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� 4XHVWLRQ��*LYHQ�D�ORDG�WKDW�IROORZV�D�VWRUH�LQ
SURJUDP�RUGHU��DUH�WKH�WZR�UHODWHG"
² �$OWHUQDWLYHO\��LV�WKHUH�D�5$:�KD]DUG�EHWZHHQ�WKH�VWRUH
DQG�WKH�ORDG�"

(J� st 0(R2),R5
   ld R6,0(R3)

� &DQ�ZH�JR�DKHDG�DQG�VWDUW�WKH�ORDG�HDUO\"
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² :H�PLJKW�ZDQW�WR�LVVXH�EHJLQ�H[HFXWLRQ�RI�ERWK
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² 7RGD\��$QVZHU�LV�WKDW�ZH�DUH�QRW�DOORZHG�WR�VWDUW�ORDG
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² 1H[W�:HHN��:H�PLJKW�JXHVV�DW�ZKHWKHU�RU�QRW�WKH\�DUH
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� 1HHG�EXIIHU�WR�NHHS�WUDFN�RI�DOO�RXWVWDQGLQJ�VWRUHV�WR
PHPRU\��LQ�SURJUDP�RUGHU�
² .HHS�WUDFN�RI�DGGUHVV��ZKHQ�EHFRPHV�DYDLODEOH��DQG�YDOXH��ZKHQ
EHFRPHV�DYDLODEOH�

² ),)2�RUGHULQJ��ZLOO�UHWLUH�VWRUHV�IURP�WKLV�EXIIHU�LQ�SURJUDP�RUGHU
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NN
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P32P32 P36P36 P4P4 F6F6 F8F8 P34P34 P12P12 P14P14 P16P16 P18P18 P20P20 P22P22 P24P24 p26p26 P28P28 P30P30

P38P38 P40P40 P44P44 P48P48 … P60P60 P62P62 &KHFNSRLQW�DW�%1(�LQVWUXFWLRQ

P32P32 P36P36 P4P4 F6F6 F8F8 P34P34 P12P12 P14P14 P16P16 P18P18 P20P20 P22P22 P24P24 p26p26 P28P28 P30P30
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6SHFXODWLRQ�HUURU�IL[HG�E\�UHVWRULQJ�PDS�WDEOH�DQG�IUHHOLVW
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,QVWUXFWLRQ�/HYHO�3DUDOOHOLVP

� +LJK�VSHHG�H[HFXWLRQ�EDVHG�RQ�LQVWUXFWLRQ
OHYHO�SDUDOOHOLVP��LOS���SRWHQWLDO�RI�VKRUW
LQVWUXFWLRQ�VHTXHQFHV�WR�H[HFXWH�LQ�SDUDOOHO

� +LJK�VSHHG�PLFURSURFHVVRUV�H[SORLW�,/3�E\�
���SLSHOLQHG�H[HFXWLRQ��RYHUODS�LQVWUXFWLRQV
���2XW�RI�RUGHU�H[HFXWLRQ��FRPPLW�LQ�RUGHU�
���0XOWLSOH�LVVXH��LVVXH�DQG�H[HFXWH�PXOWLSOH�
�LQVWUXFWLRQV�SHU�FORFN�F\FOH

���9HFWRU�LQVWUXFWLRQV��PDQ\�LQGHSHQGHQW�RSV�VSHFLILHG
�ZLWK�D�VLQJOH�LQVWUXFWLRQ

� 0HPRU\�DFFHVVHV�IRU�KLJK�VSHHG
PLFURSURFHVVRU"
² 'DWD�&DFKH�SRVVLEO\�PXOWLSRUWHG��PXOWLSOH�OHYHOV
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&6�����$GPLQLVWULYLD
� ([DP�� :HGQHVGD\������

/RFDWLRQ��7%$
7,0(�������������

� 7KLV�LQIR�LV�RQ�WKH�/HFWXUH�SDJH��KDV�EHHQ�
� 0HHW�DW�/D9DO·V�DIWHUZDUGV�IRU�3L]]D�DQG�%HYHUDJHV

� $VVLJQPHQW�QH[W�WLPH

� &RPSXWHUV�LQ�WKH�1HZV��,QWHO�,;3������LQLWLDWLYH
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*HWWLQJ�&3,������,VVXLQJ
0XOWLSOH�,QVWUXFWLRQV�&\FOH

� 7ZR�YDULDWLRQV
� 6XSHUVFDODU��YDU\LQJ�QR��LQVWUXFWLRQV�F\FOH����WR
����VFKHGXOHG�E\�FRPSLOHU�RU�E\�+:��7RPDVXOR�
² ,%0�3RZHU3&��6XQ�8OWUD6SDUF��'(&�$OSKD��+3�����

� �9HU\��/RQJ�,QVWUXFWLRQ�:RUGV��9�/,:�
IL[HG�QXPEHU�RI�LQVWUXFWLRQV��������VFKHGXOHG
E\�WKH�FRPSLOHU��SXW�RSV�LQWR�ZLGH�WHPSODWHV
² -RLQW�+3�,QWHO�DJUHHPHQW�LQ����������"
² ,QWHO�$UFKLWHFWXUH�����,$��������ELW�DGGUHVV
² 6W\OH��´([SOLFLWO\�3DUDOOHO�,QVWUXFWLRQ�&RPSXWHU��(3,&�µ

� $QWLFLSDWHG�VXFFHVV�OHDG�WR�XVH�RI
,QVWUXFWLRQV�3HU�&ORFN�F\FOH��,3&��YV��&3,
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*HWWLQJ�&3,������,VVXLQJ
0XOWLSOH�,QVWUXFWLRQV�&\FOH

� 6XSHUVFDODU�'/;����LQVWUXFWLRQV����)3�	���DQ\WKLQJ
HOVH
²�)HWFK����ELWV�FORFN�F\FOH��,QW�RQ�OHIW��)3�RQ�ULJKW
²�&DQ�RQO\�LVVXH��QG�LQVWUXFWLRQ�LI��VW�LQVWUXFWLRQ�LVVXHV
²�0RUH�SRUWV�IRU�)3�UHJLVWHUV�WR�GR�)3�ORDG�	�)3�RS�LQ�D�SDLU

7\SH 3LSH6WDJHV
,QW��LQVWUXFWLRQ ,) ,' (; 0(0 :%
)3�LQVWUXFWLRQ ,) ,' (; 0(0 :%
,QW��LQVWUXFWLRQ ,) ,' (; 0(0 :%
)3�LQVWUXFWLRQ ,) ,' (; 0(0 :%
,QW��LQVWUXFWLRQ ,) ,' (; 0(0 :%
)3�LQVWUXFWLRQ ,) ,' (; 0(0 :%

� ���F\FOH�ORDG�GHOD\�H[SDQGV�WR���LQVWUXFWLRQV�LQ�66
² LQVWUXFWLRQ�LQ�ULJKW�KDOI�FDQ·W�XVH�LW��QRU�LQVWUXFWLRQV�LQ�QH[W�VORW &6����.XELDWRZLF]

/HF������������

5HYLHZ��8QUROOHG�/RRS�WKDW
0LQLPL]HV�6WDOOV�IRU�6FDODU
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

14 clock cycles, or 3.5 per iteration

LD to ADDD: 1 Cycle
ADDD to SD: 2 Cycles

&6����.XELDWRZLF]
/HF������������

/RRS�8QUROOLQJ�LQ�6XSHUVFDODU
,QWHJHU�LQVWUXFWLRQ )3�LQVWUXFWLRQ &ORFN�F\FOH

/RRS� /'����)����5�� �
/'����)�����5�� �
/'����)�������5�� $'''�)��)��)� �
/'����)�������5�� $'''�)��)��)� �
/'����)�������5�� $'''�)���)���)� �
6'������5���)� $'''�)���)���)� �
6'�������5���)� $'''�)���)���)� �
6'��������5���)�� �
6'��������5���)�� �
68%,���5��5����� ��
%1(=��5��/223 ��
6'��������5���)�� ��

� 8QUROOHG���WLPHV�WR�DYRLG�GHOD\V�����GXH�WR�66�
� ���FORFNV��RU�����FORFNV�SHU�LWHUDWLRQ�����;�

&6����.XELDWRZLF]
/HF������������

'\QDPLF�6FKHGXOLQJ�LQ�6XSHUVFDODU

� +RZ�WR�LVVXH�WZR�LQVWUXFWLRQV�DQG�NHHS�LQ�RUGHU
LQVWUXFWLRQ�LVVXH�IRU�7RPDVXOR"
² $VVXPH���LQWHJHU�����IORDWLQJ�SRLQW
² ��7RPDVXOR�FRQWURO�IRU�LQWHJHU����IRU�IORDWLQJ�SRLQW

