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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�

´/HVV·�/DZ"µ
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5HYLHZ��&DFKH�SHUIRUPDQFH
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� 0LVV�RULHQWHG�$SSURDFK�WR�0HPRU\�$FFHVV�

� 6HSDUDWLQJ�RXW�0HPRU\�FRPSRQHQW�HQWLUHO\
² $0$7� �$YHUDJH�0HPRU\�$FFHVV�7LPH
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([DPSOH�
+DUYDUG�$UFKLWHFWXUH"

� 8QLILHG�YV�6HSDUDWH�,	'��+DUYDUG�

� 7DEOH�RQ�SDJH�����
² ��.%�,	'��,QVW�PLVV�UDWH �������'DWD�PLVV�UDWH �����
² ��.%�XQLILHG��$JJUHJDWH�PLVV�UDWH �����

� :KLFK�LV�EHWWHU��LJQRUH�/��FDFKH�"
² $VVXPH�����LQVWUXFWLRQV��KLW�WLPH ���PLVV�WLPH ��
² 1RWH�WKDW�GDWD�KLW�KDV���VWDOO�IRU�XQLILHG�FDFKH��RQO\�RQH�SRUW�

$0$7+DUYDUG ���[��������[�������[��������[���� ������
$0$78QLILHG ���[��������[�������[����������[��� �����

3URF,�&DFKH��
3URF

8QLILHG
&DFKH��

8QLILHG
&DFKH��

'�&DFKH��
3URF

8QLILHG
&DFKH��
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5HYLHZ��0LVV�5DWH�5HGXFWLRQ

� ��&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

� 3UHIHWFKLQJ�FRPHV�LQ�WZR�IODYRUV�
² %LQGLQJ�SUHIHWFK��5HTXHVWV�ORDG�GLUHFWO\�LQWR�UHJLVWHU�

ª 0XVW�EH�FRUUHFW�DGGUHVV�DQG�UHJLVWHU�
² 1RQ�%LQGLQJ�SUHIHWFK��/RDG�LQWR�FDFKH�

ª &DQ�EH�LQFRUUHFW���)UHHV�+:�6:�WR�JXHVV�

CPUtime = IC × CPI
Execution

+
Memory  accesses

Instruction
× Miss rate × Miss  penalty

 
 

 
 × Clock  cycle  time
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,PSURYLQJ�&DFKH�3HUIRUPDQFH
&RQWLQXHG

���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
DUULYHV��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�PXOWLSOH�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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“Hit under n Misses”

0->1
1->2
2->64
Base
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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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6OLGH���

&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
1.28 1.27

1.34

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

² ���2FW 3UREOHP�6HW�����VHH�ZHE�VLWH����2Q�FDFKHV�DQG�PHPRU\�

� 5HDGLQJ�DVVLJQPHQW�IRU�)ULGD\�
² ´$�/RZ�2YHUKHDG�&RKHUHQFH�6ROXWLRQ�IRU�0XOWLSURFHVVRUV�ZLWK
SULYDWH�&DFKH�0HPRULHVµ
�0DUN�3DSDPDURRV��-DQHN�3DWHO����0(6,�VQRRS\�SURWRFRO�

² ´$Q�(YDOXDWLRQ�RI�'LUHFWRU\�6FKHPHV�IRU�&DFKH�&RKHUHQFHµ
�$QDQW�$JDUZDO��5LFKDUG�6LPRQL��-RKQ�+HQQHVV\��DQG�0DUN
+RURZLW]

² ´0HPRU\�$FFHVV�%XIIHULQJ�LQ�0XOWLSURFHVVRUVµ
�0LFKDHO�'XERLV��&KULVWRSK�6FKHXULFK��)D\H�%ULJJV

ª 2QH�SDUDJUDSK�RQ�SDSHUV���DQG��
ª 2QH�SDUDJUDSK�RQ�SDSHU���
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0DLQ�0HPRU\�%DFNJURXQG
� 3HUIRUPDQFH�RI�0DLQ�0HPRU\�

