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SPLASH-2/ALPBench/STREAM Benchmarks
Pthread implementation

STE Nova A9500
Snowball SKY-S9500-ULP-C01

gem5 ARM Dual-core
Full-System simulation

Execution 
time

Execution 
time

Error %

Real platform Simulated platform

EXPERIMENTAL PHASE

Statistic

Correlation

Cortex-A9 
Core 0

Cortex-A9 
Core 1

32 kB
Instruction

Cache

32 kB
Data

Cache

32 kB
Instruction

Cache

32 kB
Data

Cache

Bus Interface

512 kB L2 Cache

DDR
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Rodinia Benchmark
OpenMP implementation

Exynos 5422
Odroid XU3 board

gem5 big.LITTLE
Full-System simulation

Execution 
time

Error %
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time
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time
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Rodinia Benchmark
OpenMP implementation

Exynos 5422
Odroid XU3 board

gem5 big.LITTLE
Full System simulation

Error %

Real platform Simulated platform

EXPERIMENTAL PHASE

Power

McPAT
Power model

HMP big LITTLE

Execution 
time

HMP big LITTLE

Power

Statistic
Execution 

time

EtoS

Error %

EtoS

~ 22 %

 !"#$% &'()*  !!"#$!% $&&'&&(')*& +,- .,#  /0 1234567758 9,-'# (,:';4

+, -%.. ", /0 $!% #%&12&3"04% 325%. ,$6578 -% 420,/5%& $!&%% ,4%0"&/2,8 $!"$ "&% 9/: 4.6,;

$%& 20.7 /0 <=> 325%8 ?@AA?B 4.6,$%& 20.7 /0 <=> 325% "05 9/:(?@AA?B "&4!/$%4$6&%

/0 C=> 325%( D%,/5%, $!% #2-%& 3%$&/4 423#"&/,208 -% ".,2 4".46."$% $!% %0%&:7;

$2;,2.6$/20 3/,3"$4! 97 6,/0: $!% %E%46$/20 $/3% &%,6.$, -!/4! !"F% 9%%0 &%#2&$%5 /0

<%4$/20 '()(G "05 #&%,%0$%5 /0 +##%05/E D A"9.% +(H(

 !"! !# $%&'()*'+,-. /',0&

A!% =4>+A 1&"3%-2&I "..2-, "446&"$%.7 4".46."$/0: #2-%& 420,63#$/209",%5 20 $!%

,$"$/,$/4, 42..%4$%5 $!&26:! $!% :%3J ,/36."$/20( A!% :%0%&". "&4!/$%4$6&% #"&"3%$%&,

"&% 420K:6&%5 "442&5/0: $2 A"9.% '(J( A!% "55/$/20". =4>+A #"&"3%$%&,8 -!/4! "&%

&%."$%5 $2 $!% 3"061"4$6&/0: $%4!02.2:7 "&% #&%,%0$%5 /0 A"9.% '(L(

A!% BE702, M4$" J)GG <2 /, 96/.$ 6,/0: " G*03 3"061"4$6&/0: #&24%,,( A!% N55

"05 $%3#%&"$6&%, "&% %E#%&/3%0$"..7 3%",6&%5 20 $!% M52/5 OP' 92"&5 97 3%"0, 21

$!% /0$%&0". ,%0,2&,( A!% N55 F".6%, 5%#%05 20 $!% ?/06E I%&0%. 420K:6&"$/20 "05 "&%

&%."$%5 $2 $!% "5"#$/F% ,6##.7 F2.$":% $%4!0/Q6% 6,%5 /0 <"3,60: <2 ,( A!% 2#%&"$/0:



 !"#$%& '(  !"#$"%&'( ') *$#%&+',- ",+.&%-+%$,- *'/-#0 &( +1+#-2"33,'4&*"%- 0&*$#"%&'(
),"*-5',60 )*

 !"#$ %&'(  !"#$%&&$' ()*+& ,-.-/010.2#

*-.-/010.2 34.1056+7 34.1056+89
:!;64.<0.= :4>164?64.<0.=

&0)@;4A4"B CD ;/
E<< F CGGHCGG (IJ G#K8 E G#K8 E
E<< F 8#LHC MIJ 8#CL E 8#N E
&0/,0.-1>.0 F CGGHCGG (IJ N8G6NCG O N8G6NCG O
&0/,0.-1>.0 F 8#LHC MIJ N8G6NCG O NCG6NNG O

$%+#%&"$,&% -$&./012 3%#%/3- ./ $!% 41,-$%& "&4!5$%4$,&% "/3 "##154"$5./ /"$,&%( 6.&