� ,VVXH��;�&ORFN�5DWH��VR�WKDW�LVVXH�UHPDLQV�LQ�RUGHU
� 2QO\�)3�ORDGV�PLJKW�FDXVH�GHSHQGHQF\�EHWZHHQ
LQWHJHU�DQG�)3�LVVXH�
² 5HSODFH�ORDG�UHVHUYDWLRQ�VWDWLRQ�ZLWK�D�ORDG�TXHXH�
RSHUDQGV�PXVW�EH�UHDG�LQ�WKH�RUGHU�WKH\�DUH�IHWFKHG

² /RDG�FKHFNV�DGGUHVVHV�LQ�6WRUH�4XHXH�WR�DYRLG�5$:�YLRODWLRQ
² 6WRUH�FKHFNV�DGGUHVVHV�LQ�/RDG�4XHXH�WR�DYRLG�:$5�:$:
² &DOOHG�´GHFRXSOHG�DUFKLWHFWXUHµ



&6����.XELDWRZLF]
/HF������������

0XOWLSOH�,VVXH�&KDOOHQJHV
� :KLOH�,QWHJHU�)3�VSOLW�LV�VLPSOH�IRU�WKH�+:��JHW�&3,
RI�����RQO\�IRU�SURJUDPV�ZLWK�
² ([DFWO\�����)3�RSHUDWLRQV
² 1R�KD]DUGV

� ,I�PRUH�LQVWUXFWLRQV�LVVXH�DW�VDPH�WLPH��JUHDWHU
GLIILFXOW\�RI�GHFRGH�DQG�LVVXH�
² (YHQ���VFDODU� !�H[DPLQH���RSFRGHV����UHJLVWHU�VSHFLILHUV��	�GHFLGH
LI���RU���LQVWUXFWLRQV�FDQ�LVVXH

² 0XOWLSRUWHG�UHQDPH�ORJLF��PXVW�EH�DEOH�WR�UHQDPH�VDPH�UHJLVWHU
PXOWLSOH�WLPHV�LQ�RQH�F\FOH�

� 9/,:��WUDGHRII�LQVWUXFWLRQ�VSDFH�IRU�VLPSOH�GHFRGLQJ
² 7KH�ORQJ�LQVWUXFWLRQ�ZRUG�KDV�URRP�IRU�PDQ\�RSHUDWLRQV
² %\�GHILQLWLRQ��DOO�WKH�RSHUDWLRQV�WKH�FRPSLOHU�SXWV�LQ�WKH�ORQJ
LQVWUXFWLRQ�ZRUG�DUH�LQGHSHQGHQW� !�H[HFXWH�LQ�SDUDOOHO

² (�J�����LQWHJHU�RSHUDWLRQV����)3�RSV����0HPRU\�UHIV����EUDQFK
ª ���WR����ELWV�SHU�ILHOG� !�����RU�����ELWV�WR�����RU�����ELWV
ZLGH

² 1HHG�FRPSLOLQJ�WHFKQLTXH�WKDW�VFKHGXOHV�DFURVV�VHYHUDO�EUDQFKHV &6����.XELDWRZLF]
/HF������������

/RRS�8QUROOLQJ�LQ�9/,:
Memory Memory FP FP Int. op/ Clock
reference 1 reference 2 operation 1  op. 2 branch

LD F0,0(R1) LD F6,-8(R1) 1

LD F10,-16(R1) LD F14,-24(R1) 2
LD F18,-32(R1) LD F22,-40(R1) ADDD F4,F0,F2 ADDD F8,F6,F2 3
LD F26,-48(R1) ADDD F12,F10,F2 ADDD F16,F14,F2 4

ADDD F20,F18,F2 ADDD F24,F22,F2 5
SD 0(R1),F4 SD -8(R1),F8 ADDD F28,F26,F2 6
SD -16(R1),F12 SD -24(R1),F16 7
SD -32(R1),F20 SD -40(R1),F24 SUBI  R1,R1,#48 8
SD -0(R1),F28 BNEZ R1,LOOP 9

  Unrolled 7 times to avoid delays
  7 results in 9 clocks, or 1.3 clocks per iteration (1.8X)
  Average: 2.5 ops per clock, 50% efficiency
  Note: Need more registers in VLIW (15 vs. 6 in SS)

&6����.XELDWRZLF]
/HF������������

6RIWZDUH�3LSHOLQLQJ
� 2EVHUYDWLRQ��LI�LWHUDWLRQV�IURP�ORRSV�DUH�LQGHSHQGHQW�
WKHQ�FDQ�JHW�PRUH�,/3�E\�WDNLQJ�LQVWUXFWLRQV�IURP
GLIIHUHQW�LWHUDWLRQV

