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ù"ñ 	 ñÌÿ Ù��pÕ�É�Ô1ÚÞÍÏæ3ñ/ñ/ñ\ñ/ñ/ñ7ñ\ñ/ñ/ñ\ñ/ñ/ñ\ñ7ñ/ñ/ñ\ñ/ñ/ñ\ñ7ñ/ñ/ñ\ñ/ñ/ñ\ñ7ñ/ñ/ñ\ñ/ñ*ÿ�ÿ 	
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$ ñ 
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¶r°²µ!±¿Ì¿º�ª2¯rÌ]·|­lª;­»¸l¾~Ì¿º¼¯ÀÌ¿Ø�Ø�Ì¿×;¶Êª2¯rÌ]·|­5·2¾|°²¶�¯r½!°^´À½»ª�¶r°�¸5ª�­»¸lµ»¶ÀÌ¿¾2ª2¯À°#ÖXª;´À°²±¿Ì]­!°Ü¸�°�´ÀÌ]×|­»´�Ç�Ú�½!°
�»¾|°Û­~¹!Ø^Ö{°²¶Ê´�ÂÃ·|¶�°�ª|ºÊ½lÄ�·|¶ÀÉ~±¿·|ª;¸�Ì¿­»¸�ÌÓº²ª2¯r°#¯À½»°^µ{°²¶Êº¼°²­�¯Êª�×;°#¶r°�¸!¹»ºë¯rÌ]·|­5·;ÂR���Ñ¯r·�´[½Xª�¶r°�¸�Ò
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¯À¶Êª�­X´[Ì¿°²­�¯�´á¯Êª2¯r°�´�Ç6ñ\ñ/ñ/ñ\ñ/ñ/ñ7ñ\ñ/ñ/ñ\ñ/ñ/ñ\ñ7ñ/ñ/ñ\ñ/ñ/ñ\ñ7ñ/ñ/ñ\ñ/ñ/ñ\ñ7ñ/ñ/ñ\ñ/ñ*ÿ�ÿ�ÿ

ù"ñ 	 Ú�½!°Ü¯áÁ~µX°�´�·�Â
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±¿°¼¯[¯r°²¶�·�Â�¯r½!°�µ!¶r°W�»Ù�Ì¿­»¸�ÌÓº²ª�¯À°�´>Ä�½!°²¯À½!°�¶
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 ô�ÿêÛUÕ�Û$Ò>ÍdÛsÑ±×�ËzÖ�Ñ±ÚÌÚÞÍUÖ�Õ�ÛsË!ÊÞÑ±×wæ»ËzÑ÷ÔwÖ�ÑEÛsÍÏæ!æ!Ñ�Ö»Ö�ÍÏå�Ç>ÍÏæ!Ë!æ»Õ�×8Î Ê�×wÛsÑ±É�ÊÌ×>ÜmÛsÑ±Ò>ÍUÖ!ÍÏ×wÛsÍ
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Î>ÍUÔ�ÍÏ×wÎwÊ�×>Ü�Ñ±×�Ë!Ò>Í4Ñ�Ö�ÊÞÜ±ÊÌ×8Õ�Ú�Ö�ÍÏå�Ç>ÍÏæ!Ë�ì�æ!ÒwÕhÖ!ÍÏÎ
Ñ�Ö�Í��pÛUÚÌÇ8æ!ÊÞï�Íaî$ñ0ùÃÕ�æ!ËzÍUÖ�ÊÌæzð�ìY[Xî�É�ÍÏÕ�×wæ
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Ô8Ç>Ö�Ô�Ñ±æ!Í»É�Ê�ÛsÖ!Ñ�ÔwÖ!ÑpÛsÍÏæ!æzÑ�Öbæ!àEæzËzÍÏÉbæUñþÓMÇ>Ö�ÊÌ×>ÜêË!ÒwÊ�æ
Ë!ÊÌÉ�Í â ÒwÊÞÜ±ÒwÚÞàuæzÑ�Ô8ÒwÊÌæ!Ë!ÊÌÛUÕhËzÍÏÎ÷É�ÊÌÛsÖ!Ñ�Ô8Ö!ÑEÛsÍÏæ�æzÑ�Ö�æ
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(a) UCA: Short cross-chip latency, data 
array access time dominates overall 
cache access time

(b) NUCA: Long cross-chip latency, 
wire delay dominates overall cache 
access time

Cross-chip wire delay
~ 1 to 2 cycles

Cross-chip wire delay
> 10 cycles
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(a) Private design for L2 caches

(b) Shared design for L2 caches

Private L2 caches 
backing up the L1 
cache on the local tile

Shared L2 caches 
backing up all of the 
L1 caches on-chip
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(c) Physically Distributed Message Passing
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Intra-chip Network
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Tag Cache Slice Index Tile Select Offset

Address format:

Shared Design Tag: Tag

Victim Replication Tag: Tag Tile Select

Log(N) bits
N = Number of Tiles

ö�ÊÞÜ±Ç>Ö!Í 
 ë 
 ��Ú�½!°�¯rª;×.Ä�ÌÓ¸~¯À½(Ì¿­+¾~Ì¿º¼¯ÀÌ¿Ø ¶À°�µ!±¿Ì¿º�ª2¯ÀÌ¿·;­+Ì¿´�Ä�ÌÓ¸�°²¶Ü¯À½»ª;­�¯r½!°�´[½»ª;¶À°�¸�¸�°�´[Ì¿×;­�Ö~Áq±¿×X©>�.«ÜÖ!Ìâ¯Ê´²ÒÄ�½!°�¶À°1�tÌÓ´R¯À½»°�­~¹!Ø^Ö{°²¶>·;Âv¯ÀÌ¿±]°�´>Ì¿­Ü¯r½!°�´ÀÁ�´á¯r°²ØlÇRÚ�½!°�°¼Ù~¯À¶Êª�Ö!Ì]¯r´�ª�¶r°�¹»´[°�¸Ü¯À·^¸�ÌÓ´[¯ÀÌ¿­!×;¹!ÌÓ´À½Ü¯r½!°�ª|ºë¯À¹Xª�±!½!·|Ø�°¯ÀÌ¿±¿°#·�ÂN¯À½!°Ûª|¸!¸�¶r°�´r´²Ç

