
x vw ou �� QO �O vwQ� t Q� mx � �capability computing� � � �D � r �� k
xDiQo Q�mx� OL�w �xr��Ut l� pL ��Q� �WR�OQB CQOk C��yv C��U�Lt
�v�tR QO X�N �xr��Ut l� pL �� QDnQR� �xr��Ut l� pL �hOy �OwW�t
xm OQw��t sy�Qi �Q �r�Ut pL u�mt� �D�r��k �x�U�Lt �CU� QDx�Dwm
�OQm pL �rwkat u�tR QO Qo�O ��yu�W�t R� xO�iDU� �� �Q �yv� u�wD�tv
OvQ�O �v�tR C�OwOLt xm �Q �r�Ut pL u�mt� u�vJty x�U�Lt �wv u��
x�U�Lt Cwk �x�kv w R��tD xHw �OQw��t sy�Qi OvwW pL nvQO�� O��� w
QDu�RQ� w QDlJwm ��ysDU�U R� �CU� ��wH x� uO�UQ u�tR ��D�r��k
p�Ut pL x� �D�iQ! �x�U�Lt QO �OwW�t xO�iDU� �D�iQ! �x�U�Lt ��Q�
��Q� u�wD�t x�U�Lt �wv u�� R� �OwW�t xDN�OQB �QDlJwm C�Uv x�
x� �Q xi�!w u�OvJ �qwtat �ysDU�U u�� �OQm xO�iDU� �QDt�Q�B C�ar��t
���Q�m C�Uv �ysDU�U u�� R��tD xHw �OvyO�t s�Hv� u�tRty CQwY
u�� ��xLr�Yt �k�w QO �CU� Ct�k x� �xOW u�t	D� C��F �xOR�� ��
��R� x� �QDW�� �xv� Ry xJQy �OQ�O OwHw QwmPt sDU�U wO ��y�oS� w
x� �OW Oy�wN QDtm ��wH uOQw� CUOx� u�tR �OOQo CN�OQB xr��Ut Qy
u� QDy� Ovv�wD� xm OvwW�t �L�Q� �Qw� �D�r��k ��ysDU�U ���DQD u��
��R� x� QDW�� �xv� Ry Ct�k x� �DL �Ovvm x�Qa �Q umtt ��yC�r��k
��Q� �QDW�� u�tR xmv�� �� �D�iQ! ��ysDU�U xm�r�LQO �xr��Ut Qy
Q� Q�m x� xr��Ut Qy ��R� x� �QDtm �xv� Ry �rw Ovvm�t hQY p�Ut pL

�Ov��tv�t p�tLD
OQ i x � QYL v t ���Q� t a t uOw � �Q�O � � �yx v� ��QQ �� x DWP o QO

R� � ��yxWwN xRwQt� � rw �O vOw � R �� t Dt �yu�W�t Qo �O R� ��Q�OQ ��
u� QDq�� R� �tra C��U�Lt QO xm �commodity� pw�ODt ��yQDw�Bt�m
xm x��Wt �xR�Ov� �� ���yxWwN �� �Dw�iD u�OvJ OvQ�OQwNQ� ���Q�m Kw�U
u�� Cw�iD u��Q��v� �OvQ�Ov OvwW�t xO�iDU� �Q�HD hrDNt ��yOQ� Q�m QO
��Q� �WqD Qy xm CU� xOW nvQtm �OL �D �O�a ��yxv���Q w �yxv���QQ��
xHwD �� p�Ft u�wva x�� �O�a ��yxv���Q w �yxv���QQ�� u��t ��N s�UQD
��yxWwN �qwtat xRwQt� �OQ�O ��xk�rU �x�vH ����Q�m K�U �� Ct�k x�
���Q�m x� xv� Ry C�Uv xmv�� p�rO x� �commodity clusters� pw�ODt
xm �r�L QO OvwQ�t Q�mx� �D�iQ! C��U�Lt ��Q� �CU� QDu���B �yv� QO
Q�Qk xO�iDU� OQwt �D�r��k C��U�Lt ��Q� QDW�� �WQ�iU ��yxOvR�OQB