$!%  .&$%789: 41,-$%&; $!% $%+#%&"$,&% 5- "1<"2- =%1.< '>'? "/3 $!% =."&3 @"/ 5- /%A%&

,-%3 $. 4..1 3.</ $!% 4!5#( 6.& $!%  .&$%789BC 41,-$%&; $!% $%+#%&"$,&% -$&./012 &5-%-

"=.A% '>'? "/3 $!% =."&3 @"/ 5- 4./D0,&%3 $. 4..1 3.</ $!% 4!5#(

 !"! !# $%%&'(%) (**+**,+-.*

E!% F4G9E @&"+%<.&H IBJK #&.A53%- $!% @.11.<5/0 &%-,1$-L "&%"; #%"H 32/"+54; -,=8

$!&%-!.13 1%"H"0%; 0"$% 1%"H"0% "/3 &,/$5+% 32/"+54 #.<%& %-$5+"$5./-( E.%A"1,"$% $!%

"44,&"42 .@ $!% F4G9E =50(MNEEMO +.3%1 <% 4.+#"&% $!% "A%&"0% #.<%& 4./-,+#$5./

+%"-,&%3 ./ $!% P3&.53 QR' =."&3 $. $!% "A%&"0% &,/$5+% #.<%& %-$5+"$%3 5/ $!%

F4G9E( E!% 4./-53%&%3 &,/$5+% #.<%& %S,"1- $!% -,+ .@ &,/$5+% 32/"+54 #.<%& "/3

1%"H"0% #.<%&(

E!% @.11.<5/0 $!&%% -4%/"&5.- "&% 5/A%-$50"$%3L T5U  .&$%789: 41,-$%& ./12 &,//5/0 "$

>VV FWX "/3 B() YWX; T55U  .&$%789BC 41,-$%& ./12 &,//5/0 "$ >VVFWX "/3 >YWX;T555U

 .&$%789: "/3  .&$%789BC &,//5/0 "$ >VVZ>VVFWX; >VV FWXZ>YWX; B() YWXZ>VVFWX

"/3 B()Z>YWX &%-#%4$5A%12( E!% 4.+#"&5-./ &%-,1$- "&% #&%-%/$%3 5/ E"=1% [(B( E!%

&%#.&$%3 $.$"1 #.<%& 4./-,+#$5./ %S,"1- $!% -,+ .@ $!%  .&$%789: 41,-$%& #.<%&;  .&$%78

9BC 41,-$%& #.<%& "/3 $!% \\] +%+.&2 #.<%&( P$!%& #%&5#!%&"1- -,4! "- -$.&"0%;

/%$<.&H "/3 4..15/0 "&% $!%&%@.&% !%&% /.$ "44.,/$%3 @.&(

E!% %&&.& #%&4%/$"0% 35-$&5=,$5./ 5/41,35/0 $!% /%0"$5A% A"1,%- 5--!.</ 5/ 650,&% '(B'

5/ $!% @.&+ .@ =.78#1.$( E!% !50!%-$ %&&.& #%&4%/$"0% 5- #&.A53%3 =2$!% +%+.&2 4.+#.8

/%/$( E!% %7$%&/"1 +%+.&2 +.3%1 5- $!% +.-$ 5/^,%/4%3 =2 $!% 4"4!% "/3 5/$%&4.//%4$

5/"44,&"42( E!%-% &%-,1$- "11.< %-$5+"$5/0 $!% #.<%& 4./-,+#$5./$!"$ &"/0%- =%$<%%/

$%/- "/3 $!.,-"/3- .@ +_(



 !"#$%& '(  !"#$"%&'( ') *$#%&+',- ",+.&%-+%$,- *'/-#0 &( +1+#-2"33,'4&*"%- 0&*$#"%&'(
),"*-5',60 )*

�����������������	�
��������������������������������
�������������������
����

�������������
���������������������������
��������������

���
���

�
�
 �


�!�
"�

"�

��

���
#

���
��


� �

��

�$
�%

�
�
&

���
#�

'
���

���
�
�

 �

�!�


�&
���

#

���
��


� �

�!

�"
�"

�
�
���

�#
�'

���
��


� �

�!

�"
�"

�
�
���

�#

���
��


� �

��

�$
�%

�
�
&

���
#

���
���

�
�
 �


�!�
"�

"�

��

���
#

���
���

�
�
 �


�!�

�&

���
#

���
���

���
��


�(
�)

�*
�+�%�"
�+�!�"

�"
�!�"
�%�"
�,�"

 !"#$% &'(&)  !"#$ %!&'()*+,!& #$$!$ *#$%#&+-.# '())-$/0

+!% ,-&&%.#-/01/2 $-$"3 #-4%& %&&-& #%&,%/$"2% 1. 56(789 55(78 "/0 5*(:8 ;-& $!% <=+>

+<? ,3@.$%&9 ;-& $!% A12 ,3@.$%& "/0 ;-& $!% BCD A12(<=++<? &%.#%,$1E%3F(

G".%0 -/ $!% .1H@3"$%0 %I%,@$1-/ $1H% #&%.%/$%0 1/ J%,$1-/ '(K(6 "/0 $!% "A-E% $-$"3

#-4%& &%.@3$. 4% ,"3,@3"$% $!% ?$-J "/0 ,-H#"&% 1$ 41$! $!% E"3@%. H%".@&%0 -/ $!%

?IF/-. L,$" )K66 ,!1#( +!% ,-H#"&1.-/ &%.@3$. "H-/2 "33 "##31,"$1-/. "&% .!-4/ 1/

M12@&% '(5K( +!% "E%&"2% "A.-3@$% %&&-& #%&,%/$"2% 1. 65(N89 67(N8 "/0 66(58 ;-& $!%

<=++<? ,3@.$%&9 $!% A12 ,3@.$%& "/0 BCD A12(<=++<? &%.#%,$1E%3F(

�������������������	�
������������������������
������������

���
���

���
���

���
�

���
���

���
���

���
���

���
���

���
���

���
���

��

���
 ��

���
!��

���
 ��

���
"�

#

�!�
!

�!�
�

���
���

�# �$
��

�%���&�����'
���(�����' �������	�' �%�(�����'�%���)�'�%���*���(�'

��)���	�'
�%�(�������'�%�������'

�+
���

���
���

���
�'�

�

�+
���

��,
���

�� 
�-

��

�)
�����)
���)�)
�	���)

���)�)�)
�������)

�������������������	�
���)�)�������������
���)�)��������

���
���

���
���

���
�

���
���

���
���

���
���

���
���

���
���

���
���

��

���
 ��

���
!��

���
 ��

���
"�

#

�!�
!