'�ÍÏÛUÕ�ÇwæzÍ»É"Ç8ÚÞË!Ê ë�ÔwÖ!Ñ�Ü�Ö$Õ�É�É�ÍÏÎ�ò�Ñ�Ö!ðpÚÞÑ±Õ�Îwæ/ÕhÖ!Í�Í��EÔ�ÍÏÛsËzÍÏÎ�ËzÑjÈ�Í�Õ�×�ÊÌÉ�Ô�Ñ�Ö�Ë!Õ�×�Ë/ÛsÑ±É�Ô�Ñ±×>ÍÏ×�Ë7Ñ�Ø
Ë!Ò>Í­ò:Ñ�Ö�ðEÚÞÑ±Õ�Î æzÍUÍÏ× ÈEà÷ØZÇ>Ë!ÇwÖ!Í�æzàpæzËzÍÏÉ�æ â ò:ÍêÎ>ÍUïpÊÌæzÍÏÎ ïEÊÌÛsË!Ê�É�É�ÊÌÜ�Ö�ÕhË!ÊÞÑ±×þËzÑ÷ÛsÑ±É"È8ÕhËÐË!ÒwÊÌæ�ÎwÕhË!Õ
ÎwÇ>Ô1ÚÌÊÌÛUÕhË!ÊÞÑ±×�ÔwÖ!Ñ�È8ÚÌÍÏÉ�ñ�*MÊÌÛsË!ÊÌÉ6É�ÊÌÜ�Ö�ÕhË!ÊÞÑ±×�ÇwæzÍÏæMË!ÒwÍ�Ö!ÍUÔ8ÚÌÊÌÛUÕhË!ÊÌÑ±×­Ê�Î>ÍÏÕ â È8Ç>Ë\ÊÌæ\É�Ñ�Ö!Í¬ÎwÍ��>ÊÞÈ8ÚÞÍ
Õ�×wÎ
ÛUÕ�×dÎ>àp×wÕ�É�Ê�ÛUÕ�ÚÌÚÞàjÉ�Ê�É�ÊÌÛLË!Ò>Í�È�ÍÏÒwÕÏïpÊÞÑ�Ö\Ñ�ØPÕ�Ô8Ç>Ö�ÍLÔ8Ö�ÊÞïhÕhËzÍ
ÎwÍÏæ!ÊÞÜ±×-ñ�ö�ÊÞÜ±Ç>Ö!Í 
 ë $ æ!Ò>Ñxò�æ/ÊÞË!æ\ÛUÕ�Û�ÒwÍ
ÒwÊÞÍUÖ$ÕhÖ�Û�Ò�à�ÕhÖ!Ö�Õ�×>Ü�ÍÏÉ�ÍÏ×�ËUñ\Ù�Õ�Û$Òêô £ ÛUÕ�Û�Ò>Í�ÛsÑ±×wæ!Ê�æzË!æ2Ñ�Ø:ÕbË!ÕhÜ�ÕhÖ!Ö�Õxà â Õ�Î8ÕhË!Õ�ÕhÖ!Ö$ÕÏà â Õ�×wÎ­ÎwÊÞÖ!ÍÏÛsËzÑ�Ö!à
È8ÊÞË!æ â æ�ÊÌÉ�ÊÌÚÌÕhÖ�ËzÑÐË!Ò>Í�æ!ÒwÕhÖ!ÍÏÎêÎ>ÍÏæ!ÊÌÜ±×-ñ ó ×êÕ�ÎwÎ8ÊÞË!ÊÞÑ±× â ÍÏÕ�Û�Òdô £ ÛUÕ�Û$Ò>ÍbÕ�ÚÌæ!Ñ»ÒwÕ�æ\Õ�×­Í��pËzÖ�ÕÐË!ÕhÜ�ÕhÖ!Ö�Õxà â
ò2ÒwÊ�Û�Ò�ò:ÍLÖ!ÍUØZÍUÖnËzÑÐÕ�æMË!Ò>Í<-
© |#��n«�S�7�t�S�hñ7õ�ÑÐæ!ÊÌÉ�Ô8ÚÌÊÞØZà�Ë!ÒwÍLÊÌ×8ÊÞË!ÊÌÕ�Ú ÎwÊ�æ!ÛUÇwæ!æ!ÊÌÑ±× â ò�Í
Õ�æ�æ!ÇwÉ�Í"Ë!ÒwÕhË
Ë!Ò>Í�æ!Ê&%UÍ�Õ�×wÎ~Õ�æ!æ!ÑEÛUÊÌÕhË!ÊÌïEÊÞË¹à�Ñ�Ø�Ë!Ò>Í:*Mí Ë!ÕhÜdÕhÖ!Ö�ÕÏàmÊÌæ
ÊÌÎ>ÍÏ×�Ë!ÊÌÛUÕ�Ú�ËzÑêË!ÒwÕhË�Ñ�Ø2Ë!Ò>ÍÐÖ!ÍUÜ±Ç8ÚÌÕhÖ�ô £ Ë!ÕhÜ
ÕhÖ!Ö�Õxà�ñ

