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5HDO�:RUOG�([DPSOHV

Chip Metal Line  Wafer Defect Area Dies/ Yield Die Cost
                  layers width cost        /cm2    mm2   wafer
386DX 2 0.90 $900 1.0 43 360 71% $4
486DX2 3 0.80 $1200 1.0 81 181 54% $12
PowerPC 601 4 0.80 $1700 1.3 121 115 28% $53
HP PA 7100 3 0.80 $1300 1.0 196 66 27% $73
DEC Alpha 3 0.70 $1500 1.2 234 53 19% $149
SuperSPARC 3 0.70 $1700 1.6 256 48 13% $272
Pentium 3 0.80 $1500 1.5 296 40 9% $417

– From "Estimating IC Manufacturing Costs,” by Linley Gwennap,
Microprocessor Report, August 2, 1993, p. 15
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0LFURSURJUDPPHG�&RQWUROOHUV
� 6WDWH�PDFKLQH�LQ�ZKLFK�SDUW�RI�VWDWH�LV�D�´PLFUR�SFµ�

² ([SOLFLW�FLUFXLWU\�IRU�LQFUHPHQWLQJ�RU�FKDQJLQJ�3&

� ,QFOXGHV�D�520�ZLWK�´PLFURLQVWUXFWLRQVµ�
² &RQWUROOHG�ORJLF�LPSOHPHQWV�DW�OHDVW�EUDQFKHV�DQG�MXPSV
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0: forw 35        xxx
1: b_no_obstacles 000
2: back 10        xxx
3: rotate 90      xxx
4: goto           001
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² 6WUXFWXUDO�KD]DUGV��+:�FDQQRW�VXSSRUW�WKLV�FRPELQDWLRQ�RI
LQVWUXFWLRQV��VLQJOH�SHUVRQ�WR�IROG�DQG�SXW�FORWKHV�DZD\�

² 'DWD�KD]DUGV��,QVWUXFWLRQ�GHSHQGV�RQ�UHVXOW�RI�SULRU
LQVWUXFWLRQ�VWLOO�LQ�WKH�SLSHOLQH��PLVVLQJ�VRFN�

² &RQWURO�KD]DUGV��&DXVHG�E\�GHOD\�EHWZHHQ�WKH�IHWFKLQJ�RI
LQVWUXFWLRQV�DQG�GHFLVLRQV�DERXW�FKDQJHV�LQ�FRQWURO�IORZ
�EUDQFKHV�DQG�MXPSV��
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&\FOH�� &\FOH�� &\FOH�� &\FOH�� &\FOH�� &\FOH��&\FOH��

5HJ $
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SLSHOLQHG
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�7LPH&\FOH
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��
&3,�VWDOO�3LSHOLQH��&3,�,GHDO
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,QVWSHU��F\FOHV�6WDOO�$YHUDJH��&3,�,GHDO��&3,SLSHOLQHG +=

)RU�VLPSOH�5,6&�SLSHOLQH��&3,� ���
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([DPSOH��'XDO�SRUW�YV��6LQJOH�SRUW
� 0DFKLQH�$��'XDO�SRUWHG�PHPRU\��´+DUYDUG
$UFKLWHFWXUHµ�

� 0DFKLQH�%��6LQJOH�SRUWHG�PHPRU\��EXW�LWV�SLSHOLQHG
LPSOHPHQWDWLRQ�KDV�D������WLPHV�IDVWHU�FORFN�UDWH

� ,GHDO�&3,� ���IRU�ERWK
� /RDGV�DUH�����RI�LQVWUXFWLRQV�H[HFXWHG

SpeedUpA = Pipeline Depth/(1 + 0) x (clockunpipe/clockpipe)
                  = Pipeline Depth

SpeedUpB = Pipeline Depth/(1 + 0.4 x 1) x (clockunpipe/(clockunpipe / 1.05)
                    = (Pipeline Depth/1.4) x  1.05
                    = 0.75 x Pipeline Depth

SpeedUpA / SpeedUpB = Pipeline Depth/(0.75 x Pipeline Depth) = 1.33

� 0DFKLQH�$�LV������WLPHV�IDVWHU



-'.�)���
6OLGH���

,
Q
V
W
U�

2
U
G
H
U

add r1,r2,r3

sub r4,r1,r3

and r6,r1,r7

or   r8,r1,r9

xor r10,r1,r11
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5HJ $
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7KUHH�*HQHULF�'DWD�+D]DUGV

� 5HDG�$IWHU�:ULWH��5$:�
,QVWU-�WULHV�WR�UHDG�RSHUDQG�EHIRUH�,QVWU,�ZULWHV�LW

� &DXVHG�E\�D�´'HSHQGHQFHµ��LQ�FRPSLOHU�QRPHQFODWXUH��
7KLV�KD]DUG�UHVXOWV�IURP�DQ�DFWXDO�QHHG�IRU
FRPPXQLFDWLRQ�

I: add r1,r2,r3
J: sub r4,r1,r3
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� :ULWH�$IWHU�5HDG��:$5�
,QVWU-�ZULWHV�RSHUDQG�EHIRUH�,QVWU,�UHDGV�LW

� &DOOHG�DQ�´DQWL�GHSHQGHQFHµ�E\�FRPSLOHU�ZULWHUV�
7KLV�UHVXOWV�IURP�UHXVH�RI�WKH�QDPH�´U�µ�

� &DQ·W�KDSSHQ�LQ�'/;���VWDJH�SLSHOLQH�EHFDXVH�
² �$OO�LQVWUXFWLRQV�WDNH���VWDJHV��DQG
² �5HDGV�DUH�DOZD\V�LQ�VWDJH����DQG
² �:ULWHV�DUH�DOZD\V�LQ�VWDJH��

I: sub r4,r1,r3
J: add r1,r2,r3
K: mul r6,r1,r7

7KUHH�*HQHULF�'DWD�+D]DUGV
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7KUHH�*HQHULF�'DWD�+D]DUGV
� :ULWH�$IWHU�:ULWH��:$:�
,QVWU-�ZULWHV�RSHUDQG�EHIRUH�,QVWU,�ZULWHV�LW�

� &DOOHG�DQ�´RXWSXW�GHSHQGHQFHµ�E\�FRPSLOHU�ZULWHUV
7KLV�DOVR�UHVXOWV�IURP�WKH�UHXVH�RI�QDPH�´U�µ�

� &DQ·W�KDSSHQ�LQ�'/;���VWDJH�SLSHOLQH�EHFDXVH�
² �$OO�LQVWUXFWLRQV�WDNH���VWDJHV��DQG
² �:ULWHV�DUH�DOZD\V�LQ�VWDJH��

� :LOO�VHH�:$5�DQG�:$:�LQ�ODWHU�PRUH�FRPSOLFDWHG
SLSHV

I: sub r1,r4,r3
J: add r1,r2,r3
K: mul r6,r1,r7



-'.�)���
6OLGH���

&6�����$GPLQLVWULYLD

� 6LJQ�XS�WRGD\���:HE�VLWH�LV�
���KWWS���ZZZ�FV�EHUNHOH\�HGX�aNXELWURQ�FV����)��

� ,Q�FODVV�H[DP�RQ�:HGQHVGD\�6HSW��QG
² ,PSURYH�����H[SHULHQFH�LI�UHFDSWXUH�FRPPRQ�EDFNJURXQG
² %ULQJ���VKHHW�RI�SDSHU�ZLWK�QRWHV�RQ�ERWK�VLGHV
² 'RHVQ·W�DIIHFW�JUDGH��RQO\�DGPLVVLRQ�LQWR�FODVV
² ��JUDGHV��$GPLWWHG�RU�DXGLW�WDNH�&6������VW��EHIRUH�FODVV�)ULGD\�

� 5HYLHZ��&KDSWHUV�������&6�����KRPH�SDJH��PD\EH
´&RPSXWHU�2UJDQL]DWLRQ�DQG�'HVLJQ��&2'���Hµ
² ,I�GLG�WDNH�D�FODVV��EH�VXUH�&2'�&KDSWHUV������������DUH�IDPLOLDU
² &RSLHV�LQ�%HFKWHO�/LEUDU\�RQ���KRXU�UHVHUYH

� $DURQ�%URZQ�ZLOO�EH�KROGLQJ�D�UHYLHZ�VHVVLRQ�WKLV
ZHHNHQG��6XQGD\��$XJ����������SP�������6RGD
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&6�����$GPLQLVWULYLD
� 5HVRXUFHV�IRU�FRXUVH�RQ�ZHE�VLWH�

² &KHFN�RXW�WKH�,6&$��,QWHUQDWLRQDO�6\PSRVLXP�RQ�&RPSXWHU
$UFKLWHFWXUH����WK�\HDU�UHWURVSHFWLYH�RQ�ZHE�VLWH�
/RRN�IRU�´$GGLWLRQDO�UHDGLQJµ�EHORZ�WH[W�ERRN�GHVFULSWLRQ

² 3RLQWHUV�WR�SUHYLRXV�&6����H[DPV�DQG�UHVRXUFHV
² /RWV�RI�ROG�&6����PDWHULDO
² ,QWHUHVWLQJ�SRLQWHUV�DW�ERWWRP���&KHFN�RXW�WKH�

:::�&RPSXWHU�$UFKLWHFWXUH�+RPH�3DJH

� 7R�JLYH�SURSHU�DWWHQWLRQ�WR�SURMHFWV��DV�ZHOO�DV
KRPHZRUNV�DQG�TXL]HV���,�FDQ�KDQGOH�XS�WR���
VWXGHQWV
² )LUVW�SULRULW\�LV�VWXGHQWV�WDNLQJ�$5&+�SUHOLPV�LQ�QH[W�\HDU
² 6HFRQG�SULRULW\�LV�VWXGHQWV�WDNLQJ�WKLV�IRU�EUHDGWK
² 7KLUG�SULRULW\�LV�((&6�VWXGHQWV
² )RXUWK�SULRULW\�&ROOHJH�RI�(QJLQHHULQJ�JUDG�VWXGHQWV

-'.�)���
6OLGH���

7LPH��FORFN�F\FOHV�

)RUZDUGLQJ�WR�$YRLG�'DWD�+D]DUG
)LJXUH�������3DJH����

,
Q
V
W
U�

2
U
G
H
U

add r1,r2,r3

sub r4,r1,r3

and r6,r1,r7

or   r8,r1,r9

xor r10,r1,r11

5HJ $
/8 '0HP,IHWFK 5HJ

5HJ $
/8 '0HP,IHWFK 5HJ

5HJ $
/8 '0HP,IHWFK 5HJ

5HJ $
/8 '0HP,IHWFK 5HJ

5HJ $
/8 '0HP,IHWFK 5HJ

-'.�)���
6OLGH���

+:�&KDQJH�IRU�)RUZDUGLQJ
)LJXUH�������3DJH����
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7LPH��FORFN�F\FOHV�

,
Q
V
W
U�

2
U
G
H
U

lw r1, 0(r2)

sub r4,r1,r6

and r6,r1,r7

or   r8,r1,r9

'DWD�+D]DUG�(YHQ�ZLWK
)RUZDUGLQJ

)LJXUH�������3DJH����

5HJ $
/8 '0HP,IHWFK 5HJ

5HJ $
/8 '0HP,IHWFK 5HJ

5HJ $
/8 '0HP,IHWFK 5HJ

5HJ $
/8 '0HP,IHWFK 5HJ

-'.�)���
6OLGH���

'DWD�+D]DUG�(YHQ�ZLWK
)RUZDUGLQJ
)LJXUH�������3DJH����

7LPH��FORFN�F\FOHV�

or   r8,r1,r9

,
Q
V
W
U�

2
U
G
H
U

lw r1, 0(r2)

sub r4,r1,r6

and r6,r1,r7

5HJ $
/8 '0HP,IHWFK 5HJ

5HJ,IHWFK $
/8 '0HP 5HJ%XEEOH

,IHWFK $
/8 '0HP 5HJ%XEEOH 5HJ

,IHWFK $
/8 '0HP%XEEOH 5HJ

-'.�)���
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Try producing fast code for
a = b + c;
d = e – f;

assuming a, b, c, d ,e, and f in memory.
Slow code:

LW Rb,b
LW Rc,c
ADD Ra,Rb,Rc
SW  a,Ra
LW Re,e
LW Rf,f
SUB Rd,Re,Rf
SW d,Rd

6RIWZDUH�6FKHGXOLQJ�WR�$YRLG
/RDG�+D]DUGV

Fast code:
LW Rb,b
LW Rc,c
LW Re,e
ADD Ra,Rb,Rc
LW Rf,f
SW  a,Ra
SUB Rd,Re,Rf
SW d,Rd

