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5HYLHZ�
&RQWURO�)ORZ�DQG�([FHSWLRQV

� 5,6&�YV�&,6&�ZDV�DERXW�YLUWXDOL]LQJ�WKH�&38
LQWHUIDFH��QRW�VLPSOH�YV�FRPSOH[�LQVWUXFWLRQV

� &RQWURO�IORZ�LV�WKH�ELJJHVW�SUREOHP�IRU�FRPSXWHU
DUFKLWHFWV���7KLV�LV�JHWWLQJ�ZRUVH�
² 0RGHUQ�FRPSXWHU�ODQJXDJHV�VXFK�DV�&���DQG�-DYD�XVHU�PDQ\�VPDOOHU
SURFHGXUH�FDOOV��PHWKRG�LQYRFDWLRQV�

² 1HWZRUNHG�GHYLFHV�QHHG�WR�UHVSRQG�TXLFNO\�WR�PDQ\�H[WHUQDO�HYHQWV�

� 7DONHG�DERXW�&5,63�PHWKRG�RI�PHUJLQJ�PXOWLSOH
LQVWUXFWLRQV�WRJHWKHU�LQ�RQ�FKLS�FDFKH
² 7KLV�ZDV�DFWXDOO\�D�OLPLWHG�IRUP�RI�UHFRPSLODWLRQ�IRU�RQ�FKLS�9/,:�
:H�ZLOO�VHH�WKLV�LQ�JUHDWHU�GHWDLO�ODWHU

� ,QWHUUXSWV�YV�3ROOLQJ��WZR�VLGHV�RI�D�FRLQ
² ,QWHUUXSWV�HQVXUH�SUHGLFWDEOH�KDQGOLQJ�RI�GHYLFHV��FDQ�EH�JXDUDQWHHG
WR�KDSSHQ�E\�26�

² 3ROOLQJ�KDV�ORZHU�RYHUKHDG�LI�GHYLFH�HYHQWV�IUHTXHQW
² ,QWHUUXSWV�KDYH�ORZHU�RYHUKHDG�LI�GHYLFH�HYHQWV�LQIUHTXHQW
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([FHSWLRQ�,QWHUUXSW
FODVVLILFDWLRQV

� ([FHSWLRQV��UHOHYDQW�WR�WKH�FXUUHQW�SURFHVV
² )DXOWV��DULWKPHWLF�WUDSV��DQG�V\QFKURQRXV�WUDSV
² ,QYRNH�VRIWZDUH�RQ�EHKDOI�RI�WKH�FXUUHQWO\�H[HFXWLQJ�SURFHVV

� ,QWHUUXSWV��FDXVHG�E\�DV\QFKURQRXV��RXWVLGH�HYHQWV
² ,�2�GHYLFHV�UHTXLULQJ�VHUYLFH��',6.��QHWZRUN�
² &ORFN�LQWHUUXSWV��UHDO�WLPH�VFKHGXOLQJ�

� 0DFKLQH�&KHFNV��FDXVHG�E\�VHULRXV�KDUGZDUH�IDLOXUH
² 1RW�DOZD\V�UHVWDUWDEOH
² ,QGLFDWH�WKDW�EDG�WKLQJV�KDYH�KDSSHQHG�

ª 1RQ�UHFRYHUDEOH�(&&�HUURU
ª 0DFKLQH�URRP�ILUH
ª 3RZHU�RXWDJH
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$�UHODWHG�FODVVLILFDWLRQ�
6\QFKURQRXV�YV��$V\QFKURQRXV

� 6\QFKURQRXV��PHDQV�UHODWHG�WR�WKH�LQVWUXFWLRQ
VWUHDP��L�H��GXULQJ�WKH�H[HFXWLRQ�RI�DQ�LQVWUXFWLRQ
² 0XVW�VWRS�DQ�LQVWUXFWLRQ�WKDW�LV�FXUUHQWO\�H[HFXWLQJ
² 3DJH�IDXOW�RQ�ORDG�RU�VWRUH�LQVWUXFWLRQ
² $ULWKPHWLF�H[FHSWLRQ
² 6RIWZDUH�7UDS�,QVWUXFWLRQV

� $V\QFKURQRXV��PHDQV�XQUHODWHG�WR�WKH�LQVWUXFWLRQ
VWUHDP��L�H��FDXVHG�E\�DQ�RXWVLGH�HYHQW�
² 'RHV�QRW�KDYH�WR�GLVUXSW�LQVWUXFWLRQV�WKDW�DUH�DOUHDG\�H[HFXWLQJ
² ,QWHUUXSWV�DUH�DV\QFKURQRXV
² 0DFKLQH�FKHFNV�DUH�DV\QFKURQRXV

� 6HPL6\QFKURQRXV��RU�KLJK�DYDLODELOLW\�LQWHUUXSWV��
² &DXVHG�E\�H[WHUQDO�HYHQW�EXW�PD\�KDYH�WR�GLVUXSW�FXUUHQW
LQVWUXFWLRQV�LQ�RUGHU�WR�JXDUDQWHH�VHUYLFH
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5HFDS��'HYLFH�,QWHUUXSW
�6D\��DUULYDO�RI�QHWZRUN�PHVVDJH�

…
add r1,r2,r3
subi r4,r1,#4
slli r4,r4,#2

Hiccup(!)

lw r2,0(r4)

lw r3,4(r4)
add r2,r2,r3
sw 8(r4),r2

…

Raise priority
Reenable All Ints
Save registers

…
lw r1,20(r0)
lw r2,0(r1)
addi  r3,r0,#5
sw    0(r1),r3

…
Restore registers
Clear current Int
Disable All Ints
Restore priority
RTE
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&RXOG�EH�LQWHUUXSWHG�E\�GLVN

1RWH�WKDW�SULRULW\�PXVW�EH�UDLVHG�WR�DYRLG�UHFXUVLYH�LQWHUUXSWV�
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,QWHUUXSW�FRQWUROOHU�KDUGZDUH
DQG�PDVN�OHYHOV

� ,QWHUUXSW�GLVDEOH�PDVN�PD\�EH�PXOWL�ELW�ZRUG
DFFHVVHG�WKURXJK�VRPH�VSHFLDO�PHPRU\�DGGUHVV

� 2SHUDWLQJ�V\VWHP�FRQVWUXFWV�D�KLHUDUFK\�RI�PDVNV
WKDW�UHIOHFWV�VRPH�IRUP�RI�LQWHUUXSW�SULRULW\�

� )RU�LQVWDQFH�

² 7KLV�UHIOHFWV�WKH�DQ�RUGHU�RI�XUJHQF\�WR�LQWHUUXSWV
² )RU�LQVWDQFH��WKLV�RUGHULQJ�VD\V�WKDW�GLVN�HYHQWV�FDQ�LQWHUUXSW
WKH�LQWHUUXSW�KDQGOHUV�IRU�QHWZRUN�LQWHUUXSWV�

3ULRULW\ ([DPSOH
� 6RIWZDUH�LQWHUUXSWV
� 1HWZRUN�,QWHUUXSWV
� 6RXQG�FDUG
� 'LVN�,QWHUUXSW
� 5HDO�7LPH�FORFN
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:KDW�DERXW�LQWHUUXSW�RYHUKHDG"
63$5&��DQG�5,6&�,��KDG�UHJLVWHU

ZLQGRZV
� 2Q�LQWHUUXSW�RU�SURFHGXUH�FDOO��VLPSO\�VZLWFK�WR
D�GLIIHUHQW�VHW�RI�UHJLVWHUV

� 5HDOO\�VDYHV�RQ�LQWHUUXSW�RYHUKHDG
² ,QWHUUXSWV�FDQ�KDSSHQ�DW�DQ\�SRLQW�LQ�WKH�H[HFXWLRQ��VR
FRPSLOHU�FDQQRW�KHOS�ZLWK�NQRZOHGJH�RI�OLYH�UHJLVWHUV�

² &RQVHUYDWLYH�KDQGOHUV�PXVW�VDYH�DOO�UHJLVWHUV
² 6KRUW�KDQGOHUV�PLJKW�EH�DEOH�WR�VDYH�RQO\�D�IHZ��EXW�WKLV
DQDO\VLV�LV�FRPSLOFDWHG

� 1RW�DV�ELJ�D�GHDO�ZLWK�SURFHGXUH�FDOOV
² 2ULJLQDO�VWDWHPHQW�E\�3DWWHUVRQ�ZDV�WKDW�%HUNHOH\�GLGQ·W
KDYH�D�FRPSLOHU�WHDP��VR�WKH\�XVHG�D�KDUGZDUH�VROXWLRQ

² *RRG�FRPSLOHUV�FDQ�DOORFDWH�UHJLVWHUV�DFURVV�SURFHGXUH
ERXQGDULHV

² *RRG�FRPSLOHUV�NQRZ�ZKDW�UHJLVWHUV�DUH�OLYH�DW�DQ\�RQH�WLPH -'.�)���
6OLGH��

6XSHUYLVRU�6WDWH
� 7\SLFDOO\��SURFHVVRUV�KDYH�VRPH�DPRXQW�RI�VWDWH
WKDW�XVHU�SURJUDPV�DUH�QRW�DOORZHG�WR�WRXFK�
² 3DJH�PDSSLQJ�KDUGZDUH�7/%