² /DWHQF\��&DFKH�0LVV�3HQDOW\
ª $FFHVV�7LPH��WLPH�EHWZHHQ�UHTXHVW�DQG�ZRUG�DUULYHV
ª &\FOH�7LPH��WLPH�EHWZHHQ�UHTXHVWV

² %DQGZLGWK��,�2�	�/DUJH�%ORFN�0LVV�3HQDOW\��/��

� 0DLQ�0HPRU\�LV�'5$0��'\QDPLF�5DQGRP�$FFHVV�0HPRU\
² '\QDPLF�VLQFH�QHHGV�WR�EH�UHIUHVKHG�SHULRGLFDOO\����PV�����WLPH�
² $GGUHVVHV�GLYLGHG�LQWR���KDOYHV��0HPRU\�DV�D��'�PDWUL[��

ª 5$6�RU�5RZ�$FFHVV�6WUREH
ª &$6�RU�&ROXPQ�$FFHVV�6WUREH

� &DFKH�XVHV�65$0��6WDWLF�5DQGRP�$FFHVV�0HPRU\
² 1R�UHIUHVK����WUDQVLVWRUV�ELW�YV����WUDQVLVWRU
6L]H��'5$0�65$0�ö�����
&RVW�&\FOH�WLPH��65$0�'5$0�ö�����

-'.�)���
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0DLQ�0HPRU\�'HHS�%DFNJURXQG
� ´2XW�RI�&RUHµ��´,Q�&RUH�µ�´&RUH�'XPSµ"
� ´&RUH�PHPRU\µ"
� 1RQ�YRODWLOH��PDJQHWLF
� /RVW�WR���.ELW�'5$0��WRGD\�XVLQJ���.ELW�'5$0�
� $FFHVV�WLPH�����QV��F\FOH�WLPH�����������QV

-'.�)���
6OLGH���

'5$0�ORJLFDO�RUJDQL]DWLRQ
���0ELW�

� 6TXDUH�URRW�RI�ELWV�SHU�5$6�&$6

Column Decoder

Sense Amps & I/O

Memory Array
(2,048 x 2,048)

A0…A10

…

11 D

Q

Word Line
Storage 
Cell
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��.H\�'5$0�7LPLQJ
3DUDPHWHUV

� W5$&��PLQLPXP�WLPH�IURP�5$6�OLQH�IDOOLQJ�WR
WKH�YDOLG�GDWD�RXWSXW�
² 4XRWHG�DV�WKH�VSHHG�RI�D�'5$0�ZKHQ�EX\
² $�W\SLFDO��0E�'5$0�W5$&�� ����QV
² 6SHHG�RI�'5$0�VLQFH�RQ�SXUFKDVH�VKHHW"

� W5&��PLQLPXP�WLPH�IURP�WKH�VWDUW�RI�RQH�URZ
DFFHVV�WR�WKH�VWDUW�RI�WKH�QH[W�
² W5&�� �����QV�IRU�D��0ELW�'5$0�ZLWK�D�W5$&�RI����QV

� W&$&��PLQLPXP�WLPH�IURP�&$6�OLQH�IDOOLQJ�WR
YDOLG�GDWD�RXWSXW�
² ���QV�IRU�D��0ELW�'5$0�ZLWK�D�W5$&�RI����QV

� W3&��PLQLPXP�WLPH�IURP�WKH�VWDUW�RI�RQH
FROXPQ�DFFHVV�WR�WKH�VWDUW�RI�WKH�QH[W�
² ���QV�IRU�D��0ELW�'5$0�ZLWK�D�W5$&�RI����QV -'.�)���

6OLGH���

'5$0�3HUIRUPDQFH

� $����QV��W5$&��'5$0�FDQ
² SHUIRUP�D�URZ�DFFHVV�RQO\�HYHU\�����QV��W5&�
² SHUIRUP�FROXPQ�DFFHVV��W&$&��LQ����QV��EXW�WLPH
EHWZHHQ�FROXPQ�DFFHVVHV�LV�DW�OHDVW����QV��W3&��

ª ,Q�SUDFWLFH��H[WHUQDO�DGGUHVV�GHOD\V�DQG�WXUQLQJ
DURXQG�EXVHV�PDNH�LW����WR����QV

� 7KHVH�WLPHV�GR�QRW�LQFOXGH�WKH�WLPH�WR�GULYH
WKH�DGGUHVVHV�RII�WKH�PLFURSURFHVVRU�QRU
WKH�PHPRU\�FRQWUROOHU�RYHUKHDG�

-'.�)���
6OLGH���

'5$0�+LVWRU\
� '5$0V��FDSDFLW\������\U��FRVW�²����\U

² ���;�FHOOV�DUHD�����;�GLH�VL]H�LQ�ö��\HDUV

� ¶���'5$0�IDE�OLQH�FRVWV���%
² '5$0�RQO\��GHQVLW\��OHDNDJH�Y��VSHHG

� 5HO\�RQ�LQFUHDVLQJ�QR��RI�FRPSXWHUV�	�PHPRU\
SHU�FRPSXWHU������PDUNHW�
² 6,00�RU�',00�LV�UHSODFHDEOH�XQLW
 !�FRPSXWHUV�XVH�DQ\�JHQHUDWLRQ�'5$0

� &RPPRGLW\��VHFRQG�VRXUFH�LQGXVWU\
 !�KLJK�YROXPH��ORZ�SURILW��FRQVHUYDWLYH
² /LWWOH�RUJDQL]DWLRQ�LQQRYDWLRQ�LQ����\HDUV

� 2UGHU�RI�LPSRUWDQFH�����&RVW�ELW����&DSDFLW\
² )LUVW�5$0%86����;�%:�������FRVW� !�OLWWOH�LPSDFW

-'.�)���
6OLGH���

'5$0�)XWXUH����*ELW�'5$0
�,66&&�¶����SURGXFWLRQ�¶��"�

�0LWVXELVKL �6DPVXQJ
� %ORFNV ����[���0ELW ������[���0ELW
� &ORFN ����0+] ����0+]
� 'DWD�3LQV �� ��
� 'LH�6L]H ���[����PP ���[����PP

² 6L]HV�ZLOO�EH�PXFK�VPDOOHU�LQ�SURGXFWLRQ

� 0HWDO�/D\HUV � �
� 7HFKQRORJ\ �����PLFURQ ������PLFURQ
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6OLGH���

0DLQ�0HPRU\�3HUIRUPDQFH

� 6LPSOH�
² &38��&DFKH��%XV��0HPRU\
VDPH�ZLGWK
����RU����ELWV�

� :LGH�
² &38�0X[���ZRUG�
0X[�&DFKH��%XV��0HPRU\
1�ZRUGV��$OSKD�����ELWV�	
����ELWV��8WUD63$5&�����

� ,QWHUOHDYHG�
² &38��&DFKH��%XV���ZRUG�
0HPRU\�1�0RGXOHV
���0RGXOHV���H[DPSOH�LV
ZRUG�LQWHUOHDYHG

-'.�)���
6OLGH���

0DLQ�0HPRU\�3HUIRUPDQFH
� 7LPLQJ�PRGHO��ZRUG�VL]H�LV����ELWV�

² ��WR�VHQG�DGGUHVV�
² ��DFFHVV�WLPH����WR�VHQG�GDWD
² &DFKH�%ORFN�LV���ZRUGV

� 6LPSOH�0�3��������� ���[��������� ���
� :LGH�0�3������������� ����������� ��
� ,QWHUOHDYHG�0�3�� ����������[��� ���

-'.�)���
6OLGH���

,QGHSHQGHQW�0HPRU\�%DQNV

� 0HPRU\�EDQNV�IRU�LQGHSHQGHQW�DFFHVVHV
YV��IDVWHU�VHTXHQWLDO�DFFHVVHV
² 0XOWLSURFHVVRU
² ,�2
² &38�ZLWK�+LW�XQGHU�Q�0LVVHV��1RQ�EORFNLQJ�&DFKH

� 6XSHUEDQN��DOO�PHPRU\�DFWLYH�RQ�RQH�EORFN�WUDQVIHU
�RU�%DQN�

� %DQN��SRUWLRQ�ZLWKLQ�D�VXSHUEDQN�WKDW�LV�ZRUG
LQWHUOHDYHG��RU�6XEEDQN�

Superbank Bank

…

6XSHUEDQN�1XPEHU 6XSHUEDQN�2IIVHW
%DQN�1XPEHU %DQN�2IIVHW

-'.�)���
6OLGH���

,QGHSHQGHQW�0HPRU\�%DQNV
� +RZ�PDQ\�EDQNV"