�!�
�

���
���

�# �$
��

�%�(�(�����'
�(�������' �)�����' �%�(�	���	�'

���)�����' �%���)���(�'
�(�(����'

�%�(�.�����'�)�����'

�+
���

���
���

���
�'�

�

�+
���

��,
���

�� 
�-

��

�)
�����)
���)�)
�	���)

���)�)�)
�������)

�#�������/�0�������"�������������������
����������

�%�������*�'
�(�(���(�' �������)�'�.�	���)�(�' ���.����' ���)�����	�' ���	���(�' �%�����)�'���.����'

�+
���

���
���

���
�'�

�

�+
���

��,
���

�� 
�-

��

�)
�����)
���)�)
�	���)

���)�)�)
�������)

���������/�0�������"�������������������
���)�)��������

�%��(���(�'
�������.�' ���*���(�' ���.���&�' ���������' ���	�����'

�%���	���.�'�%�	�' �%���������'

�+
���

���
���

���
�'�

�

�+
���

��,
���

�� 
�-

��

�)
�����)
���)�)
�	���)

���)�)�)
�������)

�������1�2�3�3�1�+�������"���������������	�
�������������

�%���&�����'
���������' �(�����	�' ������(�' �%�(���*�'���(����' �%���������'�%�	���	�'��������'

�+
���

���
���

���
�'�

�

�+
���

��,
���

�� 
�-

��

�)
���)�)
���)�)
�(�)�)
��)�)

�������1�2�3�3�1�+�������"���������������	�
���)�)��������

�+�4�5�!������������� �0��� �����6�����������3

�%�����&�'
������' �(�	���&�' ������	�' �������*�'

���*�����'
��������' ��������' �������&�'

�+
���

���
���

���
�'�

�

�+
���

��,
���

�� 
�-

��

�)
���)�)
���)�)
�(�)�)
��)�)

 !"#$% &'(*) 1&#$./2+!2'!3(+,!& %!)*-$,'!& 4!$ 567 8,.09:;;91 -$%<,+#%+( $#
)!=#30



 !"#$%& '(  !"#$"%&'( ') *$#%&+',- ",+.&%-+%$,- *'/-#0 &( +1+#-2"33,'4&*"%- 0&*$#"%&'(
),"*-5',60 )*

+!% ,-.."&/ 01 %&&0& #%&2%3$"4% 10& $!% %5%2-$603 $6.%7 #08%& "39 :$0; 6, ,!083 63

<64-&% '(*)( +!% :$0; %&&0& #%&2%3$"4% 632=-9%, >0$!7 $!% 4%.) %5%2-$603 $6.% %&&0& "39

$!% ?2@A+ #08%& 203,-.#$603 %&&0&( +!%&%10&%7 ,-2! ,2%3"&60, ",  0&$%5BAC 2=-,$%&

&-33634 "$ DEE?FG "39  0&$%5BA*) 2=-,$%& &-33634 "$ DHFG 2-.-="$%, $!% %&&0& "39

,!08 " !64!%& .6,."$2!( I3 $!% 0$!%& !"397 $!% F?@ ,2%3"&60, !"J% 3%4"$6J% %5%2-$603

$6.% %&&0& "39 ", " &%,-=$ " 20.#%3,"$%9 :$0;(

�����������������	�
������������������������	�
�������

���
���

���
���

���
���

���
�

���
���

���
���

���
���

���
�

���
���

���
���

���
���

���
�

���
���

���
���

���
���

���
�

������ �
�����!�"�������#� ���!�$��� �����!�%

���
���

�!�
���

�&
�'�

(

�)����
�)����

��
����
����
�*��
����

���
���

���
���

���
���

���
���

���
���

���
���

���
���

���
���

���
���

��

���
���

���
���

���
�

 !"#$% &'()*  !!"! #$!%$&'()$ *+,,(!- ."! #$!."!,(&%$/ #"0$! (&1 $&$!)-2' "2
*"3+'4"&5

 !" #$%&'%%$()

K3 $!6, 2!"#$%&7 8% %J"=-"$%9 $!% "22-&"2/ 01 .-=$620&% "&2!6$%2$-&%#%&10&."32% "39

#08%& .09%=, 6.#=%.%3$%9 63 4%.) "39 ?2@A+ ,6.-="$603 1&".%80&L,(M6$!63 $!6,

,$-9/7 $!&%% ,2%3"&60, 8%&% 63J%,$64"$%9N O6P $!% #%&10&."32% .09%= 01 $!% AQ? 9-"=B

20&% ,/..%$&62 .-=$6#&02%,,0& "&2!6$%2$-&%7 O66P $!% #%&10&."32% .09%= "39 O666P $!%

#08%& .09%= 01 $!% AQ? >64(RK++R: !%$%&04%3%0-, .-=$6#&02%,,0& "&2!6$%2$-&%(

 !"#$ #%&'("!)* +!6, ,$-9/ 102-,%9 03 $!% #%&10&."32% .%$&62 %J"=-"$6037 %(4( %5%2-B

$603 $6.%( +!% .62&0"&2!6$%2$-&% ", 8%== ", $!% #08%& 203,-.#$603 ",#%2$, 8%&% 0-$ 01

$!% ,20#%( M% -,%9 "3 %5$%3,6J% ,%$ 01 .-=$6$!&%"9%9 "39 ,%&6"= >%32!."&L,7 8!62! &%#B

&%,%3$, " J"&6%$/ 01 ,26%3$6S2 80&L=0"9, O;@RA;FBD >%32!."&L ,-6$%P7 .%96" "##=62"$603,

OAR@T%32!P "39 .%.0&/ >"39869$! >%32!."&L O;+Q:A?P( +!% "22-&"2/ %J"=-"$603

,!08%9 $!"$ $!% %&&0& J"&6%, 1&0. *('UV $0 *C(UWV( X0 J6,6>=% &%="$603 >%$8%%3 %&&0&

"39 80&L=0"9 9-&"$603, !"9 >%%3 0>,%&J%9(



 !"#$%& '(  !"#$"%&'( ') *$#%&+',- ",+.&%-+%$,- *'/-#0 &( +1+#-2"33,'4&*"%- 0&*$#"%&'(
),"*-5',60 )*

+,- "##./0"$/-123 1"4%.5 #$6"0$-&/7"$/-1 "18,"/&4 2-&$ 9%&1%.3 ,/$! 8/:%&%1$ %&&-& #%&;

0%1$"<%2 ,%&% 0!-2%1 $- %=#.-&% $!% "00>&"05 8%#%18%105 -1 $!% /1#>$#&-?.%4 2/7%( @1

?-$! 0"2%23 $!% %=%0>$/-1 $/4% 4/24"$0! !"2 ?%%1 <&-,/1< ,/$! $!% "##./0"$/-1 #&-?.%4

2/7%( +!%2% -?2%&A"$/-12 ,%&% ".2- 0-&&%."$%8 ,/$! $!% 1>4?%& -6 B* 0"0!% 4/22%2 ,!/0!