-'.�)���
6OLGH���

&RQWURO�+D]DUG�RQ�%UDQFKHV
7KUHH�6WDJH�6WDOO

10: beq r1,r3,36

14: and r2,r3,r5 

18: or  r6,r1,r7

22: add r8,r1,r9

36: xor r10,r1,r11

5HJ $
/8 '0HP,IHWFK 5HJ

5HJ $
/8 '0HP,IHWFK 5HJ

5HJ $
/8 '0HP,IHWFK 5HJ

5HJ $
/8 '0HP,IHWFK 5HJ

5HJ $
/8 '0HP,IHWFK 5HJ
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%UDQFK�6WDOO�,PSDFW

� ,I�&3,� ��������EUDQFK�
6WDOO���F\FOHV� !�QHZ�&3,� �����

� 7ZR�SDUW�VROXWLRQ�
² 'HWHUPLQH�EUDQFK�WDNHQ�RU�QRW�VRRQHU��$1'
² &RPSXWH�WDNHQ�EUDQFK�DGGUHVV�HDUOLHU

� '/;�EUDQFK�WHVWV�LI�UHJLVWHU� ���RU�≠
� ��
� '/;�6ROXWLRQ�

² 0RYH�=HUR�WHVW�WR�,'�5)�VWDJH
² $GGHU�WR�FDOFXODWH�QHZ�3&�LQ�,'�5)�VWDJH
² ��FORFN�F\FOH�SHQDOW\�IRU�EUDQFK�YHUVXV��

-'.�)���
6OLGH���

3LSHOLQHG�'/;�'DWDSDWK
)LJXUH�������SDJH����

0HPRU\
$FFHVV

:ULWH
%DFN

,QVWUXFWLRQ
)HWFK

,QVWU��'HFRGH
5HJ��)HWFK

([HFXWH
$GGU��&DOF�
7KLV�LV�WKH�FRUUHFW���F\FOH
ODWHQF\�LPSOHPHQWDWLRQ�

-'.�)���
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)RXU�%UDQFK�+D]DUG�$OWHUQDWLYHV

����6WDOO�XQWLO�EUDQFK�GLUHFWLRQ�LV�FOHDU
����3UHGLFW�%UDQFK�1RW�7DNHQ

² ([HFXWH�VXFFHVVRU�LQVWUXFWLRQV�LQ�VHTXHQFH
² ´6TXDVKµ�LQVWUXFWLRQV�LQ�SLSHOLQH�LI�EUDQFK�DFWXDOO\�WDNHQ
² $GYDQWDJH�RI�ODWH�SLSHOLQH�VWDWH�XSGDWH
² ����'/;�EUDQFKHV�QRW�WDNHQ�RQ�DYHUDJH
² 3&���DOUHDG\�FDOFXODWHG��VR�XVH�LW�WR�JHW�QH[W�LQVWUXFWLRQ

����3UHGLFW�%UDQFK�7DNHQ
² ����'/;�EUDQFKHV�WDNHQ�RQ�DYHUDJH
² %XW�KDYHQ·W�FDOFXODWHG�EUDQFK�WDUJHW�DGGUHVV�LQ�'/;

ª '/;�VWLOO�LQFXUV���F\FOH�EUDQFK�SHQDOW\
ª 2WKHU�PDFKLQHV��EUDQFK�WDUJHW�NQRZQ�EHIRUH�RXWFRPH

-'.�)���
6OLGH���

)RXU�%UDQFK�+D]DUG�$OWHUQDWLYHV

����'HOD\HG�%UDQFK
² 'HILQH�EUDQFK�WR�WDNH�SODFH�$)7(5�D�IROORZLQJ�LQVWUXFWLRQ

branch instruction
sequential successor1
sequential successor2
........
sequential successorn

branch target if taken

² ��VORW�GHOD\�DOORZV�SURSHU�GHFLVLRQ�DQG�EUDQFK�WDUJHW
DGGUHVV�LQ���VWDJH�SLSHOLQH

² '/;�XVHV�WKLV

%UDQFK�GHOD\�RI�OHQJWK�Q
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6OLGH���

'HOD\HG�%UDQFK

� :KHUH�WR�JHW�LQVWUXFWLRQV�WR�ILOO�EUDQFK�GHOD\
VORW"
² %HIRUH�EUDQFK�LQVWUXFWLRQ
² )URP�WKH�WDUJHW�DGGUHVV��RQO\�YDOXDEOH�ZKHQ�EUDQFK�WDNHQ
² )URP�IDOO�WKURXJK��RQO\�YDOXDEOH�ZKHQ�EUDQFK�QRW�WDNHQ
² &DQFHOOLQJ�EUDQFKHV�DOORZ�PRUH�VORWV�WR�EH�ILOOHG

� &RPSLOHU�HIIHFWLYHQHVV�IRU�VLQJOH�EUDQFK�GHOD\
VORW�
² )LOOV�DERXW�����RI�EUDQFK�GHOD\�VORWV
² $ERXW�����RI�LQVWUXFWLRQV�H[HFXWHG�LQ�EUDQFK�GHOD\�VORWV
XVHIXO�LQ�FRPSXWDWLRQ

² $ERXW����������[������RI�VORWV�XVHIXOO\�ILOOHG

� 'HOD\HG�%UDQFK�GRZQVLGH������VWDJH�SLSHOLQHV�
PXOWLSOH�LQVWUXFWLRQV�LVVXHG�SHU�FORFN��VXSHUVFDODU� -'.�)���

6OLGH���

(YDOXDWLQJ�%UDQFK�$OWHUQDWLYHV

6FKHGXOLQJ %UDQFK &3, VSHHGXS�Y� VSHHGXS�Y�
VFKHPH �SHQDOW\ XQSLSHOLQHG VWDOO

6WDOO�SLSHOLQH � ���� ��� ���
3UHGLFW�WDNHQ � ���� ��� ����
3UHGLFW�QRW�WDNHQ � ���� ��� ����
'HOD\HG�EUDQFK ��� ���� ��� ����

&RQGLWLRQDO�	�8QFRQGLWLRQDO� ����������FKDQJH�3&

Pipeline speedup = Pipeline depth
1 +Branch frequency ×Branch penalty

-'.�)���
6OLGH���

1RZ��5HYLHZ�RI�0HPRU\
+LHUDUFK\

-'.�)���
6OLGH���

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

�3URF
����\U�
��;����\U
�

'5$0
���\U�
��;���
\UV�

1

10

100

1000

19
80

19
81

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

'5$0

CPU

19
82

3URFHVVRU�0HPRU\
3HUIRUPDQFH�*DS�
�JURZV�������\HDU�

3H
UI
RU
P
DQ
FH

7LPH

´0RRUH·V�/DZµ

3URFHVVRU�'5$0�0HPRU\�*DS��ODWHQF\�
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/HYHOV�RI�WKH�0HPRU\�+LHUDUFK\

&38�5HJLVWHUV
���V�%\WHV
���V�QV

&DFKH
.�%\WHV
�������QV
������FHQWV�ELW

0DLQ�0HPRU\
0�%\WHV
���QV�����QV
��������������FHQWV��ELW
'LVN
*�%\WHV�����PV�
������������QV�

�����������FHQWV�ELW�� ��

&DSDFLW\
$FFHVV�7LPH
&RVW

7DSH
LQILQLWH
VHF�PLQ
�� ��

5HJLVWHUV

&DFKH

0HPRU\

'LVN

7DSH

,QVWU��2SHUDQGV

%ORFNV

3DJHV

)LOHV

6WDJLQJ
;IHU�8QLW

SURJ��FRPSLOHU
����E\WHV

FDFKH�FQWO
������E\WHV

26
�����.�E\WHV

XVHU�RSHUDWRU
0E\WHV

8SSHU�/HYHO

/RZHU�/HYHO

IDVWHU

/DUJHU

-'.�)���
6OLGH���

7KH�3ULQFLSOH�RI�/RFDOLW\

� 7KH�3ULQFLSOH�RI�/RFDOLW\�
² 3URJUDP�DFFHVV�D�UHODWLYHO\�VPDOO�SRUWLRQ�RI�WKH�DGGUHVV�VSDFH�DW
DQ\�LQVWDQW�RI�WLPH�

� 7ZR�'LIIHUHQW�7\SHV�RI�/RFDOLW\�
² 7HPSRUDO�/RFDOLW\��/RFDOLW\�LQ�7LPH���,I�DQ�LWHP�LV�UHIHUHQFHG��LW
ZLOO�WHQG�WR�EH�UHIHUHQFHG�DJDLQ�VRRQ��H�J���ORRSV��UHXVH�

² 6SDWLDO�/RFDOLW\��/RFDOLW\�LQ�6SDFH���,I�DQ�LWHP�LV�UHIHUHQFHG�
LWHPV�ZKRVH�DGGUHVVHV�DUH�FORVH�E\�WHQG�WR�EH�UHIHUHQFHG�VRRQ
�H�J���VWUDLJKWOLQH�FRGH��DUUD\�DFFHVV�

� /DVW����\HDUV��+:�UHOLHG�RQ�ORFDOLOW\�IRU�VSHHG

-'.�)���
6OLGH���

0HPRU\�+LHUDUFK\��7HUPLQRORJ\
� +LW��GDWD�DSSHDUV�LQ�VRPH�EORFN�LQ�WKH�XSSHU�OHYHO
�H[DPSOH��%ORFN�;�
² +LW�5DWH��WKH�IUDFWLRQ�RI�PHPRU\�DFFHVV�IRXQG�LQ�WKH�XSSHU�OHYHO
² +LW�7LPH��7LPH�WR�DFFHVV�WKH�XSSHU�OHYHO�ZKLFK�FRQVLVWV�RI

5$0�DFFHVV�WLPH���7LPH�WR�GHWHUPLQH�KLW�PLVV

� 0LVV��GDWD�QHHGV�WR�EH�UHWULHYH�IURP�D�EORFN�LQ�WKH
ORZHU�OHYHO��%ORFN�<�
² 0LVV�5DWH�� ������+LW�5DWH�
² 0LVV�3HQDOW\��7LPH�WR�UHSODFH�D�EORFN�LQ�WKH�XSSHU�OHYHO���

7LPH�WR�GHOLYHU�WKH�EORFN�WKH�SURFHVVRU

� +LW�7LPH����0LVV�3HQDOW\������LQVWUXFWLRQV�RQ
������� Lower Level

MemoryUpper Level
Memory

To Processor

From Processor
Blk X

Blk Y
-'.�)���
6OLGH���

&DFKH�0HDVXUHV

� +LW�UDWH��IUDFWLRQ�IRXQG�LQ�WKDW�OHYHO
² 6R�KLJK�WKDW�XVXDOO\�WDON�DERXW�0LVV�UDWH
² 0LVV�UDWH�IDOODF\��DV�0,36�WR�&38�SHUIRUPDQFH�
PLVV�UDWH�WR�DYHUDJH�PHPRU\�DFFHVV�WLPH�LQ�PHPRU\

� $YHUDJH�PHPRU\�DFFHVV�WLPH
 �+LW�WLPH���0LVV�UDWH�[�0LVV�SHQDOW\

�QV�RU�FORFNV�
� 0LVV�SHQDOW\��WLPH�WR�UHSODFH�D�EORFN�IURP
ORZHU�OHYHO��LQFOXGLQJ�WLPH�WR�UHSODFH�LQ�&38
² DFFHVV�WLPH��WLPH�WR�ORZHU�OHYHO
 �I�ODWHQF\�WR�ORZHU�OHYHO�

² WUDQVIHU�WLPH��WLPH�WR�WUDQVIHU�EORFN
 I�%:�EHWZHHQ�XSSHU�	�ORZHU�OHYHOV�
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6LPSOHVW�&DFKH��'LUHFW��0DSSHG
Memory

4  Byte Direct Mapped Cache

Memory Address
0

1

2

3

4

5

6

7

8

9

A

B

C

D

E

F

Cache Index

0

1

2

3

� /RFDWLRQ���FDQ�EH�RFFXSLHG�E\
GDWD�IURP�
² 0HPRU\�ORFDWLRQ��������������HWF�
² ,Q�JHQHUDO��DQ\�PHPRU\�ORFDWLRQ
ZKRVH���/6%V�RI�WKH�DGGUHVV�DUH��V