ù1Ó?ù6Ó�Ò ½ §8©�¶�¥�¨:°³¸hÄ'¸

ó ×�ïpÊÌÛsË!ÊÌÉAÉ�ÊÌÜ�Ö�ÕhË!ÊÞÑ±× â ÍÏÕ�Û�Ò�ÛUÕ�Û$Ò>Í\È8ÚÞÑpÛ!ð�ÊÌæPÒ>ÍÏÚÌÎ»ÊÌ×bÑ±×wÍnÑ�ØIË³ò�Ñ�ØeÑ�Ö$É�æUñ�ö�ÊÞÖ�æzË â ÊÞËPÛUÕ�×ÐÈ�ÍnÉ�Õ�×8ÕhÜ�ÍÏÎ
Í��>Õ�ÛsË!ÚÞà�ÚÌÊÌð�Í�Ë!Ò>Í\æ!Ò8ÕhÖ!ÍÏÎÐÎ>ÍÏæ!ÊÞÜ±×-ñ�ÆEÍÏÛsÑ±×8Î â ÊÞØ Ë!Ò>ÍMÈ8ÚÞÑpÛ!ð�ÊÌæ�È�ÍÏÊ�×>Ü"Õ�ÛsË!ÊÞï�ÍÏÚÌà�æ!ÒwÕhÖ�ÍÏÎ�ÈEà�Õ�×wÑ�Ë!Ò>ÍUÖPË!ÊÌÚÞÍ â
ÍÏÊÞË!Ò>ÍUÖLÕ�æ7ÕjÖ!ÍUÜ±ÇwÚÌÕhÖ7ô:ÿ�ÛUÕ�Û�ÒwÍ�È8ÚÌÑEÛ�ð­Ñ�ÖLÕ�æ7Õ�×uô £ Ö!ÍUÔ1ÚÌÊÌÛUÕ â Ë!ÒwÍbô £ ÛUÕ�Û�Ò>ÍÐÉ�ÕÏà�Û$Ò>Ñ�Ñ±æ!ÍbËzÑ�æ!ËzÑ�Ö!Í
Ñ±×wÚÞà�ÊÌË!æ�Ë!ÕhÜ�È1Ç>Ë�×>ÑÐÎwÕhË!ÕÐÊÌ×�Ë!Ò>Íl*Mí Ë!ÕhÜ�ÕhÖ!Ö�ÕÏà�ñ�'�à­Î>Ñ±ÊÌ×>Ü»æzÑ â ïEÊ�ÛsË!ÊÌÉ ÉbÊÞÜ�Ö�ÕhË!ÊÞÑ±×�Ö!ÍÏÉ�Ñaï�ÍÏæ\Ë!Ò>Í
Çw×w×wÍÏÛsÍÏæ!æ!ÕhÖ!à»ÎwÇ>Ô8ÚÌÊ�ÛUÕhË!ÊÞÑ±×»Ñ�Ø�ÎwÕhË!Õ�ÕhË2Ë!Ò>Í/Ò>Ñ±É�Í\Ë!ÊÌÚÌÍ â ØeÖ!ÍUÍÏÊ�×>Ü�Ç>Ô�ÎwÕhË!Õ�ÕhÖ!Ö$ÕÏàÐæzÔ8Õ�ÛsÍ\ËzÑbÒ>Ñ±Ú�Î�É�Ñ�Ö!Í
Ö!ÍUÔ8Ú�ÊÌÛUÕ�æMÑ�Ö7Ñ�Ë!Ò>ÍUÖ"Ü±ÚÞÑ�È8Õ�Ú0È1ÚÞÑEÛ�ðEæÏñ�õGÒ>Í�Ñ±×8ÚÞà­Õ�Î8Î>ÍÏÎdÛsÑ±É�Ô8ÚÌÍ��pÊÞË¹à�ÊÌæ\Ë!ÒwÕhË/È�Ñ�Ë!Ò�Ö�ÍUÜ±ÇwÚÌÕhÖ7Õ�×wÎ�*Mí
Ë!ÕhÜbÕhÖ!Ö$ÕÏàpæGÉ"Ç8æzË4È�ÍMæ!ÍÏÕhÖ�Û�Ò>ÍÏÎjÎwÇ>Ö�ÊÌ×wÜ"Õ�ÎwÕhË!Õ�ØZÍUË!Û�Ò ñ ó Ø�Õ�ÒwÊÞËPÊÌæPØZÑ±Çw×wÎÐÊÌ×ÐË!Ò>Í0*\í Ë!ÕhÜbÕhÖ!Ö�Õxà â Ë!Ò>Í
Ö!ÍÏåEÇ>ÍÏæzËGÊÌæ2æ!ÕhË!ÊÌæzäwÍÏÎÐË!ÒwÖ!Ñ±Ç>Ü±Ò�Õ�Ë!ÒwÖ!ÍUÍsë�ò�Õxà�ÛUÕ�Û�Ò>Ísë�ËzÑhë³ÛUÕ�Û$Ò>Í�ËzÖ�Õ�×wæ!ØeÍUÖÏñ