2!-,%8 2/4/."& /1 8/&%0$ &"$/- ?%!"A/-&(

C% "22>4% $!"$ $!%2% &%2>.$2 "&% 0">2%8 ?5 "1 /1"00>&"$% 4-8%. -6 $!% %=$%&1". DDE

4%4-&5 $-<%$!%& ,/$! $!% >1&%"./2$/0 4-8%. -6 $!% 0"0!% 0-!%&%105 #&-$-0-. FGGGH( +-

0-10.>8%3 8>% $- $!% ."09 -6 "A"/."?.% "&0!/$%0$>&% 8%20&/#$/-1 /16-&4"$/-1 "18 -A%&.5

2/4#.% 4%4-&5 4-8%.3 ->& #%&6-&4"10% 4-8%. #&-A/8%2 2#%0/I0"$/-1"18 "?2$&"0$/-1

%&&-&2 ?%$,%%1 GJ "18 ')J(

 !"#$% &"!$'()#* +!/2 2$>85 /2 &%."$%8 $- $!% KEL ?/<(B@++BM !%$%&-<%1%->2 4>.$/;

#&-0%22-& "&0!/$%0$>&% #%&6-&4"10% "18 #-,%& 4-8%.2 %A".>"$/-1( +!% 4-8%.2 !"A% ?%%1

0"./?&"$%8 "18 A"./8"$%8 ,(&($( $!% M=51-2 ) N0$" )O** 0!/#(

C/$!/1 $!% #%&6-&4"10% 4-8%. A"./8"$/-13 $!% /1;-&8%&  -&$%=;KP 4-8%. %A".>"$%8( +!%

&%2>.$2 8%4-12$&"$%8 $!% "A%&"<%8 %&&-& "&->18 **J 6-& ".. $!&%% 0-12/8%&%8 20%1"&/-23

/(%(7&*&(89&*3#-:;< 3=&(',:;< "18 >-,&!?@:;< Q4-8/I%8R 4-8%.2( K2 $!% ">;

$!-&2 /1 FOSH 0-10.>8%83 "&0!/$%0$>&". 2/4>."$-&2 "&% 1-$ 4/0&-"&0!/$%0$>&". 2/4>."$-&2(

@6 $!% 4"/1 <-". -6 $!% 2$>85 /2 #%&6-&4"10% %=#.-&"$/-1 "18 1-$ $!% 4/0&-"&0!/$%0$>&%

0-4#-1%1$2 2$>853 $!% 0!-/0% -6 $!% 4-8%. 8-%2 1-$ ":%0$ $!% &%2>.$2( +!>2 6-& 6"2$%&3

5%$ "00>&"$% %=%0>$/-1 $/4% "1".52/23 $!% >2% -67&*&(89&*3#-:;< /2 2>T0/%1$( U-&

4-&% 8%$"/.%8 %=#.-&"$/-1 -6 4/0&-"&0!/$%0$>&% $!%=&(',:;< 4"5 ?% >2%8( U/1"..53 6-&

#-,%& 0-12>4#$/-1 -& "&% %2$/4"$/-13 /$ /2 /4#-&$"1$ $- 4-8%. %"0! #&-0%22-& 0-4#-1%1$

/1 8%$"/. $!>2 $!%>-,&!?@:;< ,->.8 ?% $!% ?%2$ 2-.>$/-1(

U-& $!/2 &%"2-13 $!% &%2$ -6 $!% %=#%&/4%1$2 ,%&% #%&6-&4%8 ,/$!>-,&!?@:;< Q4-8/I%8R

 -&$%=;KP 4-8%.( +!% ?/<(B@++BM #%&6-&4"10% 4-8%. %A".>"$/-1 &%2>.$2 8%4-12$&"$%8

"&->18 *VJ -6 "?2-.>$% %&&-& #%&0%1$"<% /1 "A%&"<%( C% -?2%&A%8 $!"$ $!% 2,/$0!/1<

6&-4 WLX Q%/$!%& ?/< -& B@++BM 0.>2$%&R $- YLX 4-8% 8-%2 1-$ ":%0$ $!% %&&-&(

+!% "88/$/-1". "1".52/2 -6 $!% ->$#>$2 -6 2%A%&". "##./0"$/-12 2!-,%83 $!"$ $!% %=%0>$/-1

2$"<%2 &%."$%8 $- $!% 4%4-&5 -#%&"$/-123 %(<( /4"<% &%"8/1< -& &%2>.$2 2$-&%3 #&-8>0%

!/<! %&&-&2( C!/.% $!% 9%&1%. 0-4#>$"$/-1 2$"<% %&&-&2 "&% .%22 $!"1 *VJ(



 !"#$%& '(  !"#$"%&'( ') *$#%&+',- ",+.&%-+%$,- *'/-#0 &( +1+#-2"33,'4&*"%- 0&*$#"%&'(
),"*-5',60 )'

*"+%, -. $!%+% -/+%&0"$1-.+ 2% 3-.345,% $!"$ $!% 678 /19(:;<<:= #%&>-&?".3% ?-,%4

"4+- 3-.$"1.+ ". 1."335&"$% ?%?-&@ +@+$%?( <!% A&+$ &%"+-. 1+ $!%  -!%&%.$B*"& 3-?C

#-.%.$ $!"$ &%#4"3%+ $!%   ;CDEE 3"3!% 3-!%&%.$ 1.$%&3-..%3$( <!% +%3-., #-1.$ 1+ $!%

:FGG7' ?%?-&@ 3-.$&-44%&H 2!13! $1?1.9 +%$$1.9+ "&% ,1I%&%.$ >&-?$!% &%"4 /-"&, F-F

768(

<!% 4"+$ #"&$ -> $!1+ 3!"#$%& 3-.3%&.+ $!% 678 /19(:;<<:= #-2%& ?-,%4 "++%++?%.$(