�OvQ�o�t

x�v�F l� QO u�W�t u� xm �Q�Wa� C��rta O�OaD �� �Q xv���QQ�� l� CaQU
CQwY x� Q�YDN� x� �Q OL�w u�� �Ovvm�t ���� RQ� OyO s�Hv� Ov�wD�t
hiNt xm OvyO�t V��tvFLOP�s �� �ops �� Flops ��FLOPS

Q��U� �qwtat CU� ��xv���Q �Supercomputer� xv���QQ�� Cio u�wD�t
wRH ��D��U�Lt CaQU QDj�kO u��� x� �� �WR�OQB C�iQ! Q�v R� xm u�Qo

�OwW�t �wULt OwN u�tR ��yu�W�t u� QDOvtDQOk

s�Hv� x� xDU��w COW x� xm �i��!w ��QH� ��Q� �ysDU�U �wv u�� R�
���yOQ� Q�m QO �p�Ft u�wva x� �OwW�t xO�iDU� OvDUy u�ovU C��U�Lt
w �wy C�a�w �v��V�B ��D�aq�� ��yu�tR�U ��yxO�O p�rLD pFt
xO�iDU� uwO� xm CU� O�� R QOkv� C�aq�� sHL ��wH C�Q��eD �R�UrOt
u� s�Hv� ��Q� sRq u�tR �� CU�v s�Hv� p��k Q�v OQwt Q�m �� �xv���QQ�� R�
�wU R� �Ow� Ovy�wNv O�it Qo�O xOt� CUOx� G��Dv xm CU� �vqw� QOkv�
��yxv�tR QO �rta C�k�kLD x� u�wD�t �yxv���QQ�� R� xO�iDU� �� Qo�O
CaQU �R�UwQ�O w �U�vWCU� R �O�wt swra �l� R�i Ovv�t �tyt Q��U�
w C� wkD ��Q� u�wD�t �yxv���QQ�� �UwD �R�Ux��W R� �O�WN� �QDW��
u�Qo �l �vQ�N �ak�w �V��tR� xm �OQ�wt QO �� �y�oW��tR� G��Dv p�tmD
uDU�m �� �yu�W�t u�� �OQm xO�iDU� u� Ro��H u�wva x� CU� umtt�v ��
��yuQk �� QO �wH C�Q��eD �xOy�Wt u�mt� �u�tR QDt�Q�B C�ty� R�
�OvQw��t sy�Qi �Q p�U �yOQ��r�t �� QO �yu�Wmym pt�mD �� w �O�tDt
OQwt QO �QDy� ��y�v��V�B u�wD�t �ysDU�U u�� R� xO�iDU� �� u�vJty
OQ�wt �O�O s�Hv� �yxRQru�tR C�Q�F��D �� w �mWN x� O��OQo OwQw �x�kv
Q�DN�U �xar��t� �rwmrt �R�UrOt R� Ov�CQ��a �yxv���QQ�� OQ� Q�m Qo�O
�m� R�i �R�Ux��W ���yr�DU� Qm w �yQt�rB �����t�W C���mQD X�wN w
w ��xDUy C�Q�Hiv� �R�Ux��W �O�� pvwD QO �t�B�wy C�a�w �R�Ux��W�
Q�v ��QU ��yxDWwv RtQ hWm w ���xDUy �WwHty �xv�tR QO C�k�kLD
��� QU ��ysDU�U �rY� �QDWt xm CU� �y�O� �QwmPt ��yOQ� Q�m x�

