
!C +---------------+
!C===

R = 1
Z = 2
Q = 2
P = 3
DD= 4

do i= 1, N
W(i,DD)= 1.0D0 / DIAG(i)

enddo
!C
!C-- {r0}= {b} - [A]{xini} |

do i= 1, N
W(i,R) = DIAG(i)*PHI(i)
do j= INDEX(i-1)+1, INDEX(i)
W(i,R) = W(i,R) + AMAT(j)*PHI(ITEM(j))

enddo
enddo

BNRM2= 0.0D0
do i= 1, N
BNRM2 = BNRM2 + RHS(i)  **2
W(i,R)= RHS(i) - W(i,R)

enddo

Compute r(0)= b-[A]x(0)

for i= 1, 2, …
solve [M]z(i-1)= r(i-1)

�i-1= r(i-1) z(i-1)
if i=1
p(1)= z(0)

else
�i-1= �i-1/�i-2
p(i)= z(i-1) + �i-1 p(i)

endif
q(i)= [A]p(i)

�i = �i-1/p(i)q(i)
x(i)= x(i-1) + �ip(i)

r(i)= r(i-1) - �iq(i)

check convergence |r|
end

BNRM2: àÙ"f"
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do iter= 1, ITERmax
!C
!C-- {z}= [Minv]{r}

do i= 1, N
W(i,Z)= W(i,DD) * W(i,R)

enddo

!C
!C-- RHO= {r}{z}

RHO= 0.d0
do i= 1, N
RHO= RHO + W(i,R)*W(i,Z)

enddo

!C
!C-- {p} = {z} if      ITER=1
!C   BETA= RHO / RHO1  otherwise

if ( iter.eq.1 ) then
do i= 1, N
W(i,P)= W(i,Z)

enddo
else

BETA= RHO / RHO1
do i= 1, N
W(i,P)= W(i,Z) + BETA*W(i,P)

enddo
endif

Compute r(0)= b-[A]x(0)

for i= 1, 2, …
solve [M]z(i-1)= r(i-1)

�i-1= r(i-1) z(i-1)
if i=1
p(1)= z(0)
else
�i-1= �i-1/�i-2
p(i)= z(i-1) + �i-1 p(i)

endif
q(i)= [A]p(i)

�i = �i-1/p(i)q(i)
x(i)= x(i-1) + �ip(i)

r(i)= r(i-1) - �iq(i)

check convergence |r|
end
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!C
!C-- {q}= [A]{p}

do i= 1, N
W(i,Q) = DIAG(i)*W(i,P)
do j= INDEX(i-1)+1, INDEX(i)
W(i,Q) = W(i,Q) + AMAT(j)*W(ITEM(j),P)

enddo
enddo

!C
!C-- ALPHA= RHO / {p}{q}

C1= 0.d0
do i= 1, N
C1= C1 + W(i,P)*W(i,Q)

enddo
ALPHA= RHO / C1

!C
!C-- {x}= {x} + ALPHA*{p}
!C   {r}= {r} - ALPHA*{q}

do i= 1, N
PHI(i)  = PHI(i) + ALPHA * W(i,P)
W  (i,R)= W(i,R) - ALPHA * W(i,Q)

enddo

Compute r(0)= b-[A]x(0)

for i= 1, 2, …
solve [M]z(i-1)= r(i-1)

�i-1= r(i-1) z(i-1)
if i=1
p(1)= z(0)

else
�i-1= �i-1/�i-2
p(i)= z(i-1) + �i-1 p(i)

endif
q(i)= [A]p(i)

�i = �i-1/p(i)q(i)
x(i)= x(i-1) + �ip(i)
r(i)= r(i-1) - �iq(i)
check convergence |r|

end
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DNRM2 = 0.0
do i= 1, N
DNRM2= DNRM2 + W(i,R)**2

enddo

RESID= dsqrt(DNRM2/BNRM2)

write (*, 1000) iter, RESID
1000   format (i5, 1pe16.6)

if ( RESID.le.EPS) goto 900
RHO1 = RHO

enddo
!C********************************************************************

IER = 1

900 continue
!C===

!C
!C-- OUTPUT

do i= 1, N
write (*,'(i8, 1pe16.6)') i, PHI(i)

enddo

end program CG_poi

Compute r(0)= b-[A]x(0)

for i= 1, 2, …
solve [M]z(i-1)= r(i-1)

�i-1= r(i-1) z(i-1)
if i=1
p(1)= z(0)

else
�i-1= �i-1/�i-2
p(i)= z(i-1) + �i-1 p(i)

endif
q(i)= [A]p(i)

�i = �i-1/p(i)q(i)
x(i)= x(i-1) + �ip(i)

r(i)= r(i-1) - �iq(i)

check convergence |r|
end
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DNRM2 = 0.0
do i= 1, N
DNRM2= DNRM2 + W(i,R)**2

enddo

RESID= dsqrt(DNRM2/BNRM2)

write (*, 1000) iter, RESID
1000   format (i5, 1pe16.6)

if ( RESID.le.EPS) goto 900
RHO1 = RHO

enddo
!C********************************************************************

IER = 1

900 continue
!C===

!C
!C-- OUTPUT

do i= 1, N
write (*,'(i8, 1pe16.6)') i, PHI(i)

enddo

end program CG_poi

Compute r(0)= b-[A]x(0)

for i= 1, 2, …
solve [M]z(i-1)= r(i-1)

�i-1= r(i-1) z(i-1)
if i=1
p(1)= z(0)

else
�i-1= �i-1/�i-2
p(i)= z(i-1) + �i-1 p(i)

endif
q(i)= [A]p(i)

�i = �i-1/p(i)q(i)
x(i)= x(i-1) + �ip(i)

r(i)= r(i-1) - �iq(i)

check convergence |r|
end

BNRM2: )^j)O4"

r= b-[A]x
DNRM2=|r|2
BNRM2=|b|2

RESID= |r|/|b|
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