QXPEHU�EDQNV�≤�QXPEHU�FORFNV�WR�DFFHVV�ZRUG�LQ�EDQN
² )RU�VHTXHQWLDO�DFFHVVHV��RWKHUZLVH�ZLOO�UHWXUQ�WR�RULJLQDO�EDQN
EHIRUH�LW�KDV�QH[W�ZRUG�UHDG\

² �OLNH�LQ�YHFWRU�FDVH�

� ,QFUHDVLQJ�'5$0� !�IHZHU�FKLSV� !�KDUGHU�WR�KDYH
EDQNV
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'5$0V�SHU�3&�RYHU�7LPH
M
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DRAM Generation
‘86  ‘89  ‘92 ‘96 ‘99 ‘02 
1 Mb  4 Mb  16 Mb  64 Mb  256 Mb 1 Gb

4 MB

8 MB

16 MB

32 MB

64 MB

128 MB

256 MB

32 8

16 4

8 2

4 1

8 2

4 1

8 2 -'.�)���
6OLGH���

$YRLGLQJ�%DQN�&RQIOLFWV

� /RWV�RI�EDQNV
int x[256][512];

for (j = 0; j < 512; j = j+1)
for (i = 0; i < 256; i = i+1)

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

� (YHQ�ZLWK�����EDQNV��VLQFH�����LV�PXOWLSOH�RI�����
FRQIOLFW�RQ�ZRUG�DFFHVVHV

� 6:��ORRS�LQWHUFKDQJH�RU�GHFODULQJ�DUUD\�QRW�SRZHU�RI
���´DUUD\�SDGGLQJµ�

� +:��3ULPH�QXPEHU�RI�EDQNV
² EDQN�QXPEHU� ��DGGUHVV�PRG�QXPEHU�RI�EDQNV
² DGGUHVV�ZLWKLQ�EDQN� �DGGUHVV���QXPEHU�RI�ZRUGV�LQ�EDQN
² PRGXOR�	�GLYLGH�SHU�PHPRU\�DFFHVV�ZLWK�SULPH�QR��EDQNV"
² DGGUHVV�ZLWKLQ�EDQN� �DGGUHVV�PRG�QXPEHU�ZRUGV�LQ�EDQN
² EDQN�QXPEHU"�HDV\�LI��1�ZRUGV�SHU�EDQN

-'.�)���
6OLGH���

� &KLQHVH�5HPDLQGHU�7KHRUHP
$V�ORQJ�DV�WZR�VHWV�RI�LQWHJHUV�DL�DQG�EL�IROORZ�WKHVH�UXOHV

� DQG�WKDW�DL�DQG�DM�DUH�FR�SULPH�LI�L�≠�M��WKHQ�WKH�LQWHJHU�[�KDV�RQO\�RQH
VROXWLRQ��XQDPELJXRXV�PDSSLQJ��
² EDQN�QXPEHU� �E���QXPEHU�RI�EDQNV� �D��� ���LQ�H[DPSOH�
² DGGUHVV�ZLWKLQ�EDQN� �E���QXPEHU�RI�ZRUGV�LQ�EDQN� �D�
�� ���LQ�H[DPSOH�

² 1�ZRUG�DGGUHVV���WR�1����SULPH�QR��EDQNV��ZRUGV�SRZHU�RI��

bi = x mod ai, 0 ≤ bi < ai, 0 ≤ x < a 0 × a1 × a 2 ×…

)DVW�%DQN�1XPEHU

 Seq. Interleaved           Modulo Interleaved
Bank Number: 0 1 2 0 1 2

Address 
within Bank: 0 0 1 2 0 16 8

1 3 4 5 9 1 17
2 6 7 8 18 10 2
3 9 10 11 3 19 11
4 12 13 14 12 4 20
5 15 16 17 21 13 5
6 18 19 20 6 22 14
7 21 22 23 15 7 23

-'.�)���
6OLGH���

)DVW�0HPRU\�6\VWHPV��'5$0�VSHFLILF
� 0XOWLSOH�&$6�DFFHVVHV��VHYHUDO�QDPHV��SDJH�PRGH�

² ([WHQGHG�'DWD�2XW��('2�������IDVWHU�LQ�SDJH�PRGH

� 1HZ�'5$0V�WR�DGGUHVV�JDS�
ZKDW�ZLOO�WKH\�FRVW��ZLOO�WKH\�VXUYLYH"
² 5$0%86��VWDUWXS�FRPSDQ\��UHLQYHQW�'5$0�LQWHUIDFH

ª (DFK�&KLS�D�PRGXOH�YV��VOLFH�RI�PHPRU\
ª 6KRUW�EXV�EHWZHHQ�&38�DQG�FKLSV
ª 'RHV�RZQ�UHIUHVK
ª 9DULDEOH�DPRXQW�RI�GDWD�UHWXUQHG
ª ��E\WH�����QV������0%�V�SHU�FKLS�

² 6\QFKURQRXV�'5$0����EDQNV�RQ�FKLS��D�FORFN�VLJQDO�WR�'5$0�
WUDQVIHU�V\QFKURQRXV�WR�V\VWHP�FORFN�����������0+]�

² ,QWHO�FODLPV�5$0%86�'LUHFW�����E�ZLGH��LV�IXWXUH�3&�PHPRU\

� 1LFKH�PHPRU\�RU�PDLQ�PHPRU\"
² H�J���9LGHR�5$0�IRU�IUDPH�EXIIHUV��'5$0���IDVW�VHULDO�RXWSXW
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6OLGH���

'5$0�/DWHQF\�!!�%:

� 0RUH�$SS�%DQGZLGWK� !
&DFKH�PLVVHV
 !�'5$0�5$6�&$6

� $SSOLFDWLRQ�%:� !
/RZHU�'5$0�/DWHQF\

� 5$0%86��6\QFK�'5$0
LQFUHDVH�%:�EXW�KLJKHU
ODWHQF\

� ('2�'5$0������LQ�3&
D
R
A
M

D
R
A
M

D
R
A
M

D
R
A
M

Bus

I$ D$

Proc

L2$
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6OLGH���

3RWHQWLDO
'5$0�&URVVURDGV"

� $IWHU����\HDUV�RI��;�HYHU\���\HDUV�
UXQQLQJ�LQWR�ZDOO"����0E�����*E�

� +RZ�FDQ�NHHS���%�IDE�OLQHV�IXOO�LI�EX\
IHZHU�'5$0V�SHU�FRPSXWHU"

� &RVW�ELW�²����\U�LI�VWRS��;���\U"
� :KDW�ZLOO�KDSSHQ�WR����%�\U�'5$0
LQGXVWU\"

-'.�)���
6OLGH���

0DLQ�0HPRU\�6XPPDU\

� :LGHU�0HPRU\
� ,QWHUOHDYHG�0HPRU\��IRU�VHTXHQWLDO�RU
LQGHSHQGHQW�DFFHVVHV

� $YRLGLQJ�EDQN�FRQIOLFWV��6:�	�+:
� '5$0�VSHFLILF�RSWLPL]DWLRQV��SDJH�PRGH�	
6SHFLDOW\�'5$0

� '5$0�IXWXUH�OHVV�URV\"

-'.�)���
6OLGH���

%LJ�VWRUDJH��VXFK�DV�'5$0�',6.��
3RWHQWLDO�IRU�(UURUV�

� 2Q�ERDUG�GLVFXVVLRQ�RI�3DULW\�DQG�(&&�
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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�

-'.�)���
6OLGH���

���)DVW�+LW�WLPHV
YLD�6PDOO�DQG�6LPSOH�&DFKHV

� :K\�$OSKD�������KDV��.%�,QVWUXFWLRQ�DQG
�.%�GDWD�FDFKH�����.%�VHFRQG�OHYHO�FDFKH"
² 6PDOO�GDWD�FDFKH�DQG�FORFN�UDWH

� 'LUHFW�0DSSHG��RQ�FKLS

-'.�)���
6OLGH���

���)DVW�KLWV�E\�$YRLGLQJ�$GGUHVV
7UDQVODWLRQ

� 6HQG�YLUWXDO�DGGUHVV�WR�FDFKH"�&DOOHG�9LUWXDOO\
$GGUHVVHG�&DFKH�RU�MXVW�9LUWXDO�&DFKH�YV���3K\VLFDO
&DFKH
² (YHU\�WLPH�SURFHVV�LV�VZLWFKHG�ORJLFDOO\�PXVW�IOXVK�WKH�FDFKH��RWKHUZLVH
JHW�IDOVH�KLWV