ª 7/%�SUHYHQWV�RQH�XVHU�IURP�DFFHVVLQJ�PHPRU\�RI�DQRWKHU
ª 7/%�SURWHFWLRQ�SUHYHQWV�XVHU�IURP�PRGLI\LQJ�PDSSLQJV

² ,QWHUUXSW�FRQWUROOHUV����8VHU�FRGH�SUHYHQWHG�IURP�FUDVKLQJ
PDFKLQH�E\�GLVDEOLQJ�LQWHUUXSWV���,JQRULQJ�GHYLFH�LQWHUUXSWV��HWF�

² 5HDO�WLPH�FORFN�LQWHUUXSWV�HQVXUH�WKDW�XVHUV�FDQQRW�ORFNXS�FUDVK
PDFKLQH�HYHQ�LI�WKH\�UXQ�FRGH�WKDW�JRHV�LQWR�D�ORRS�
ª ´3UHHPSWLYH�0XOWLWDVNLQJµ�YV�´QRQ�SUHHPSWLYH�PXOWLWDVNLQJµ

� $FFHVV�WR�KDUGZDUH�GHYLFHV�UHVWULFWHG
² 3UHYHQWV�PDOLFLRXV�XVHU�IURP�VWHDOLQJ�QHWZRUN�SDFNHWV
² 3UHYHQWV�XVHU�IURP�ZULWLQJ�RYHU�GLVN�EORFNV

� 'LVWLQFWLRQ�PDGH�ZLWK�DW�OHDVW�WZR�OHYHOV�
86(5�6<67(0��RQH�KDUGZDUH�PRGH�ELW�
² [���DUFKLWHFWXUHV�DFWXDOO\�SURYLGH���GLIIHUHQW�OHYHOV��RQO\�WZR
XVXDOO\�XVHG�E\�26��RU�RQO\���LQ�ROGHU�0LFURVRIW�26V�
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(QWU\�LQWR�6XSHUYLVRU�0RGH
� (QWU\�LQWR�VXSHUYLVRU�PRGH�W\SLFDOO\�KDSSHQV�RQ
LQWHUUXSWV��H[FHSWLRQV��DQG�VSHFLDO�WUDS�LQVWUXFWLRQV�

� (QWU\�JRHV�WKURXJK�NHUQHO�LQVWUXFWLRQV�
² LQWHUUXSWV��H[FHSWLRQV��DQG�WUDS�LQVWUXFWLRQV�FKDQJH�WR�VXSHUYLVRU
PRGH��WKHQ�MXPS��LQGLUHFWO\��WKURXJK�WDEOH�RI�LQVWUXFWLRQV�LQ�NHUQHO

LQWYHF���M KDQGOHBLQW�
M KDQGOHBLQW�

«
M KDQGOHBISBH[FHSW�

«
M KDQGOHBWUDS�
M KDQGOHBWUDS�

² 26�´6\VWHP�&DOOVµ�DUH�MXVW�WUDS�LQVWUXFWLRQV�
read(fd,buffer,count)�� ! st 20(r0),r1

st 24(r0),r2
st 28(r0),r3
trap $READ

� 26�RYHUKHDG�FDQ�EH�VHULRXV�FRQFHUQ�IRU�DFKLHYLQJ
IDVW�LQWHUUXSW�EHKDYLRU�
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3UHFLVH�,QWHUUXSWV�([FHSWLRQV
� $Q�LQWHUUXSW�RU�H[FHSWLRQ�LV�FRQVLGHUHG�SUHFLVH�LI
WKHUH�LV�D�VLQJOH�LQVWUXFWLRQ��RU�LQWHUUXSW�SRLQW��IRU
ZKLFK�DOO�LQVWUXFWLRQV�EHIRUH�WKDW�LQVWUXFWLRQ�KDYH
FRPPLWWHG�WKHLU�VWDWH�DQG�QR�IROORZLQJ�LQVWUXFWLRQV
LQFOXGLQJ�WKH�LQWHUUXSWLQJ�LQVWUXFWLRQ�KDYH�PRGLILHG
DQ\�VWDWH�
² 7KLV�PHDQV��HIIHFWLYHO\��WKDW�\RX�FDQ�UHVWDUW�H[HFXWLRQ�DW�WKH
LQWHUUXSW�SRLQW�DQG�´JHW�WKH�ULJKW�DQVZHUµ

² ,PSOLFLW�LQ�RXU�SUHYLRXV�H[DPSOH�RI�D�GHYLFH�LQWHUUXSW�
ª ,QWHUUXSW�SRLQW�LV�DW�ILUVW�OZ�LQVWUXFWLRQ

…
add r1,r2,r3
subi r4,r1,#4
slli r4,r4,#2

lw r2,0(r4)

lw r3,4(r4)
add r2,r2,r3
sw 8(r4),r2

…
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3UHFLVH�LQWHUUXSW�SRLQW�UHTXLUHV
PXOWLSOH�3&V�WR�GHVFULEH�LQ

SUHVHQFH�RI�GHOD\HG�EUDQFKHV
addi r4,r3,#4
sub r1,r2,r3
bne r1,there
and r2,r3,r5
<other insts> 

addi r4,r3,#4
sub r1,r2,r3
bne r1,there
and r2,r3,r5
<other insts> 

3&�
3&���

,QWHUUXSW�SRLQW�GHVFULEHG�DV��3&�3&��!

,QWHUUXSW�SRLQW�GHVFULEHG�DV�
�

�3&���WKHUH!��EUDQFK�ZDV�WDNHQ�
RU

�3&���3&��!��EUDQFK�ZDV�QRW�WDNHQ�

3&�
3&���
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:K\�DUH�SUHFLVH�LQWHUUXSWV�GHVLUDEOH"
� 0DQ\�W\SHV�RI�LQWHUUXSWV�H[FHSWLRQV�QHHG�WR�EH
UHVWDUWDEOH���(DVLHU�WR�ILJXUH�RXW�ZKDW�DFWXDOO\
KDSSHQHG�
² ,�H��7/%�IDXOWV���1HHG�WR�IL[�WUDQVODWLRQ��WKHQ�UHVWDUW�ORDG�VWRUH
² ,(((�JUDGXDO�XQGHUIORZ��LOOHJDO�RSHUDWLRQ��HWF�

H�J��6XSSRVH�\RX�DUH�FRPSXWLQJ�
7KHQ��IRU���������

:DQW�WR�WDNH�H[FHSWLRQ��UHSODFH�1D1�ZLWK����WKHQ�UHVWDUW�

� 5HVWDUWDELOLW\�GRHVQ·W�UHTXLUH�SUHFLVHQHVV���+RZHYHU�
SUHFLVHQHVV�PDNHV�LW�D�ORW�HDVLHU�WR�UHVWDUW�

� 6LPSOLI\�WKH�WDVN�RI�WKH�RSHUDWLQJ�V\VWHP�D�ORW
² /HVV�VWDWH�QHHGV�WR�EH�VDYHG�DZD\�LI�XQORDGLQJ�SURFHVV�
² 4XLFN�WR�UHVWDUW��PDNLQJ�IRU�IDVW�LQWHUUXSWV�

x
x

xf
)sin(
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0→x

operationillegalNaNf _
0
0

)0( +⇒=
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3UHFLVH�([FHSWLRQV�LQ�VLPSOH
��VWDJH�SLSHOLQH�

� ([FHSWLRQV�PD\�RFFXU�DW�GLIIHUHQW�VWDJHV�LQ
SLSHOLQH��,�H��RXW�RI�RUGHU��
² $ULWKPHWLF�H[FHSWLRQV�RFFXU�LQ�H[HFXWLRQ�VWDJH
² 7/%�IDXOWV�FDQ�RFFXU�LQ�LQVWUXFWLRQ�IHWFK�RU�PHPRU\�VWDJH

� :KDW�DERXW�LQWHUUXSWV"��7KH�GRFWRU·V�PDQGDWH�RI
´GR�QR�KDUPµ�DSSOLHV�KHUH��WU\�WR�LQWHUUXSW�WKH
SLSHOLQH�DV�OLWWOH�DV�SRVVLEOH

� $OO�RI�WKLV�VROYHG�E\�WDJJLQJ�LQVWUXFWLRQV�LQ
SLSHOLQH�DV�´FDXVH�H[FHSWLRQ�RU�QRWµ�DQG�ZDLW�XQWLO
HQG�RI�PHPRU\�VWDJH�WR�IODJ�H[FHSWLRQ
² ,QWHUUXSWV�EHFRPH�PDUNHG�123V��OLNH�EXEEOHV��WKDW�DUH�SODFHG
LQWR�SLSHOLQH�LQVWHDG�RI�DQ�LQVWUXFWLRQ�

² $VVXPH�WKDW�LQWHUUXSW�FRQGLWLRQ�SHUVLVWV�LQ�FDVH�123�IOXVKHG
² &OHYHU�LQVWUXFWLRQ�IHWFK�PLJKW�VWDUW�IHWFKLQJ�LQVWUXFWLRQV�IURP
LQWHUUXSW�YHFWRU��EXW�WKLV�LV�FRPSOLFDWHG�E\�QHHG�IRU
VXSHUYLVRU�PRGH�VZLWFK��VDYLQJ�RI�RQH�RU�PRUH�3&V��HWF
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$SSUR[LPDWLRQV�WR�SUHFLVH�LQWHUUXSWV
� +DUGZDUH�KDV�LPSUHFLVH�VWDWH�DW�WLPH�RI�LQWHUUXSW
� ([FHSWLRQ�KDQGOHU�PXVW�ILJXUH�RXW�KRZ�WR�ILQG�D
SUHFLVH�3&�DW�ZKLFK�WR�UHVWDUW�SURJUDP�
² 'RQH�E\�HPXODWLQJ�LQVWUXFWLRQV�WKDW�PD\�UHPDLQ�LQ�SLSHOLQH
² ([DPSOH��63$5&�DOORZV�OLPLWHG�SDUDOOHOLVP�EHWZHHQ�)3�DQG�LQWHJHU
FRUH�
ª SRVVLEOH�WKDW�LQWHJHU�LQVWUXFWLRQV��������
KDYH�DOUHDG\�H[HFXWHG�DW�WLPH�WKDW
WKH�ILUVW�IORDWLQJ�LQVWUXFWLRQ�JHWV�D
UHFRYHUDEOH�H[FHSWLRQ

ª ,QWHUUXSW�KDQGOHU�FRGH�PXVW�IL[XS��IORDW��!�
WKHQ�HPXODWH�ERWK��IORDW��!�DQG��IORDW��!