� 6RIWZDUH�SLSHOLQLQJ��UHRUJDQL]HV�ORRSV�VR�WKDW�HDFK
LWHUDWLRQ�LV�PDGH�IURP�LQVWUXFWLRQV�FKRVHQ�IURP
GLIIHUHQW�LWHUDWLRQV�RI�WKH�RULJLQDO�ORRS�� �7RPDVXOR�LQ
6:�

Iteration 
0 Iteration 

1 Iteration 
2 Iteration 

3 Iteration 
4

Software- 
pipelined 
iteration

&6����.XELDWRZLF]
/HF������������

6RIWZDUH�3LSHOLQLQJ�([DPSOH
%HIRUH��8QUROOHG���WLPHV
��� LD F0,0(R1)
�� ADDD F4,F0,F2
�� SD 0(R1),F4 
�� LD F6,-8(R1)
�� ADDD F8,F6,F2
�� SD -8(R1),F8 
�� LD F10,-16(R1)
�� ADDD F12,F10,F2
�� SD -16(R1),F12
��� SUBI R1,R1,#24
��� BNEZ R1,LOOP

After: Software Pipelined
 1 SD 0(R1),F4 ; Stores M[i]
 2 ADDD F4,F0,F2 ; Adds to M[i-1]
 3 LD F0,-16(R1);Loads M[i-2]
 4 SUBI R1,R1,#8
 5 BNEZ R1,LOOP

• Symbolic Loop Unrolling
–  Maximize result-use distance 
–  Less code space than unrolling
–  Fill & drain pipe only once per loop
     vs. once per each unrolled iteration in loop unrolling

SW Pipeline

Loop Unrolled

o
ve

rl
ap

p
ed

 o
p

s

Time

Time



&6����.XELDWRZLF]
/HF������������

6RIWZDUH�3LSHOLQLQJ�ZLWK
/RRS�8QUROOLQJ�LQ�9/,:

Memory Memory FP FP Int. op/         Clock
reference 1 reference 2 operation 1  op. 2 branch

LD F0,-48(R1) ST 0(R1),F4 ADDD F4,F0,F2 1

LD F6,-56(R1) ST -8(R1),F8 ADDD F8,F6,F2 SUBI R1,R1,#24 2
LD F10,-40(R1) ST 8(R1),F12 ADDD F12,F10,F2 BNEZ R1,LOOP 3

• Software pipelined across 9 iterations of original loop
– In each iteration of above loop, we:

» Store to m,m-8,m-16 (iterations I-3,I-2,I-1)
» Compute for m-24,m-32,m-40 (iterations I,I+1,I+2)
» Load from m-48,m-56,m-64 (iterations I+3,I+4,I+5)

• 9 results in 9 cycles, or 1 clock per iteration
• Average: 3.3 ops per clock, 66% efficiency
  Note: Need less registers for software pipelining

 (only using 7 registers here, was using 15) &6����.XELDWRZLF]
/HF������������

7UDFH�6FKHGXOLQJ

� 3DUDOOHOLVP�DFURVV�,)�EUDQFKHV�YV��/223�EUDQFKHV
� 7ZR�VWHSV�

² 7UDFH�6HOHFWLRQ
ª )LQG�OLNHO\�VHTXHQFH�RI�EDVLF�EORFNV��WUDFH�
RI��VWDWLFDOO\�SUHGLFWHG�RU�SURILOH�SUHGLFWHG�
ORQJ�VHTXHQFH�RI�VWUDLJKW�OLQH�FRGH

² 7UDFH�&RPSDFWLRQ
ª 6TXHH]H�WUDFH�LQWR�IHZ�9/,:�LQVWUXFWLRQV
ª 1HHG�ERRNNHHSLQJ�FRGH�LQ�FDVH�SUHGLFWLRQ�LV�ZURQJ

� &RPSLOHU�XQGRHV�EDG�JXHVV
�GLVFDUGV�YDOXHV�LQ�UHJLVWHUV�

� 6XEWOH�FRPSLOHU�EXJV�PHDQ�ZURQJ�DQVZHU
YV��SRRHU�SHUIRUPDQFH��QR�KDUGZDUH�LQWHUORFNV

&6����.XELDWRZLF]
/HF������������

$GYDQWDJHV�RI�+:��7RPDVXOR�
YV��6:��9/,:��6SHFXODWLRQ

� +:�GHWHUPLQHV�DGGUHVV�FRQIOLFWV
� +:�EHWWHU�EUDQFK�SUHGLFWLRQ
� +:�PDLQWDLQV�SUHFLVH�H[FHSWLRQ�PRGHO
� +:�GRHV�QRW�H[HFXWH�ERRNNHHSLQJ�LQVWUXFWLRQV
� :RUNV�DFURVV�PXOWLSOH�LPSOHPHQWDWLRQV
� 6:�VSHFXODWLRQ�LV�PXFK�HDVLHU�IRU�+:�GHVLJQ