ª &RVW�LV�WLPH�WR�IOXVK���´FRPSXOVRU\µ�PLVVHV�IURP�HPSW\�FDFKH
² 'HDOLQJ�ZLWK�DOLDVHV��VRPHWLPHV�FDOOHG�V\QRQ\PV��
7ZR�GLIIHUHQW�YLUWXDO�DGGUHVVHV�PDS��WR�VDPH�SK\VLFDO�DGGUHVV

² ,�2�PXVW�LQWHUDFW�ZLWK�FDFKH��VR�QHHG�YLUWXDO�DGGUHVV

� 6ROXWLRQ�WR�DOLDVHV
² +:�JXDUDQWHHVV�FRYHUV�LQGH[�ILHOG�	�GLUHFW�PDSSHG��WKH\�PXVW�EH
XQLTXH�
FDOOHG�SDJH�FRORULQJ

� 6ROXWLRQ�WR�FDFKH�IOXVK
² $GG�SURFHVV�LGHQWLILHU�WDJ�WKDW�LGHQWLILHV�SURFHVV�DV�ZHOO�DV�DGGUHVV
ZLWKLQ�SURFHVV��FDQ·W�JHW�D�KLW�LI�ZURQJ�SURFHVV

-'.�)���
6OLGH���

9LUWXDOO\�$GGUHVVHG�&DFKHV

CPU

TB

$

MEM

VA

PA

PA

Conventional
Organization

CPU

$

TB

MEM

VA

VA

PA

Virtually Addressed Cache
Translate only on miss

Synonym Problem

CPU

$ TB

MEM

VA

PA
Tags

PA

Overlap $ access
with VA translation:
requires $ index to

remain invariant
across translation

VA
Tags

L2 $
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6OLGH���

���)DVW�&DFKH�+LWV�E\�$YRLGLQJ
7UDQVODWLRQ��3URFHVV�,'�LPSDFW

� %ODFN�LV�XQLSURFHVV
� /LJKW�*UD\�LV�PXOWLSURFHVV
ZKHQ�IOXVK�FDFKH

� 'DUN�*UD\�LV�PXOWLSURFHVV
ZKHQ�XVH�3URFHVV�,'�WDJ

� <�D[LV��0LVV�5DWHV�XS�WR����
� ;�D[LV��&DFKH�VL]H�IURP���.%
WR������.%

-'.�)���
6OLGH���

���)DVW�&DFKH�+LWV�E\�$YRLGLQJ
7UDQVODWLRQ��,QGH[�ZLWK�3K\VLFDO

3RUWLRQ�RI�$GGUHVV
� ,I�LQGH[�LV�SK\VLFDO�SDUW�RI�DGGUHVV��FDQ
VWDUW�WDJ�DFFHVV�LQ�SDUDOOHO�ZLWK�WUDQVODWLRQ
VR�WKDW�FDQ�FRPSDUH�WR�SK\VLFDO�WDJ

� /LPLWV�FDFKH�WR�SDJH�VL]H��ZKDW�LI�ZDQW
ELJJHU�FDFKHV�DQG�XVHV�VDPH�WULFN"
² +LJKHU�DVVRFLDWLYLW\�PRYHV�EDUULHU�WR�ULJKW
² 3DJH�FRORULQJ

Page Address Page Offset

Address Tag Index Block Offset

-'.�)���
6OLGH���

� 3LSHOLQH�7DJ�&KHFN�DQG�8SGDWH�&DFKH�DV�VHSDUDWH
VWDJHV��FXUUHQW�ZULWH�WDJ�FKHFN�	�SUHYLRXV�ZULWH�FDFKH
XSGDWH

� 2QO\�6725(6�LQ�WKH�SLSHOLQH��HPSW\�GXULQJ�D�PLVV

6WRUH�U����U�� &KHFN�U�
$GG ��
6XE ��
6WRUH�U����U��� 0>U�@��U�	

FKHFN�U�

� ,Q�VKDGH�LV�´'HOD\HG�:ULWH�%XIIHUµ��PXVW�EH�FKHFNHG�RQ
UHDGV��HLWKHU�FRPSOHWH�ZULWH�RU�UHDG�IURP�EXIIHU

���)DVW�+LW�7LPHV�9LD�3LSHOLQHG
:ULWHV

-'.�)���
6OLGH���

���)DVW�:ULWHV�RQ�0LVVHV�9LD
6PDOO�6XEEORFNV

� ,I�PRVW�ZULWHV�DUH���ZRUG��VXEEORFN�VL]H�LV���ZRUG���	
ZULWH�WKURXJK�WKHQ�DOZD\V�ZULWH�VXEEORFN�	�WDJ
LPPHGLDWHO\
² 7DJ�PDWFK�DQG�YDOLG�ELW�DOUHDG\�VHW��:ULWLQJ�WKH�EORFN�ZDV�SURSHU��	
QRWKLQJ�ORVW�E\�VHWWLQJ�YDOLG�ELW�RQ�DJDLQ�

² 7DJ�PDWFK�DQG�YDOLG�ELW�QRW�VHW��7KH�WDJ�PDWFK�PHDQV�WKDW�WKLV�LV�WKH
SURSHU�EORFN��ZULWLQJ�WKH�GDWD�LQWR�WKH�VXEEORFN�PDNHV�LW�DSSURSULDWH�WR
WXUQ�WKH�YDOLG�ELW�RQ�

² 7DJ�PLVPDWFK��7KLV�LV�D�PLVV�DQG�ZLOO�PRGLI\�WKH�GDWD�SRUWLRQ�RI�WKH
EORFN��6LQFH�ZULWH�WKURXJK�FDFKH��QR�KDUP�ZDV�GRQH��PHPRU\�VWLOO�KDV
DQ�XS�WR�GDWH�FRS\�RI�WKH�ROG�YDOXH��2QO\�WKH�WDJ�WR�WKH�DGGUHVV�RI
WKH�ZULWH�DQG�WKH�YDOLG�ELWV�RI�WKH�RWKHU�VXEEORFN�QHHG�EH�FKDQJHG
EHFDXVH�WKH�YDOLG�ELW�IRU�WKLV�VXEEORFN�KDV�DOUHDG\�EHHQ�VHW

� 'RHVQ·W�ZRUN�ZLWK�ZULWH�EDFN�GXH�WR�ODVW�FDVH
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6OLGH���

&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 � �
6HFRQG�/HYHO��&DFKHV � �
6PDOO�	�6LPSOH�&DFKHV ² � �
$YRLGLQJ�$GGUHVV�7UDQVODWLRQ � �
3LSHOLQLQJ�:ULWHV � �
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6OLGH���

: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�

� :KDW�GRHV�WKLV�PHDQ�IRU
² &RPSLOHUV"�2SHUDWLQJ�6\VWHPV"��$OJRULWKPV"
'DWD�6WUXFWXUHV"

1

10

100

1000

19
80

19
81

19
82

19
83

19
84

19
85

19
86

19
87

19
88

19
89

19
90

19
91

19
92

19
93

19
94

19
95

19
96

19
97

19
98

19
99

20
00

DRAM

CPU
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6OLGH���

�&DFKH�&URVV�&XWWLQJ�,VVXHV
� 6XSHUVFDODU�&38�	�1XPEHU�&DFKH�3RUWV
PXVW�PDWFK��QXPEHU�PHPRU\
DFFHVVHV�F\FOH"

� 6SHFXODWLYH�([HFXWLRQ�DQG�QRQ�IDXOWLQJ
RSWLRQ�RQ�PHPRU\�7/%

� 3DUDOOHO�([HFXWLRQ�YV��&DFKH�ORFDOLW\
² :DQW�IDU�VHSDUDWLRQ�WR�ILQG�LQGHSHQGHQW�RSHUDWLRQV�YV�
ZDQW�UHXVH�RI�GDWD�DFFHVVHV�WR�DYRLG�PLVVHV

� ,�2�DQG�FRQVLVWHQF\&DFKHV� !�PXOWLSOH
FRSLHV�RI�GDWD
² &RQVLVWHQF\

-'.�)���
6OLGH���

$OSKD������
� 6HSDUDWH�,QVWU�	�'DWD

7/%�	�&DFKHV
� 7/%V�IXOO\�DVVRFLDWLYH
� 7/%�XSGDWHV�LQ�6:

�´3ULY�$UFK�/LEUµ�
� &DFKHV��.%�GLUHFW

PDSSHG��ZULWH�WKUX
� &ULWLFDO���E\WHV�ILUVW
� 3UHIHWFK�LQVWU��VWUHDP

EXIIHU
� ��0%�/��FDFKH��GLUHFW

PDSSHG��:%��RII�FKLS�
� ����ELW�SDWK�WR�PDLQ

PHPRU\�����[����ELW
PRGXOHV

� 9LFWLP�%XIIHU��WR�JLYH
UHDG�SULRULW\�RYHU
ZULWH

� ��HQWU\�ZULWH�EXIIHU
EHWZHHQ�'��	�/��

Stream
Buffer

Write
Buffer

Victim Buffer

Instr Data
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0 .01%

0.10%

1.00%

10.00%

100 .00%
Alpha S ort Li Com pre s s E a r Tom c a tv S pic e

M
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s 
R

at
e I $

D $

L2

$OSKD�0HPRU\�3HUIRUPDQFH�
0LVV�5DWHV�RI�63(&��

8K

8K

2M

I$ miss = 2%
D$ miss = 13%
L2 miss = 0.6%

I$ miss = 1%
D$ miss = 21%
L2 miss = 0.3%

I$ miss = 6%
D$ miss = 32%
L2 miss = 10%
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0 .00
0 .50
1 .00
1 .50
2 .00
2 .50
3 .00
3 .50
4 .00
4 .50
5 .00

Alpha S ort E s pre s s o S c Mdljs p2 E a r Alvinn Mdljp2

C
P

I

L2

I$

D$

I S ta ll

Othe r

$OSKD�&3,�&RPSRQHQWV
� ,QVWUXFWLRQ�VWDOO��EUDQFK�PLVSUHGLFW��JUHHQ��
� 'DWD�FDFKH��EOXH���,QVWUXFWLRQ�FDFKH��\HOORZ���/��
�SLQN�
2WKHU��FRPSXWH���UHJ�FRQIOLFWV��VWUXFWXUDO�FRQIOLFWV

-'.�)���
6OLGH���

3LWIDOO��3UHGLFWLQJ�&DFKH�3HUIRUPDQFH
IURP�'LIIHUHQW�3URJ���,6$��FRPSLOHU�

����

� �.%�'DWD�FDFKH�PLVV
UDWH���������RU
���"

� �.%�,QVWU�FDFKH�PLVV
UDWH�������RU����"

� $OSKD�YV��0,36
�IRU��.%�'DWD���
����YV�����

� :K\��;�$OSKD�Y�
0,36"

0%

5%

10%

15%

20%

25%

30%

35%

1 2 4 8 16 32 64 128
Ca c he  S iz e  (KB)

Miss  
Ra te

D: tom c a tv

D: gc c

D: e s pre s s o

I: gc c

I: e s pre s s o

I: tom c a tv

D$, Tom

D$, gcc

D$, esp

I$, gcc

I$, esp

I$, Tom -'.�)���
6OLGH���

Instructions Executed (billions)

Cummlati
ve

Average
Memory
Access

Time

1

1.5

2

2.5

3

3.5

4

4.5

0 1 2 3 4 5 6 7 8 9 10 11 12

3LWIDOO��6LPXODWLQJ�7RR�6PDOO
DQ�$GGUHVV�7UDFH

I$    = 4 KB, B=16B
D$  = 4 KB, B=16B
L2   = 512 KB, B=128B
MP = 12, 200
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0DLQ�0HPRU\�6XPPDU\

� :LGHU�0HPRU\
� ,QWHUOHDYHG�0HPRU\��IRU�VHTXHQWLDO�RU
LQGHSHQGHQW�DFFHVVHV

� $YRLGLQJ�EDQN�FRQIOLFWV��6:�	�+:
� '5$0�VSHFLILF�RSWLPL]DWLRQV��SDJH�PRGH�	
6SHFLDOW\�'5$0

� '5$0�IXWXUH�OHVV�URV\"
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6OLGH���

&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 � �
6HFRQG�/HYHO��&DFKHV � �
6PDOO�	�6LPSOH�&DFKHV ² � �
$YRLGLQJ�$GGUHVV�7UDQVODWLRQ � �
3LSHOLQLQJ�:ULWHV � �
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3UDFWLFDO�0HPRU\�+LHUDUFK\

� ,VVXH�LV�127�LQYHQWLQJ�QHZ�PHFKDQLVPV
� ,VVXH�LV�WDVWH�LQ�VHOHFWLQJ�EHWZHHQ�PDQ\
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