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itl-c���_abdw���whmai i ðaw`qkw � c l m�qtw � ò w�� ë cdq�ò i cóòÎðpgjq �0�`gjqkw¬c���_abdw��6whm¨i gritc l m,� ¦ w e l m ��cóò i ðaw
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ðacdi5q gjikcdlÉljx¬©`ZA�O� l�x lnbdb l��Fi ðaw��vs mpg��6cfeM� w ðpg
�¨cdlnq`ljxoi ðaw _aqtl � q g�� � i ðaw^ò i gri � ò�ljx
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RF

RB

V LRU Start Read Write

Addr. Addr.
... ...

#1 #1#n #n

V SP Read Write

Mask ... ...
#1 #1#n #n

Args.
Implicit %i0 %i5

V V Mask VVal. Val. Val.

Return Values
%i0 %i1 %f0 %f1LRU

(1) (2) (3) (5) (5)

(1)

MUX MUX

1word 1word
Cache(Addr.) Cache(Addr.)

1word
Cache

6words
Registers

(4) (5)

MUX MUX

1word 1word
Cache(Value) Cache(Value)

1word 6words

...

(2)

F/L End

Regs.,CC Regs.,CC
V V Val.Val.

... ... ............

...

others

Registers
others

Registers Registers

taken/not
Loop cond.

Addr.
Instr.

Value Value... ...

DataData
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(a) Function (b) Loop

Func. start

Func. end

call

return

brc(not taken)brc(taken)

Loop end

Loop start

¹ Î Ï»º�¼¾½¿«JÀ#Á�Â?Ã�Ä�Å

Æ ÂÈÇJv�É�Ê+Ë'ÌcÍ �ÏÎ Ð/Ñ�Ò/Ó)Ô?Õ��×Ö �<Â�Ø1ÙÚÍ�tc´cÛHÜ?Ý
Þ1ß Õr�×à<á º'¼Hâ|ã1ä�Ì'å'Ø+ÙBæDç�è|é+ê�é
ë�ìHí Õrî×à4ï�ð¡ñ Æ Â�Ø+Ù Ð

Ñ¿òSó Ý îôà�õSî×Ö å�Û1ö�è-÷ Þ¡ø è¡é)Ü�ë�ì á í Õ�ùúî×û â-üþý ÆDÿ�� á�� ø
è����þÂ ï�ð¡ñ Æ Í��Qé
	+Û#Ý

�
��� ��� ���������������
 á�Õ"!$#&%�'$( Â�ü¡À#Á
)JÂ"* %�+Há-, é�è�.¡ö2Ü�Ý'º�¼ ½�üJÀ#Á�Â�Ã�Ä

Å2Í ¹�/ á10 Û�Ý�º�¼²Â�ë�ì Õ º�¼�2�34	 Ô'á6587:9
; Í=<
> Ô?Õ 2�34	 Ô:?
@ Â-A�BDC ÐQÑ:EGF4? @ Þ=H Í 9
;
I4J ½ Ô ß Ý
K-L á�Õ üJÀ1Á�Â�M á í ÕON
Þ 7 Í�üJÀ#ÁQPþÂ-R&S&A6B ? @ á65T7 <
> Ô?Õ R&SGA�B ? @ ÂUA�BDC Ð/Ñ KWV
RGS&A�B ? @ Þ=H Í 9
; ½¿ÛHÜ�ÝYXDÂ 5¡ó-á�Õ üJÀ1Á¡í�º�¼¾½ 9
; Â N Þ 7 S
X"ZO[/ê)Ü�\�Â�Â Õ üJÀ1Á !$#4% Í^]G_¡ÛHÜ ß4` á í Õba Ô é '$( Í (�c ÛHÜ
dGe í1êgf Õ-h ¼¾½iK-L á1? @ 9$; Â-j8	lk Í
Ø�Ù|Û+çnm 5 é�Ý

