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• 57698;:=<�>@?9ACB;D
• 57698FEG5H6JILKNMPO=:Q<RACSUT
• VQW;XLAZY9<Q[
• \9];^9_9`;a T bC^UcedH576;8FEf5H6UIgKNMPO=h9i

jQk 57698LlZm Ax = λx(A : n;^9o (aij = aji) prq;s=trO
uZv�Mw`9a ) AH576J8�>x576yILK
MzOR{x|g}ydL>
cedC~��xT
�@s��QX=�J:Q<U�r�J:9:Q<U�r�9�;h9�e����b�Dy����TgdC~
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• ^9� or �9^9�
• �9`9a or �;`;a
• 576UILK
MzO;�H�9 �¡ ?( �9 e��¢;£Rs�¤QWe�H�Q �¡ ? ?7T
>r�¦¥=W��H�9 y¡ ?)

§�¨ sZ^9�y¡9©H�;`QaLAQª�{¦«��
1.1 ¬®­�¯ °±¬R­³²µ´·¶�¸�¹»º½¼®¾�¿

1. n;^9�9`9a A {x\9]J^Q_9À�ced ( Á»ÂZÃ9ÄrORÅrvZi ) [Q∗AQ = T ]

2. \9];^9_9À9`9aLA=5�698FEÆ576JIRK
MwO®{@:=< (QR iU� DC iJ�CÇJX9iÈEÊÉ;Ë9Ì9iJ� Dhillon A;Í�ORÎÏÑÐ9Ò
) �xTJÓr� T Ar5�6;8 λi >¦576yILKÔMzO yi {�|g}yd [Tyi = λiyi]

3. \9];^9_9À;`QaLAZÉ;Õ=Ö»{x`�� [xi = Qyi]

4. A Ar5�6yILK
MPO xi {x|e}yd
nJ^9�9`9a A bQs n2 × AZ JØy�J�UdQAHÓr�=\Q];^;_9ÀQ`;aLbL���;576;89:=<®AC:r<;[�{@Ù��=�¦���9��¡»�
576yILK
MPOR{�Ú�Û�cedC~
1.2 ÜÞÝ
ßà¼®áNºÞâ

• N ã N A�nJ^9�Q`;a A b�^���� M äRAr5�6;8FEå5�6UIRK
MPOR{�|g}�d�¢;£
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– Á»Â�Ã;ÄHORÅ=v��gbe�rd@\9]9^;_9À : (4/3)N3

– \9];^;_Q`9aRAr5�6;8FEå576JIRK
MPOeAC:=< : O(NM) � O(N3)

( h9i��R���=576;8LAZX��gb����������! e��d )

– É;ÕQÖ : 2N2M

• M << N AZ¢;£;�=\9];^;_QÀLACYQ<Q[e�#"�$&%rÓy�'� ����A�WJXgA)(9a9À;�+*-,JÀy��]; 
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2.1 >@?�ACB
¸EDGFIHKJMLON�PRQTSCUWV
• X-Y9ÕQÖRbe�Hd@aRA�Z+[

– X-Y9Õ9Ö H = I − αuut

– H sZ^9�e��\�`Q`9a
– ]&^���TUqHIRK
MwOgA�_K`baQXy�dc�{)egf=brc�d

• _ k Ã-hji)kHÓyA�l-m�{#n 1 b�o�c

2.2 >@?�ACB
¸EDGFIH2¼&pCq
• YQ<9[Rs N3 Asr�vUÅCÓU�'� �LpHq�YQ<®sutR>wv���� BLAS2 AQq9}H�r`;ayx�v{zrA�|�};Du~y�J�;�7~

– ��fgiHK�Àe���Ñ�eÍ�O®Î ÏÑÐQÒ{� A��-���H�9 

2.3 ��­@�'�����C��¼'���CV
`;aUIgKNMwO+���L�)� rank-2 �-�®A@W;XRb7©J�=�=� BLAS2 � I9OJÓs(9a9ÀUcgd ( (9a BLAS {��g^��C��(
a;À®s��L}=�u��� ) ~ BLAS2 s+x�vyzw|{}JD-~��U�;�Jq9}s��Ãg{w���Zq)�J6j�s� Ï�� AJÍUK��JÃ9�s�{��cgdC~
ÍJK��;Ã� ;£�{�¡�¢;drq9}JbQs7�¤£{¥�i�¦{§d¨�¢�*-,;À-©9iy�r6uªeÓJ�UdC~

• ��fgi7K�«g¬yK Ï i7K�a;Xu­®b��Hd�(Qa9À
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– `9a�{�� b AZa���fgi7K=b�Xu­����g�{fgiHK9{����&%;b�k�f���i�«gb�­ ���C�ed
– ���
	��9s O(Nlogp)