<!% 83F6<J9%?) +1?54"$1-. +!-2%, K'L -> $!% $-$"4 #-2%& 3-.+5?#$1-. %&&-&1. "0C

%&"9% "., MDL -> $!% 3-?/1.%, %.%&9@C$-C+-45$1-. %&&-&(

<!% "335&"3@ %0"45"$1-. &%+54$+ 3-.A&?%, $!"$ $!% #%&>-&?".3% "., #-2%& ?-,%4+ 1?#4%C

?%.$%, 1. 3@34%C"##&-N1?"$% +1?54"$1-. >&"?%2-&O+ 3". /% 5+%, $- &%"41+$13"44@ #&%,13$

,%+1&%, %N#4-&"$1-. ?%$&13+( P%0%&$!%4%++H $!%+% ?-,%4+ "&% $-- +4-2 >-& 4"&9% +3"4% ?".@C

3-&% "&3!1$%3$5&% %N#4-&"$1-.( ;. $!1+ 3-.$%N$H 2% >-44-2%, $- $!% "##&-"3!%+ $!"$ "44-2

"33%4%&"$1.9 $!% +1?54"$1-. +$144 #&%+%&01.9 " +51$"/4% 4%0%4 -> "335&"3@(



 !"#$%& '

 !"#$% &#'()*+#$),&)% '--#+'(. /+#

/'0& ',% '((1#'&) 0$213'&$+, +/

2',!(+#) '#(.$&)(&1#)0

 !" #$%&'()*%+'$

 !"#$%& $'()*+,&#*% *- "*.()$' .,%/"*+$ 0/0&$.0 +$12#+$0 -,0&3 4$'#5)$ ,%6 /$& ,""27

+,&$ 0#.2),&*+08 9:,#),5)$ #%620&+#,) ,%6 ,",6$.#" 0#.2),&*+0 6#;$+ #%&$+.0 *- 0#.27

),&#*% 0($$6 ,%6 ,""2+,"/ &+,6$7*;03 ,%6 &<$#+ ,6*(&#*% #0 202,))/ 6$=%$6 5/ 6$0#+$6

$'()*+,&#*% )$:$)8 >/")$7,""2+,&$ 0#.2),&*+0 ,+$ (*(2),+ ,%6 ,&&+,"&#:$ -*+ "*.(2&$+ ,+7

"<#&$"&2+$ $'()*+,&#*%8 ?$.@ $%:#+*%.$%& #0 , (*(2),+ $:$%&76+#:$% -2)) 0/0&$. 0#.2),&*+

&<,& (+*:#6$0 , ),+?$ %2.5$+ *- 0#.2),&#*% ",(,5#)#&#$03 02"< ,0 , +#"<0$& *- AB903 >CD

.*6$)03 0/0&$. $'$"2&#*% .*6$0 ,%6 .$.*+/ 0/0&$. .*6$)08 A% ><,( &$+ E F$ $:,)2,&$6

&<$ ,""2+,"/ )$:$) *- ?$.@ 0#.2),&*+ 5/ .*6$)#%? <*.*?$%$*20 ,%6 <$&$+*?$%$*20 .2)7

&#"*+$ ,+"<#&$"&2+$08 9""*+6#%? &* &<$ +$02)&03 &<$ ($+-*+.,%"$.*6$) (+*:#6$0 ,+*2%6

GHI *- $++*+ #% ,:$+,?$ &<+*2?<*2& ,)) "*%0#6$+$6 0"$%,+#*08  :$% &<*2?< $%,5)#%? 4$'7

#5)$ ,%6 6$&,#)$6 .2)&#"*+$ ,+"<#&$"&2+$ $'()*+,&#*%3 ?$.@ $%&,#)0 0)*F 0#.2),&#*% 0($$63

&<$+$5/ )#.#&#%? #&0 0"*($ *- ,(()#",5#)#&/ -*+ ),+?$70",)$ .,%/"*+$0/0&$.08 J<#0 ",))0

-*+ ,)&$+%,&#:$ ,((+*,"<$0 ",(,5)$ *- (+*:#6#%? <#?< 0#.2),&#*% 0($$6 F<#)$ (+$0$+:#%?

,""2+,"/ &<,& #0 "+2"#,) &* ,+"<#&$"&2+,) $'()*+,&#*%8

@K



 !"#$%& '(  !"#$% &#'()*+#$),&)% '--#+'(. /+# /'0& ',% '((1#'&) 0$213'&$+, ))

*+,-. $!% %/01$0-. "##&,"2!%1 3%302"$%3 $, "22%4%&"$% $!% 10+54"$0,-6 $&"2%73&08%- "#7

#&,"2! 01 ,9 #"&$0254"& 0-$%&%1$ :;;< =( >$ "44,?1 "@1$&"2$0-. " 1%$ ,9 %8%-$1 &%4"$%3 $, -,-

&%#&%1%-$"$08% "&2!0$%2$5&% 2,+#,-%-$1 5-3%& 1#%20A2 %/#4,&"$0,- 2,-30$0,-1( B0-.4%72,&%

"&2!0$%2$5&% %/#4,&"$0,- !"1 @%%- 1522%119544C +"0-$"0-%3 @C $&"2%73&08%- 10+54"$0,- ,8%&

$!% 4"1$ 3%2"3%1( D,?%8%&6 0$1 "##402"@040$C $, +54$02,&% "&2!0$%2$5&% %/#4,&"$0,- 1$&,-.4C

&%E50&%1 2,+#4%+%-$"&C +%2!"-01+1 $, +"-".% &%1,5&2% 1!"&0-.6 +%+,&C"44,2"$0,- "-3

3"$" 3%#%-3%-20%1( >- :FG= "-3 :FH= "5$!,&1 9,251 ,- $"1I 301$&0@5$0,- %/#4,&"$0,- "+,-.