&6����.XELDWRZLF]
/HF������������

6XSHUVFDODU�Y��9/,:

� 6PDOOHU�FRGH�VL]H
� %LQDU\�FRPSDWDELOLW\
DFURVV�JHQHUDWLRQV
RI�KDUGZDUH

� 6LPSOLILHG�+DUGZDUH
IRU�GHFRGLQJ��LVVXLQJ
LQVWUXFWLRQV

� 1R�,QWHUORFN
+DUGZDUH��FRPSLOHU
FKHFNV"�

� 0RUH�UHJLVWHUV��EXW
VLPSOLILHG�+DUGZDUH
IRU�5HJLVWHU�3RUWV
�PXOWLSOH�LQGHSHQGHQW
UHJLVWHU�ILOHV"�



&6����.XELDWRZLF]
/HF������������

,QWHO�+3�´([SOLFLWO\�3DUDOOHO
,QVWUXFWLRQ�&RPSXWHU��(3,&�µ

� ��,QVWUXFWLRQV�LQ�����ELW�´JURXSVµ��ILHOG�GHWHUPLQHV�LI
LQVWUXFWLRQV�GHSHQGHQW�RU�LQGHSHQGHQW
² 6PDOOHU�FRGH�VL]H�WKDQ�ROG�9/,:��ODUJHU�WKDQ�[���5,6&
² *URXSV�FDQ�EH�OLQNHG�WR�VKRZ�LQGHSHQGHQFH�!���LQVWU

� ���LQWHJHU�UHJLVWHUV������IORDWLQJ�SRLQW�UHJLVWHUV
² 1RW�VHSDUDWH�ILOHVSHU�IXQFLWRQDO�XQLW�DV�LQ�ROG�9/,:

� +DUGZDUH�FKHFNV�GHSHQGHQFLHV
�LQWHUORFNV� !�ELQDU\�FRPSDWLELOLW\�RYHU�WLPH�

� 3UHGLFDWHG�H[HFXWLRQ��VHOHFW���RXW�RI������ELW�IODJV�
 !�����IHZHU�PLVSUHGLFWLRQV"

� ,$������LQVWUXFWLRQ�VHW�DUFKLWHFWXUH��(3,&�LV�W\SH
� 0HUFHG�LV�QDPH�RI�ILUVW�LPSOHPHQWDWLRQ�����������"�
� /,:� �(3,&"

&6����.XELDWRZLF]
/HF������������

/LPLWV�WR�0XOWL�,VVXH�0DFKLQHV
� ,QKHUHQW�OLPLWDWLRQV�RI�,/3

² ��EUDQFK�LQ����+RZ�WR�NHHS�D����ZD\�9/,:�EXV\"
² /DWHQFLHV�RI�XQLWV��PDQ\�RSHUDWLRQV�PXVW�EH�VFKHGXOHG
² 1HHG�DERXW�3LSHOLQH�'HSWK�[�1R��)XQFWLRQDO�8QLWV�RI�LQGHSHQGHQW
RSHUDWLRQV�WR�NHHS�DOO�SLSHOLQHV�EXV\�

² 'LIILFXOWLHV�LQ�EXLOGLQJ�+:
² (DV\��0RUH�LQVWUXFWLRQ�EDQGZLGWK
² (DV\��'XSOLFDWH�)8V�WR�JHW�SDUDOOHO�H[HFXWLRQ
² +DUG��,QFUHDVH�SRUWV�WR�5HJLVWHU�)LOH��EDQGZLGWK�

ª 9/,:�H[DPSOH�QHHGV���UHDG�DQG���ZULWH�IRU�,QW��5HJ�
	���UHDG�DQG���ZULWH�IRU�)3�UHJ

² +DUGHU��,QFUHDVH�SRUWV�WR�PHPRU\��EDQGZLGWK�
² 'HFRGLQJ�6XSHUVFDODU�DQG�LPSDFW�RQ�FORFN�UDWH��SLSHOLQH�GHSWK"

&6����.XELDWRZLF]
/HF������������

/LPLWV�WR�0XOWL�,VVXH�0DFKLQHV
� /LPLWDWLRQV�VSHFLILF�WR�HLWKHU�6XSHUVFDODU�RU�9/,:
LPSOHPHQWDWLRQ
² 'HFRGH�LVVXH�LQ�6XSHUVFDODU��KRZ�ZLGH�SUDFWLFDO"
² 9/,:�FRGH�VL]H���XQUROO�ORRSV���ZDVWHG�ILHOGV�LQ�9/,:

ª ,$����FRPSUHVVHV�GHSHQGHQW�LQVWUXFWLRQV��EXW�VWLOO�ODUJHU
² 9/,:�ORFN�VWHS� !���KD]DUG�	�DOO�LQVWUXFWLRQV�VWDOO

ª ,$����QRW�ORFN�VWHS"�'\QDPLF�SLSHOLQH"
² 9/,:�	�ELQDU\�FRPSDWLELOLW\,$����SURPLVHV�ELQDU\�FRPSDWLELOLW\

&6����.XELDWRZLF]
/HF������������

/LPLWV�WR�,/3
� &RQIOLFWLQJ�VWXGLHV�RI�DPRXQW

² %HQFKPDUNV��YHFWRUL]HG�)RUWUDQ�)3�YV��LQWHJHU�&�SURJUDPV�
² +DUGZDUH�VRSKLVWLFDWLRQ
² &RPSLOHU�VRSKLVWLFDWLRQ

� +RZ�PXFK�,/3�LV�DYDLODEOH�XVLQJ�H[LVWLQJ
PHFKDQLPV�ZLWK�LQFUHDVLQJ�+:�EXGJHWV"

� 'R�ZH�QHHG�WR�LQYHQW�QHZ�+:�6:�PHFKDQLVPV�WR
NHHS�RQ�SURFHVVRU�SHUIRUPDQFH�FXUYH"
² ,QWHO�00;
² 0RWRUROD�$OWD9HF
² 6XSHUVSDUF�0XOWLPHGLD�RSV��HWF�



&6����.XELDWRZLF]
/HF������������

/LPLWV�WR�,/3
,QLWLDO�+:�0RGHO�KHUH��0,36�FRPSLOHUV�
$VVXPSWLRQV�IRU�LGHDO�SHUIHFW�PDFKLQH�WR�VWDUW�
���5HJLVWHU�UHQDPLQJ²LQILQLWH�YLUWXDO�UHJLVWHUV�DQG
DOO�:$:�	�:$5�KD]DUGV�DUH�DYRLGHG
���%UDQFK�SUHGLFWLRQ²SHUIHFW��QR�PLVSUHGLFWLRQV
���-XPS�SUHGLFWLRQ²DOO�MXPSV�SHUIHFWO\�SUHGLFWHG� !
PDFKLQH�ZLWK�SHUIHFW�VSHFXODWLRQ�	�DQ�XQERXQGHG
EXIIHU�RI�LQVWUXFWLRQV�DYDLODEOH
���0HPRU\�DGGUHVV�DOLDV�DQDO\VLV²DGGUHVVHV�DUH
NQRZQ�	�D�VWRUH�FDQ�EH�PRYHG�EHIRUH�D�ORDG
SURYLGHG�DGGUHVVHV�QRW�HTXDO

��F\FOH�ODWHQF\�IRU�DOO�LQVWUXFWLRQV��XQOLPLWHG�QXPEHU
RI�LQVWUXFWLRQV�LVVXHG�SHU�FORFN�F\FOH &6����.XELDWRZLF]