�
�po q8rtsvuxw q�y �Wzt{
!$#4% Í�ü�|$} á * % Û Ü áQ~ ß 76Õ�� . Ô ß hQ��� ü�|$}&�=��Ä1Å á�5n7¿Õ

!G#4%�'G( ZG��\b���U�$��íb� e H ~ Ü�Ý Ô�Ð2Ô?Õ�î×àG�Y5 3 î×Ö �-�6�|å d
e H ~ Ü�Ý�ü�|$}G���b���D� � íY� Ö�� H í^�&�Hæ�çþê#é ßD` Õ^hD��!D#4%��/á
í 9 A¡ÛHÜ�X � å Hx� Ü��G�4� � �-Ø1Ù2Í�ü�|4} !$#4% H íO�D�¡ÛHÜ�X � å H
� ê�é�Ý�X�ç 587�Õ Þ-� Õ ü�|4} !$#4%�á�� é!è)í Õ"�&�YÔ ß ä��-Ì�� � 5 3

¡



¢4£G¤ â|ã�ä-Ì$��Û1ö�èÈÍ^j8	lk ��Ô èQ¥ á Ø�Ù|ÛHÜ d&e å ~ Ü�Ý Þ1ß Õ ü�|
}�å !$#4%�¦4§ H ~ ø�ß M á�ÕU¨©�¡õ©ª«7­¬&® �T�/ä���Ì��-� ¬�� 5 3-A6Bn�
¯&° Í ò ó ß4`-±$²´³ | ãTµ î·¶¹¸»º ÕQ¼½¼·¾ Õ ü�|$}�¿6À � �OA�B
S8Á�µÃÂÅÄÇÆ ¶¹ÈÊÉËÈÍÌ Â ¾
�-Î&Ï)å d&e � ê)ÜDÝ�Xb� ß$` ÕÐhl��Ñ4Ò ¥«µ î×àÓ¾Ô�Y5 3-jn	lk £ Ù4¥«µ î×Ö­¾ á
�Õ�/Í^ÖÈÛ#Ý©×«ØÙ�-Ú&Û ÜUÝGA)å�ü�|4}6� !4#G% � ß&` á ��Þ Ô ß Ø1Ù�ßáà H
~ Ü�Ý îôà �UßxàTµ àÓÉgùâ¾ í Õ1hl��� ü�|$}&� 9�ã Í?Û/Ü ßD` á1ä
%áå"æ µ�ç ÈÙèé¾ á
í4ü�|$}��-¿6À²â|ã�ä-ê6ë1ìGí|ÛHÜ?Ý

�
��î �á���áï�ð�ñóòõôö��÷´ø
R&S&A�B ? @ å c&ù Û2Ü ��æ=!$#4%�'4( í æ R&SGA�BcÛHÜûú á A�BDCHâ)ã�ä
ê�å î×à<á^ü4ý æ�ç<è¡é�þ-ÿ�� ó ÿ��Èö�þ�� ü4ý æ�ç<è|é���ë�ì	�1í æ�
���

þ î�� ÿ�� æ�� �"ê��ûj6k ¬ å����	����� 
 þ ï�ð¡ñ�� ë��� å"æ-h"!�
 þ ¢
£�¤�#�$ � ê6ë 
 ö�è �G�´å"æ �%�'&�(�ë ò ó � 
 ö�è6�-j6kcå)��� å ��ë�ì
� æ:ü4ý'* �D	Qk + � �bêÕ� �T5 3 ¢D£$¤ 	�k ¬-, ë�. �0/ 
 X � � 5Õ7�æ ü�|
}��"] ò ë2143 
 þ�X � å H´� þ�� !$#G%�å ��ë�ì æ�î5� � ü4ý æ�ç<è|éTþ�A
B$S8Á���687Èé!è æ æ9�)�  ü�|$}:� hxå è�K-L ��; Ò ë�< 7­ª�
 �
�4S æ  üÕ|$}1å !$#&% � ¦$§ H ~ çnm æ  ü�|4}��"] ò ë>= N?
 þ�� �&�
å � � �Oê�� � 5 3 ¢$£�¤�#�$ � ê6ë ü4ýõå è|égf@�'üÕ|$}1å���À 
 þ ® úA�
hD� ÿB� EGFõå � 7iæ-hl��!$#4%Õ� � ~�C �ED�F|åEG�H 
 þ ��æOü&ý ë"I�J 