+54$0#4% 2,&%1( J0&$5"4 1C-2!&,-0K"$0,- $%2!-0E5%1 "&% $!%&%9,&%#&,#,1%3( >- :FL= +547

$0$!&%"30-. #&,.&"++0-. 01 2,-103%&%3 @5$ $&"2% 1C-2!&,-0K"$0,- +%2!"-01+1 "&% -,$

3012511%3( M,2510-. ,- +"-C2,&% "&2!0$%2$5&% %/#4,&"$0,- "5$!,&1 0-:F<= #&,#,1% $,

2,44%2$ $&"2%1 ,- 10-.4%72,&% 1C1$%+ "-3 $!%- &%#402"$% " 10-.4% $&"2%,- +54$0#4% 2,&%1(

N&"2% 1C-2!&,-0K"$0,- 01 "41, ,5$ ,9 $!% #5@401!%3 ?,&I 12,#%( N!% %/01$0-. +54$02,&%

10+54"$0,- ?,&I1 :F' = :F)= :FF= :LG= 3, -,$ 2,8%& 4"&.%712"4% +"-C2,&% "&2!0$%2$5&% %/#4,7

&"$0,-(

N!% #&%1%-$%3 ?,&I "0+1 "$ #&,#,10-. " -,8%4 !C@&03 $&"2%7,&0%-$%3 10+54"$0,- "##&,"2!

9,& %8%-$73&08%- 2,+#5$%& "&2!0$%2$5&% 10+54"$,&1 152! "1 .%+)( N!%95-3"+%-$"4 #&0-7

20#4% ,9 $!% "##&,"2! 40%1 0- 3%2&%"10-. 10+54"$0,- 2,+#4%/0$C @C "@1$&"2$0-. "?"C 2,&%

%/%25$0,- 0-$, $&"2%16 "1 9,44,?1O

;( 2,&% %/%25$0,- $&"2%16 0(%( 0-2,+0-.P,5$.,0-. +%+,&C $&"-1"2$0,-16 "&% 2"#$5&%3

0- " 9544 1C1$%+ 10+54"$0,-Q

<( $!%1% $&"2%1 "&% "5.+%-$%3 ?0$! 1C-2!&,-0K"$0,- 1%+"-$0216 $!%- &%#402"$%3 0-$,

1,72"44%3 "5.+%-$%3 8%2$,& $&"2%1 $, 10+54"$% 1C1$%+1 +"3% ,9 " !0.!%&2,&% 2,5-$Q

R( "5.+%-$%3 8%2$,& $&"2%1 "&% &%#4"C%3 0-$, " A-"4 %8%-$73&08%- 10+54"$0,- $!&,5.!

$&"S2 0-T%2$,&1Q ,-4C 0-$%&2,--%2$ "-3 +%+,&C 15@1C1$%+ "&% "2$5"44C10+54"$%3

$!%&%@C &%154$0-. 0- 10.-0A2"-$ #%&9,&+"-2% @,,1$(

N!01 "##&,"2! 01 0+#4%+%-$%3 0- .%+) 10+54"$0,- 9&"+%?,&I "-3 01 8"403"$%3 ,- *UV

>B* W0$ ,#%&"$%1 !,?%8%& ,- ,$!%& >B*1X( Y-,?- 40+0$"$0,-1 40% 0- $!% $&"2%73&08%- -"$5&%

,9 $!% "##&,"2!O $!&%"31 "&% #0--%3 $, 2,&%1 "-3 &5-$0+% 9%"$5&%1 152! "14,"3 @"4"-27

0-. "&% -,$ +,3%4%3 "-C 95&$!%&( Z5& 1,45$0,- "38"-2%1 1$"$%7,97$!%7"&$ 0- $&"2%73&08%-



 !"#$%& '(  !"#$% &#'()*+#$),&)% '--#+'(. /+# /'0& ',% '((1#'&) 0$213'&$+, )*

+,-./"$,01 $!&0.2! ,$+ "3,/,$4 $0 5"+$ "16 4%$ "77.&"$%/4 +,-./"$% " 70-#.$%& "&7!,$%78

$.&% -"6% 05M 70&%+ 3"+%6 01 $&"7%+ 7"#$.&%6 ,1 " &%5%&%17% +,-./"$,01 01 " +4+$%-

70-#&,+,12N 70&%+9 :,$!M � N 9 $!"1;+ $0 $&"7% &%#/,7"$,01 "16 +417!&01,<"$,01(

=!,+ 7!"#$%& ,+ 0&2"1,<%6 "+ 50//0:> ?%7$,01 '(@ ,1$&06.7%+ $!% 2%1%&"/7017%#$+ 05 $!%

$&"7%86&,A%1 +,-./"$,01 "##&0"7!( B1 ?%7$,01 '(C :% 6%+7&,3% $!% #&0#0+%6 -%$!060/8

024( ?%7$,01 '(' #&%+%1$+ $!% ,-#/%-%1$"$,01 05 $!% #&0#0+%6 $&"7%86&,A%1 "##&0"7! ,1

2%-) +,-./"$0&( B1 ?%7$,01 '() :% %A"/."$% $!% +#%%6.# "16 "77.&"74 70-#"&,12 $0

$!% 5.// +4+$%- -06%( D1 "/$%&1"$,A% ,-#/%-%1$"$,01 05 $&"7% +,-./"$,01 #!"+% ,1 E=F

5&"-%:0&; "16 -%-0&4 -"##,12 ,1A%+$,2"$,01+ "&% #&%+%1$%6 ,1 ?%7$,01 '(*( ?%7$,01 )(G

+.--"&,<%+ $!% &%+./$+ 05 $!% 7!"#$%&(

 !" #$%&'()*+,

=0 6%H1% $!% $&"7%86&,A%1 +,-./"$,01 7017%#$ $!% 10$,01 05 $&"7% ,+ .+%6( =&"7% ,+ " $,-%

0&6%&%6 &%70&6 05 %A%1$+ 01 &%"/ +4+$%-( I% 6,+$,12.,+! $&%% 5.16"-%1$"/ #!"+%+ 05 $!%

$&"7%86&,A%1 "##&0"7!>&#'() (+33)(&$+,9&#'() #)%1(&$+,"16 &#'() 0$213'&$+,(

 !"#$ #%&&$#'(%)* =!% H&+$ #!"+%9 :!,7! ,+ 6%A0$%6 $0 $&"7% 70//%7$,01 -"4 3% 6,A,6%6

,1$0 $:0 3"+,7 7/"++%+( =!% 7/"++ 6%$%&-,1%+ :!"$ ;,16 05 &%5%&%17% +4+$%- ,+ .+%6 $0