/HF������������

8SSHU�/LPLW�WR�,/3��,GHDO
0DFKLQH

�)LJXUH�������SDJH�����

Programs

0

20

40

60

80

100

120

140

160

gcc espresso li fpppp doducd tomcatv

54.8
62.6

17.9

75.2

118.7

150.1

Integer: 18 - 60

FP: 75 - 150

IP
C

&6����.XELDWRZLF]
/HF������������

Program

0

10

20

30

40

50

60

gcc espresso li fpppp doducd tomcatv

35

41

16

61

58
60

9

12
10

48

15

6
7 6

46

13

45

6 6 7

45

14

45

2 2 2

29

4

19

46

Perfect Selective predictor Standard 2-bit Static None

0RUH�5HDOLVWLF�+:��%UDQFK�,PSDFW
)LJXUH�������3DJH����

&KDQJH�IURP�,QILQLWH
ZLQGRZ�WR�H[DPLQH�WR
�����DQG�PD[LPXP
LVVXH�RI���
LQVWUXFWLRQV�SHU�FORFN
F\FOH

ProfileBHT (512)Pick Cor. or BHTPerfect No prediction

FP: 15 - 45

Integer: 6 - 12

IP
C

&6����.XELDWRZLF]
/HF������������

Program

0

10

20

30

40

50

60

gcc espresso li fpppp doducd tomcatv

11

15

12

29

54

10

15

12

49

16

10

13
12

35

15

44

9
10

11

20

11

28

5 5 6 5 5
7

4 4
5

4
5 5

59

45

Infinite 256 128 64 32 None

0RUH�5HDOLVWLF�+:��5HJLVWHU�,PSDFW
)LJXUH�������3DJH����

&KDQJH�������LQVWU
ZLQGRZ�����LQVWU
LVVXH���.���OHYHO
3UHGLFWLRQ

64 None256Infinite 32128

Integer: 5 - 15

FP: 11 - 45

IP
C



&6����.XELDWRZLF]
/HF������������

Program

0

5

10

15

20

25

30

35

40

45

50

gcc espresso li fpppp doducd tomcatv

10

15

12

49

16

45

7 7
9

49

16

4
5 4 4

6 5
3

5
3 3 4 4

45

Perfect Global/stack Perfect Inspection None

0RUH�5HDOLVWLF�+:��$OLDV
,PSDFW

)LJXUH�������3DJH����

&KDQJH�������LQVWU
ZLQGRZ�����LQVWU
LVVXH���.���OHYHO
3UHGLFWLRQ�����
UHQDPLQJ�UHJLVWHUV

NoneGlobal/Stack perf;
heap conflicts

Perfect Inspec.
Assem.

FP: 4 - 45
(Fortran,
no heap)

Integer: 4 - 9

IP
C

&6����.XELDWRZLF]
/HF������������

Program

0

10

20

30

40

50

60

gcc expresso li fpppp doducd tomcatv

10

15

12

52

17

56

10

15

12

47

16

10

13
11

35

15

34

9
10 11

22

12

8 8 9

14

9

14

6 6 6
8

7
9

4 4 4 5
4

6

3 2 3 3 3 3

45

22

Infinite 256 128 64 32 16 8 4

5HDOLVWLF�+:�IRU�¶�;��:LQGRZ�,PSDFW
�)LJXUH�������3DJH�����

3HUIHFW�GLVDPELJXDWLRQ
�+:����.�6HOHFWLYH
3UHGLFWLRQ�����HQWU\
UHWXUQ�����UHJLVWHUV�
LVVXH�DV�PDQ\�DV
ZLQGRZ

64 16256Infinite 32128 8 4

Integer: 6 - 12

FP: 8 - 45

IP
C

&6����.XELDWRZLF]
/HF������������

� ��VFDODU�,%0�3RZHU���#������0+]����VWDJH
SLSH�
YV����VFDODU�$OSKD�#�����0+]����VWDJH�SLSH�

%UDQLDF�YV��6SHHG
'HPRQ������

Benchmark

0

100

200

300

400

500

600

700

800

900
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al
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nn ea
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sw
m
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6
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p

&6����.XELDWRZLF]
/HF������������

3UREOHPV�ZLWK�VFDODU�DSSURDFK�WR
,/3�H[WUDFWLRQ

� /LPLWV�WR�FRQYHQWLRQDO�H[SORLWDWLRQ�RI�,/3�
���SLSHOLQHG�FORFN�UDWH��DW�VRPH�SRLQW��HDFK
LQFUHDVH�LQ�FORFN�UDWH�KDV�FRUUHVSRQGLQJ�&3,
LQFUHDVH��EUDQFKHV��RWKHU�KD]DUGV�
���LQVWUXFWLRQ�IHWFK�DQG�GHFRGH��DW�VRPH
SRLQW��LWV�KDUG�WR�IHWFK�DQG�GHFRGH�PRUH
LQVWUXFWLRQV�SHU�FORFN�F\FOH
���FDFKH�KLW�UDWH��VRPH�ORQJ�UXQQLQJ
�VFLHQWLILF��SURJUDPV�KDYH�YHU\�ODUJH�GDWD
VHWV�DFFHVVHG�ZLWK�SRRU�ORFDOLW\�
RWKHUV�KDYH�FRQWLQXRXV�GDWD�VWUHDPV
�PXOWLPHGLD��DQG�KHQFH�SRRU�ORFDOLW\
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3UHYLHZ��$OWHUQDWLYH�0RGHO�
9HFWRU�3URFHVVLQJ

+

r1 r2

r3

add r3, r1, r2

SCALAR
(1 operation)

v1 v2

v3

+

vector
length

add.vv v3, v1, v2

VECTOR
(N operations)