ù1Ó?ù6Ó>å ½ ¥�¨�¥�è §8Ä §8¨I¦ìÕ
²�¿¹°³©>°³§8¸
ú Í2ÕhÜ±Õ�ÊÌ×
Ô8Ö!ÑxïpÊÌÎ>Í4Õ\æzÍUË0Ñ�Ø�Ò>ÍÏÇ>Ö�ÊÌæ!Ë!ÊÌÛUæ�ËzÑ\Í2,bÛUÊÞÍÏ×�Ë!ÚÞà"É�Õ�×8ÕhÜ�Í4Ë!Ò>ÍGÛUÕ�Û�Ò>Í2Ñ±×pë³Û�ÒwÊÌÔ�ÛUÕhÔ8Õ�ÛUÊÞË³à�ñ:ÆpÔ�ÍÏÛUÊÌØ�ë
ÊÌÛUÕ�ÚÌÚÌà â ò�Í4ÎwÊÌæ!ÛUÇ8æ!æ Ë!Ò>Ö�ÍUÍ�Ô�Ñ±ÚÌÊ�ÛUÊÞÍÏæUñ�õGÒwÍ=0>2��Wq~¸1p�pPw{�Sp}l~s��4Õ�×wÎLË!Ò>Í=065Tq-��l�s�|~l��Sm®w­�Sp�l�s-�PÇwæzÍÏÎ
ÊÌ×"ïpÊÌÛsË!ÊÌÉ
Ö!ÍUÔ8Ú�ÊÌÛUÕhË!ÊÞÑ±×�ÉLÇwæzË0È�Í4Ö!ÍUËzÑEÑ±ÚÞÍÏÎ�ËzÑ/Ë!Õhð�ÍnÕ�Î>ïhÕ�×�Ë!ÕhÜ�ÍnÑ�Ø1Ë!ÒwÍÛ*Mí Ë!ÕhÜLÕhÖ!Ö�ÕÏà�ñ ó ×�Õ�ÎwÎwÊÌË!ÊÞÑ±× â ÊÞØ�Ë!Ò>Í2ÚÞÑpÛUÕ�Ú
ô £ æ!ÚÌÊÌÛsÍ�Î>ÍÏÛUÊÌÎ>ÍÏæ/×wÑ�Ë7ËzÑ­Ö!ÍUÔ8ÚÌÊÌÛUÕhËzÍ�Õ�×�ô�ÿbïEÊ�ÛsË!ÊÌÉ Õ�×wÎuæzÍÏ×wÎwæ7ÊÞË7È8Õ�Û�ð�ËzÑjË!Ò>Í»Ò>Ñ±É�Í�Ë!ÊÌÚÞÍ â Ñ�Ö
ÊÞØ4Õ

ãhá



Core L1$

OffsetiIndexiTagi

Tile 2 Tile 3

Tile 0
(Home Tile for Block j)

Tile 1
(Home Tile for Block i)

Home tile select (2-bit)
Blocck i Address:

L2$
Data Slice

L2$
Tag

L2$
Dir.

Tile 0 only stores 
the directory and 
tag information of 
blk j, no actual 
data is stored in the 
data array

Core L1$

L2$
Data Slice

L2$
Tag

L2$
Dir.

blk i

Network
Router

Core L1$

L2$
Data Slice

L2$
Tag

L2$
Dir.

VM
Tag

Network
Router

Core L1$

L2$
Data Slice

L2$
Tag

L2$
Dir.

VM
Tag

Network
Router

blk i

VM
Tag

blk i

blk j

blk j

blk j

VM
Tag

OffsetjIndexjTagj

Blocck j Address:

Home tile select (2-bit)

blk i

blk j

Victim replicas are 
created as in victim 
replication

Network
Router
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(a) Data migration in uniprocessor: D- NUCA.  
Source: Kim et. al. ASPLOS-X, 2002.

(b) Data migration in chip multiprocessor. 
Source: Beckmann et. al. MICRO-37, 2004.
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Core 0 Core 1 Core 7

Round-Robin Execution

pop %esi

pop %ebx

lea 0x0(%ebp), %esp

sub %0x14,%esp

mov %esp, %ebp

pusha

call 80482f8

push $0x804952c

add 0xfff4, %esp

load
load

store
store

store

store

L1$ 0 L1$ 1 L1$ 7
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Devices:
Disk, Display,

Timer, etc.

Memory
Interface

Memory
Access
Buffers

Processor
Cores

Detailed 
Memory
System
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Program Execution

IgnoredDetailed

IgnoredDetailedISA Only

IgnoredDetailedISA Only
Measure

Measure

Measure

Measure

ISA + uArch

ISA Only

(a) Single Sample

(b) Fastforward + Single Sample

(c) Fastforward + Warmup + Single Sample

(d) Selective Sampling (Simpoints)

(e) Statistical Sampling

(f) Statistical Sampling + Functional Warming (SMARTS)
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ØÞÇxÐRÁÃÂ < àl�(r,�� ��T�zu����pu��]�]�T|z|��}uLym�T�0�i�_�z�T���0�§yz{;�.�e���!� ����yz{�þèym�0�m��u��2�����+���zÿ(�;��u���|�u��[�0{;�T ��T���(�� ({}�iym{}�Ê�z�]���}{;þ�]uLym{}���_u��0�D ({}�iym{}�@�D{}���[u�yz{;�.���� .�]�Oyz���,|m�0uL�z�T�Du��0�D���z{; �u�yz�b�0u.|~�T�;{}�����2��|~{}���8|]�������a¡0 .�b�(�����s�]�[|>�l�.����u��[��+���zÿ��}�.u.��{}�0�2{B�]uLym�Gyz���n�s�]�[�i�T�.y[uL�.�h�z�T���0�§yz{;�.�Z�L�+*,£¯yz��|~�8uL�z�T�-,.*h£¯ym�_�0�m{} �u�ym�(,/*0�ýym��|m�0uL�z�T��,.*1�ýyz����z{; �uLym�&,�u��0�2*1� ym�3*h£G�
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Misses (Off−chip Memory Accesses)
Hits in through C2C Xfer         
Hits in Non−Local L2 Data        
Hits in Replica L2 Data          
Hits in Local L2 Data            
Hits in L1                       

