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/HFWXUH����
&DFKHV�,

3URI��-RKQ�.XELDWRZLF]
&RPSXWHU�6FLHQFH����

)DOO�����
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5HYLHZ�
*HQHWLF�3URJUDPPLQJ�IRU�'HVLJQ

� *HQHWLF�SURJUDPPLQJ�KDV�WZR�NH\�DVSHFWV�
² $Q�(QFRGLQJ�RI�WKH�GHVLJQ�VSDFH�

ª 7KLV�LV�D�V\PEROLF�UHSUHVHQWDWLRQ�RI�WKH�UHVXOW�VSDFH��JHQRPH��
ª 0XFK�RI�WKH�GRPDLQ�VSHFLILF�NQRZOHGJH�DQG�´DUWµ�LQYROYHG�KHUH�

² $�5HSURGXFWLRQ�VWUDWHJ\
ª ,QFOXGHV�D�PHWKRG�IRU�JHQHUDWLQJ�RIIVSULQJ�IURP�SDUHQWV
0XWDWLRQ��&KDQJLQJ�UDQGRP�SRUWLRQV�RI�DQ�LQGLYLGXDO
&URVVRYHU��0HUJLQJ�DVSHFWV�RI�WZR�LQGLYLGXDOV

ª ,QFOXGHV�D�PHWKRG�IRU�HYDOXDWLQJ�WKH�HIIHFWLYHQHVV��´ILWQHVVµ��RI
LQGLYLGXDO�VROXWLRQV�

� *HQHUDWLRQ�RI�QHZ�EUDQFK�SUHGLFWRUV�YLD�JHQHWLF
SURJUDPPLQJ�
² (YHU\WKLQJ�GHULYHG�IURP�D�´EDVLFµ�SUHGLFWRU��WDEOH����VLPSOH
RSHUDWRUV�

² ([SUHVVLRQV�DUUDQJHG�LQ�D�WUHH
² 0XWDWLRQ��UDQGRP�PRGLILFDWLRQ�RI�QRGH�UHSODFHPHQW�RI�VXEWUHH
² &URVVRYHU��VZDSSLQJ�WKH�VXEWUHHV�RI�WZR�SDUHQWV�
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6OLGH��

5HYLHZ��:KR�&DUHV�$ERXW�WKH
0HPRU\�+LHUDUFK\"

µProc
60%/yr.

DRAM
7%/yr.
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(grows 50% / year)
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“Moore’s Law”

� 3URFHVVRU�2QO\�7KXV�)DU�LQ�&RXUVH�
² &38�FRVW�SHUIRUPDQFH��,6$��3LSHOLQHG�([HFXWLRQ

� &38�'5$0�*DS

� ������QR�FDFKH�LQ��SURF���������OHYHO�FDFKH�RQ�FKLS
������ILUVW�,QWHO��SURF�ZLWK�D�FDFKH�RQ�FKLS� -'.�)���

6OLGH��

3URFHVVRU�0HPRU\
3HUIRUPDQFH�*DS�´7D[µ

����3URFHVVRU� ��$UHD� �7UDQVLVWRUV
�öFRVW� �öSRZHU�

� $OSKD������ ��� ���
� 6WURQJ$UP�6$��� ��� ���
� 3HQWLXP�3UR ��� ���

² ��GLHV�SHU�SDFNDJH��3URF�,��'����/��

� &DFKHV�KDYH�QR�LQKHUHQW�YDOXH�
RQO\�WU\�WR�FORVH�SHUIRUPDQFH�JDS
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:KDW�LV�D�FDFKH"
� 6PDOO��IDVW�VWRUDJH�XVHG�WR�LPSURYH�DYHUDJH�DFFHVV
WLPH�WR�VORZ�PHPRU\�

� ([SORLWV�VSDFLDO�DQG�WHPSRUDO�ORFDOLW\
� ,Q�FRPSXWHU�DUFKLWHFWXUH��DOPRVW�HYHU\WKLQJ�LV�D�FDFKH�

² 5HJLVWHUV�D�FDFKH�RQ�YDULDEOHV
² )LUVW�OHYHO�FDFKH�D�FDFKH�RQ�VHFRQG�OHYHO�FDFKH
² 6HFRQG�OHYHO�FDFKH�D�FDFKH�RQ�PHPRU\
² 0HPRU\�D�FDFKH�RQ�GLVN��YLUWXDO�PHPRU\�
² 7/%�D�FDFKH�RQ�SDJH�WDEOH
² %UDQFK�SUHGLFWLRQ�D�FDFKH�RQ�SUHGLFWLRQ�LQIRUPDWLRQ"

3URF�5HJV

/��&DFKH
/��&DFKH

0HPRU\

'LVN��7DSH��HWF�

%LJJHU )DVWHU
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�*HQHUDWLRQV�RI�0LFURSURFHVVRUV
� 7LPH�RI�D�IXOO�FDFKH�PLVV�LQ�LQVWUXFWLRQV�H[HFXWHG�
�VW��$OSKD��������� ����QV�����QV� �¬���FONV�[���RU ���
�QG�$OSKD�������� ����QV�����QV� �¬���FONV�[���RU ���
�UG�$OSKD��W�E�G��� ����QV�����QV� ����FONV�[���RU ���
� ���;�ODWHQF\�[��;�FORFN�UDWH�[��;�,QVWU�FORFN�⇒�ö�;
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:KDW�KDSSHQV�RQ�D�&DFKH�PLVV"
� )RU�LQ�RUGHU�SLSHOLQH����RSWLRQV�

² )UHH]H�SLSHOLQH�LQ�0HP�VWDJH��SRSXODU�HDUO\�RQ��6SDUF��5�����

IF  ID  EX  Mem stall stall stall … stall Mem   Wr
    IF  ID  EX  stall stall stall … stall stall Ex Wr

² 8VH�)XOO�(PSW\�ELWV�LQ�UHJLVWHUV���06+5�TXHXH
ª 06+5� �´0LVV�6WDWXV�+DQGOHU�5HJLVWHUVµ��.URIW�
(DFK�HQWU\�LQ�WKLV�TXHXH�NHHSV�WUDFN�RI�VWDWXV�RI�RXWVWDQGLQJ
PHPRU\�UHTXHVWV�WR�RQH�FRPSOHWH�PHPRU\�OLQH�

� 3HU�FDFKH�OLQH��NHHS�LQIR�DERXW�PHPRU\�DGGUHVV�
� )RU�HDFK�ZRUG��UHJLVWHU��LI�DQ\��WKDW�LV�ZDLWLQJ�IRU�UHVXOW�
� 8VHG�WR�´PHUJHµ�PXOWLSOH�UHTXHVWV�WR�RQH�PHPRU\�OLQH

ª 1HZ�ORDG�FUHDWHV�06+5�HQWU\�DQG�VHWV�GHVWLQDWLRQ�UHJLVWHU�WR
´(PSW\µ���/RDG�LV�´UHOHDVHGµ�IURP�SLSHOLQH�

ª $WWHPSW�WR�XVH�UHJLVWHU�EHIRUH�UHVXOW�UHWXUQV�FDXVHV
LQVWUXFWLRQ�WR�EORFN�LQ�GHFRGH�VWDJH�

ª /LPLWHG�´RXW�RI�RUGHUµ�H[HFXWLRQ�ZLWK�UHVSHFW�WR�ORDGV�
3RSXODU�ZLWK�LQ�RUGHU�VXSHUVFDODU�DUFKLWHFWXUHV�

� 2XW�RI�RUGHU�SLSHOLQHV�DOUHDG\�KDYH�WKLV�IXQFWLRQDOLW\
EXLOW�LQ«��ORDG�TXHXHV��HWF��
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6OLGH��

5HYLHZ��)RXU�4XHVWLRQV�IRU
0HPRU\�+LHUDUFK\�'HVLJQHUV

� 4���:KHUH�FDQ�D�EORFN�EH�SODFHG�LQ�WKH�XSSHU�OHYHO"
�%ORFN�SODFHPHQW�
² )XOO\�$VVRFLDWLYH��6HW�$VVRFLDWLYH��'LUHFW�0DSSHG

� 4���+RZ�LV�D�EORFN�IRXQG�LI�LW�LV�LQ�WKH�XSSHU�OHYHO"
��%ORFN�LGHQWLILFDWLRQ�
² 7DJ�%ORFN

� 4���:KLFK�EORFN�VKRXOG�EH�UHSODFHG�RQ�D�PLVV"
�%ORFN�UHSODFHPHQW�
² 5DQGRP��/58

� 4���:KDW�KDSSHQV�RQ�D�ZULWH"
�:ULWH�VWUDWHJ\�
² :ULWH�%DFN�RU�:ULWH�7KURXJK��ZLWK�:ULWH�%XIIHU�
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5HYLHZ��&DFKH�3HUIRUPDQFH
&38�WLPH� ��&38�H[HFXWLRQ�FORFN�F\FOHV���

�0HPRU\�VWDOO�FORFN�F\FOHV��[�FORFN�F\FOH�WLPH

0HPRU\�VWDOO�FORFN�F\FOHV� 
��5HDGV�[�5HDG�PLVV�UDWH�[�5HDG�PLVV�SHQDOW\��
:ULWHV�[�:ULWH�PLVV�UDWH�[�:ULWH�PLVV�SHQDOW\�

0HPRU\�VWDOO�FORFN�F\FOHV� 
0HPRU\�DFFHVVHV�[�0LVV�UDWH�[�0LVV�SHQDOW\

1RWH��PHPRU\�KLW�WLPH�LV�LQFOXGHG�LQ�H[HFXWLRQ�F\FOHV�
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5HYLHZ��&DFKH�3HUIRUPDQFH
&38WLPH� 
,QVWUXFWLRQ�&RXQW�[
�&3,H[HFXWLRQ��
�0HP�DFFHVVHV�LQVW�[�0LVV�UDWH�[�0LVV�SHQDOW\��[
&ORFN�F\FOH�WLPH

0LVVHV�SHU�LQVWUXFWLRQ� 
0HPRU\�DFFHVVHV�LQVW�[�0LVV�UDWH

&38WLPH� �,&�[��&3,H[HFXWLRQ���0LVVHV�SHU�LQVWUXFWLRQ�[
0LVV�SHQDOW\��[�&ORFN�F\FOH�WLPH
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5HYLHZ��,PSURYLQJ�&DFKH
3HUIRUPDQFH