² $GGUHVV����!�� !�FDFKH�LQGH[

� :KLFK�RQH�VKRXOG�ZH�SODFH�LQ
WKH�FDFKH"

� +RZ�FDQ�ZH�WHOO�ZKLFK�RQH�LV�LQ
WKH�FDFKH"

-'.�)���
6OLGH���

��.%�'LUHFW�0DSSHG�&DFKH����%�EORFNV
� )RU�D���

�1�E\WH�FDFKH�

² 7KH�XSSHUPRVW�������1��ELWV�DUH�DOZD\V�WKH�&DFKH�7DJ
² 7KH�ORZHVW�0�ELWV�DUH�WKH�%\WH�6HOHFW��%ORFN�6L]H� ���

�0�

Cache Index

0

1

2

3

:

 Cache Data

Byte 0

0431

:

Cache Tag Example: 0x50

Ex: 0x01

0x50

Stored as part
of the cache “state”

Valid Bit

:

31

Byte 1Byte 31 :

Byte 32Byte 33Byte 63 :

Byte 992Byte 1023 :

 Cache Tag

Byte Select

Ex: 0x00

9

-'.�)���
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7ZR�ZD\�6HW�$VVRFLDWLYH�&DFKH
� 1�ZD\�VHW�DVVRFLDWLYH��1�HQWULHV�IRU�HDFK�&DFKH
,QGH[
² 1�GLUHFW�PDSSHG�FDFKHV�RSHUDWHV�LQ�SDUDOOHO��1�W\SLFDOO\���WR���

� ([DPSOH��7ZR�ZD\�VHW�DVVRFLDWLYH�FDFKH
² &DFKH�,QGH[�VHOHFWV�D�´VHWµ�IURP�WKH�FDFKH
² 7KH�WZR�WDJV�LQ�WKH�VHW�DUH�FRPSDUHG�LQ�SDUDOOHO
² 'DWD�LV�VHOHFWHG�EDVHG�RQ�WKH�WDJ�UHVXOW

Cache Data

Cache Block 0

Cache TagValid

:: :

Cache Data

Cache Block 0

Cache Tag Valid

: ::

Cache Index

Mux 01Sel1 Sel0

Cache Block

Compare
Adr Tag

Compare

OR

Hit
-'.�)���
6OLGH���

'LVDGYDQWDJH�RI�6HW�$VVRFLDWLYH�&DFKH
� 1�ZD\�6HW�$VVRFLDWLYH�&DFKH�Y��'LUHFW�0DSSHG�&DFKH�

² 1�FRPSDUDWRUV�YV���
² ([WUD�08;�GHOD\�IRU�WKH�GDWD
² 'DWD�FRPHV�$)7(5�+LW�0LVV

� ,Q�D�GLUHFW�PDSSHG�FDFKH��&DFKH�%ORFN�LV�DYDLODEOH
%()25(�+LW�0LVV�
² 3RVVLEOH�WR�DVVXPH�D�KLW�DQG�FRQWLQXH���5HFRYHU�ODWHU�LI�PLVV�

Cache Data

Cache Block 0

Cache Tag Valid

: ::

Cache Data

Cache Block 0

Cache TagValid

:: :

Cache Index

Mux 01Sel1 Sel0

Cache Block

Compare
Adr Tag

Compare

OR

Hit
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��4XHVWLRQV�IRU�0HPRU\
+LHUDUFK\

� 4���:KHUH�FDQ�D�EORFN�EH�SODFHG�LQ�WKH�XSSHU�OHYHO"
�%ORFN�SODFHPHQW�

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

� 4���:KLFK�EORFN�VKRXOG�EH�UHSODFHG�RQ�D�PLVV"
�%ORFN�UHSODFHPHQW�

� 4���:KDW�KDSSHQV�RQ�D�ZULWH"
�:ULWH�VWUDWHJ\�

-'.�)���
6OLGH���

4���:KHUH�FDQ�D�EORFN�EH
SODFHG�LQ�WKH�XSSHU�OHYHO"

� %ORFN����SODFHG�LQ���EORFN�FDFKH�
² )XOO\�DVVRFLDWLYH��GLUHFW�PDSSHG����ZD\�VHW�DVVRFLDWLYH
² 6�$��0DSSLQJ� �%ORFN�1XPEHU�0RGXOR�1XPEHU�6HWV

�&DFKH

01234567 0123456701234567

0HPRU\

          1111111111222222222233
01234567890123456789012345678901

)XOO�0DSSHG 'LUHFW�0DSSHG
����PRG���� ��

��:D\�$VVRF
����PRG���� ��

-'.�)���
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4���+RZ�LV�D�EORFN�IRXQG�LI�LW
LV�LQ�WKH�XSSHU�OHYHO"

� 7DJ�RQ�HDFK�EORFN
² 1R�QHHG�WR�FKHFN�LQGH[�RU�EORFN�RIIVHW

� ,QFUHDVLQJ�DVVRFLDWLYLW\�VKULQNV�LQGH[�
H[SDQGV�WDJ

%ORFN
2IIVHW

%ORFN�$GGUHVV

,QGH[7DJ

-'.�)���
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4���:KLFK�EORFN�VKRXOG�EH�UHSODFHG
RQ�D�PLVV"

• Easy for Direct Mapped
• Set Associative or Fully Associative:

– Random
– LRU (Least Recently Used)

Assoc:       2-way      4-way         8-way
Size        LRU     Ran    LRU     Ran      LRU      Ran
16 KB 5.2% 5.7%   4.7% 5.3% 4.4% 5.0%
64 KB 1.9% 2.0%   1.5% 1.7%   1.4% 1.5%
256 KB 1.15% 1.17%  1.13%  1.13%  1.12%   1.12%
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4���:KDW�KDSSHQV�RQ�D�ZULWH"

� :ULWH�WKURXJK³7KH�LQIRUPDWLRQ�LV�ZULWWHQ
WR�ERWK�WKH�EORFN�LQ�WKH�FDFKH�DQG�WR�WKH
EORFN�LQ�WKH�ORZHU�OHYHO�PHPRU\�

� :ULWH�EDFN³7KH�LQIRUPDWLRQ�LV�ZULWWHQ�RQO\
WR�WKH�EORFN�LQ�WKH�FDFKH��7KH�PRGLILHG
FDFKH�EORFN�LV�ZULWWHQ�WR�PDLQ�PHPRU\�RQO\
ZKHQ�LW�LV�UHSODFHG�
² LV�EORFN�FOHDQ�RU�GLUW\"