� 9HFWRU�SURFHVVRUV�KDYH�KLJK�OHYHO�RSHUDWLRQV�WKDW
ZRUN�RQ�OLQHDU�DUUD\V�RI�QXPEHUV���YHFWRUV�

&6����.XELDWRZLF]
/HF������������

3URSHUWLHV�RI�9HFWRU�3URFHVVRUV

� (DFK�UHVXOW�LQGHSHQGHQW�RI�SUHYLRXV�UHVXOW
 !�ORQJ�SLSHOLQH��FRPSLOHU�HQVXUHV�QR�GHSHQGHQFLHV
 !�KLJK�FORFN�UDWH

� 9HFWRU�LQVWUXFWLRQV�DFFHVV�PHPRU\�ZLWK�NQRZQ�SDWWHUQ
 !�KLJKO\�LQWHUOHDYHG�PHPRU\
 !�DPRUWL]H�PHPRU\�ODWHQF\�RI�RYHU� ����HOHPHQWV
 !�QR��GDWD��FDFKHV�UHTXLUHG���'R�XVH�LQVWUXFWLRQ
FDFKH�

� 5HGXFHV�EUDQFKHV�DQG�EUDQFK�SUREOHPV�LQ�SLSHOLQHV
� 6LQJOH�YHFWRU�LQVWUXFWLRQ�LPSOLHV�ORWV�RI�ZRUN�� �ORRS�

 !�IHZHU�LQVWUXFWLRQ�IHWFKHV

&6����.XELDWRZLF]
/HF������������

9HFWRU�$GYDQWDJHV
� (DV\�WR�JHW�KLJK�SHUIRUPDQFH��1�RSHUDWLRQV�

² DUH�LQGHSHQGHQW
² XVH�VDPH�IXQFWLRQDO�XQLW
² DFFHVV�GLVMRLQW�UHJLVWHUV
² DFFHVV�UHJLVWHUV�LQ�VDPH�RUGHU�DV�SUHYLRXV�LQVWUXFWLRQV
² DFFHVV�FRQWLJXRXV�PHPRU\�ZRUGV�RU�NQRZQ�SDWWHUQ
² FDQ�H[SORLW�ODUJH�PHPRU\�EDQGZLGWK
² KLGH�PHPRU\�ODWHQF\��DQG�DQ\�RWKHU�ODWHQF\�

� 6FDODEOH��JHW�KLJKHU�SHUIRUPDQFH�DV�PRUH�+:�UHVRXUFHV
DYDLODEOH�

� &RPSDFW��'HVFULEH�1�RSHUDWLRQV�ZLWK���VKRUW�LQVWUXFWLRQ��Y�
9/,:�

� 3UHGLFWDEOH��UHDO�WLPH��SHUIRUPDQFH�YV��VWDWLVWLFDO�SHUIRUPDQFH
�FDFKH�

� 0XOWLPHGLD�UHDG\��FKRRVH�1����E���1����E���1����E���1�
�E

� 0DWXUH��GHYHORSHG�FRPSLOHU�WHFKQRORJ\
� 9HFWRU�'LVDGYDQWDJH��2XW�RI�)DVKLRQ" &6����.XELDWRZLF]

/HF������������

6XPPDU\
� '\QDPLF�KDUGZDUH�VFKHPHV�FDQ�XQUROO�ORRSV
G\QDPLFDOO\�LQ�KDUGZDUH

� ([SOLFLW�5HQDPLQJ��PRUH�SK\VLFDO�UHJLVWHUV�WKDQ
QHHGHG�E\�,6$���8VHV�D�WUDQVODWLRQ�WDEOH

� 3UHFLVH�H[FHSWLRQV�6SHFXODWLRQ��2XW�RI�RUGHU
H[HFXWLRQ��,Q�RUGHU�FRPPLW��UHRUGHU�EXIIHU�

� 6XSHUVFDODU�DQG�9/,:��&3,������,3&�!���
² '\QDPLF�LVVXH�YV��6WDWLF�LVVXH
² 0RUH�LQVWUXFWLRQV�LVVXH�DW�VDPH�WLPH� !�ODUJHU�KD]DUG�SHQDOW\
² /LPLWDWLRQ�LV�RIWHQ�QXPEHU�RI�LQVWUXFWLRQV�WKDW�\RX�FDQ�VXFFHVVIXOO\
IHWFK�DQG�GHFRGH�SHU�F\FOH�⇒�´)O\QQ�EDUULHUµ

� 6:�3LSHOLQLQJ
² 6\PEROLF�/RRS�8QUROOLQJ�WR�JHW�PRVW�IURP�SLSHOLQH�ZLWK�OLWWOH�FRGH
H[SDQVLRQ��OLWWOH�RYHUKHDG