���5HGXFH�WKH�PLVV�UDWH�
���5HGXFH�WKH�PLVV�SHQDOW\��RU
���5HGXFH�WKH�WLPH�WR�KLW�LQ�WKH�FDFKH�
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5HGXFLQJ�0LVVHV
� &ODVVLI\LQJ�0LVVHV����&V

² &RPSXOVRU\³7KH�ILUVW�DFFHVV�WR�D�EORFN�LV�QRW�LQ�WKH�FDFKH��VR
WKH�EORFN�PXVW�EH�EURXJKW�LQWR�WKH�FDFKH��$OVR�FDOOHG�FROG�VWDUW
PLVVHV�RU�ILUVW�UHIHUHQFH�PLVVHV�
�0LVVHV�LQ�HYHQ�DQ�,QILQLWH�&DFKH�

² &DSDFLW\³,I�WKH�FDFKH�FDQQRW�FRQWDLQ�DOO�WKH�EORFNV�QHHGHG
GXULQJ�H[HFXWLRQ�RI�D�SURJUDP��FDSDFLW\�PLVVHV�ZLOO�RFFXU�GXH�WR
EORFNV�EHLQJ�GLVFDUGHG�DQG�ODWHU�UHWULHYHG�
�0LVVHV�LQ�)XOO\�$VVRFLDWLYH�6L]H�;�&DFKH�

² &RQIOLFW³,I�EORFN�SODFHPHQW�VWUDWHJ\�LV�VHW�DVVRFLDWLYH�RU
GLUHFW�PDSSHG��FRQIOLFW�PLVVHV��LQ�DGGLWLRQ�WR�FRPSXOVRU\�	
FDSDFLW\�PLVVHV��ZLOO�RFFXU�EHFDXVH�D�EORFN�FDQ�EH�GLVFDUGHG�DQG
ODWHU�UHWULHYHG�LI�WRR�PDQ\�EORFNV�PDS�WR�LWV�VHW��$OVR�FDOOHG
FROOLVLRQ�PLVVHV�RU�LQWHUIHUHQFH�PLVVHV�
�0LVVHV�LQ�1�ZD\�$VVRFLDWLYH��6L]H�;�&DFKH�

� 0RUH�UHFHQW���WK�´&µ�
² &RKHUHQFH���0LVVHV�FDXVHG�E\�FDFKH�FRKHUHQFH�
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Compulsory vanishingly
small -'.�)���

6OLGH���

Cache Size (KB)   
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����&DFKH�5XOH

Conflict

   miss rate 1-way associative cache size X 
= miss rate 2-way associative cache size X/2
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�&V�5HODWLYH�0LVV�5DWH
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Flaws: for fixed block size
Good: insight => invention -'.�)���

6OLGH���

+RZ�&DQ�5HGXFH�0LVVHV"
� ��&V��&RPSXOVRU\��&DSDFLW\��&RQIOLFW
� ,Q�DOO�FDVHV��DVVXPH�WRWDO�FDFKH�VL]H�QRW�FKDQJHG�
� :KDW�KDSSHQV�LI�
���&KDQJH�%ORFN�6L]H�
:KLFK�RI��&V�LV�REYLRXVO\�DIIHFWHG"

���&KDQJH�$VVRFLDWLYLW\�
:KLFK�RI��&V�LV�REYLRXVO\�DIIHFWHG"

���&KDQJH�&RPSLOHU�
:KLFK�RI��&V�LV�REYLRXVO\�DIIHFWHG"
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Block Size (bytes)   
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���5HGXFH�0LVVHV�YLD�/DUJHU
%ORFN�6L]H
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���5HGXFH�0LVVHV�YLD�+LJKHU
$VVRFLDWLYLW\

� ����&DFKH�5XOH�
² 0LVV�5DWH�'0�FDFKH�VL]H�1�ö�0LVV�5DWH���ZD\�FDFKH
VL]H�1��

� %HZDUH��([HFXWLRQ�WLPH�LV�RQO\�ILQDO�PHDVXUH�
² :LOO�&ORFN�&\FOH�WLPH�LQFUHDVH"
² +LOO�>����@�VXJJHVWHG�KLW�WLPH�IRU���ZD\�YV����ZD\
H[WHUQDO�FDFKH������
LQWHUQDO�����
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([DPSOH��$YJ��0HPRU\�$FFHVV
7LPH�YV��0LVV�5DWH

� ([DPSOH��DVVXPH�&&7� ������IRU���ZD\�������IRU
��ZD\�������IRU���ZD\�YV��&&7�GLUHFW�PDSSHG

&DFKH�6L]H $VVRFLDWLYLW\
������� �.%� ��ZD\ ��ZD\ ��ZD\ ��ZD\

� � ���� ���� ���� ����
� � ���� ���� ���� ����
� � ���� ���� ���� ����
� � ���� ���� ���� ����
� �� ���� ���� ���� ����
� �� ���� ���� ���� ����
� �� ���� ���� ���� ����
� ��� ���� ���� ���� ����

�5HG�PHDQV�$�0�$�7��QRW�LPSURYHG�E\�PRUH�DVVRFLDWLYLW\�
-'.�)���
6OLGH���

���5HGXFLQJ�0LVVHV�YLD�D
´9LFWLP�&DFKHµ

� +RZ�WR�FRPELQH�IDVW�KLW
WLPH�RI�GLUHFW�PDSSHG
\HW�VWLOO�DYRLG�FRQIOLFW
PLVVHV"

� $GG�EXIIHU�WR�SODFH�GDWD
GLVFDUGHG�IURP�FDFKH

� -RXSSL�>����@����HQWU\
YLFWLP�FDFKH�UHPRYHG
����WR�����RI�FRQIOLFWV
IRU�D���.%�GLUHFW�PDSSHG
GDWD�FDFKH

� 8VHG�LQ�$OSKD��+3
PDFKLQHV

To Next Lower Level In
Hierarchy

DATATAGS

One Cache line of DataTag and Comparator

One Cache line of DataTag and Comparator

One Cache line of DataTag and Comparator

One Cache line of DataTag and Comparator
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���5HGXFLQJ�0LVVHV�YLD
´3VHXGR�$VVRFLDWLYLW\µ

� +RZ�WR�FRPELQH�IDVW�KLW�WLPH�RI�'LUHFW�0DSSHG�DQG
KDYH�WKH�ORZHU�FRQIOLFW�PLVVHV�RI���ZD\�6$�FDFKH"

� 'LYLGH�FDFKH��RQ�D�PLVV��FKHFN�RWKHU�KDOI�RI�FDFKH�WR
VHH�LI�WKHUH��LI�VR�KDYH�D�SVHXGR�KLW���VORZ�KLW�

� 'UDZEDFN��&38�SLSHOLQH�LV�KDUG�LI�KLW�WDNHV���RU��
F\FOHV

² %HWWHU�IRU�FDFKHV�QRW�WLHG�GLUHFWO\�WR��SURFHVVRU��/��
² 8VHG�LQ�0,36�5�����/��FDFKH��VLPLODU�LQ�8OWUD63$5&

Hit Time

Pseudo Hit Time Miss Penalty

Time
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&6�����$GPLQLVWULYLD
� 8SFRPLQJ�HYHQWV�LQ�&6����

² ���2FW 3URMHFW�3URSRVDO�GXH��0RQGD\�
ª 6XEPLVVLRQ�LQ�SRVWVFULSW��DV�OLQN�IURP�SURMHFW�VSHFLILF�ZHE
SDJH����'XH�E\��������6HH�FRXUVH�SDJH�IRU�LQIRUPDWLRQ

² ���2FW ��PLQXWH�3URM�0HHWLQJV�����������������7XH�

� 5HDGLQJ�DVVLJQPHQW�IRU�:HGQHVGD\�
² ´3VHXGR�5DQGRPO\�,QWHUOHDYHG�0HPRU\µ
�%��5DPDNULVKQD�5DX

² ´7KH�0XOWLFV�9LUWXDO�0HPRU\��&RQFHSWV�DQG�'HVLJQµ
�%HQVRXVVDQ��&OLQJHQ��'DOH\

² ´$�&ODVV�RI�2SWLPDO�0LQLPXP�2GG�ZHLJKW�FROXPQ�6(&�'('�&RGHVµ
�0�+VLDR

² ´$�&ODVV�RI�2GG�:HLJKW�&RXPQ�6(&�'('�6E('�&RGHV�IRU�0HPRU\
6\VWHP�$SSOLFDWLRQVµ
�6KLJHR�.DQHGD

ª 2QH�SDUDJUDSK�RQ�SDSHU�����DQG��RQH�RQ�SDSHU������DQG�RQH�RQ
SDSHUV���DQG���

² 3DSHUV���DQG���YHU\�VKRUW���
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���5HGXFLQJ�0LVVHV�E\�+DUGZDUH
3UHIHWFKLQJ�RI�,QVWUXFWLRQV�	�'DWDOV

� (�J���,QVWUXFWLRQ�3UHIHWFKLQJ
² $OSKD�������IHWFKHV���EORFNV�RQ�D�PLVV
² ([WUD�EORFN�SODFHG�LQ�´VWUHDP�EXIIHUµ
² 2Q�PLVV�FKHFN�VWUHDP�EXIIHU

� :RUNV�ZLWK�GDWD�EORFNV�WRR�
² -RXSSL�>����@���GDWD�VWUHDP�EXIIHU�JRW�����PLVVHV�IURP
�.%�FDFKH����VWUHDPV�JRW����

² 3DODFKDUOD�	�.HVVOHU�>����@�IRU�VFLHQWLILF�SURJUDPV�IRU��
VWUHDPV�JRW�����WR�����RI�PLVVHV�IURP
����.%����ZD\�VHW�DVVRFLDWLYH�FDFKHV

� 3UHIHWFKLQJ�UHOLHV�RQ�KDYLQJ�H[WUD�PHPRU\
EDQGZLGWK�WKDW�FDQ�EH�XVHG�ZLWKRXW�SHQDOW\
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���5HGXFLQJ�0LVVHV�E\
6RIWZDUH�3UHIHWFKLQJ�'DWD