� 3URV�DQG�&RQV�RI�HDFK"
² :7��UHDG�PLVVHV�FDQQRW�UHVXOW�LQ�ZULWHV
² :%��QR�UHSHDWHG�ZULWHV�WR�VDPH�ORFDWLRQ

� :7�DOZD\V�FRPELQHG�ZLWK�ZULWH�EXIIHUV�VR
WKDW�GRQ·W�ZDLW�IRU�ORZHU�OHYHO�PHPRU\ -'.�)���

6OLGH���

:ULWH�%XIIHU�IRU�:ULWH�7KURXJK

� $�:ULWH�%XIIHU�LV�QHHGHG�EHWZHHQ�WKH�&DFKH�DQG
0HPRU\
² 3URFHVVRU��ZULWHV�GDWD�LQWR�WKH�FDFKH�DQG�WKH�ZULWH�EXIIHU
² 0HPRU\�FRQWUROOHU��ZULWH�FRQWHQWV�RI�WKH�EXIIHU�WR�PHPRU\

� :ULWH�EXIIHU�LV�MXVW�D�),)2�
² 7\SLFDO�QXPEHU�RI�HQWULHV���
² :RUNV�ILQH�LI���6WRUH�IUHTXHQF\��Z�U�W��WLPH���������'5$0
ZULWH�F\FOH

� 0HPRU\�V\VWHP�GHVLJQHU·V�QLJKWPDUH�
² 6WRUH�IUHTXHQF\��Z�U�W��WLPH�����!������'5$0�ZULWH�F\FOH
² :ULWH�EXIIHU�VDWXUDWLRQ

Processor
Cache

Write Buffer

DRAM

-'.�)���
6OLGH���

,PSDFW�RI�0HPRU\�+LHUDUFK\�RQ
$OJRULWKPV

� 7RGD\�&38�WLPH�LV�D�IXQFWLRQ��RI��RSV��FDFKH�PLVVHV�
YV��MXVW�I�RSV��
:KDW�GRHV�WKLV�PHDQ�WR�&RPSLOHUV��'DWD�VWUXFWXUHV�
$OJRULWKPV"

� ´7KH�,QIOXHQFH�RI�&DFKHV�RQ�WKH�3HUIRUPDQFH�RI
6RUWLQJµ�E\�$��/D0DUFD�DQG�5�(��/DGQHU��3URFHHGLQJV
RI�WKH�(LJKWK�$QQXDO�$&0�6,$0�6\PSRVLXP�RQ
'LVFUHWH�$OJRULWKPV��-DQXDU\����������������

� 4XLFNVRUW��IDVWHVW�FRPSDULVRQ�EDVHG�VRUWLQJ�DOJRULWKP
ZKHQ�DOO�NH\V�ILW�LQ�PHPRU\

� 5DGL[�VRUW��DOVR�FDOOHG�´OLQHDU�WLPHµ�VRUW�EHFDXVH�IRU
NH\V�RI�IL[HG�OHQJWK�DQG�IL[HG�UDGL[�D�FRQVWDQW
QXPEHU�RI�SDVVHV�RYHU�WKH�GDWD�LV�VXIILFLHQW
LQGHSHQGHQW�RI�WKH�QXPEHU�RI�NH\V

� )RU�$OSKDVWDWLRQ���������E\WH�EORFNV��GLUHFW�PDSSHG
/���0%�FDFKH����E\WH�NH\V��IURP������WR��������
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4XLFNVRUW�YV��5DGL[�DV�YDU\�QXPEHU
NH\V��&DFKH�PLVVHV
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:KDW�LV�SURSHU�DSSURDFK�WR�IDVW�DOJRULWKPV"
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��PLQXWH�&ODVV�%UHDN

� ���PLQXWHV�VWUDLJKW�LV�WRR�ORQJ�IRU�PH�WR
OHFWXUH�����������²����������
² ��ö���PLQXWH� UHYLHZ�ODVW�WLPH�	�PRWLYDWH�WKLV�OHFWXUH
² ö����PLQXWH OHFWXUH
² �ö���PLQXWHV� GLVFXVV�FODVV�PDQDQJHPHQW
² ö����PLQXWHV�OHFWXUH
² ������PLQXWHV� EUHDN
² ö���PLQXWHV� OHFWXUH
² ��ö��PLQXWH� VXPPDU\�RI�WRGD\·V�LPSRUWDQW�WRSLFV
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$�0RGHUQ�0HPRU\�+LHUDUFK\
� %\�WDNLQJ�DGYDQWDJH�RI�WKH�SULQFLSOH�RI�ORFDOLW\�

² 3UHVHQW�WKH�XVHU�ZLWK�DV�PXFK�PHPRU\�DV�LV�DYDLODEOH�LQ�WKH
FKHDSHVW�WHFKQRORJ\�

² 3URYLGH�DFFHVV�DW�WKH�VSHHG�RIIHUHG�E\�WKH�IDVWHVW�WHFKQRORJ\�
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%DVLF�,VVXHV�LQ�90�6\VWHP�'HVLJQ
VL]H�RI�LQIRUPDWLRQ�EORFNV�WKDW�DUH�WUDQVIHUUHG�IURP
������VHFRQGDU\�WR�PDLQ�VWRUDJH��0�

EORFN�RI�LQIRUPDWLRQ�EURXJKW�LQWR�0��DQG�0�LV�IXOO��WKHQ�VRPH�UHJLRQ
������RI�0�PXVW�EH�UHOHDVHG�WR�PDNH�URRP�IRU�WKH�QHZ�EORFN���!
������UHSODFHPHQW�SROLF\

ZKLFK�UHJLRQ�RI�0�LV�WR�KROG�WKH�QHZ�EORFN���!��SODFHPHQW�SROLF\�

PLVVLQJ�LWHP�IHWFKHG�IURP�VHFRQGDU\�PHPRU\�RQO\�RQ�WKH�RFFXUUHQFH
������RI�D�IDXOW����!��GHPDQG�ORDG�SROLF\

3DJLQJ�2UJDQL]DWLRQ

YLUWXDO�DQG�SK\VLFDO�DGGUHVV�VSDFH�SDUWLWLRQHG�LQWR�EORFNV�RI�HTXDO�VL]H

SDJH�IUDPHV
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$GGUHVV�0DS
9� �^��������������Q����`���YLUWXDO�DGGUHVV�VSDFH
0� �^��������������P����`��SK\VLFDO�DGGUHVV�VSDFH