þ�� ü4ý I&��ü�|$}K� 
'��
 þ�R&SGA�B ? @ ��L 	�� 587 ü�|4}��M��À ë�N�<

 þ ��æ ü�|4}�¿�À � �UA�B
S8ÁG�-Î&Ï�ë ü4ý�å)î5� ��O4PWë Q ü&ý I%R�ÿB�
Q ü4ý?* RK�1�?S 
 þ��>TGRU�8Xb� î5�JïÚð)ñ�� ��V ðXWZY�[ êÕë î]\ ÿA�_^
` å"æ�î5� )6� ü4ý ë���À 
 þ��

a bdc e f g h

h
�8i'j |$}���k%l�m HBn æMo5�9prq9s�� �>H't �?uwv�xzy�{ �4|	}?~����
�E� 
 þ u%� �E�����'� inæ |	}4~����)���	���4� å���� þ��4�	�2�'�8�)�%�
�r��� �)����� � æ��Z�2�KY�� ë����% �¡ �z¢X£%¤A¥K¦ ��§�¨:©Mª4«�¬ ¥ mB� ¢
­4®�¯ u ©�°4±%²'³ ¥>´Aµ�¶ ��©M·'� ¥wo5¸B¹2º�»¼¦2½'¾¼¿ �ÁÀ ¹Áv�x_¢ k%l
mB©�Â'�'� ¥>Ãwµ�¶

Ä



Main Stream
Processor

RWRF/RB

Registers

Cache

Local 
Memory

Predicted 
Args.

Compare

Reuse

ALUs

Reuse Buffer

Main Memory

RW

ALUs

Cache

Registers

Compare

Reuse

Shadow Stream
Processors

Memorize

Memorize

Ã¼ÅÇÆÉÈzÊ °4±%²'³�Ë�Ì

ÍÏÎÑÐ Ò Ó�Ô Õ Ó�ÓÖÔ
��×-Ø � ¹�ÙÁÚw¦MÛ�Ü%Ý m ¥ ³ßÞ �w����àá� âäã�åçæéè>êìëÑíïîðåçñóòÉíÑôÇõöîð÷ø÷ùôúíüûþý�ÿ

ã�ê ò À � ´Aµ�� À���� ¹z¢ ­'®K¯ u ©�°�±%²�³ ¹4v:xzo5¸%pUq9s	��¥ Â'��� ´
µM�Z�2�Bà2� â ê�
 å
� ô��AêìëïíÑîðå ñ òÉíÑô õöîð÷ï÷ùô í@û ý4ÿ êÇê ò À � ´wµ��4¥ ���? �¡ �
µ ��À ¹����_¢���� � µ���� � ¥MÃ��)Û%¶ °4±�²4³4Ë'Ì�©��! ¥�Ã Å�¹�"8´'¶
#%$5¢&#5¸0¢�')(+* �-, �Z�2��àá�!.�/ Â ´Aµ�¶&#10	¢�2+3!4B¢65�7�8 � ¢:96;0à
<>= �@? �Z�á�9à��BA À ¹DC+Eó¦á½ ¡ �:µ�¶GF�H � ¢_ã�ê ò)¾I��J	êÇê òK.L#5¸K¹
M ¦2½ ª�N�« ¥�ºz»Á´wµPOB8'¥Q"ó¦X½ � µ�¶ °4±�²�³ � � ¢�ã�ê ò)¾I�RJ	êÇê ò9¹
M ¦2½9¢ �:S ¹-')(+*+T!U!VA¥QW6X S .�Y+Z À � µ�¶�[	¹�¢�£%¤ ¦>Û ªÁ« O]\
^ � ¹Q_a` � ½ ­'®�¯:b ¥ ²'³ ´Uµ �'� ¢@')(�*w¹dc �GeIf ¬ . ã"ê ò À êÇê ò
�!gB� µ�¶ ��× ¥Qh�i9´AµEÛ)j8¹�¢�Ã¼Å�¹�"8´k� Þ ¹�¢�êÇê ò � ¢&#5¸ml © º�»
M�n À � µo'm(+*+p!qA¹ � #5¸0¢ Ø Û�¢ �%©@r-©@s�t�u � p!qw¹ � êÇê ò6A À ¹
¡ �?Û s�t ^Rv �E¥dw m ´Aµ �8À�À ¦�¢�96;�à <	= ¾x��J>')(+*�l © c �DeBy
¥�z  À ¦MÛz¶�{�|!}&~8¢Mã"ê òm.>')(+*w¹ M ¦2½Kc �oeBy ¥ ³ �zÛ-�+�	¹ � ¢