·3½ÃÀhÎ¹º¾Â < Ä ßsr4�Z�T���.�m�Du��T�i��|m|����z�TuLÿ2�2���a�D���I�����;ym{;þèym���z�Tu.�2�T�D�+���zÿ(�;��u���|T���Z�� ({}���G�l�z���?�}�i�*y+ym���m{}����y',.ym�0��l���0���0u��z|p�l�.����u��[�#���.�mÿ(�}�.u.��u��m�D�l�.�nym�0�����z{; �uLym���2��|~{}����,Iyz���e|m�0uL�z�T�#�2��|~{}����,! ({B�§yz{;�ý�m�T���}{}�Tu�ym{}����,!u��0� ({}�iym{}�á��{}���[u�yz{;�.��,s�m��|~�s�T�iym{} ��]�}���15b{;yz|huL�z���]uLym�]�.���z{;©T�T��{}�.yz��tl�l�m�.� �s�Lymym�.� yz�_yz���8wiònt�ñ�w4�âñn�0{�y[|76ât ø w8� ø�}�(�TuL����{;yz|'6It � w+�z�]���}{}�Tu��0{�y[|76It�ü�w�� ø �z�]�D��ym�p��{;yz|'6It ù w��]u��[�0�iþèym�Lþ��]u.�[�����0{�y[|76It ú w+�&98þ��[��{}��u.�]�i��|m|m�T|T�
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½�¿¨ÑpÁdÎ¨È¹Â�Ç�ÁdÁ�Å¾Æ¨Â Æ¨½ÃÅ¾»=É�Æ¨¸h»*Â Æ¹¸hÒ�Â¼Å¾½dÁdÂ Æ¨ÇxÔ¨ÔOÂn¿¨»�Å*¸�ÐOÂ ÁÃ¸ÌÑpÇ�Á!à
�@à;:=<?> í}æïëTì�å0æïçèéTr,�/ÑpÑSÂn»¾»�º¾Ân»¾Î¨ÁÃÅ¾»=½�¿;Ç�º¾ÂpÔRÁd½�ÑpÇLÆR½ÃÅ}½d¿4Å¾Æ¹Â ÁÃ¸ÌÑpÇ�Á�»¾Á�½dÑSÂ¼¸�ý Å¾Æ¨Â�­ Ù÷ÑpÇ�ÑYÆ¹Â�à
Ö¹àA@hí*ê/B]ì(í�ãaî�å8æèçèé�r��/ÑpÑSÂn»¾»6º¾Ân»¾Î¨ÁÃÅ¾»3½d¿�Ç�¿Z­ÞÙ�ÑpÇ�ÑÛÆ¹ÂüÆ¨½ÃÅ>½d¿�Ç�º¾ÂnÒ�¸�Å*Â}»ÛÁd½dÑSÂ(¸�ý.Å¾Æ¨Ân­ Ù�ÑpÇ�ÑÛÆ¨Â�à Ø}Æ¹Â
ÔRºÛ½ÃÏxÇxÅ*Â,È¹Ân»¾½dÀh¿øÑpÇ�¿¨¿¨¸�Å/Æ¨ÇQÏ�Â÷ÀhÁÃ¸�ÐRÇ�Á+­ Ù�ÆR½ÃÅ¾»pàü·¨¸�º/Å¾Æ¨ÂL»¾ÆRÇxº¾ÂnÈøÈ¨Ân»¾½ÃÀh¿�Í.Ï@½dÑSÅ¾½�Ò º¾ÂpÔRÁ�½dÑpÇxÅ¾½Ã¸h¿�Í
Ç�¿RÈ;Ï@½�ÑSÅ¾½dÒ Ò�½ÃÀ�ºÛÇxÅ¾½d¸h¿�Í¹Å¾Æ¨½d»=½d¿RÑpÁdÎ¨È¹Ân»(Ç�ÁdÁâ­ÞÙ÷Æ¨½ÃÅ¾»(É�Æ¨¸h»*Â Æ¹¸hÒ�Â¼Å¾½�ÁÃÂ ½d»=¿¹¸�Å�Ád¸@ÑpÇ�Á!à

ß@àACaì0ë�åD<!Ezç�êFE§ë]ì0ë�åD< å8æèçèé�r��/ÑpÑSÂn»¾»Êº¾Ân»¾Î¨ÁdÅ¾»>½d¿�Ç�¿R­ Ù ÑS¸hÆ¹Âpº¾Ân¿¨ÑSÂ�Ò[½d»¾»pÍ�É�Æ¨Âpº¾Â=Å¾Æ¹Â}º¾ÂLk@Î¹Ân»*Å*ÂnÈ[È¨ÇxÅ¾Ç
½�»/»¾Å*¸�º¾ÂnÈÝ½d¿�Ç�¿¹¸�Å¾Æ¹Âpº¼Å¾½dÁdÂ�à_� ÑpÇ�ÑÛÆ¨ÂSÄ�Å*¸xÄ³ÑpÇ�ÑÛÆ¹Â^Å*ºÛÇ�¿¨»*ýsÂpº¼ÐOÂpÅ³É�ÂpÂn¿�Å¾Æ¹Â÷¸QÉ�¿¨Âpº�G�»¾Æ¨Çxº¾Âpº¼¸�ýÊÅ¾Æ¹Â
ºÛÂLkHÎ¹Ân»¾Å*ÂnÈ;È¨ÇxÅ¾Ç÷Ç�¿¨È[Å¾Æ¨Â/ºÛÂLkHÎ¹Ân»¾Å*¸�º(½�»�ÎR»*ÂnÈ[Å*¸�»ÛÇxÅ¾½d»*ýsâ�Å¾Æ¹Â�º¾ÂLkHÎ¨Ân»*Åpà Ø}Æ¹Â/Å*ºÛÇ�¿¨»*ýsÂpº=Æ¨ÇxÔ¨ÔOÂn¿¨»
ÐOÂpÅ ÉÊÂpÂn¿ ­ÞÙãÑpÇ�ÑÛÆ¹Ân»�½�¿ Å¾Æ¹Â4Ô¨ºY½ÃÏ�ÇxÅ*Â;È¹Ân»Û½ÃÀh¿�Ç�¿RÈóÐ ÂpÅ ÉÊÂpÂn¿Â­,�4ÑpÇ�ÑÛÆ¹Ân»�½�¿�Å¾Æ¨Â^¸�Å¾Æ¨Âpº�Å¾Æ¹º¾ÂpÂ
È¨Ân»¾½ÃÀh¿¨»pà