� 'DWD�3UHIHWFK
² /RDG�GDWD�LQWR�UHJLVWHU��+3�3$�5,6&�ORDGV�
² &DFKH�3UHIHWFK��ORDG�LQWR�FDFKH
�0,36�,9��3RZHU3&��63$5&�Y����

² 6SHFLDO�SUHIHWFKLQJ�LQVWUXFWLRQV�FDQQRW�FDXVH�IDXOWV�
D�IRUP�RI�VSHFXODWLYH�H[HFXWLRQ

� ,VVXLQJ�3UHIHWFK�,QVWUXFWLRQV�WDNHV�WLPH
² ,V�FRVW�RI�SUHIHWFK�LVVXHV���VDYLQJV�LQ�UHGXFHG�PLVVHV"
² +LJKHU�VXSHUVFDODU�UHGXFHV�GLIILFXOW\�RI�LVVXH�EDQGZLGWK
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���5HGXFLQJ�0LVVHV�E\
&RPSLOHU�2SWLPL]DWLRQV

� 0F)DUOLQJ�>����@�UHGXFHG�FDFKHV�PLVVHV�E\����
RQ��.%�GLUHFW�PDSSHG�FDFKH����E\WH�EORFNV�LQ
VRIWZDUH

� ,QVWUXFWLRQV
² 5HRUGHU�SURFHGXUHV�LQ�PHPRU\�VR�DV�WR�UHGXFH�FRQIOLFW�PLVVHV
² 3URILOLQJ�WR�ORRN�DW�FRQIOLFWV�XVLQJ�WRROV�WKH\�GHYHORSHG�

� 'DWD
² 0HUJLQJ�$UUD\V��LPSURYH�VSDWLDO�ORFDOLW\�E\�VLQJOH�DUUD\�RI�FRPSRXQG
HOHPHQWV�YV����DUUD\V

² /RRS�,QWHUFKDQJH��FKDQJH�QHVWLQJ�RI�ORRSV�WR�DFFHVV�GDWD�LQ�RUGHU
VWRUHG�LQ�PHPRU\

² /RRS�)XVLRQ��&RPELQH���LQGHSHQGHQW�ORRSV�WKDW�KDYH�VDPH�ORRSLQJ�DQG
VRPH�YDULDEOHV�RYHUODS

² %ORFNLQJ��,PSURYH�WHPSRUDO�ORFDOLW\�E\�DFFHVVLQJ�´EORFNVµ�RI�GDWD
UHSHDWHGO\�YV��JRLQJ�GRZQ�ZKROH�FROXPQV�RU�URZV -'.�)���

6OLGH���

0HUJLQJ�$UUD\V�([DPSOH

/* Before: 2 sequential arrays */

int val[SIZE];

int key[SIZE];

/* After: 1 array of stuctures */

struct merge {

int val;

int key;

};

struct merge merged_array[SIZE];

5HGXFLQJ�FRQIOLFWV�EHWZHHQ�YDO�	�NH\�
LPSURYH�VSDWLDO�ORFDOLW\

-'.�)���
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/RRS�,QWHUFKDQJH�([DPSOH

/* Before */

for (k = 0; k < 100; k = k+1)

for (j = 0; j < 100; j = j+1)

for (i = 0; i < 5000; i = i+1)

x[i][j] = 2 * x[i][j];

/* After */

for (k = 0; k < 100; k = k+1)

for (i = 0; i < 5000; i = i+1)

for (j = 0; j < 100; j = j+1)

x[i][j] = 2 * x[i][j];

6HTXHQWLDO�DFFHVVHV�LQVWHDG�RI�VWULGLQJ
WKURXJK�PHPRU\�HYHU\�����ZRUGV��LPSURYHG
VSDWLDO�ORFDOLW\

-'.�)���
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/RRS�)XVLRQ�([DPSOH
/* Before */

for (i = 0; i < N; i = i+1)

for (j = 0; j < N; j = j+1)

a[i][j] = 1/b[i][j] * c[i][j];

for (i = 0; i < N; i = i+1)

for (j = 0; j < N; j = j+1)

d[i][j] = a[i][j] + c[i][j];

/* After */

for (i = 0; i < N; i = i+1)

for (j = 0; j < N; j = j+1)

{ a[i][j] = 1/b[i][j] * c[i][j];

d[i][j] = a[i][j] + c[i][j];}

��PLVVHV�SHU�DFFHVV�WR�a�	�c�YV��RQH�PLVV�SHU
DFFHVV��LPSURYH�VSDWLDO�ORFDOLW\
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%ORFNLQJ�([DPSOH
/* Before */

for (i = 0; i < N; i = i+1)

for (j = 0; j < N; j = j+1)

{r = 0;

 for (k = 0; k < N; k = k+1){

r = r + y[i][k]*z[k][j];};

 x[i][j] = r;

};

� 7ZR�,QQHU�/RRSV�
² 5HDG�DOO�1[1�HOHPHQWV�RI�]>@
² 5HDG�1�HOHPHQWV�RI���URZ�RI�\>@�UHSHDWHGO\
² :ULWH�1�HOHPHQWV�RI���URZ��RI�[>@