0$3���9���!��0��8��^�`��DGGUHVV�PDSSLQJ�IXQFWLRQ
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���������������������������DGGUHVV�D
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9LUWXDO�$GGUHVV�DQG�D�&DFKH

&38 7UDQV�
ODWLRQ &DFKH 0DLQ

0HPRU\

9$ 3$ PLVV

KLW
GDWD

,W�WDNHV�DQ�H[WUD��PHPRU\�DFFHVV�WR�WUDQVODWH�9$�WR�3$

7KLV�PDNHV�FDFKH�DFFHVV�YHU\�H[SHQVLYH��DQG�WKLV�LV�WKH�
�LQQHUPRVW�ORRS��WKDW�\RX�ZDQW�WR�JR�DV�IDVW�DV�SRVVLEOH

$6,'(���:K\�DFFHVV�FDFKH�ZLWK�3$�DW�DOO"��9$�FDFKHV�KDYH�D�SUREOHP�
������V\QRQ\P����DOLDV�SUREOHP���WZR�GLIIHUHQW�YLUWXDO�DGGUHVVHV�PDS�WR�
������VDPH�SK\VLFDO�DGGUHVV�� !��WZR�GLIIHUHQW�FDFKH�HQWULHV�KROGLQJ�GDWD
������WKH�VDPH�SK\VLFDO�DGGUHVV���

������IRU�XSGDWH���PXVW�XSGDWH�DOO�FDFKH�HQWULHV�ZLWK�VDPH
������SK\VLFDO�DGGUHVV�RU�PHPRU\�EHFRPHV�LQFRQVLVWHQW

������GHWHUPLQLQJ�WKLV�UHTXLUHV�VLJQLILFDQW�KDUGZDUH��HVVHQWLDOO\�DQ
������DVVRFLDWLYH�ORRNXS�RQ�WKH�SK\VLFDO�DGGUHVV�WDJV�WR�VHH�LI�\RX�
������KDYH�PXOWLSOH�KLWV��RU

������VRIWZDUH�HQIRUFHG�DOLDV�ERXQGDU\��VDPH�OVE�RI�9$�	3$�!�FDFKH�VL]H
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7/%V
$�ZD\�WR�VSHHG�XS�WUDQVODWLRQ�LV�WR�XVH�D�VSHFLDO�FDFKH�RI�UHFHQWO\
������XVHG�SDJH�WDEOH�HQWULHV������WKLV�KDV�PDQ\�QDPHV��EXW�WKH�PRVW
������IUHTXHQWO\�XVHG�LV�7UDQVODWLRQ�/RRNDVLGH�%XIIHU�RU�7/%

Virtual Address   Physical Address   Dirty   Ref   Valid   Access

5HDOO\�MXVW�D�FDFKH�RQ�WKH�SDJH�WDEOH�PDSSLQJV

7/%�DFFHVV�WLPH�FRPSDUDEOH�WR�FDFKH�DFFHVV�WLPH
�������PXFK�OHVV�WKDQ�PDLQ�PHPRU\�DFFHVV�WLPH�
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7UDQVODWLRQ�/RRN�$VLGH�%XIIHUV
-XVW�OLNH�DQ\�RWKHU�FDFKH��WKH�7/%�FDQ�EH�RUJDQL]HG�DV�IXOO\�DVVRFLDWLYH�
������VHW�DVVRFLDWLYH��RU�GLUHFW�PDSSHG

7/%V�DUH�XVXDOO\�VPDOO��W\SLFDOO\�QRW�PRUH�WKDQ�����������HQWULHV�HYHQ�RQ
������KLJK�HQG�PDFKLQHV���7KLV�SHUPLWV�IXOO\�DVVRFLDWLYH
������ORRNXS�RQ�WKHVH�PDFKLQHV���0RVW�PLG�UDQJH�PDFKLQHV�XVH�VPDOO
������Q�ZD\�VHW�DVVRFLDWLYH�RUJDQL]DWLRQV�
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5HGXFLQJ�7UDQVODWLRQ�7LPH

0DFKLQHV�ZLWK�7/%V�JR�RQH�VWHS�IXUWKHU�WR�UHGXFH��
F\FOHV�FDFKH�DFFHVV

7KH\�RYHUODS�WKH�FDFKH�DFFHVV�ZLWK�WKH�7/%�DFFHVV�

����KLJK�RUGHU�ELWV�RI�WKH�9$�DUH�XVHG�WR�ORRN�LQ�WKH
7/%�ZKLOH�ORZ�RUGHU�ELWV�DUH�XVHG�DV�LQGH[�LQWR
FDFKH
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2YHUODSSHG�&DFKH�	�7/%�$FFHVV
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(/6(�,)�>FDFKH�PLVV�25��FDFKH�WDJ� �3$�@�DQG�7/%�KLW�7+(1
���������������DFFHVV�PHPRU\�ZLWK�WKH�3$�IURP�WKH�7/%
(/6(�GR�VWDQGDUG�9$�WUDQVODWLRQ
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3UREOHPV�:LWK�2YHUODSSHG�7/%�$FFHVV
2YHUODSSHG�DFFHVV�RQO\�ZRUNV�DV�ORQJ�DV�WKH�DGGUHVV�ELWV�XVHG�WR
������LQGH[�LQWR�WKH�FDFKH�GR�QRW�FKDQJH��DV�WKH�UHVXOW�RI�9$�WUDQVODWLRQ

7KLV�XVXDOO\�OLPLWV�WKLQJV�WR�VPDOO�FDFKHV��ODUJH�SDJH�VL]HV��RU�KLJK
������Q�ZD\�VHW�DVVRFLDWLYH�FDFKHV�LI�\RX�ZDQW�D�ODUJH�FDFKH