< à$H�I=E[ë�å0æ >$J�ævé]é�r�j�ÇxÅ¾Çü½�»�¿¹¸�Å ¸h¿ÌÄ³ÑÛÆ¨½dÔ,Ç�¿¨È Å¾Æ¹Â6º¾ÂLk@Î¹Ân»*Å ½d»�ýs¸�º¾É(ÇxºÛÈ¹ÂnÈ Å*¸üÅ¾Æ¹Â6¸(A Ä³ÑÛÆR½ÃÔ,Ò�ÂnÒ�¸�º¾â�à

K�³~µâ³~µ L �¨°/M×®�°0= ´�N1O5�QPRN6´�² · ¶(�³¶
·¹º¾¸hÒ ·3½ÃÀhÎ¹ºÛÂ < Ä]�xÍÌÉÊÂ/¸�ÐR»*ÂpºÛÏ�ÂüÅ¾Æ¨ÇxÅ�ýs¸�ºÊÅ¾Æ¹Â�ÒLÎ¨ÁÃÅ¾½ Ä�Å¾Æ¹ºÛÂnÇ�È¹ÂnÈ�É�¸�º¾ËÌÁÃ¸hÇ�È¨»pÍ@Å¾Æ¹Â�ÔOÂpº¾ýs¸�ºÛÒ�Ç�¿RÑSÂüÈ¨½BAOÂpº*Ä
Ân¿¨ÑSÂ ÐOÂpÅ ÉÊÂpÂn¿JÔ¨ºÛ½ÃÏxÇxÅ*Â Ç�¿¨È�»¾ÆRÇxº¾ÂnÈ;È¹Ân»¾½ÃÀh¿R»=½d»}»¾½ÃÀh¿R½*)RÑpÇ�¿HÅpàa"ÝÂ È¨½ÃÏÌ½dÈ¹Â/Å¾Æ¹Ân½Ãº}ÐOÂnÆ¨ÇQÏ@½d¸�º}½d¿8Å*¸[Å¾Æ¹º¾ÂpÂ
»¾ÑSÂn¿¨ÇxºY½Ã¸h»>Ç�¿¨È�È¨½d»ÛÑpÎ¨»¾»ÞÂnÇ�ÑÛÆF»*ÂpÔRÇxºÛÇxÅ*ÂnÁÃâ!r=å[�QèÞÂLkHÎRÇ�ÁÌÔ ÂpºÛý�¸�ºÛÒ[Ç�¿¨ÑSÂ(ý�¸�º ÔRºÛ½ÃÏxÇxÅ*Â(Ç�¿RÈ�»¾Æ¨Çxº¾ÂnÈ�È¹Ân»Û½ÃÀh¿¨»!S
å!Ùhè�Ô¨ºY½ÃÏ�ÇxÅ*Â È¨Ân»¾½ÃÀh¿;ÐOÂpÅ*Å*Âpº}Å¾Æ¨Ç�¿J»¾Æ¨Çxº¾ÂnÈ�È¨Ân»¾½ÃÀh¿+S�å��hè=»ÛÆ¨Çxº¾ÂnÈ;È¹Ân»¾½dÀh¿;ÐOÂpÅ*Å*Âpº}Å¾Æ¨Ç�¿;Ô¨ºY½ÃÏ�ÇxÅ*Â È¨Ân»¾½ÃÀh¿�à

T3UWV�X�Y1Z;[]\(^?_�\F`aX�bdc.[e^f_�\AZg\Fhji-X-k&[eX�b�lnmWo�X�\)[]lqpr[]s&h�t�bds


�¿¹Â4É�¸�º¾ËÌÁÃ¸hÇ�È�Í=u.v¨Í3ÆRÇ�»�Ç�ÉÊ¸�º¾ËÌ½d¿¹ÀÝ»*ÂpÅ�»ÛÒ�Ç�ÁdÁ�Ân¿¹¸hÎ¹ÀhÆ<Å¾ÆRÇxÅ�½ÃÅ�)¨Å¾»�½d¿�Å¾Æ¹Â�­��;ÑpÇ�ÑYÆ¹Â�Í(Å¾ÆHÎR»Z­ Ù
ÔO¸hÁd½dÑp½ÃÂn»/È¹¸�¿¹¸�Å Ò[ÇxÅ*Å*Âpº ÐOÂnÑpÇ�Î¨»*Â�Ò�¸h»*Å ÈRÇxÅ¾Ç;Ç�ÑpÑSÂn»¾»*Ân»LÆ¨½ÃÅ¾»�½d¿�Å¾Æ¹ÂZ­��xàZ�üÏ�ÂpºÛÇxÀ�ÂFÇ�ÑpÑSÂn»Û» ÁdÇxÅ*Ân¿¨ÑSâ
½d¿øÅ¾Æ¨½d»üÑpÇ�»*Â�½d»�ºÛ¸hÎ¹ÀhÆ¨ÁÃâ;¸h¿¹Â÷ÑSâÌÑpÁÃÂ÷ý�¸�º�Ç�ÁdÁ ý�¸hÎ¹º/ÔO¸hÁd½dÑp½ÃÂn»nÍRÂLk@Î¨Ç�Ád½d¿¹ÀFÅ¾Æ¹Â÷Ç�ÑpÑSÂn»¾»¼ÁdÇxÅ*Ân¿¨ÑSâ�¸�ýÊÅ¾Æ¹Â�­��
ÑpÇ�ÑÛÆ¨Â�à