70//%7$ $!% $&"7%+> !"&6:"&%83"+%6 0& +05$:"&%83"+%6( =!% !"&6:"&%83"+%6 7/"++ ,+ "1

0/6%& "##&0"7! "16 ,+ 70-#/,7"$%6 34 $!% &.1$,-% #%&$.&3"$,01 "16 +%A%&%/4 &%+$&,7$%6

$&"7% +,<% ,++.%+( D$ $!% +"-% $,-%9 $!% "7$,A% 6%A%/0#-%1$ 05 +05$:"&% $00/+ !"+ #.+!%6

&%+%"&7!%+ $0:"&6 +05$:"&%83"+%6 $&"7% 70//%7$,01( J"-%/49 $!% .+%05 6,A%&+% %-./"$,01

"16 +,-./"$,01 5&"-%:0&;+ 3&%";+ $!% :"// 05 $&"7% 70//%7$,01 70-#/%K,$4"16 -";%+ ,$

-.7! %"+,%&( J01%$!%/%++9 $!% $&"7% &%#&%+%1$"$,A%1%++ "16 70-#/%$%1%++ "&% +$,// .16%&

6%A%/0#%&L+ &%+#01+,3,/,$4( B$ ,+ $!% :%//8;10:1 5"7$ $!"$ $!% 0.$#.$ 05 "14 -06%/ ,+ 01/4

"+ 2006 "+ $!% ,1#.$ $0 $!"$ -06%/( =!%&%50&%9 $!% "77.&"74 ,++.% ,+ 6,&%7$/4 &%/"$%6 $0

$!% $&"7% M."/,$4(

 !"#$ !$+,#'(%)* N%&% :% !,2!/,2!$ $!% +%7016 70--01 ,++.%9 :!,7! 7017%&1+ $!% +,<%

"16 ,1$%&0#%&"3,/,$4 05 $!% 70//%7$%6 $&"7%+( O%#%16,12 01 $!% "++,21%6 $"+;+ $!% $&"7% +,<%

-"4 &%"7! !.16&%6+ 05 2,2"34$%+ #%& 01% :0&;/0"6( PA%1 :,$! $!% &"#,6/4 2&0:,12 6,+;

+#"7% +.7! "-0.1$+ 05 6"$" "&% .1"77%#$"3/%( D+ " &%+./$ 4%$ "10$!%& ,1$%&-%6,"$% $&"7%

&%6.7$,01 #!"+% 077.&+ "16 ,+ ,1$%16%6 $0 &%6.7% $!% +,<% 05 $!% 70//%7$%6 $&"7%+( =!%&%



 !"#$%& '(  !"#$% &#'()*+#$),&)% '--#+'(. /+# /'0& ',% '((1#'&) 0$213'&$+, )*

"&% $!&%% %++%,$-". /&01#+ 02 &%314$-0, $%4!,-51%+ 67789: ;-<(+2-#)00$+,= ;--<0'2-3$,4

",3 ;---< 53&)#$,4( >"4! 02 $!%? -+ %+$-?"$%3 "440&3-,/ $0 +14! %@%4$-A%,%++ -,3-4"$0&+

"+ &%314$-0, 2"4$0& ",3 "441&"4B .0++(

C!% 40?#&%++-0, $%4!,-51% -,A0.A%+ $!% 1+% 02 +0?% 40?#&%++-0, "./0&-$!? 6 77' 9 67789(

C!% %@%4$-A%,%++ 02 40?#&%++-0, 3%#%,3+ ,0$ 0,.B 0, $!% &%314$-0, 2"4$0&= D1$ ".+0 0, $!%

40?#&%++-0,E3%40?#&%++-0, +.0F30F,= F!-4! 4", F-#% $!% "4!-%A%3 +-?1."$-0, +#%%31#(

G, /%,%&".= $!-+ $%4!,-51% B-%.3+ $0 ,0 .0++ 02 "441&"4B(

C!% +"?#.-,/ $%4!,-51% 2041+%+ 0, $!% %H#%&-?%,$+ F-$! " ."&/% 3"$" +%$ ",3 -+ -,$%,3%3

$0 0D$"-, " +?"..%& &%#&%+%,$"$-A% +%$ 02 $&"4%+ 677)9 677I9( G$ !"+ " ,1?D%& 02 &%+$&-4J

$-0,+ 40,4%&,-,/ 4"4!% +-?1."$-0,( K1% $0 $!% #&%3-4$-0, ?%$!03+ 1+%3 -, $!% +"?#.-,/

$%4!,-51%= $!% "441&"4B .0++ 4", D% +-/,-L4",$ 677M9(

Trace Collection

Hardware-based Software-based

Full traces

Trace Reduction

FilteringSamplingCompression

Reduced traces

Trace Simulation

Simulation Emulation

Results Results

12

 !"#$% &'()  !"#$%&!'($) $*+,-!".'-) /-01

C!% L.$%&-,/ $%4!,-51% +$0&%+ 0,.B $!% +-/,-L4",$J%A%,$ $&"4%+ ",3 L.$%&+ $!% 0$!%&( N,%

02 $!% %H"?#.% 02 $!-+ $%4!,-51% -+ 4"4!% L.$%&-,/ 677*9 $!"$ +$0&%+ 0,.B ?-++ $&"4%+

-/,0&-,/ $!% !-$+( C!% &%+$&-4$-0,+ -, $!-+ 4"+% 40,4%&, 4"4!% +-O%= .-,%+ ",3 "++04-"$-A-$B=

F!-4! +!01.3 D% LH%3( P440&3-,/ $0 $!% $&"4%J3&-A%, ?%?0&B +-?1."$-0, +1&A%B 677M9=

$!% %&&0& 02 $!% L.$%&-,/ $%4!,-51%+ -+ .%++ $!", )Q(

 !"#$ %&'()"*&+,- R!%, $!% $&"4%+ "&% 40..%4$%3 ",3 &%"3B $0 D% 1+%3 $!% L,". #!"+%=

%(/( $&"4% +-?1."$-0,= D%/-,+( C!-+ -+ $!% S%B %H#.0&"$-0, +$"/%= F!-4!+!01.3 #&0314%



 !"#$%& '(  !"#$% &#'()*+#$),&)% '--#+'(. /+# /'0& ',% '((1#'&) 0$213'&$+, )*

%++%,$-". &%+/.$+( 0,1%%12 $!% $&"3% 34..%3$-4, ",1 +-5/."$-4, #!"+%+ 3", 6% #%&74&5%1