([DPSOH���VXSSRVH�HYHU\WKLQJ�WKH�VDPH�H[FHSW�WKDW�WKH�FDFKH�LV
������LQFUHDVHG�WR���.�E\WHV�LQVWHDG�RI���.�

�� �
��

YLUW�SDJH�� GLVS
�� ��

FDFKH�
LQGH[

7KLV�ELW�LV�FKDQJHG
E\�9$�WUDQVODWLRQ��EXW
LV�QHHGHG�IRU�FDFKH
ORRNXS

6ROXWLRQV�
������JR�WR��.�E\WH�SDJH�VL]HV�
������JR�WR���ZD\�VHW�DVVRFLDWLYH�FDFKH��RU
������6:�JXDUDQWHH�9$>��@ 3$>��@

�.
� �

��
��ZD\�VHW�DVVRF�FDFKH
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6XPPDU\������
&RQWURO�DQG�3LSHOLQLQJ

� &RQWURO�9,$�6WDWH�0DFKLQHV�DQG�0LFURSURJUDPPLQJ
� -XVW�RYHUODS�WDVNV��HDV\�LI�WDVNV�DUH�LQGHSHQGHQW
� 6SHHG�8S�≤�3LSHOLQH�'HSWK��LI�LGHDO�&3,�LV����WKHQ�

� +D]DUGV�OLPLW�SHUIRUPDQFH�RQ�FRPSXWHUV�
² 6WUXFWXUDO��QHHG�PRUH�+:�UHVRXUFHV
² 'DWD��5$:�:$5�:$:���QHHG�IRUZDUGLQJ��FRPSLOHU�VFKHGXOLQJ
² &RQWURO��GHOD\HG�EUDQFK��SUHGLFWLRQ

SLSHOLQHG

GXQSLSHOLQH

�7LPH&\FOH
�7LPH&\FOH

��
&3,�VWDOO�3LSHOLQH���

GHSWK�3LSHOLQH��6SHHGXS ×
+

=
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6XPPDU\�������&DFKHV
� 7KH�3ULQFLSOH�RI�/RFDOLW\�

² 3URJUDP�DFFHVV�D�UHODWLYHO\�VPDOO�SRUWLRQ�RI�WKH�DGGUHVV�VSDFH�DW
DQ\�LQVWDQW�RI�WLPH�
ª 7HPSRUDO�/RFDOLW\��/RFDOLW\�LQ�7LPH
ª 6SDWLDO�/RFDOLW\��/RFDOLW\�LQ�6SDFH

� 7KUHH�0DMRU�&DWHJRULHV�RI�&DFKH�0LVVHV�
² &RPSXOVRU\�0LVVHV��VDG�IDFWV�RI�OLIH���([DPSOH��FROG�VWDUW�PLVVHV�
² &DSDFLW\�0LVVHV��LQFUHDVH�FDFKH�VL]H
² &RQIOLFW�0LVVHV���LQFUHDVH�FDFKH�VL]H�DQG�RU�DVVRFLDWLYLW\�

1LJKWPDUH�6FHQDULR��SLQJ�SRQJ�HIIHFW�

� :ULWH�3ROLF\�
² :ULWH�7KURXJK��QHHGV�D�ZULWH�EXIIHU���1LJKWPDUH��:%�VDWXUDWLRQ
² :ULWH�%DFN��FRQWURO�FDQ�EH�FRPSOH[
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6XPPDU\������
7KH�&DFKH�'HVLJQ�6SDFH

� 6HYHUDO�LQWHUDFWLQJ�GLPHQVLRQV
² FDFKH�VL]H
² EORFN�VL]H
² DVVRFLDWLYLW\
² UHSODFHPHQW�SROLF\
² ZULWH�WKURXJK�YV�ZULWH�EDFN
² ZULWH�DOORFDWLRQ

� 7KH�RSWLPDO�FKRLFH�LV�D�FRPSURPLVH
² GHSHQGV�RQ�DFFHVV�FKDUDFWHULVWLFV

ª ZRUNORDG
ª XVH��,�FDFKH��'�FDFKH��7/%�

² GHSHQGV�RQ�WHFKQRORJ\���FRVW

� 6LPSOLFLW\�RIWHQ�ZLQV

$VVRFLDWLYLW\

&DFKH�6L]H

%ORFN�6L]H

%DG

*RRG

/HVV 0RUH

)DFWRU�$ )DFWRU�%
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6XPPDU\�������7/%��9LUWXDO�0HPRU\
� &DFKHV��7/%V��9LUWXDO�0HPRU\�DOO�XQGHUVWRRG�E\
H[DPLQLQJ�KRZ�WKH\�GHDO�ZLWK���TXHVWLRQV����
:KHUH�FDQ�EORFN�EH�SODFHG"����+RZ�LV�EORFN�IRXQG"
���:KDW�EORFN�LV�UHSDOFHG�RQ�PLVV"����+RZ�DUH
ZULWHV�KDQGOHG"

� 3DJH�WDEOHV�PDS�YLUWXDO�DGGUHVV�WR�SK\VLFDO�DGGUHVV
� 7/%V�DUH�LPSRUWDQW�IRU�IDVW�WUDQVODWLRQ
� 7/%�PLVVHV�DUH�VLJQLILFDQW�LQ�SURFHVVRU�SHUIRUPDQFH

² IXQQ\�WLPHV��DV�PRVW�V\VWHPV�FDQ·W�DFFHVV�DOO�RI��QG�OHYHO�FDFKH
ZLWKRXW�7/%�PLVVHV�
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6XPPDU\�������0HPRU\�+LHUDFK\
� 9LUWXDO�PHPRU\�ZDV�FRQWURYHUVLDO�DW�WKH�WLPH�
FDQ�6:�DXWRPDWLFDOO\�PDQDJH���.%�DFURVV�PDQ\
SURJUDPV"
² ����;�'5$0�JURZWK�UHPRYHG�WKH�FRQWURYHUV\

� 7RGD\�90�DOORZV�PDQ\�SURFHVVHV�WR�VKDUH�VLQJOH
PHPRU\�ZLWKRXW�KDYLQJ�WR�VZDS�DOO�SURFHVVHV�WR
GLVN��WRGD\�90�SURWHFWLRQ�LV�PRUH�LPSRUWDQW�WKDQ
PHPRU\�KLHUDUFK\

� 7RGD\�&38�WLPH�LV�D�IXQFWLRQ��RI��RSV��FDFKH
PLVVHV��YV��MXVW�I�RSV��
:KDW�GRHV�WKLV�PHDQ�WR�&RPSLOHUV��'DWD
VWUXFWXUHV��$OJRULWKPV"