� &DSDFLW\�0LVVHV�D�IXQFWLRQ�RI�1�	�&DFKH�6L]H�
² �1����1�� !��DVVXPLQJ�QR�FRQIOLFW��RWKHUZLVH�«�

� ,GHD��FRPSXWH�RQ�%[%�VXEPDWUL[�WKDW�ILWV -'.�)���
6OLGH���

%ORFNLQJ�([DPSOH
/* After */

for (jj = 0; jj < N; jj = jj+B)

for (kk = 0; kk < N; kk = kk+B)

for (i = 0; i < N; i = i+1)

 for (j = jj; j < min(jj+B-1,N); j = j+1)

{r = 0;

 for (k = kk; k < min(kk+B-1,N); k = k+1) {

r = r + y[i][k]*z[k][j];};

 x[i][j] = x[i][j] + r;

};

� %�FDOOHG�%ORFNLQJ�)DFWRU
� &DSDFLW\�0LVVHV�IURP��1����1��WR��1��%��1�

� &RQIOLFW�0LVVHV�7RR"

-'.�)���
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5HGXFLQJ�&RQIOLFW�0LVVHV�E\�%ORFNLQJ

� &RQIOLFW�PLVVHV�LQ�FDFKHV�QRW�)$�YV��%ORFNLQJ�VL]H
² /DP�HW�DO�>����@�D�EORFNLQJ�IDFWRU�RI����KDG�D�ILIWK�WKH��PLVVHV
YV�����GHVSLWH�ERWK�ILW�LQ�FDFKH

Blocking Factor   

0

0.05

0.1

0 50 100 150

Fully Associative Cache    

Direct Mapped Cache   
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Performance Improvement           

1 1.5 2 2.5 3

compress

cholesky
(nasa7)

spice

mxm (nasa7)

btrix (nasa7)

tomcatv

gmty (nasa7)

vpenta (nasa7)

merged
arrays

loop
interchange

loop fusion blocking

6XPPDU\�RI�&RPSLOHU�2SWLPL]DWLRQV�WR
5HGXFH�&DFKH�0LVVHV��E\�KDQG�
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6XPPDU\

� ��&V��&RPSXOVRU\��&DSDFLW\��&RQIOLFW
���5HGXFH�0LVVHV�YLD�/DUJHU�%ORFN�6L]H
���5HGXFH�0LVVHV�YLD�+LJKHU�$VVRFLDWLYLW\
���5HGXFLQJ�0LVVHV�YLD�9LFWLP�&DFKH
���5HGXFLQJ�0LVVHV�YLD�3VHXGR�$VVRFLDWLYLW\
���5HGXFLQJ�0LVVHV�E\�+:�3UHIHWFKLQJ�,QVWU��'DWD
���5HGXFLQJ�0LVVHV�E\�6:�3UHIHWFKLQJ�'DWD
���5HGXFLQJ�0LVVHV�E\�&RPSLOHU�2SWLPL]DWLRQV

� 5HPHPEHU�GDQJHU�RI�FRQFHQWUDWLQJ�RQ�MXVW�RQH
SDUDPHWHU�ZKHQ�HYDOXDWLQJ�SHUIRUPDQFH

CPUtime = IC × CPI
Execution

+
Memory  accesses

Instruction
× Miss rate × Miss  penalty

 
 

 
 × Clock  cycle  time

-'.�)���
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5HYLHZ��,PSURYLQJ�&DFKH
3HUIRUPDQFH

���5HGXFH�WKH�PLVV�UDWH�
���5HGXFH�WKH�PLVV�SHQDOW\��RU
���5HGXFH�WKH�WLPH�WR�KLW�LQ�WKH�FDFKH�
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���5HGXFLQJ�0LVV�3HQDOW\�
5HDG�3ULRULW\�RYHU�:ULWH�RQ�0LVV

� :ULWH�WKURXJK�ZLWK�ZULWH�EXIIHUV�RIIHU�5$:
FRQIOLFWV�ZLWK�PDLQ�PHPRU\�UHDGV�RQ�FDFKH�PLVVHV

� ,I�VLPSO\�ZDLW�IRU�ZULWH�EXIIHU�WR�HPSW\��PLJKW
LQFUHDVH�UHDG�PLVV�SHQDOW\��ROG�0,36������E\
�����

� &KHFN�ZULWH�EXIIHU�FRQWHQWV�EHIRUH�UHDG�
LI�QR�FRQIOLFWV��OHW�WKH�PHPRU\�DFFHVV�FRQWLQXH

� :ULWH�%DFN"
² 5HDG�PLVV�UHSODFLQJ�GLUW\�EORFN
² 1RUPDO��:ULWH�GLUW\�EORFN�WR�PHPRU\��DQG�WKHQ�GR�WKH�UHDG
² ,QVWHDG�FRS\�WKH�GLUW\�EORFN�WR�D�ZULWH�EXIIHU��WKHQ�GR�WKH
UHDG��DQG�WKHQ�GR�WKH�ZULWH

² &38�VWDOO�OHVV�VLQFH�UHVWDUWV�DV�VRRQ�DV�GR�UHDG
-'.�)���
6OLGH���

���5HGXFH�0LVV�3HQDOW\�
6XEEORFN�3ODFHPHQW

� 'RQ·W�KDYH�WR�ORDG�IXOO�EORFN�RQ�D�PLVV
� +DYH�YDOLG�ELWV�SHU�VXEEORFN�WR�LQGLFDWH
YDOLG

� �2ULJLQDOO\�LQYHQWHG�WR�UHGXFH�WDJ�VWRUDJH�

Valid Bits Subblocks
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���5HGXFH�0LVV�3HQDOW\�
(DUO\�5HVWDUW�DQG�&ULWLFDO�:RUG