�OvDUy �D�k�kLD w �t��v Rm �Qt �qwtat

pL �yx v� ��QQ �� �rY� ��yOQ � Q� m R� �m � �OW x Di o x m Qw�u�ty
QO sy �qwtat Qw�vt u�� ��Q� �CU� �ak�w ���vO R� ���� Q ���ypOt
C�kDWt �� p�Uv�Qi�O CqO�at R� �yv� QO xm� xDUw�B ��ypOt �x�Q� s�ovy
R� �xDUw�B ��ypOt �R�UxDUUo s�ovy QO sy w �OwW�t xO�iDU� �RH
�O��� Vy�m �OL �D �yxO�O w C��U�Lt sHL �D Ovvm�t xO�iDU� �� QkD
QO ��� QkD ��ypOt u�� R� xOt� CUOx� ��y��wH �DL xmv�� OwHw ��
VR�OQB CQOk V��Ri� �� �t� �CU� u�OvtWv�O ��Woy�Q �OQ�wt R� �Q��U�
�OwW pY�L �QDj�kO G��Dv �D OQm xO�iDU� �QDtm ��y�� QkD R� u�wD�t
pL CyH sRq �WR�OQ B CQOk ��Q � �OL u�w D�t v ��U�U� wQ u �� R�

�OQm u��aD p�Ut xvwou��

�xDiQW�B ��yQDU� �rm ���Q�m VHvU ��Q� �qwtat xm �Q��at wO
w �D��U�Lt �capability� C�r��k R� Ov�CQ��a OvwQ�t Q�mx� �WR�OQB
C��U�Lt ��Q� �yxv���QQ�� u� QDs��a ��D��U�Lt �capacity� C�iQ!



��xWwN ��ysDU�U R� xm ���yu�tR�U �xQ�� QO XwYN x� Q�N� OQwt
C��rta xm ���y�v�Btm xm�Qw�x� �OQ�O j�OYt QDW�� Ovvm�t xO�iDU�
��ysDU�U u� QD�wk w OvyO�t s�Hv� �Web Caching wWeb Search

Qy�! TOP��� CUQyi QO CQOv x� OvQ�O Q��DN� QO �Q ��vO ��xWwN
�OvOQo�t

�O �� ��t V ��R i� xOta pt�a wO x � xHw D � � �qwtat �yx v� ��QQ �� CQO k
CiQW�B �� �QDW�� �R�U�R�wt w QD�� QU �WR�OQB �SwrwvmD �Q�oQ�mx�
�O�B V��Ri� OYQO �

 �D �
 u�� xr�U Qy �yxOvR�OQB CQOk ��SwrwvmD
wO x�t �� Qy �yxW�QD �oO�J�B ��Moore� Qwt uwv�k Q��v� w �Ovm�t
��	i QO u�wD�t xm ���yQwDU� Rv�QD O�OaD �Qo�O CQ��ax� �OwW�t Q��Q�

�OwW�t Q��Q� Q�yJ p�U xU Qy �O�O ��H xW�QD l� OwOLt
C aQU w � ��Q� m V ��R i� s y t �� yVwQ Q o �O R� �R�U�R�w t
Kw�U �xty QO Ovvm�t �aU u�L�Q� Qw�vt u �� ��Q � �CU�yu�W�t

�OvQw� sy�Qi �Q p�ta� �R�wt ��QH� u�mt�

xt�vQ� K�U QO �R�U�R�wt �

h��!w K�U QO �R�U�R�wt �

�yOv� K�U QO �R�U�R�wt �

C�QwDUO u�� �R�U�R�wt �

QwDUO pN�O �R�U�R�wt �

�Q xt� vQ � OvJ u�tRty ��QH� u�mt� �xt� vQ � K�U QO �R�U�R�wt
s�yUD �yv� u� QDsyt xm �irDNt ��yl�vmD R� Q�m u�� ��Q� �Ovm�t sy�Qi
�O vQ�o�t xQy � CU� �xO vR�OQ B l D ��ysDU�U QO XwYNx �� � v�tR
Q�QkQ� sy �� ����DQ� I�y �� �qwtat w OvQ�Ov lQDWt �xO�O sy �� �yxt�vQ�
sDU�U �Q �R�U�R�wt R� K�U u�� �OvQ�O �tm Q��U� ���DQ� �� Ovvm�tv