�



RF RB

A

for MSP

N*2 for SSPs
2
n

Ã�� Æ�#5¸ ©��m�

M�� ´AµwêÇê ò © 96;�à <	= \+���d.��+���]� × µ�¶&�m� u ¹ � ¢�#5¸�l © º�»
M�n ©AÞ |�¢Q� y N ¦-.�� ³ ´Aµ&�a�+5�84¹�X6�)½ � ¢d')(�*A¥�p!qr¦�¢�ã"ê ò
À��@� ¹)�a��5�8�¾x��J ¬ ¥�#5¸!l)º�»K´Aµ�¶>ý!�I�@')(+*+� �m� ¿!#5¸x�-p
q8´Aµ�� À ¹��B�D� rx�)�¡ d¢ à-£ S � �@¤ c¦¥�¹��'µD§)¨ �@©!ª �Q«x¬-µ��
À .>�¡¥'µ�¶ s+t�u6� p+qA¹�Xa�)½ � �-� y Nk­ .K� ³ ´Aµ�� À�� �-®!¯°�d±
² ��³m´B¹Qw Þ � À ¹dµ�¶ ­ � ¬k� z+·+�¡�K�¸� ÀQS �@�@')(�*���p!q9´wµº¹
 °�m� ��¶ � ¾�� s+t ^�v � ��»�¼k��Â6½ �¸¾��o��¿À¯¡Á�5�Â�Ã �KÄ ¥)�@. s
t ^Rv ���DÅ]Æ�Û���� �BÇ � ²'³ �dÈ:É+�¡¥ � �-�m� � � °4±�²'³ ��Ê]|�ËZµ�¶
Ø Ûm� °?±%²�³���·+Ì¸� 'm()*	¹Dc�¥ e Ø�×6� ��Û	j+� °4±�²'³%·mÌ ��wI��½��
����¹dÍ ��°?±%²'³ � ³dÞ � À�� �¦¥ � ��¶

ÍÏÎÏÎ ÐÒÑLÓÕÔ¦Ö
°4±�²%³ ¹Q× ­ ½ � �Ø#�¸ � w m�Ù	Ú ¹D_�`��>½&Û:Ü ��ª'« �-Ý	Þ ­ �áêÇê ò&l

ßaà ¹  .6¾Bá�â�� � Û+j�ã	��#ä$ �>?�å ��æ	�KAIç�ãQèÕ� �À�Õ d¢ à�£��dé
¬!�0ã�ê ò&ê êÇê ò�ç � CmEkã�ë�ì	ÝÀÞ)í��QîBj6á+��ç�ã à á�âG�m� u ã � �ðï+�
ã N&ñò­ Û�óÀ¯ âõôº�:öx��J@ï+÷ N&ñò­�ø°ùûú�� ó>¯ �@ü�� ýõþ-ÿ ã����6�����
� æ��m���GÝ)ÞI�
	��Pâ � ö���
����)ã
������������� ��� 	�� ��!#"%$ à �Iã
&(' ­ �*)�áaç,+.-aá-â/!0!#"1$32(4 �65(798;:�< à áPë�ì1=ÀÞ+í>� 8 
��?� @ ù
A�B 
 �C��@EDGFH�*IKJMLON*P ç1Q ø â