Zg\FhjiDX�k&[wpr[]s&h�t�byxz[{k|k&[]\A}2o�X�b~mWo�X�\)[]lqpr[]s&h�t�b

ä�¸hÒ�Ô.Çxº¾ÂnÈóÅ*¸ Å¾Æ¹Â�»¾ÆRÇxº¾ÂnÈ<È¹Ân»¾½ÃÀh¿�å »¾ÂnÑS¸h¿¨È<ÐRÇxº�½d¿<·3½ÃÀhÎ¨º¾Â < Ä ßhèYÍ�Å¾Æ¨Â;Ô¨ºÛ½ÃÏxÇxÅ*Â;È¹Ân»¾½ÃÀh¿�åè)¨ºY»*Å÷ÐRÇxº
½d¿ ·3½ÃÀhÎ¹º¾Â < Ä ßhè^Æ¨Ç�»4Æ¨½ÃÀhÆ¹Âpº^¸(A.Ä³ÑYÆ¨½ÃÔ Ò�½d»Û»�ºÛÇxÅ*Ân»pÍ/ÐRÎ¹Å^Ç�Ád»*¸óÒ�Ç�¿Hâ�Ò�¸�º¾ÂÝÁÃ¸ÌÑpÇ�ÁüÆR½ÃÅ¾»FÇ�ÑSºÛ¸h»¾»4Å¾Æ¹Â
É�¸�º¾Ë@Ád¸hÇ�È¨»pà�"ÝÂLÂSÿÌÔOÂnÑSÅ�Å¾Æ¹Â,ÔRºÛ½ÃÏxÇxÅ*Â,È¹Ân»¾½dÀh¿JÅ*¸4É�½d¿ø½Ãý>Å¾Æ¹Â÷È¨½BAOÂpº¾Ân¿¨ÑSÂL½d¿JÅ¾Æ¨Â,¸(A Ä³ÑÛÆ¨½dÔ�Ò[½d»¾»}ºYÇxÅ*Ân»
½d»/»¾Ò�Ç�ÁdÁÞÑS¸hÒ�ÔRÇxºÛÂnÈøÅ*¸4Å¾Æ¹ÂLÂSÿÌÅ*ºÛÇ4¿HÎ¨Ò,ÐOÂpºü¸�ýÊÁÃ¸@ÑpÇ�ÁÞÆ¨½ÃÅ¾»/½ÃÅ�Æ¨Ç�»/¸QÏ�Âpº¼Å¾Æ¹Â÷»¾Æ¨ÇxºÛÂnÈãÈ¨Ân»¾½ÃÀh¿�à�Ø}Æ¨½d»ü½d»
Å¾Æ¹Â ÑpÇ�»¾Â ý�¸�º=�{� Í��/�.Í-�]�.Í ô �.Í-�/��Í¨Ç�¿¨Èw�F��� î&��� à

·¹¸�ºJÅ¾Æ¹Ân»*Â�ÉÊ¸�ºÛË@ÁÃ¸hÇ�ÈR»pÍüÅ¾Æ¨ÂãÔRºÛ½ÃÏxÇxÅ*ÂãÈ¹Ân»Û½ÃÀh¿ûÈ¹¸HÂn»4ÐOÂpÅ*Å*Âpº;Å¾Æ¨Ç�¿ûÅ¾Æ¨Â�»ÛÆ¨Çxº¾ÂnÈûÈ¹Ân»¾½ÃÀh¿ ýs¸�º;Å³É�¸
º¾ÂnÇ�»*¸h¿R»pàÊ·3½ÃºÛ»¾ÅpÍ¨½Ãý Å¾Æ¨Â ÉÊ¸�ºÛË@½d¿¨À�»*ÂpÅ�¸�ý3Ç�É�¸�º¾ËÌÁÃ¸hÇ�È�½d»}»ÛÒ�Ç�ÁdÁOÂn¿¹¸hÎ¹ÀhÆJÅ*¸R)¨Å�½�¿8Å*¸�Å¾Æ¨Â Ù�ß < à_� ÁÃ¸ÌÑpÇ�Á
ÑpÇ�ÑÛÆ¨Â ÑpÇxÔRÇ�Ñp½ÃÅ â�ÍRÅ¾Æ¹Â_­ÞÙ÷Ò�½d»¾»(ºÛÇxÅ*Â ½�»=Ád½ÃË�ÂnÁÃâFÅ*¸�Ð Â¼»¾Ò[Ç�ÁdÁ!à>Ø}Æ@Î¨»pÍ¹Å¾Æ¹Â ÁÃ¸�ÉÊÂpº ­ Ù÷Æ¨½ÃÅ=ÁdÇxÅ*Ân¿RÑSâF¸�ýÞÅ¾Æ¹Â
Ô¨ºÛ½dÏ�ÇxÅ*Â÷È¹Ân»¾½ÃÀh¿ãÈ¹¸hÒ�½�¿¨ÇxÅ*Ân»�Å¾Æ¨ÂLÔOÂpº¾ýs¸�ºÛÒ�Ç�¿RÑSÂ�à/Ø}ÆR½d»ü½�»�Å¾Æ¹Â�ÑpÇ�»*Â÷ýs¸�º�ÉÊ¸�º¾ËÌÁÃ¸hÇ�È¨»;�]�.Í ô �.Í+�)��� î(��� à
Ó@ÂnÑS¸h¿¨È�Í ½Ãý�Å¾Æ¹Â[É�¸�º¾ËÌ½d¿¹À�»*ÂpÅL½d» ÒLÎ¨ÑÛÆ�ÁdÇxº¾À�Âpº,Å¾Æ¨Ç�¿ÝÅ¾Æ¹ÂFÅ*¸�Å¾Ç�Á6¸h¿ÌÄ³ÑYÆ¨½ÃÔ ÑpÇ�ÑYÆ¹Â4ÑpÇxÔRÇ�Ñp½ÃÅ³â�Í3ÂpÏ�Ân¿�Å¾Æ¹Â
»¾Æ¨ÇxºÛÂnÈ[È¹Ân»¾½dÀh¿�ÑpÇ�¿¨¿¹¸�Å�Æ¹¸hÁdÈ�Å¾Æ¹ÂüÉÊ¸�ºÛË@½d¿¨À »*ÂpÅpà Ø}Æ@Î¨»pÍhÐO¸�Å¾Æ[Ô¨ºÛ½ÃÏxÇxÅ*Â�Ç�¿¨ÈF»¾Æ¨Çxº¾ÂnÈFÈ¹Ân»¾½ÃÀh¿¨» É�½dÁdÁ¹Æ¨ÇQÏ�Â
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Æ¨½ÃÀhÆã¸(A Ä³ÑÛÆ¨½dÔ Ò�½d»¾»/ºÛÇxÅ*Â�Í Ô¨º¾¸hÒ�Ô¨Å¾½�¿¹À[Å¾Æ¹Â�ÔRºÛ½ÃÏxÇxÅ*Â÷È¨Ân»¾½ÃÀh¿ãÅ*¸�Æ¨ÇnÏ�Â�ÐOÂpÅ*Å*Âpº ÔOÂpº¾ýs¸�ºÛÒ�Ç�¿RÑSÂLÅ¾Æ¨º¾¸hÎ¹ÀhÆ
ÁÃ¸�ÉÊ­ Ù�ÆR½ÃÅ=ÁdÇxÅ*Ân¿¨ÑSâ�àÊØ�Æ¨½d»(½d»=Å¾Æ¹Â ÑpÇ�»¾Â ýs¸�º}ÉÊ¸�ºÛË@ÁÃ¸hÇ�ÈR»=�/�.Í-�]�.Í-�/�Oà