�Ovm�t C��Oy pt�a
QO xm Ovm�t sy�Qi �Q C�r ��k u �� �h ��!w K�U QO �R�U�R�wt
�QH� u�tRty CQwY x � xt� vQ � l � hrDNt ��yVN � u�mt� CQwY
O�OaD ��Q�O xi�!w Qy �Ovm �O�B Vy�m xt�vQ� pm ��QH� u�tR �D OvwW
uwJ �CU� �YwYN TQO� ��	i l� �� �B��B ��yQwDUO R� �O�� R
u�� �R�Unvy�ty �OvDUy xt�vQ� l� pN�O QO �qwtat xi�!w u�OvJ
hrDNt h��!w u�� xm CU� sRq OQ�wt �Q��U� QO �CU� �QwQ� �yv�
K�U u�� ��QH� u�mt� �OwW s�Hv� xO�O pO��D w �OOQo Q�QkQ� �D����DQ�
CyH ���yVwQ uDW�Po Q��DN� QO �� pt�a sDU�U �Q �R�U�R�wt R�

�OR�U�t sy�Qi �h��!w ���DQ� w �ovy�ty �C� Q�Ot
�QH� u�tRty CQwY x� xm ���yOL�w ��yOv� K�U QO �R�U�R�wt QO
QO xm CU� u�� xi�!w �� Ov� jQi �OvDUy �thread� Ov� �wv R� OvwW�t

QO Qw�vW R�tt pta� FLoating
point Operations per Second
Q��U� OL�w u�� �QY�at ��yxv���QQ�� CQOk x� xHwD �� �OW���t �x�v�F
G�opspFt �Q DnQR � ��yOL�w R� xRwQt� �OwW�t �wULt lJwm

xO�iDU� CU��
���ops Q��Q� xm T�ops �DL �� w�
��ops Q��Q� xm
Red Storm Cray XTu�W�t CaQU �xv�W�� �p�Ft ��Q� �Ovvm�t
CU�� w OYv�B w OQ��r� QD xUw pyJ �� ����
 G�ops OwOL QO �R�J
p�U Q�t�wv CUQyi QO u�W�t u�� �CU� x�v�F QO �Q�Wa� pta OQ��r�t

�Ow� �Q�O ��vO ��ysDU�U u� QD�� QU u��t QO �Q sWW �x�DQ ��

�
C��U �UwD ��vO ��yu�W�t u� QD�� QU CUQyi �Q��l� x�t VW Qy
QO �ysDU�U ���Q�m VHvU Q��at �OwW�t QWDvtwww�TOP����org
�x��Bov� �xt�vQ� ��QH� R��Rmax� �xOt� CUOx� OQwmQ u� QDy� �CUQyi u��
l� pL x� O��� u�W�t �u� �� xm OW���tLinpack �benchmark�
��

� Q�t�wv CUQyi QO �OR�OQB� u�ovU Q��U� ��N CqO�at x�oDUO
w CYW w OY�U ��� �	� T�ops CaQU �� Blue Gene�L u�W�t
�u�� OwHw �� �OQ�O Q�Qk pw� s�kt QO �x�v�F QO �Q�Wa� pta OQ��r� QD Ciy
�Q�� Ci�� QO u�L �Q sDU�U ���Q�m �� wN x� Ov�wD�tv Linpack �x��Bov�
Qov�Wv Ov�wD�tv �OOa xv�o� I�y �k�w QO �Ovm Tmavt �ak�w �Q�m

�OW�� Cw�iDt �Q�m ��yQ�� CLD sDU�U ���Q�m

w Q�R�� ��yV��Qo TOP��� �UwD xOW QWDvt C�aq�� xmv�� ��
O���v �rw Ovm�t Tmavt �� wN x� �Q hrDNt ��y�Q�tat �Q�oQ�mx� OvwQ
OwHw OvtDQOk ��ysDU�U R� �Q��U� uwJ �OQm QwYD �a�k �Q u� s�kQ�
�	a� QO �Ov�xDiQov Q�Qk QwmPt CUQyi QO hrDNt p�qO x� xm OvQ�O
sqa� R� C��kQ C�r��k �iL ��Q� �� w �D�vt� p�qO x� �yu�tR�U �OQ�wt
�yu�tR�U u�� x� xm ���yCmQW u��Q��v� �Ovvm�t R�yQB OwN �D��U�Lt u�wD
s�yUTOP���CUQyi QO OwN �ak�w syU R� QDtm �OvWwQi�t xv���QQ��
QO uDiQo Q�Qk ��Q� �WRQ� CU� umtt sy �yu�tR�U �	a� �OvwW�t
�Q�m �Q Linpack �x ��Bo v� ��QH� � � w OvW�� v p �kTOP��� CUQyi
�O vRQw v CQO� �t u� x � w O v v m �k r D s DU �U ��Q � xOw y � � w u�o vU