• Scattered Square X-­Lb��=d�(=a;À
– `9a�{ b*b A{��f¤i7KrbCX-­����¤��f¤i7KrbC^��x�#�'��
 √

p ∗
√

p A{k�fs�Ii
«�h��#kj�xv�M�{
���&%Jb�­ ������d

– ���
	��9s O(Nlogp/
√

(p))

• V PU A�:r<�	��;sL>=��b O(N2/p)

• PU ���¤^yddt®����fgi7K SS X-­y�H6�}
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%�& ACÁ»Â�Ã9Ä=OLÅrvCiyÓUsC`9a�xyv{z=A�|�};Du~y�U�Q�;q9}H��£-¥�i�¦�§�'�¦
�@Óys)(g�#~+*Q�,��-�Ó&�. �¤��fgi7KxÀe����ÍCO�Î Ï Ð;Ò A��-�y�r�Q U~
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Bischof 021�354�68729 :9`9a A {�;�<
� L A=<;`;a B bZÕQÖ������7A)<J`9a�{x\;]J^9_;`9a T bZÕ9Ö
cedC~

• <;`9a � ACÕ=ÖRs BLAS3 {�};D,>�*
• <;`9ay¡Ô� \Q];^;_9`Qa � ACÕQÖLACYQ<9[Rs O(N2L) Ó@?,;9WÔ�¤� .BA >8CD
��

1. K=1 ¡Ô� N/L− 1 p7ÓQ�J�yA 2. � 6. {FEW�HG�c
2. D(k) {w_ `��{f¤iHK7� � \U_;`Ja�Ó+_JI���f&irKC�y�;��e&f�`Ja�Ó���d-�{f&irKCI®K�MzOLbZÕ;Ö
cedu�{f�i7K�X-YQÕ9Ö I − U (k) K (k)U (K)t {�|g}yd

3. `9aFE �-fgiHKZIgKNMPOu�ML P (K) = C(k)U (k) K (K)

4. ��fgiHK�ILKNMPO�A
N��OL�P (K) = K (k)U (k)tP (K)/2

5. ��fgiHK�ILKNMPO�A=Q9<RL Q(K) = P (k) − U (k) P (K)

6. `9aLA rank-2L �-�RL C(K) = C(k) − U (k)Q(K)t − Q(k)U (K)t

/
Bischof 021�3B4S687�920)T�UWV)X�Y2Z
– xyv�z=A�|�}JDu~
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∗ Y9<LA®��� O(N3) A�WJXLs7c��;� BLAS3 À
∗ £{¥yi)¦{§�«y¬ Ð bCB��¦� L {��	�R�y>�Ó=��xyv{zw|�}JD+~�{w*-�;Àycedy�y>���>�*

– :=<�
��
∗ 
������9m�{xDe�=�����g%Jb����N��q����LsJp�������
�TJ�J�Q�;�

– YQ<9[
∗ ��;QWRACYQ<Q[®s L b����N�¦� ��Q
∗ ¤ �N>Q�x�yA@nJ`
	��r��*2CLb=�ydU����b L {�,�!®b"�#���Q e�U�Ud
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• £�¥�i)¦�§�'y¦
�)¨�¢�\9];^9_9ÀRÍCO®Î ÏÑÐ9Ò >Q���ys Wu A;ÍZO�Î Ï Ð;Ò ��*�(�0yÓy�'� ����1 2el
m�Óys Dongarra AJÍCO�Î ÏÑÐ;Ò A"3 I54LA�~+*9�76�aUÓ��=dC~

• 8Lb N = 3840 AZ¢9£J� Wu A;Í�ORÎ Ï�ÐQÒ Ó�s Opteron, Alpha21264A Ó:9HvUKHA 50 ;Q� � A)~+*
�<6�ayÓ¤�Qd�~

• Bischof/Wu A;Í7O�Î Ï�Ð;Ò bg�QdH5H6;8®A�=;^ >�?�s7� Dongarra AUÍ�O�Î Ï�Ð;Ò b7���U��@ @+�'�
�H~Ô��¡�� �u�RA�A��gs�
M��A�¢9£ 2 � 3 4U�5N@�s*���Ó®� 1 B�A��yÓy�JdZ~
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• �¤�J
�Ke�<�=m�Ó�A�
�� ���
• 576UILK
MzO=:=<;W;XgAZn�L�> ~�* EM
������
• �;6 N=X�OI��� ÏQP :r< R � ÓyA�(9a9À�> ~+*����
• ~+*�S:T-�Qv{z L, L′ AVUXWu*�,;À
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