ª $W�WKDW�SRLQW��SUHFLVH�LQWHUUXSW�SRLQW�LV
LQWHJHU�LQVWUXFWLRQ���

� 9D[�KDG�VWULQJ�PRYH�LQVWUXFWLRQV�WKDW�FRXOG�EH�LQ
PLGGOH�DW�WLPH�WKDW�SDJH�IDXOW�RFFXUUHG�

� &RXOG�EH�DUELWUDU\�SURFHVVRU�VWDWH�WKDW�QHHGV�WR�EH
UHVWRUHG�WR�UHVWDUW�H[HFXWLRQ�

<float 1>
<int 1>
<int 2>
<int 3>
<float 2>
<int 4>
<int 5>
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+RZ�WR�DFKLHYH�SUHFLVH�LQWHUUXSWV
ZKHQ�LQVWUXFWLRQV�H[HFXWLQJ�LQ

DUELWUDU\�RUGHU"
� -LP�6PLWK·V�FODVVLF�SDSHU��\RX�UHDG�ODVW�WLPH�
GLVFXVVHV�VHYHUDO�PHWKRGV�IRU�JHWWLQJ�SUHFLVH
LQWHUUXSWV�
² ,Q�RUGHU�LQVWUXFWLRQ�FRPSOHWLRQ
² 5HRUGHU�EXIIHU
² +LVWRU\�EXIIHU

� :H�ZLOO�GLVFXVV�WKHVH�DIWHU�ZH�VHH�WKH�DGYDQWDJHV�RI
RXW�RI�RUGHU�H[HFXWLRQ�
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5HYLHZ��6XPPDU\�RI�3LSHOLQLQJ�%DVLFV
� +D]DUGV�OLPLW�SHUIRUPDQFH

² 6WUXFWXUDO��QHHG�PRUH�+:�UHVRXUFHV
² 'DWD��QHHG�IRUZDUGLQJ��FRPSLOHU�VFKHGXOLQJ
² &RQWURO��HDUO\�HYDOXDWLRQ�	�3&��GHOD\HG�EUDQFK��SUHGLFWLRQ

� ,QFUHDVLQJ�OHQJWK�RI�SLSH�LQFUHDVHV�LPSDFW�RI
KD]DUGV��SLSHOLQLQJ�KHOSV�LQVWUXFWLRQ�EDQGZLGWK��QRW
ODWHQF\

� ,QWHUUXSWV��,QVWUXFWLRQ�6HW��)3�PDNHV�SLSHOLQLQJ
KDUGHU

� &RPSLOHUV�UHGXFH�FRVW�RI�GDWD�DQG�FRQWURO�KD]DUGV
² /RDG�GHOD\�VORWV
² %UDQFK�GHOD\�VORWV
² %UDQFK�SUHGLFWLRQ

� 7RGD\��/RQJHU�SLSHOLQHV��5������ !�%HWWHU�EUDQFK
SUHGLFWLRQ��PRUH�LQVWUXFWLRQ�SDUDOOHOLVP"
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&DVH�6WXG\��0,36�5����
�����0+]�

� ��6WDJH�3LSHOLQH�
² ,)²ILUVW�KDOI�RI�IHWFKLQJ�RI�LQVWUXFWLRQ��3&�VHOHFWLRQ�KDSSHQV
KHUH�DV�ZHOO�DV�LQLWLDWLRQ�RI�LQVWUXFWLRQ�FDFKH�DFFHVV�

² ,6²VHFRQG�KDOI�RI�DFFHVV�WR�LQVWUXFWLRQ�FDFKH�
² 5)²LQVWUXFWLRQ�GHFRGH�DQG�UHJLVWHU�IHWFK��KD]DUG�FKHFNLQJ�DQG
DOVR�LQVWUXFWLRQ�FDFKH�KLW�GHWHFWLRQ�

² (;²H[HFXWLRQ��ZKLFK�LQFOXGHV�HIIHFWLYH�DGGUHVV�FDOFXODWLRQ��$/8
RSHUDWLRQ��DQG�EUDQFK�WDUJHW�FRPSXWDWLRQ�DQG�FRQGLWLRQ
HYDOXDWLRQ�

² ')²GDWD�IHWFK��ILUVW�KDOI�RI�DFFHVV�WR�GDWD�FDFKH�
² '6²VHFRQG�KDOI�RI�DFFHVV�WR�GDWD�FDFKH�
² 7&²WDJ�FKHFN��GHWHUPLQH�ZKHWKHU�WKH�GDWD�FDFKH�DFFHVV�KLW�
² :%²ZULWH�EDFN�IRU�ORDGV�DQG�UHJLVWHU�UHJLVWHU�RSHUDWLRQV�

� ��6WDJHV��:KDW�LV�LPSDFW�RQ�/RDG�GHOD\"�%UDQFK
GHOD\"�:K\"
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&DVH�6WXG\��0,36�5����
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7+5((�&\FOH
%UDQFK�/DWHQF\
�FRQGLWLRQV�HYDOXDWHG
�GXULQJ�(;�SKDVH�
'HOD\�VORW�SOXV�WZR�VWDOOV
%UDQFK�OLNHO\�FDQFHOV�GHOD\�VORW�LI�QRW�WDNHQ

-'.�)���
6OLGH���

0,36�5�����)ORDWLQJ�3RLQW

� )3�$GGHU��)3�0XOWLSOLHU��)3�'LYLGHU
� /DVW�VWHS�RI�)3�0XOWLSOLHU�'LYLGHU�XVHV�)3�$GGHU�+:
� ��NLQGV�RI�VWDJHV�LQ�)3�XQLWV�

6WDJH )XQFWLRQDO�XQLW 'HVFULSWLRQ
$ )3�DGGHU 0DQWLVVD�$''�VWDJH
' )3�GLYLGHU 'LYLGH�SLSHOLQH�VWDJH
( )3�PXOWLSOLHU ([FHSWLRQ�WHVW�VWDJH
0 )3�PXOWLSOLHU )LUVW�VWDJH�RI�PXOWLSOLHU
1 )3�PXOWLSOLHU 6HFRQG�VWDJH�RI�PXOWLSOLHU
5 )3�DGGHU 5RXQGLQJ�VWDJH
6 )3�DGGHU 2SHUDQG�VKLIW�VWDJH
8 8QSDFN�)3�QXPEHUV

-'.�)���
6OLGH���

0,36�)3�3LSH�6WDJHV
)3�,QVWU � � � � � � � � «
$GG��6XEWUDFW 8 6�$ $�5 5�6
0XOWLSO\ 8 (�0 0 0 0 1 1�$ 5
'LYLGH 8 $ 5 '�� « '�$ '�5��'�5��'�$��'�5��$�

5
6TXDUH�URRW 8 ( �$�5���� « $ 5
1HJDWH 8 6
$EVROXWH�YDOXH 8 6
)3�FRPSDUH 8 $ 5
6WDJHV�

0 )LUVW�VWDJH�RI�PXOWLSOLHU
1 6HFRQG�VWDJH�RI�PXOWLSOLHU
5 5RXQGLQJ�VWDJH
6 2SHUDQG�VKLIW�VWDJH
8 8QSDFN�)3�QXPEHUV

A Mantissa ADD stage 
D Divide pipeline stage
E Exception test stage



-'.�)���
6OLGH���

5�����3HUIRUPDQFH
� 1RW�LGHDO�&3,�RI���

² /RDG�VWDOOV����RU���FORFN�F\FOHV�
² %UDQFK�VWDOOV����F\FOHV���XQILOOHG�VORWV�
² )3�UHVXOW�VWDOOV��5$:�GDWD�KD]DUG��ODWHQF\�
² )3�VWUXFWXUDO�VWDOOV��1RW�HQRXJK�)3�KDUGZDUH��SDUDOOHOLVP�

0
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Base Load stalls Branch stalls FP result stalls FP structural

stalls
-'.�)���
6OLGH���

$GYDQFHG�3LSHOLQLQJ�DQG
,QVWUXFWLRQ�/HYHO�3DUDOOHOLVP

�,/3�
� ,/3��2YHUODS�H[HFXWLRQ�RI�XQUHODWHG�LQVWUXFWLRQV
� JFF�����FRQWURO�WUDQVIHU

² ��LQVWUXFWLRQV�����EUDQFK
² %H\RQG�VLQJOH�EORFN�WR�JHW�PRUH�LQVWUXFWLRQ�OHYHO�SDUDOOHOLVP

� /RRS�OHYHO�SDUDOOHOLVP�RQH�RSSRUWXQLW\
² )LUVW�6:��WKHQ�+:�DSSURDFKHV

� '/;�)ORDWLQJ�3RLQW�DV�H[DPSOH
² 0HDVXUHPHQWV�VXJJHVWV�5�����SHUIRUPDQFH�)3�H[HFXWLRQ�KDV
URRP�IRU�LPSURYHPHQW

-'.�)���
6OLGH���

)3�/RRS��:KHUH�DUH�WKH�+D]DUGV"

Loop: LD F0,0(R1) ;F0=vector element

 ADDD F4,F0,F2 ;add scalar from F2

 SD 0(R1),F4 ;store result

 SUBI R1,R1,8 ;decrement pointer 8B (DW)

 BNEZ R1,Loop ;branch R1!=zero

 NOP ;delayed branch slot

,QVWUXFWLRQ ,QVWUXFWLRQ /DWHQF\�LQ
SURGXFLQJ�UHVXOW XVLQJ�UHVXOW� FORFN�F\FOHV
)3�$/8�RS $QRWKHU�)3�$/8�RS �
)3�$/8�RS 6WRUH�GRXEOH �
/RDG�GRXEOH )3�$/8�RS �
/RDG�GRXEOH 6WRUH�GRXEOH �
,QWHJHU�RS ,QWHJHU�RS �

� ��:KHUH�DUH�WKH�VWDOOV"
-'.�)���
6OLGH���

)3�/RRS�6KRZLQJ�6WDOOV

� ���FORFNV��5HZULWH�FRGH�WR�PLQLPL]H�VWDOOV"

,QVWUXFWLRQ ,QVWUXFWLRQ /DWHQF\�LQ
SURGXFLQJ�UHVXOW XVLQJ�UHVXOW� FORFN�F\FOHV
)3�$/8�RS $QRWKHU�)3�$/8�RS �
)3�$/8�RS 6WRUH�GRXEOH �
/RDG�GRXEOH )3�$/8�RS �

 1 Loop: LD F0,0(R1) ;F0=vector element

 2 stall

 3 ADDD F4,F0,F2 ;add scalar in F2

 4 stall

 5 stall

 6 SD 0(R1),F4 ;store result

 7 SUBI R1,R1,8 ;decrement pointer 8B (DW)

 8 BNEZ R1,Loop ;branch R1!=zero

 9 stall ;delayed branch slot



-'.�)���
6OLGH���

5HYLVHG�)3�/RRS�0LQLPL]LQJ�6WDOOV

���FORFNV��8QUROO�ORRS���WLPHV�FRGH�WR�PDNH��IDVWHU"

,QVWUXFWLRQ ,QVWUXFWLRQ /DWHQF\�LQ
SURGXFLQJ�UHVXOW XVLQJ�UHVXOW� FORFN�F\FOHV
)3�$/8�RS $QRWKHU�)3�$/8�RS �
)3�$/8�RS 6WRUH�GRXEOH �
/RDG�GRXEOH )3�$/8�RS �

 1 Loop: LD F0,0(R1)

 2 stall

 3 ADDD F4,F0,F2

 4 SUBI R1,R1,8

 5 BNEZ R1,Loop ;delayed branch

 6 SD 8(R1),F4 ;altered when move past SUBI

6ZDS�%1(=�DQG�6'�E\�FKDQJLQJ�DGGUHVV�RI�6'

-'.�)���
6OLGH���

8QUROO�/RRS�)RXU�7LPHV
�VWUDLJKWIRUZDUG�ZD\�

�5HZULWH�ORRS�WR
PLQLPL]H�VWDOOV"

1 Loop:LD F0,0(R1)
2 ADDD F4,F0,F2
3 SD 0(R1),F4 ;drop SUBI & BNEZ
4 LD F6,-8(R1)
5 ADDD F8,F6,F2
6 SD -8(R1),F8 ;drop SUBI & BNEZ
7 LD F10,-16(R1)
8 ADDD F12,F10,F2
9 SD -16(R1),F12 ;drop SUBI & BNEZ
10 LD F14,-24(R1)
11 ADDD F16,F14,F2
12 SD -24(R1),F16
13 SUBI R1,R1,#32 ;alter to 4*8
14 BNEZ R1,LOOP
15 NOP

 �������[������� ����FORFN�F\FOHV��RU�����SHU�LWHUDWLRQ
���$VVXPHV�5��LV�PXOWLSOH�RI��

��F\FOH�VWDOO
��F\FOHV�VWDOO

-'.�)���
6OLGH���

8QUROOHG�/RRS�7KDW�0LQLPL]HV
6WDOOV

� :KDW�DVVXPSWLRQV
PDGH�ZKHQ�PRYHG
FRGH"
² 2.�WR�PRYH�VWRUH�SDVW
68%,�HYHQ�WKRXJK�FKDQJHV
UHJLVWHU

² 2.�WR�PRYH�ORDGV�EHIRUH
VWRUHV��JHW�ULJKW�GDWD"

² :KHQ�LV�LW�VDIH�IRU
FRPSLOHU�WR�GR�VXFK
FKDQJHV"

1 Loop:LD F0,0(R1)
2 LD F6,-8(R1)
3 LD F10,-16(R1)
4 LD F14,-24(R1)
5 ADDD F4,F0,F2
6 ADDD F8,F6,F2
7 ADDD F12,F10,F2
8 ADDD F16,F14,F2
9 SD 0(R1),F4
10 SD -8(R1),F8
11 SD -16(R1),F12
12 SUBI R1,R1,#32
13 BNEZ R1,LOOP
14 SD 8(R1),F16 ; 8-32 = -24

 ���FORFN�F\FOHV��RU�����SHU�LWHUDWLRQ
:KHQ�VDIH�WR�PRYH�LQVWUXFWLRQV"

-'.�)���
6OLGH���

&RPSLOHU�3HUVSHFWLYHV�RQ�&RGH
0RYHPHQW

� 'HILQLWLRQV��FRPSLOHU�FRQFHUQHG�DERXW�GHSHQGHQFLHV�LQ
SURJUDP��ZKHWKHU�RU�QRW�D�+:�KD]DUG�GHSHQGV�RQ�D
JLYHQ�SLSHOLQH

� 7U\�WR�VFKHGXOH�WR�DYRLG�KD]DUGV
� �7UXH��'DWD�GHSHQGHQFLHV��5$:�LI�D�KD]DUG�IRU�+:�

² ,QVWUXFWLRQ�L�SURGXFHV�D�UHVXOW�XVHG�E\�LQVWUXFWLRQ�M��RU
² ,QVWUXFWLRQ�M�LV�GDWD�GHSHQGHQW�RQ�LQVWUXFWLRQ�N���DQG�LQVWUXFWLRQ�N
LV�GDWD�GHSHQGHQW�RQ�LQVWUXFWLRQ�L�

� ,I�GHSHQGHQW��FDQ·W�H[HFXWH�LQ�SDUDOOHO
� (DV\�WR�GHWHUPLQH�IRU�UHJLVWHUV��IL[HG�QDPHV�
� +DUG�IRU�PHPRU\��´PHPRU\�GLVDPELJXDWLRQµ�SUREOHP��

² 'RHV�����5��� ����5��"
² )URP�GLIIHUHQW�ORRS�LWHUDWLRQV��GRHV����5��� ����5��"



-'.�)���
6OLGH���

:KHUH�DUH�WKH�GDWD�GHSHQGHQFLHV"
 1 Loop: LD F0,0(R1)

 2 ADDD F4,F0,F2

 3 SUBI R1,R1,8

 4 BNEZ R1,Loop ;delayed branch

 5 SD 8(R1),F4 ;altered when move past SUBI

-'.�)���
6OLGH���

&RPSLOHU�3HUVSHFWLYHV�RQ�&RGH
0RYHPHQW

� $QRWKHU�NLQG�RI�GHSHQGHQFH�FDOOHG�QDPH�GHSHQGHQFH�
WZR�LQVWUXFWLRQV�XVH�VDPH�QDPH��UHJLVWHU�RU�PHPRU\
ORFDWLRQ��EXW�GRQ·W�H[FKDQJH�GDWD

� �$QWLGHSHQGHQFH���:$5�LI�D�KD]DUG�IRU�+:�
² ,QVWUXFWLRQ�M�ZULWHV�D�UHJLVWHU�RU�PHPRU\�ORFDWLRQ�WKDW�LQVWUXFWLRQ�L
UHDGV�IURP�DQG�LQVWUXFWLRQ�L�LV�H[HFXWHG�ILUVW

� �2XWSXW�GHSHQGHQFH���:$:�LI�D�KD]DUG�IRU�+:�
² ,QVWUXFWLRQ�L�DQG�LQVWUXFWLRQ�M�ZULWH�WKH�VDPH�UHJLVWHU�RU�PHPRU\
ORFDWLRQ��RUGHULQJ�EHWZHHQ�LQVWUXFWLRQV�PXVW�EH�SUHVHUYHG�

-'.�)���
6OLGH���

:KHUH�DUH�WKH�QDPH
GHSHQGHQFLHV"