RESTR UWV XZY []\�^9_a`cbed
f #ä$ å]g æ%h
$ji,k*L?�������xã�lCmnQ 8 ë�ì çpo	ì�L�lCmrq1s $ #äôIã
tvu]wyx á�â{z�L�ç?| 8 �1!#"Õç !0!#"�$�#äô å}g æ�hO~W��L ���&ã���)�� �¸á

�



A

B

C

STEP "STEP * M * S"
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Quick Bubble Trees Perm Intmm Mm Queens FFT
MSP F 1.00 1.00 1.00 0.74 1.00 1.00 0.92 0.99
MSP F+L 1.00 1.00 0.94 0.74 1.00 1.00 0.50 0.91
MSP+SSP*3 F 1.00 1.00 0.72 0.71 0.59 0.58 0.92 0.96
MSP+SSP*3 F+L 0.87 0.84 0.84 0.73 0.59 0.57 0.49 0.43

Quick Bubble Trees Perm Intmm Mm Queens FFT Towers Puzzle

ra
tio

0.00

0.20

0.40

0.60

0.80

1.00

MSP F

MSP F+L

MSP+SSP*3 F

MSP+SSP*3 F+L

�l�¨§©^ _a`%Q����nª<ã<�� )
+N]/ �Hñ

«¬«



­ « § [�®�¯ � ó [�° ¢ A w�±�²�³ ó �
´�µ·¶¹¸¬º¼»~½ á
	<¾>¿ÁÀaÂ ½6Ã
�ÅÄÇÆ~½È_¨ÄÊÉË½ á
	�¿ÁÀaÂ ½6Ã
Ì+¸ À Ã 	
¶�¸Íº¼»~½Î^�ÄÏÃ4Ã Ð¬5�º À º¼ÑÇ½6Ã
ç�½ËÒ¬ÄÏÃ Â ½ËÓ:Ì�ÄÊÆÕÔÁÖ�× 	 Ã·½ Â Ã
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�ÅÖÛ¸ÍÔ��Ü¸ Â ½ËÆÕº À ÐCº À º¼ÑÊ½6Ã
ÝÞÆ Â ½ËÒ¬½ËÓ�^�ß~Ñ ÂËà á º À º¼ÑÊ½6Ã
ÝÞÆ Â ½ËÒ¬½ËÓ�´'ÄÇâ à ��5�º À º¼ÑÇ½6Ã
�ãÑÊÖÛ¸ Â ÄÊÆ~Ò�ä'Ô~ÔåÙ�^�ß~Ñ ÂËà 	 º À º¼ÑÊ½6Ã
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çªÜ�ê ç�½6¸ÍÔ ë µ·¶�¸Íº¼»~½0¶©ÖÍíÈçÕ¸�Ó4½ 	C¿aÀaÂ ½6ÃWÙÚº À º¼ÑÇ½
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exec test write cache-miss reg-window exec test write
Quick 0.95 0.00 0.00 0.01 0.05 0.82 0.09 0.02
Bubble 1.00 0.00 0.00 0.00 0.00 0.84 0.12 0.02
Trees 0.56 0.00 0.00 0.02 0.42 0.47 0.05 0.02
Perm 0.96 0.00 0.00 0.00 0.04 0.70 0.19 0.11
Intmm 1.00 0.00 0.00 0.00 0.00 0.59 0.08 0.00
Mm 1.00 0.00 0.00 0.00 0.00 0.56 0.08 0.01
Queens 0.94 0.00 0.00 0.02 0.05 0.46 0.15 0.05
FFT 0.99 0.00 0.00 0.01 0.00 0.43 0.07 0.05
Towers 0.74 0.00 0.00 0.00 0.26 0.20 0.15 0.06
Puzzle 1.00 0.00 0.00 0.00 0.00 0.12 0.13 0.02
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