·¹¸�º,Ç�ÁdÁ3ÉÊ¸�ºÛË@ÁÃ¸hÇ�ÈR»�ÐRÎ¹Åg�/�.ÍOÏ@½�ÑSÅ¾½dÒ	º¾ÂpÔRÁd½dÑpÇxÅ¾½d¸h¿ãÇ�¿RÈ�Ï@½dÑSÅ¾½�Ò	Ò[½ÃÀ�ºÛÇxÅ¾½Ã¸h¿ÝÇxº¾Â�ÇxÐRÁdÂLÅ*¸øÑSº¾ÂnÇxÅ*Â[Ç
»¾½ÃÀh¿R½*)RÑpÇ�¿HÅ�¿@Î¨Ò,ÐOÂpº ¸�ýÊºÛÂpÔRÁd½dÑpÇ4Æ¨½ÃÅ¾» Å*¸�º¾ÂnÈ¨Î¨ÑSÂ�Å¾Æ¨Â[ÑSº¾¸h»¾»uÄ³ÑYÆ¨½ÃÔ ýsÂpÅ¾ÑÛÆ�ÁdÇxÅ*Ân¿¨ÑSâÝÇxÅ Å¾Æ¹Â[ÂSÿ@ÔOÂn¿¨»*Â�¸�ý
Ç�»¾Ò�Ç�ÁdÁ(½d¿RÑSº¾ÂnÇ�»*Â;½d¿�¸(A.Ä³ÑYÆ¨½ÃÔ<Ò�½d»Û»,ºYÇxÅ*Ân»pà�Ø�Æ¹ÂFÔOÂpº¾ýs¸�ºÛÒ�Ç�¿RÑSÂF¸�ý/Å¾Æ¹Ân»*Â4Å*ÂnÑÛÆR¿¨½lk@Î¹Ân»�Çxº¾Â;Î¨»¾Î¨Ç�Á�ÁÃâ
É�½ÃÅ¾ÆR½d¿;ß.� ¸�ý3Å¾Æ¹Â¼Ô¨ºÛ½ÃÏxÇxÅ*Â È¹Ân»¾½dÀh¿�à
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L1  Cache 
Capacity

L2 Cache
Per Slice 
Capacity

L2 Cache
Overall
Capacity

DRAM
Capacity

Application
Working 
Set Size

Mostly L1 hits, L2 policy is 
not important

Similar off-chip miss rate for 
both designs.  Thus, private 
design is better than shared 
design because of its low L2 
hit latency

Shared is better than private 
because of fewer off-chip 
misses, even though the 
average on-chip access 
latency is longer

Similar off-chip miss rate.  
Thus, private design is better 
than shared design because of 
its low L2 hit latency

Chip boundary

Private Design vs. 
Shared Design

Victim Replication & 
Victim Migration

Mostly L1 hits, L2 policy is 
not important

Replicas are similar to 
privately stored L2 data. 
Performance close to the 
private design and better than 
shared design.

Replicas eliminates many 
cross-chip fetches, reduces 
the on-chip access latency.
Performance better than both 
private and shared designs.

Replicas are similar to 
privately stored L2 data. 
Performance close to the 
private design and better than 
shared design.

IS

Workloads
Config. 1

BT, 
FT,
LU,

apache

CG,
EP,

dbench

MG,
SP,

checkers

IS

Workloads
Config. 4

BT, 
CG,
FT,
LU,

apache,

MG,
EP,
SP,

checkers

dbench

Private vs. Shared 
Boundary
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Data Accesses Breakdown

Misses (Off−chip Memory Accesses)
Hits in through C2C Xfer         
Hits in Non−Local L2 Data        
Hits in Replica L2 Data          
Hits in Local L2 Data            
Hits in L1                       
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Associativity

100% VM Tag Array
50% VM Tag Array 
25% VM Tag Array 
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Home

Requestor

Owner

(1) shared read req (chqRSH)

(2) home revision (hcpREV)

(4) revision ack (chpREV)

(2) downgrade req (hcqDNG)

(3) downgrade 
rep (ccpDNGD)

Home

Requestor

Sharer0

(1) shared read req (chqREX)

(2) home revision (hcpREVD)

(4) revision ack (chpREV)

(2) invalidation req (hcqINV)

(3) invalidation rep
(ccpINV)

Sharern

(2) invalidation req (hcqINV)

Home

Requestor

Sharer0

(1) shared read req (chqRSH)

(2) cache-to-cache 
transfer req (hcqCCX)

(3) cache-to-cache
transfer rep 
(ccpCCX)

Sharern

(a) Shared read through downgrading current owner

(b) Exclusive read through invalidating current sharers

(c) Shared read through cache-to-cache transfer from a sharer

(3) invalidation rep 
(ccpINV)

(4) revision ack (chpREV)
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