1 Loop:LD F0,0(R1)
2 ADDD F4,F0,F2
3 SD 0(R1),F4 ;drop SUBI & BNEZ
4 LD F0,-8(R1)
5 ADDD F4,F0,F2
6 SD -8(R1),F4 ;drop SUBI & BNEZ
7 LD F0,-16(R1)
8 ADDD F4,F0,F2
9 SD -16(R1),F4 ;drop SUBI & BNEZ
10 LD F0,-24(R1)
11 ADDD F4,F0,F2
12 SD -24(R1),F4
13 SUBI R1,R1,#32 ;alter to 4*8
14 BNEZ R1,LOOP
15 NOP

 +RZ�FDQ�UHPRYH�WKHP"
-'.�)���
6OLGH���

:KHUH�DUH�WKH�QDPH
GHSHQGHQFLHV"

1 Loop:LD F0,0(R1)
2 ADDD F4,F0,F2
3 SD 0(R1),F4 ;drop SUBI & BNEZ
4 LD F6,-8(R1)
5 ADDD F8,F6,F2
6 SD -8(R1),F8 ;drop SUBI & BNEZ
7 LD F10,-16(R1)
8 ADDD F12,F10,F2
9 SD -16(R1),F12 ;drop SUBI & BNEZ
10 LD F14,-24(R1)
11 ADDD F16,F14,F2
12 SD -24(R1),F16
13 SUBI R1,R1,#32 ;alter to 4*8
14 BNEZ R1,LOOP
15 NOP

 &DOOHG�´UHJLVWHU�UHQDPLQJµ



-'.�)���
6OLGH���

&RPSLOHU�3HUVSHFWLYHV�RQ�&RGH
0RYHPHQW

� $JDLQ�1DPH�'HSHQGHQFHLV�DUH�+DUG�IRU�0HPRU\
$FFHVVHV
² 'RHV�����5��� ����5��"
² )URP�GLIIHUHQW�ORRS�LWHUDWLRQV��GRHV����5��� ����5��"

� 2XU�H[DPSOH�UHTXLUHG�FRPSLOHU�WR�NQRZ�WKDW�LI�5�
GRHVQ·W�FKDQJH�WKHQ�

0(R1) ≠ -8(R1) ≠ -16(R1) ≠ -24(R1)

�����7KHUH�ZHUH�QR�GHSHQGHQFLHV�EHWZHHQ�VRPH�ORDGV�DQG
VWRUHV�VR�WKH\�FRXOG�EH�PRYHG�E\�HDFK�RWKHU

-'.�)���
6OLGH���

:KHQ�6DIH�WR�8QUROO�/RRS"
� ([DPSOH��:KHUH�DUH�GDWD�GHSHQGHQFLHV"
�$�%�&�GLVWLQFW�	�QRQRYHUODSSLQJ�

for (i=0; i<100; i=i+1) {
A[i+1] = A[i] + C[i];    /* S1 */
B[i+1] = B[i] + A[i+1];  /* S2 */

}

���6��XVHV�WKH�YDOXH��$>L��@��FRPSXWHG�E\�6��LQ�WKH�VDPH
LWHUDWLRQ�
���6��XVHV�D�YDOXH�FRPSXWHG�E\�6��LQ�DQ�HDUOLHU�LWHUDWLRQ��VLQFH
LWHUDWLRQ�L�FRPSXWHV�$>L��@�ZKLFK�LV�UHDG�LQ�LWHUDWLRQ�L����7KH
VDPH�LV�WUXH�RI�6��IRU�%>L@�DQG�%>L��@�
7KLV�LV�D�´ORRS�FDUULHG�GHSHQGHQFHµ��EHWZHHQ�LWHUDWLRQV

� 1RW�WKH�FDVH�IRU�RXU�SULRU�H[DPSOH��HDFK�LWHUDWLRQ�ZDV
GLVWLQFW

� ,PSOLHV�WKDW�LWHUDWLRQV�FDQ·W�EH�H[HFXWHG�LQ�SDUDOOHO�
5LJKW"

-'.�)���
6OLGH���

'RHV�D�ORRS�FDUULHG�GHSHQGHQFH
PHDQ�WKHUH�LV�QR�SDUDOOHOLVP"""

� &RQVLGHU�
for (i=0; i< 8; i=i+1) {

A = A + C[i];    /* S1 */
}

&RXOG�FRPSXWH�

´&\FOH��µ��� temp0 = C[0] + C[1];
temp1 = C[2] + C[3];
temp2 = C[4] + C[5];
temp3 = C[6] + C[7];

´&\FOH��µ�� temp4 = temp0 + temp1;
temp5 = temp2 + temp3;

´&\FOH��µ����A = temp4 + temp5;

� 5HOLHV�RQ�DVVRFLDWLYH�QDWXUH�RI�´�µ�
� 6HH�´3DUDOOHOL]LQJ�&RPSOH[�6FDQV�DQG�5HGXFWLRQVµ�E\�$OODQ�)LVKHU
DQG�$QZDU�*KXORXP��KDQGHG�RXW�WRGD\� -'.�)���

6OLGH���

+:�6FKHPHV��,QVWUXFWLRQ�3DUDOOHOLVP
&DQ�ZH�JHW�&3,�FORVHU�WR��"

� :K\�LQ�+:�DW�UXQ�WLPH"
² :RUNV�ZKHQ�FDQ·W�NQRZ�UHDO�GHSHQGHQFH�DW�FRPSLOH�WLPH
² &RPSLOHU�VLPSOHU
² &RGH�IRU�RQH�PDFKLQH�UXQV�ZHOO�RQ�DQRWKHU

� .H\�LGHD��$OORZ�LQVWUXFWLRQV�EHKLQG�VWDOO�WR�SURFHHG
DIVD F0,F2,F4

ADDD F10,F0,F8

SUBD F12,F8,F14

² 2XW�RI�RUGHU�H[HFXWLRQ� !�RXW�RI�RUGHU�FRPSOHWLRQ�



-'.�)���
6OLGH���

6FRUHERDUG��D�ERRNNHHSLQJ�WHFKQLTXH
� 2XW�RI�RUGHU�H[HFXWLRQ�GLYLGHV�,'�VWDJH�

�� ,VVXH³GHFRGH�LQVWUXFWLRQV��FKHFN�IRU�VWUXFWXUDO�KD]DUGV
�� 5HDG�RSHUDQGV³ZDLW�XQWLO�QR�GDWD�KD]DUGV��WKHQ�UHDG�RSHUDQGV

� 6FRUHERDUGV�GDWH�WR�&'&�����LQ�����
� 6FRUHERDUGV�DOORZ�LQVWUXFWLRQ�WR�H[HFXWH�ZKHQHYHU��
	���KROG��QRW�ZDLWLQJ�IRU�SULRU�LQVWUXFWLRQV

� &'&�������,Q�RUGHU�LVVXH��RXW�RI�RUGHU�H[HFXWLRQ�
RXW�RI�RUGHU�FRPPLW��RU�FRPSOHWLRQ�
² 1R�IRUZDUGLQJ�
² ,PSUHFLVH�LQWHUUXSW�H[FHSWLRQ�PRGHO�IRU�QRZ

-'.�)���
6OLGH���

6FRUHERDUG�,PSOLFDWLRQV
� 2XW�RI�RUGHU�FRPSOHWLRQ� !�:$5��:$:�KD]DUGV"
� 6ROXWLRQV�IRU�:$5�

² 6WDOO�ZULWHEDFN�XQWLO�UHJLVWHUV�KDYH�EHHQ�UHDG
² 5HDG�UHJLVWHUV�RQO\�GXULQJ�5HDG�2SHUDQGV�VWDJH

� 6ROXWLRQ�IRU�:$:�
² 'HWHFW�KD]DUG�DQG�VWDOO�LVVXH�RI�QHZ�LQVWUXFWLRQ�XQWLO�RWKHU
LQVWUXFWLRQ�FRPSOHWHV

� 1R�UHJLVWHU�UHQDPLQJ�
� 1HHG�WR�KDYH�PXOWLSOH�LQVWUXFWLRQV�LQ�H[HFXWLRQ
SKDVH� !�PXOWLSOH�H[HFXWLRQ�XQLWV�RU�SLSHOLQHG
H[HFXWLRQ�XQLWV

� 6FRUHERDUG�NHHSV�WUDFN�RI�GHSHQGHQFLHV�EHWZHHQ
LQVWUXFWLRQV�WKDW�KDYH�DOUHDG\�LVVXHG�

� 6FRUHERDUG�UHSODFHV�,'��(;��:%�ZLWK���VWDJHV

-'.�)���
6OLGH���

)RXU�6WDJHV�RI�6FRUHERDUG�&RQWURO

• Issue³GHFRGH�LQVWUXFWLRQV�	�FKHFN�IRU�VWUXFWXUDO
KD]DUGV��,'��
² ,QVWUXFWLRQV�LVVXHG�LQ�SURJUDP�RUGHU��IRU�KD]DUG�FKHFNLQJ�
² 'RQ·W�LVVXH�LI�VWUXFWXUDO�KD]DUG
² 'RQ·W�LVVXH�LI�LQVWUXFWLRQ�LV�RXWSXW�GHSHQGHQW�RQ�DQ\�SUHYLRXVO\
LVVXHG�EXW�XQFRPSOHWHG�LQVWUXFWLRQ��QR�:$:�KD]DUGV��

• Read operands³ZDLW�XQWLO�QR�GDWD�KD]DUGV��WKHQ
UHDG�RSHUDQGV��,'��
² �$OO�UHDO�GHSHQGHQFLHV��5$:�KD]DUGV��UHVROYHG�LQ�WKLV�VWDJH�
VLQFH�ZH�ZDLW�IRU�LQVWUXFWLRQV�WR�ZULWH�EDFN�GDWD�

² 1R�IRUZDUGLQJ�RI�GDWD�LQ�WKLV�PRGHO�

-'.�)���
6OLGH���

)RXU�6WDJHV�RI�6FRUHERDUG�&RQWURO

• Execution³RSHUDWH�RQ�RSHUDQGV��(;�
² 7KH�IXQFWLRQDO�XQLW�EHJLQV�H[HFXWLRQ�XSRQ�UHFHLYLQJ�RSHUDQGV�
:KHQ�WKH�UHVXOW�LV�UHDG\��LW�QRWLILHV�WKH�VFRUHERDUG�WKDW�LW�KDV
FRPSOHWHG�H[HFXWLRQ�

• Write result³ILQLVK�H[HFXWLRQ��:%�
² 6WDOO�XQWLO�QR�:$5�KD]DUGV�ZLWK�SUHYLRXV�LQVWUXFWLRQV�

([DPSOH� DIVD F0,F2,F4
 ADDD F10,F0,F8
 SUBD F8,F8,F14

&'&������VFRUHERDUG�ZRXOG�VWDOO�68%'�XQWLO�$'''�UHDGV
RSHUDQGV



-'.�)���
6OLGH���

7KUHH�3DUWV�RI�WKH
6FRUHERDUG

� ,QVWUXFWLRQ�VWDWXV�
:KLFK�RI���VWHSV�WKH�LQVWUXFWLRQ�LV�LQ

� )XQFWLRQDO�XQLW�VWDWXV�³,QGLFDWHV�WKH�VWDWH�RI�WKH
IXQFWLRQDO�XQLW��)8�����ILHOGV�IRU�HDFK�IXQFWLRQDO�XQLW

%XV\� ,QGLFDWHV�ZKHWKHU�WKH�XQLW�LV�EXV\�RU�QRW
2S� 2SHUDWLRQ�WR�SHUIRUP�LQ�WKH�XQLW��H�J�����RU�²�
)L� 'HVWLQDWLRQ�UHJLVWHU
)M�)N� 6RXUFH�UHJLVWHU�QXPEHUV
4M�4N�)XQFWLRQDO�XQLWV�SURGXFLQJ�VRXUFH�UHJLVWHUV�)M��)N
5M�5N� )ODJV�LQGLFDWLQJ�ZKHQ�)M��)N�DUH�UHDG\

� 5HJLVWHU�UHVXOW�VWDWXV³,QGLFDWHV�ZKLFK�IXQFWLRQDO�XQLW
ZLOO�ZULWH�HDFK�UHJLVWHU��LI�RQH�H[LVWV��%ODQN�ZKHQ�QR
SHQGLQJ�LQVWUXFWLRQV�ZLOO�ZULWH�WKDW�UHJLVWHU

-'.�)���
6OLGH���

6FRUHERDUG�([DPSOH
Instruction status: Read Exec Write

Instruction j k Issue Oper Comp Result
LD F6 34+ R2
LD F2 45+ R3
MULTD F0 F2 F4
SUBD F8 F6 F2
DIVD F10 F0 F6
ADDD F6 F8 F2

Functional unit status: dest S1 S2 FU FU Fj? Fk?
Time Name Busy Op Fi Fj Fk Qj Qk Rj Rk

Integer No
Mult1 No
Mult2 No
Add No
Divide No

Register result status:
Clock F0 F2 F4 F6 F8 F10 F12 ... F30

FU

-'.�)���
6OLGH���

'HWDLOHG�6FRUHERDUG�3LSHOLQH
&RQWURO

5HDG
RSHUDQGV
([HFXWLRQ
FRPSOHWH

,QVWUXFWLRQ
VWDWXV

:ULWH
UHVXOW

,VVXH

%RRNNHHSLQJ

5M←�1R��5N←�1R

∀I�LI�4M�I� )8�WKHQ�5M�I�←�<HV��
∀I�LI�4N�I� )8�WKHQ�5M�I�←�<HV��
5HVXOW�)L�)8��←����%XV\�)8�←�1R

%XV\�)8�←�\HV��2S�)8�←�RS�
)L�)8�←�C'·��)M�)8�←�C6�·�

)N�)8�←�C6�·��4M←�5HVXOW�¶6�·��
4N←��5HVXOW�C6�·����5M←�QRW�4M�
5N←�QRW�4N��5HVXOW�¶'·�←�)8�

5M�DQG�5N

)XQFWLRQDO�XQLW
GRQH

:DLW�XQWLO

∀I��)M�I��)L�)8�
RU�5M�I� 1R��	

�)N�I���)L�)8��RU
5N��I�� 1R��

1RW�EXV\��)8�
DQG�QRW�UHVXOW�'�

-'.�)���
6OLGH���

6FRUHERDUG�([DPSOH��&\FOH��
Instruction status: Read Exec Write

Instruction j k Issue Oper Comp Result
LD F6 34+ R2 1
LD F2 45+ R3
MULTD F0 F2 F4
SUBD F8 F6 F2
DIVD F10 F0 F6
ADDD F6 F8 F2

Functional unit status: dest S1 S2 FU FU Fj? Fk?
Time Name Busy Op Fi Fj Fk Qj Qk Rj Rk

Integer Yes Load F6 R2 Yes
Mult1 No
Mult2 No
Add No
Divide No

Register result status:
Clock F0 F2 F4 F6 F8 F10 F12 ... F30

1 FU Integer
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6FRUHERDUG�([DPSOH��&\FOH��
Instruction status: Read Exec Write

Instruction j k Issue Oper Comp Result
LD F6 34+ R2 1 2
LD F2 45+ R3
MULTD F0 F2 F4
SUBD F8 F6 F2
DIVD F10 F0 F6
ADDD F6 F8 F2

Functional unit status: dest S1 S2 FU FU Fj? Fk?
Time Name Busy Op Fi Fj Fk Qj Qk Rj Rk

Integer Yes Load F6 R2 Yes
Mult1 No
Mult2 No
Add No
Divide No

Register result status:
Clock F0 F2 F4 F6 F8 F10 F12 ... F30

2 FU Integer

� ,VVXH��QG�/'" -'.�)���
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6FRUHERDUG�([DPSOH��&\FOH��
Instruction status: Read Exec Write

Instruction j k Issue Oper Comp Result
LD F6 34+ R2 1 2 3
LD F2 45+ R3
MULTD F0 F2 F4
SUBD F8 F6 F2
DIVD F10 F0 F6
ADDD F6 F8 F2

Functional unit status: dest S1 S2 FU FU Fj? Fk?
Time Name Busy Op Fi Fj Fk Qj Qk Rj Rk

Integer Yes Load F6 R2 No
Mult1 No
Mult2 No
Add No
Divide No

Register result status:
Clock F0 F2 F4 F6 F8 F10 F12 ... F30

3 FU Integer

� ,VVXH�08/7"
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Instruction status: Read Exec Write

Instruction j k Issue Oper Comp Result
LD F6 34+ R2 1 2 3 4
LD F2 45+ R3
MULTD F0 F2 F4
SUBD F8 F6 F2
DIVD F10 F0 F6
ADDD F6 F8 F2

Functional unit status: dest S1 S2 FU FU Fj? Fk?
Time Name Busy Op Fi Fj Fk Qj Qk Rj Rk

Integer No
Mult1 No
Mult2 No
Add No
Divide No

Register result status:
Clock F0 F2 F4 F6 F8 F10 F12 ... F30

4 FU Integer
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Instruction status: Read Exec Write

Instruction j k Issue Oper Comp Result
LD F6 34+ R2 1 2 3 4
LD F2 45+ R3 5
MULTD F0 F2 F4
SUBD F8 F6 F2
DIVD F10 F0 F6
ADDD F6 F8 F2

Functional unit status: dest S1 S2 FU FU Fj? Fk?
Time Name Busy Op Fi Fj Fk Qj Qk Rj Rk

Integer Yes Load F2 R3 Yes
Mult1 No
Mult2 No
Add No
Divide No

Register result status:
Clock F0 F2 F4 F6 F8 F10 F12 ... F30

5 FU Integer
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Instruction status: Read Exec Write

Instruction j k Issue Oper Comp Result
LD F6 34+ R2 1 2 3 4
LD F2 45+ R3 5 6
MULTD F0 F2 F4 6
SUBD F8 F6 F2
DIVD F10 F0 F6
ADDD F6 F8 F2

Functional unit status: dest S1 S2 FU FU Fj? Fk?
Time Name Busy Op Fi Fj Fk Qj Qk Rj Rk

Integer Yes Load F2 R3 Yes
Mult1 Yes Mult F0 F2 F4 Integer No Yes
Mult2 No
Add No
Divide No

Register result status:
Clock F0 F2 F4 F6 F8 F10 F12 ... F30

6 FU Mult1 Integer
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Instruction status: Read Exec Write

Instruction j k Issue Oper Comp Result
LD F6 34+ R2 1 2 3 4
LD F2 45+ R3 5 6 7
MULTD F0 F2 F4 6
SUBD F8 F6 F2 7
DIVD F10 F0 F6
ADDD F6 F8 F2