�� QU Vv���Q Rm �Qt �NQ� �iQat x� �r�tH� ��xtOkt R� TB VN� u�� QO
�s � R�OQ B�t u�yH QO V v� ��QQ �� Q DQ � CQOk u�wva x � xOLDt Cq� �� QO
Vv���QQ�� swO CQOk u�wva x� uB�S �� QU Vv���Q u�wD �iQat x� TBU
�� QU �Vv���Q CQOk u� R� TB �CN�OQB s�y�wN �m� Qt� �� u� �xU��kt w

��Owtv s�y�wN �UQQ� p�tH� x� �Q �yQwWm Qo�O
w CU� �rrt r�u� � C� r�ai l � �Supercomputing� V v� ��QQ ��
�Ovm�t C� r�ai xv�tR u �� QO �rrt r�u� � K�U QO � D�k�kL D �xat�H
w �UOvyt R� C��tL ��Q� �Q �� QU Vv���Q C�U�U��D �yQwWm R� �Q��U�
u�� QO XYNDt w �SwrwvmD pO��D ��vO K�U QO w Ov�xOQm sy�Qi swra
�m� Qt� �xOLDt Cq��� �xty u�� �� �OwW�t s�Hv� �a�Uw T��kt QO �xv�tR
CUQyi ��ysDU�U u�� R� �Ovm�t ���tQismL xDWQ u�� QO Kw�wx�
xOLDt Cq� �� QO OYQO 	� OwOL ��

� p�U Q�t�w v QO TOP���
CUQyi u�� �D��U�Lt u�wD R� OYQO 	� � xwQo u�� xm Ov�xOW �Yv
	 � w �ysDU�U OYQO � � �uB�S �va� ��Oa� QwWm �OvQ�o�tQ� QO �Q

�OQ�O Q��DN� QO CUQyi u�� QO �Q pm u�wD OYQO
Q��e D xDWPo �xyO �� QO C�a�w u �� xm OyO�t u�W v � pmW
syU Q�O��B ��D�Uv V��Ri� RH� �Y�N V��Qo I�y �CU� xOQmv �U�U�
R� u�Wv V��Ri� u�� w �CU� xOWv Qy�! �others� xOWv QmP ��yQwWm
R�v � pmW �OQ�O Vv���QQ�� Q�R�� Q� ��xWwN Ct�k u�RQ� ��yxv���QQ�� Q�F��D
QO u�W�D��U�Lt u�wD �xv�W�� �wtHt �UL Q� �Q hrDNt ��yQwWm xm
� ��ypmW �Ovm�t O����D �Q �aO� u�ty ���� QkD �OyO�t u�Wv u�tR pw�
Q� ��DQD x� �Q �

� Q�t�wv QO TOP��� CUQyi R� �yQwWm syU � w

�OvyO�t u�Wv �D��U�Lt u�wD �wtHt w sDU�U O�OaD �UL
u�oOvR�U O�OaD x� xm OwW�t XNWt QDW�� �t�ovy �m� Qt� �oQ�J
�� OwOL �

� u wS QO �s�v m xHw D hrDNt ��yQwW m QO x v� ��QQ ��
xDN�U xOLDt Cq��� QO TOP���CUQyi QO OwHwt ��yu�W�t OYQO
�O�� R O�OaD �O�UQ OYQO �� � x� C�Uv u�� �

� Q�t�wv QO �OvOW�t
�Ovvm�t xO�iDU� �m� Qt� CN�U C�a�k R� R�v �yQwWm �x�k� ��ysDU�U R�
pt�W� u�yH QU�DQU �Wv���QQ�� ��ysDU�U ��yQ�Ri�sQv �xOta VN�
R�v ����w �OQ� Q�m ��yOm ��yxv�N��Dm ��yQ�R�� ��yQr��Bt�m �pt�a ��ysDU�U
��yQwWm u�kkLt �Q�mty xD�r� w OvwW�t w xOW O�rwD xOLDt Cq��� QO

�CU� xHwD p��k Q��U� xv�tR u�� QO �xOLDt Cq��� �� Qo�O
p�U QN�w� R� uB�S Earth Simulator �ES� u�W�t �xty u�� ��
u� QD�� QU u�wva TOP����r�wDtCUQyi GvB QO �

� uwS �D �

�
�xv�W�� Q�v R� u�W�t u�� xmv�� Q� xwqa �CW�O Q��DN� QO �Q ��vO u�W�t
R� xO�iDU� Cra x� �Ot��t ��ULx� xv���QQ�� u� QD�� QU �D��U�Lt u�wD
u�wD �yu�W�t Qo�O x� C�Uv CUv�wD �Q�OQ� �WQ�iU ��yxOvR�OQB

��	i l� R� Ov� u�OvJ �qwtat w OQ�O OwHw QwDUO �QDtm O�OaD Ov� l�
Q� �vD�t ��yOv� R� u�wD�t p�Ft u�wva x� �OvQ��t xQy� lQDWt TQO�
u�� ���DQ� �OQm O�� �Ov�OvJ pt�a ��ysDU�U QO POSIX OQ�Ov�DU�
s�Hv� �R�Unvy�ty ��ysR�v�mt w lQDWt ��yQ�eDt j� Q� R� �yOv�

�OwW�t
u�W�t QwDUO u�OvJ u�tRty ��QH� u�mt� C�QwDUO u�� �R�U�R�wt
�VN� Qy QO xm CU� �rY� �xO�� u�� Q� �vD�t VwQ u�� �OQw��t sy�Qi �Q
Qo�Om� �xH�Dv Q� u�W��QH� ��DQD Q��eD xm OvQ�O OwHw �D�QwDUO xt�vQ�
x� �Q �yQr��Bt�m OwW�t �aU �R�U�R�wt �wv u�� QO �CW�O Oy�wNv Q�F��D
C�v�mt� R� �C�QwDUO �wv u�� ��DQD Q��eD �� xm Ovvm �R�Uxv�y� ��xvwo
�pipelining� ��xrwr ��yl�vmD w �superscalar� �OOaQ�� �Q�tat

�OwW xO�iDU� �yQwDUO ��QH� ��Q� xHw u� QDy� x�
w CU�v ���QH� OL�w u� QDlJwm �qwtat QwDUO l� xmv�� x� xHwD ��
�D OwW s�Hv� O��� hrDNt pta u�OvJ �qwtat QwDUO Qy ��QH� s�ovy
C��rta xm OwW�t �aU QwDUO pN�O ��R�U�R�wt QO �O�� CUOx� xH�Dv
u�tR �D OvwW s�Hv� u�tRty CQwY x� umtt OL �D QwDUO l� hrDNt
QO uOQm ��xrwr R� u�wD�t p�Ft u�wva x� �O��� Vy�m QwDUO Qy ��QH�

�OQm O�� �Q�OQ� C�QwDUO R� �� w �OOaQ�� ��yxOvR�OQB

�D��U�Lt ���v�wD �k�w QO �� x�v�F QO �	�� Q pta O�OaD 
qwtat CaQU R� Qw�vt uwJ �

CQOk w CQOk �� D� �U�Lt u�w D �u�w D uwJ � D�Q� �a R� xO� i DU� �CU� u�W�t l �

�O�a �Qt� hrDNt ��yVQ�Ro w �y�Dm �Cq�kt QO �CaQU ��H x � �� D��U�Lt

�OwW�t wULt