)LUVW
� 'RQ·W�ZDLW�IRU�IXOO�EORFN�WR�EH�ORDGHG�EHIRUH
UHVWDUWLQJ�&38
² (DUO\�UHVWDUW³$V�VRRQ�DV�WKH�UHTXHVWHG�ZRUG�RI�WKH�EORFN
DU�ULYHV��VHQG�LW�WR�WKH�&38�DQG�OHW�WKH�&38�FRQWLQXH�H[HFXWLRQ

² &ULWLFDO�:RUG�)LUVW³5HTXHVW�WKH�PLVVHG�ZRUG�ILUVW�IURP�PHPRU\
DQG�VHQG�LW�WR�WKH�&38�DV�VRRQ�DV�LW�DUULYHV��OHW�WKH�&38�FRQWLQXH
H[HFXWLRQ�ZKLOH�ILOOLQJ�WKH�UHVW�RI�WKH�ZRUGV�LQ�WKH�EORFN��$OVR
FDOOHG�ZUDSSHG�IHWFK�DQG�UHTXHVWHG�ZRUG��ILUVW

� *HQHUDOO\�XVHIXO�RQO\�LQ�ODUJH�EORFNV�
� 6SDWLDO�ORFDOLW\�D�SUREOHP��WHQG�WR�ZDQW�QH[W
VHTXHQWLDO�ZRUG��VR�QRW�FOHDU�LI�EHQHILW�E\�HDUO\
UHVWDUW

block -'.�)���
6OLGH���

���5HGXFH�0LVV�3HQDOW\��1RQ�
EORFNLQJ�&DFKHV�WR�UHGXFH�VWDOOV�RQ

PLVVHV
� 1RQ�EORFNLQJ�FDFKH�RU��ORFNXS�IUHH�FDFKH�DOORZ�GDWD
FDFKH�WR�FRQWLQXH�WR�VXSSO\�FDFKH�KLWV�GXULQJ�D�PLVV
² UHTXLUHV�)�(�ELWV�RQ�UHJLVWHUV�RU�RXW�RI�RUGHU�H[HFXWLRQ
² UHTXLUHV�PXOWL�EDQN�PHPRULHV

� ´KLW�XQGHU�PLVVµ��UHGXFHV�WKH�HIIHFWLYH�PLVV�SHQDOW\
E\�ZRUNLQJ�GXULQJ�PLVV�YV��LJQRULQJ�&38�UHTXHVWV

� ´KLW�XQGHU�PXOWLSOH�PLVVµ�RU�´PLVV�XQGHU�PLVVµ��PD\
IXUWKHU�ORZHU�WKH�HIIHFWLYH�PLVV�SHQDOW\�E\
RYHUODSSLQJ�PXOWLSOH�PLVVHV
² 6LJQLILFDQWO\�LQFUHDVHV�WKH�FRPSOH[LW\�RI�WKH�FDFKH�FRQWUROOHU�DV
WKHUH�FDQ�EH�PXOWLSOH�RXWVWDQGLQJ�PHPRU\�DFFHVVHV

² 5HTXLUHV�PXOLSOH�PHPRU\�EDQNV��RWKHUZLVH�FDQQRW�VXSSRUW�
² 3HQLXP�3UR�DOORZV���RXWVWDQGLQJ�PHPRU\�PLVVHV
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9DOXH�RI�+LW�8QGHU�0LVV�IRU�63(&

� )3�SURJUDPV�RQ�DYHUDJH��$0$7 �������!�������!�������!�����
� ,QW�SURJUDPV�RQ�DYHUDJH��$0$7 �������!�������!�������!�����
� ��.%�'DWD�&DFKH��'LUHFW�0DSSHG����%�EORFN�����F\FOH�PLVV
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�WK�0LVV�3HQDOW\
� /��(TXDWLRQV

$0$7� �+LW�7LPH/����0LVV�5DWH/��[�0LVV�3HQDOW\/�

0LVV�3HQDOW\/�� �+LW�7LPH/����0LVV�5DWH/��[�0LVV�3HQDOW\/�

$0$7� �+LW�7LPH/���
����0LVV�5DWH/��[��+LW�7LPH/����0LVV�5DWH/����0LVV�3HQDOW\/��

� 'HILQLWLRQV�
² /RFDO�PLVV�UDWH³�PLVVHV�LQ�WKLV�FDFKH�GLYLGHG�E\�WKH�WRWDO�QXPEHU�RI
PHPRU\�DFFHVVHV�WR�WKLV�FDFKH��0LVV�UDWH/��

² *OREDO�PLVV�UDWH³PLVVHV�LQ�WKLV�FDFKH�GLYLGHG�E\�WKH�WRWDO�QXPEHU�RI
PHPRU\�DFFHVVHV�JHQHUDWHG�E\�WKH�&38
�0LVV�5DWH/��[�0LVV�5DWH/��

² *OREDO�0LVV�5DWH�LV�ZKDW�PDWWHUV
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&RPSDULQJ�/RFDO�DQG�*OREDO
0LVV�5DWHV

� ���.%\WH��VW�OHYHO�FDFKH�
,QFUHDVLQJ��QG�OHYHO�FDFKH

� *OREDO�PLVV�UDWH�FORVH�WR
VLQJOH�OHYHO�FDFKH�UDWH
SURYLGHG�/��!!�/�

� 'RQ·W�XVH�ORFDO�PLVV�UDWH
� /��QRW�WLHG�WR�&38�FORFN
F\FOH�

� &RVW�	�$�0�$�7�
� *HQHUDOO\�)DVW�+LW�7LPHV
DQG�IHZHU�PLVVHV

� 6LQFH�KLWV�DUH�IHZ��WDUJHW
PLVV�UHGXFWLRQ

Linear

Log

Cache Size

Cache Size
-'.�)���
6OLGH���

5HGXFLQJ�0LVVHV�
:KLFK�DSSO\�WR�/��&DFKH"

� 5HGXFLQJ�0LVV�5DWH
���5HGXFH�0LVVHV�YLD�/DUJHU�%ORFN�6L]H
���5HGXFH�&RQIOLFW�0LVVHV�YLD�+LJKHU�$VVRFLDWLYLW\
���5HGXFLQJ�&RQIOLFW�0LVVHV�YLD�9LFWLP�&DFKH
���5HGXFLQJ�&RQIOLFW�0LVVHV�YLD�3VHXGR�$VVRFLDWLYLW\
���5HGXFLQJ�0LVVHV�E\�+:�3UHIHWFKLQJ�,QVWU��'DWD
���5HGXFLQJ�0LVVHV�E\�6:�3UHIHWFKLQJ�'DWD
���5HGXFLQJ�&DSDFLW\�&RQI��0LVVHV�E\�&RPSLOHU�2SWLPL]DWLRQV
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Relative CPU Time   

Block Size   

1
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9

2

16 32 64 128 256 512

1.36
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1.54

1.95

/��FDFKH�EORFN�VL]H�	
$�0�$�7�

� ��.%�/�����E\WH�SDWK�WR�PHPRU\ -'.�)���
6OLGH���

5HGXFLQJ�0LVV�3HQDOW\�6XPPDU\

� )LYH�WHFKQLTXHV
² 5HDG�SULRULW\�RYHU�ZULWH�RQ�PLVV
² 6XEEORFN�SODFHPHQW
² (DUO\�5HVWDUW�DQG�&ULWLFDO�:RUG�)LUVW�RQ�PLVV
² 1RQ�EORFNLQJ�&DFKHV��+LW�XQGHU�0LVV��0LVV�XQGHU�0LVV�
² 6HFRQG�/HYHO�&DFKH

� &DQ�EH�DSSOLHG�UHFXUVLYHO\�WR�0XOWLOHYHO�&DFKHV
² 'DQJHU�LV�WKDW�WLPH�WR�'5$0�ZLOO�JURZ�ZLWK�PXOWLSOH�OHYHOV�LQ
EHWZHHQ

² )LUVW�DWWHPSWV�DW�/��FDFKHV�FDQ�PDNH�WKLQJV�ZRUVH��VLQFH
LQFUHDVHG�ZRUVW�FDVH�LV�ZRUVH

CPUtime = IC × CPI
Execution

+
Memory  accesses

Instruction
× Miss rate × Miss  penalty

 
 

 
 × Clock  cycle  time
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:KDW�LV�WKH�,PSDFW�RI�:KDW
<RX·YH�/HDUQHG�$ERXW�&DFKHV"

� �����������6SHHG
 �¦�QR��RSHUDWLRQV�

� ����
² 3LSHOLQHG
([HFXWLRQ�	
)DVW�&ORFN�5DWH

² 2XW�RI�2UGHU
H[HFXWLRQ

² 6XSHUVFDODU
,QVWUXFWLRQ�,VVXH

� ������6SHHG� 
¦�QRQ�FDFKHG�PHPRU\�DFFHVVHV�

� 6XSHUVFDODU��2XW�RI�2UGHU�PDFKLQHV�KLGH�/��GDWD�FDFKH�PLVV
�ö��FORFNV��EXW�QRW�/��FDFKH�PLVV��ö���FORFNV�"
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&DFKH�2SWLPL]DWLRQ�6XPPDU\
7HFKQLTXH 05 03 +7 &RPSOH[LW\
/DUJHU�%ORFN�6L]H � ² �
+LJKHU�$VVRFLDWLYLW\ � ² �
9LFWLP�&DFKHV � �
3VHXGR�$VVRFLDWLYH�&DFKHV� � �
+:�3UHIHWFKLQJ�RI�,QVWU�'DWD � �
&RPSLOHU�&RQWUROOHG�3UHIHWFKLQJ � �
&RPSLOHU�5HGXFH�0LVVHV � �
3ULRULW\�WR�5HDG�0LVVHV � �
6XEEORFN�3ODFHPHQW� � � �
(DUO\�5HVWDUW�	�&ULWLFDO�:RUG��VW� � �
1RQ�%ORFNLQJ�&DFKHV � �
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