Functional unit status: dest S1 S2 FU FU Fj? Fk?
Time Name Busy Op Fi Fj Fk Qj Qk Rj Rk

Integer Yes Load F2 R3 No
Mult1 Yes Mult F0 F2 F4 Integer No Yes
Mult2 No
Add Yes Sub F8 F6 F2 Integer Yes No
Divide No

Register result status:
Clock F0 F2 F4 F6 F8 F10 F12 ... F30

7 FU Mult1 Integer Add

� 5HDG�PXOWLSO\�RSHUDQGV"
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Instruction status: Read Exec Write
Instruction j k Issue Oper Comp Result
LD F6 34+ R2 1 2 3 4
LD F2 45+ R3 5 6 7
MULTD F0 F2 F4 6
SUBD F8 F6 F2 7
DIVD F10 F0 F6 8
ADDD F6 F8 F2

Functional unit status: dest S1 S2 FU FU Fj? Fk?
Time Name Busy Op Fi Fj Fk Qj Qk Rj Rk

Integer Yes Load F2 R3 No
Mult1 Yes Mult F0 F2 F4 Integer No Yes
Mult2 No
Add Yes Sub F8 F6 F2 Integer Yes No
Divide Yes Div F10 F0 F6 Mult1 No Yes

Register result status:
Clock F0 F2 F4 F6 F8 F10 F12 ... F30

8 FU Mult1 Integer Add Divide
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Instruction status: Read Exec Write
Instruction j k Issue Oper Comp Result
LD F6 34+ R2 1 2 3 4
LD F2 45+ R3 5 6 7 8
MULTD F0 F2 F4 6
SUBD F8 F6 F2 7
DIVD F10 F0 F6 8
ADDD F6 F8 F2

Functional unit status: dest S1 S2 FU FU Fj? Fk?
Time Name Busy Op Fi Fj Fk Qj Qk Rj Rk

Integer No
Mult1 Yes Mult F0 F2 F4 Yes Yes
Mult2 No
Add Yes Sub F8 F6 F2 Yes Yes
Divide Yes Div F10 F0 F6 Mult1 No Yes

Register result status:
Clock F0 F2 F4 F6 F8 F10 F12 ... F30

8 FU Mult1 Add Divide
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Instruction status: Read Exec Write

Instruction j k Issue Oper Comp Result
LD F6 34+ R2 1 2 3 4
LD F2 45+ R3 5 6 7 8
MULTD F0 F2 F4 6 9
SUBD F8 F6 F2 7 9
DIVD F10 F0 F6 8
ADDD F6 F8 F2

Functional unit status: dest S1 S2 FU FU Fj? Fk?
Time Name Busy Op Fi Fj Fk Qj Qk Rj Rk

Integer No
10 Mult1 Yes Mult F0 F2 F4 Yes Yes

Mult2 No
2 Add Yes Sub F8 F6 F2 Yes Yes

Divide Yes Div F10 F0 F6 Mult1 No Yes

Register result status:
Clock F0 F2 F4 F6 F8 F10 F12 ... F30

9 FU Mult1 Add Divide
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6FRUHERDUG�([DPSOH��&\FOH���
Instruction status: Read Exec Write

Instruction j k Issue Oper Comp Result
LD F6 34+ R2 1 2 3 4
LD F2 45+ R3 5 6 7 8
MULTD F0 F2 F4 6 9
SUBD F8 F6 F2 7 9
DIVD F10 F0 F6 8
ADDD F6 F8 F2

Functional unit status: dest S1 S2 FU FU Fj? Fk?
Time Name Busy Op Fi Fj Fk Qj Qk Rj Rk

Integer No
9 Mult1 Yes Mult F0 F2 F4 No No

Mult2 No
1 Add Yes Sub F8 F6 F2 No No

Divide Yes Div F10 F0 F6 Mult1 No Yes

Register result status:
Clock F0 F2 F4 F6 F8 F10 F12 ... F30

10 FU Mult1 Add Divide
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Instruction status: Read Exec Write

Instruction j k Issue Oper Comp Result
LD F6 34+ R2 1 2 3 4
LD F2 45+ R3 5 6 7 8
MULTD F0 F2 F4 6 9
SUBD F8 F6 F2 7 9 11
DIVD F10 F0 F6 8
ADDD F6 F8 F2

Functional unit status: dest S1 S2 FU FU Fj? Fk?
Time Name Busy Op Fi Fj Fk Qj Qk Rj Rk

Integer No
8 Mult1 Yes Mult F0 F2 F4 No No

Mult2 No
0 Add Yes Sub F8 F6 F2 No No

Divide Yes Div F10 F0 F6 Mult1 No Yes

Register result status:
Clock F0 F2 F4 F6 F8 F10 F12 ... F30

11 FU Mult1 Add Divide
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Instruction status: Read Exec Write

Instruction j k Issue Oper Comp Result
LD F6 34+ R2 1 2 3 4
LD F2 45+ R3 5 6 7 8
MULTD F0 F2 F4 6 9
SUBD F8 F6 F2 7 9 11 12
DIVD F10 F0 F6 8
ADDD F6 F8 F2

Functional unit status: dest S1 S2 FU FU Fj? Fk?
Time Name Busy Op Fi Fj Fk Qj Qk Rj Rk

Integer No
7 Mult1 Yes Mult F0 F2 F4 No No

Mult2 No
Add No
Divide Yes Div F10 F0 F6 Mult1 No Yes

Register result status:
Clock F0 F2 F4 F6 F8 F10 F12 ... F30

12 FU Mult1 Divide

� 5HDG�RSHUDQGV�IRU�',9'"
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Instruction status: Read Exec Write

Instruction j k Issue Oper Comp Result
LD F6 34+ R2 1 2 3 4
LD F2 45+ R3 5 6 7 8
MULTD F0 F2 F4 6 9
SUBD F8 F6 F2 7 9 11 12
DIVD F10 F0 F6 8
ADDD F6 F8 F2 13

Functional unit status: dest S1 S2 FU FU Fj? Fk?
Time Name Busy Op Fi Fj Fk Qj Qk Rj Rk

Integer No
6 Mult1 Yes Mult F0 F2 F4 No No

Mult2 No
Add Yes Add F6 F8 F2 Yes Yes
Divide Yes Div F10 F0 F6 Mult1 No Yes

Register result status:
Clock F0 F2 F4 F6 F8 F10 F12 ... F30

13 FU Mult1 Add Divide
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Instruction status: Read Exec Write

Instruction j k Issue Oper Comp Result
LD F6 34+ R2 1 2 3 4
LD F2 45+ R3 5 6 7 8
MULTD F0 F2 F4 6 9
SUBD F8 F6 F2 7 9 11 12
DIVD F10 F0 F6 8
ADDD F6 F8 F2 13 14

Functional unit status: dest S1 S2 FU FU Fj? Fk?
Time Name Busy Op Fi Fj Fk Qj Qk Rj Rk

Integer No
5 Mult1 Yes Mult F0 F2 F4 No No

Mult2 No
2 Add Yes Add F6 F8 F2 Yes Yes

Divide Yes Div F10 F0 F6 Mult1 No Yes

Register result status:
Clock F0 F2 F4 F6 F8 F10 F12 ... F30

14 FU Mult1 Add Divide
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Instruction status: Read Exec Write

Instruction j k Issue Oper Comp Result
LD F6 34+ R2 1 2 3 4
LD F2 45+ R3 5 6 7 8
MULTD F0 F2 F4 6 9
SUBD F8 F6 F2 7 9 11 12
DIVD F10 F0 F6 8
ADDD F6 F8 F2 13 14

Functional unit status: dest S1 S2 FU FU Fj? Fk?
Time Name Busy Op Fi Fj Fk Qj Qk Rj Rk

Integer No
4 Mult1 Yes Mult F0 F2 F4 No No

Mult2 No
1 Add Yes Add F6 F8 F2 No No

Divide Yes Div F10 F0 F6 Mult1 No Yes

Register result status:
Clock F0 F2 F4 F6 F8 F10 F12 ... F30

15 FU Mult1 Add Divide
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Instruction status: Read Exec Write

Instruction j k Issue Oper Comp Result
LD F6 34+ R2 1 2 3 4
LD F2 45+ R3 5 6 7 8
MULTD F0 F2 F4 6 9
SUBD F8 F6 F2 7 9 11 12
DIVD F10 F0 F6 8
ADDD F6 F8 F2 13 14 16

Functional unit status: dest S1 S2 FU FU Fj? Fk?
Time Name Busy Op Fi Fj Fk Qj Qk Rj Rk

Integer No
3 Mult1 Yes Mult F0 F2 F4 No No

Mult2 No
0 Add Yes Add F6 F8 F2 No No

Divide Yes Div F10 F0 F6 Mult1 No Yes

Register result status:
Clock F0 F2 F4 F6 F8 F10 F12 ... F30

16 FU Mult1 Add Divide
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Instruction status: Read Exec Write

Instruction j k Issue Oper Comp Result
LD F6 34+ R2 1 2 3 4
LD F2 45+ R3 5 6 7 8
MULTD F0 F2 F4 6 9
SUBD F8 F6 F2 7 9 11 12
DIVD F10 F0 F6 8
ADDD F6 F8 F2 13 14 16

Functional unit status: dest S1 S2 FU FU Fj? Fk?
Time Name Busy Op Fi Fj Fk Qj Qk Rj Rk

Integer No
2 Mult1 Yes Mult F0 F2 F4 No No

Mult2 No
Add Yes Add F6 F8 F2 No No
Divide Yes Div F10 F0 F6 Mult1 No Yes

Register result status:
Clock F0 F2 F4 F6 F8 F10 F12 ... F30

17 FU Mult1 Add Divide
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Instruction status: Read Exec Write

Instruction j k Issue Oper Comp Result
LD F6 34+ R2 1 2 3 4
LD F2 45+ R3 5 6 7 8
MULTD F0 F2 F4 6 9
SUBD F8 F6 F2 7 9 11 12
DIVD F10 F0 F6 8
ADDD F6 F8 F2 13 14 16

Functional unit status: dest S1 S2 FU FU Fj? Fk?
Time Name Busy Op Fi Fj Fk Qj Qk Rj Rk

Integer No
1 Mult1 Yes Mult F0 F2 F4 No No

Mult2 No
Add Yes Add F6 F8 F2 No No
Divide Yes Div F10 F0 F6 Mult1 No Yes

Register result status:
Clock F0 F2 F4 F6 F8 F10 F12 ... F30

18 FU Mult1 Add Divide
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Instruction status: Read Exec Write

Instruction j k Issue Oper Comp Result
LD F6 34+ R2 1 2 3 4
LD F2 45+ R3 5 6 7 8
MULTD F0 F2 F4 6 9 19
SUBD F8 F6 F2 7 9 11 12
DIVD F10 F0 F6 8
ADDD F6 F8 F2 13 14 16

Functional unit status: dest S1 S2 FU FU Fj? Fk?
Time Name Busy Op Fi Fj Fk Qj Qk Rj Rk

Integer No
0 Mult1 Yes Mult F0 F2 F4 No No

Mult2 No
Add Yes Add F6 F8 F2 No No
Divide Yes Div F10 F0 F6 Mult1 No Yes

Register result status:
Clock F0 F2 F4 F6 F8 F10 F12 ... F30

19 FU Mult1 Add Divide
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Instruction status: Read Exec Write

Instruction j k Issue Oper Comp Result
LD F6 34+ R2 1 2 3 4
LD F2 45+ R3 5 6 7 8
MULTD F0 F2 F4 6 9 19 20
SUBD F8 F6 F2 7 9 11 12
DIVD F10 F0 F6 8
ADDD F6 F8 F2 13 14 16

Functional unit status: dest S1 S2 FU FU Fj? Fk?
Time Name Busy Op Fi Fj Fk Qj Qk Rj Rk

Integer No
Mult1 No
Mult2 No
Add Yes Add F6 F8 F2 No No
Divide Yes Div F10 F0 F6 Yes Yes

Register result status:
Clock F0 F2 F4 F6 F8 F10 F12 ... F30

20 FU Add Divide
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Instruction status: Read Exec Write

Instruction j k Issue Oper Comp Result
LD F6 34+ R2 1 2 3 4
LD F2 45+ R3 5 6 7 8
MULTD F0 F2 F4 6 9 19 20
SUBD F8 F6 F2 7 9 11 12
DIVD F10 F0 F6 8 21
ADDD F6 F8 F2 13 14 16

Functional unit status: dest S1 S2 FU FU Fj? Fk?
Time Name Busy Op Fi Fj Fk Qj Qk Rj Rk

Integer No
Mult1 No
Mult2 No
Add Yes Add F6 F8 F2 No No
Divide Yes Div F10 F0 F6 Yes Yes

Register result status:
Clock F0 F2 F4 F6 F8 F10 F12 ... F30

21 FU Add Divide
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6FRUHERDUG�([DPSOH��&\FOH���
Instruction status: Read Exec Write

Instruction j k Issue Oper Comp Result
LD F6 34+ R2 1 2 3 4
LD F2 45+ R3 5 6 7 8
MULTD F0 F2 F4 6 9 19 20
SUBD F8 F6 F2 7 9 11 12
DIVD F10 F0 F6 8 21
ADDD F6 F8 F2 13 14 16 22

Functional unit status: dest S1 S2 FU FU Fj? Fk?
Time Name Busy Op Fi Fj Fk Qj Qk Rj Rk

Integer No
Mult1 No
Mult2 No
Add No

39 Divide Yes Div F10 F0 F6 No No

Register result status:
Clock F0 F2 F4 F6 F8 F10 F12 ... F30

22 FU Divide
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Instruction status: Read Exec Write

Instruction j k Issue Oper Comp Result
LD F6 34+ R2 1 2 3 4
LD F2 45+ R3 5 6 7 8
MULTD F0 F2 F4 6 9 19 20
SUBD F8 F6 F2 7 9 11 12
DIVD F10 F0 F6 8 21 61
ADDD F6 F8 F2 13 14 16 22

Functional unit status: dest S1 S2 FU FU Fj? Fk?
Time Name Busy Op Fi Fj Fk Qj Qk Rj Rk

Integer No
Mult1 No
Mult2 No
Add No

0 Divide Yes Div F10 F0 F6 No No

Register result status:
Clock F0 F2 F4 F6 F8 F10 F12 ... F30

61 FU Divide
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Instruction status: Read Exec Write

Instruction j k Issue Oper Comp Result
LD F6 34+ R2 1 2 3 4
LD F2 45+ R3 5 6 7 8
MULTD F0 F2 F4 6 9 19 20
SUBD F8 F6 F2 7 9 11 12
DIVD F10 F0 F6 8 21 61 62
ADDD F6 F8 F2 13 14 16 22

Functional unit status: dest S1 S2 FU FU Fj? Fk?
Time Name Busy Op Fi Fj Fk Qj Qk Rj Rk

Integer No
Mult1 No
Mult2 No
Add No
Divide No

Register result status:
Clock F0 F2 F4 F6 F8 F10 F12 ... F30

62 FU
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Instruction status: Read Exec Write

Instruction j k Issue Oper Comp Result
LD F6 34+ R2 1 2 3 4
LD F2 45+ R3 5 6 7 8
MULTD F0 F2 F4 6 9 19 20
SUBD F8 F6 F2 7 9 11 12
DIVD F10 F0 F6 8 21 61 62
ADDD F6 F8 F2 13 14 16 22

Functional unit status: dest S1 S2 FU FU Fj? Fk?
Time Name Busy Op Fi Fj Fk Qj Qk Rj Rk

Integer No
Mult1 No
Mult2 No
Add No
Divide No

Register result status:
Clock F0 F2 F4 F6 F8 F10 F12 ... F30

62 FU
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� 6SHHGXS�����IURP�FRPSLOHU������E\�KDQG
%87�VORZ�PHPRU\��QR�FDFKH��OLPLWV�EHQHILW

� /LPLWDWLRQV�RI������VFRUHERDUG�
² 1R�IRUZDUGLQJ�KDUGZDUH
² /LPLWHG�WR�LQVWUXFWLRQV�LQ�EDVLF�EORFN��VPDOO�ZLQGRZ�
² 6PDOO�QXPEHU�RI�IXQFWLRQDO�XQLWV��VWUXFWXUDO�KD]DUGV��
HVSHFDLOO\�LQWHJHU�ORDG�VWRUH�XQLWV

² 'R�QRW�LVVXH�RQ�VWUXFWXUDO�KD]DUGV
² :DLW�IRU�:$5�KD]DUGV
² 3UHYHQW�:$:�KD]DUGV
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6XPPDU\
� ,QVWUXFWLRQ�/HYHO�3DUDOOHOLVP��,/3��IRXQG�HLWKHU�E\
FRPSLOHU�RU�KDUGZDUH�

� /RRS�OHYHO�SDUDOOHOLVP�LV�HDVLHVW�WR�VHH
� 6:�GHSHQGHQFLHV�FRPSLOHU�VRSKLVWLFDWLRQ�GHWHUPLQH�LI
FRPSLOHU�FDQ�XQUROO�ORRSV
² 0HPRU\�GHSHQGHQFLHV�KDUGHVW�WR�GHWHUPLQH� !�0HPRU\�GLVDPELJXDWLRQ
² 9HU\�VRSKLVWLFDWHG�WUDQVIRUPDWLRQV�DYDLODEOH

� +:�H[SORLWLQJ�,/3
² :RUNV�ZKHQ�FDQ·W�NQRZ�GHSHQGHQFH�DW�FRPSLOH�WLPH�
² &RGH�IRU�RQH�PDFKLQH�UXQV�ZHOO�RQ�DQRWKHU

� .H\�LGHD�RI�6FRUHERDUG��$OORZ�LQVWUXFWLRQV�EHKLQG�VWDOO
WR�SURFHHG��'HFRGH� !�,VVXH�LQVWU�	�UHDG�RSHUDQGV�
² (QDEOHV�RXW�RI�RUGHU�H[HFXWLRQ� !�RXW�RI�RUGHU�FRPSOHWLRQ
² ,'�VWDJH�FKHFNHG�ERWK�IRU�VWUXFWXUDO�	�GDWD�GHSHQGHQFLHV
² 2ULJLQDO�YHUVLRQ�GLGQ·W�KDQGOH�IRUZDUGLQJ�
² 1R�DXWRPDWLF�UHJLVWHU�UHQDPLQJ