-, $!% 1-8%&%,$ %,9-&4,5%,$+( :4& %;"5#.%2 $&"3%+ 34..%3$%1 4, 1%$"-.%1 7/.. +<+$%5

+-5/."$4& $!%, "&% -,=%3$%1 -,$4 >?@ +-5/."$4&( ?!% %,9-&4,5%,$ -+ 47$%, 1-3$"$%1 6<

$!% 1%+-A, +#"3% ",1 %;#%3$%1 "33/&"3<(

:-A/&% '(B -../+$&"$%+ $!% A%,%&". 34,3%#$+ 47 $&"3%C1&-9%, %;#.4&"$-4, D4E( F4$-3%2 $!"$

$!%&% "&% $E4 %;#.4&"$-4, D4E .44#+( ?!% G&+$ .44# H!-A!.-A!$%1 "+ IBJ -,$!% GA/&%K

#&%+%,$+ $!% 5"-, #"$!2 E!-3! -+ $&"9%&+%1 "$ .%"+$ 4,3% 1/&-,A ", %;#.4&"$-4,( ?!%

+!4&$ .44# H!-A!.-A!$%1 "+ ILJ -, $!% GA/&%K "11&%++%+ $!% 1%+-A, +#"3% %;#.4&"$-4, ",1

-+ $!% 5"-, +4/&3% 47 6%,%G$+ 7&45 $!% $&"3%C1&-9%, "##&4"3!( M%#%,1-,A 4, $!% 3!4+%,

-5#.%5%,$"$-4,2 $!% 1%+-A, +#"3% %;#.4&"$-4, 5"< &%N/-&% 5/.$-#.%5"-, .44# -$%&"$-4,+

$!"$2 469-4/+.<2 &%1/3% $!% %O3-%,3< 47 $!% $&"3%C1&-9%, "##&4"3!(

 !"!# $%&'()*'+,- ./0/.& ,1 *,234'/( )(*5+'/*'4(/ /63.,() '+,-

?!% $&"3%C1&-9%, "##&4"3! !"9% 6%%, E-1%.< /+%1 +-,3% $!% G&+$ #/6.-3"$-4, -, BPQP

RBB*S( T-$! $!% -,3&%"+-,A 345#.%;-$< 47 %;#.4&%1 "&3!-$%3$/&%+2 $!%9"&-%$< 47 $&"3%C

1&-9%, "##&4"3! "##.-3"$-4, 6%3"5% 54&% -5#4&$",$( T% 3."++-G%1 $!%5 6"+%1 4, $!%

+<+$%5 "6+$&"3$-4, .%9%.+(

:-A/&% '(L +3!%5"$-3"..< -../+$&"$%+ $!% 9"&-4/+ .%9%.+ "$ E!-3! %;#.4&"$-4, 3", 6% 34,C

1/3$%1 -, " $<#-3". 345#/$%& "&3!-$%3$/&%(

Control 
Unit

Interface 
Unit Registers

I Cache D Cache

Interconnection

Memory
Network 
Interface

ALU

System Level
Node Level

Processor Level

..

 !"#$% &'()  !"#$%&' (')*+%&)%$'& &,#-!'(%+!. -&/&-01

?!% G&+$ .%9%. &%."$%+ $4 #&43%++4& 5-3&4"&3!-$%3$/&% +$/1<( U+/"..<2 -$ 743/+%+ 4, $!%

-,$%&,". #-#%.-,% 4&A",-V"$-4, ",1 -,+$&/3$-4, +%$ "&3!-$%3$/&%( W$ $!% #&43%++4& .%9%.



 !"#$%& '(  !"#$% &#'()*+#$),&)% '--#+'(. /+# /'0& ',% '((1#'&) 0$213'&$+, )*

+,-./"$,01 .+%+ $!%$,0&#1(&$+, &#'()02!,3! -"4 301$",1 ,1+$&.3$,01 0#305%+6 ,1$%&&.#$+6

-%-0&4 &%7%&%13% "55&%++%+( 8.$!0&+ ,1 9::* ; 9:<=; 9>*; ,1?%+$,@"$% #&03%++0& -,3&0"&A

3!,$%3$.&% .+,1@ $&"3%A5&,?%1 +,-./"$,01(

B05% /%?%/ %C#/0&"$,01+ 703.+ 01 -%-0&4 !,%&"&3!4 0&@"1,D"$,01( 8+ $!% E"+,3 #%&70&A

-"13% +3"/,1@ ,++.% ,1 $05"4 30-#.$%& "&3!,$%3$.&% ,+ -%-0&4 E0$$/%1%3F6 $!,+ "E+$&"3A

$,01 /%?%/ ,+ 30--01/4 .+%5( G!% %C#/0&%5 "&3!,$%3$.&% -"4 ,13/.5% -./$,A/%?%/ 3"3!%

-%-0&46 ,1$%&3011%3$6 -",1 -%-0&4(4)2+#! 0&'%%#)00 &#'()0"&% $4#,3"//4 .+%5 01

$!% 105%A/%?%/ %C#/0&"$,01( G!%4 -"4 301$",1 ?,&$."/H#!4+,3"/ "55&%++6 -%-0&4 &%7%&%13%

$4#%6 %$3( I0&F+ 9*=; 9JJ; 9>' ; 9:<: ; 703.+ 01 105%A/%?%/ %C#/0&"$,01(

8$ +4+$%- /%?%/6 %C#/0&"$,01+ &%/"$% $0 3/.+$%& E%!"?,0& ,1 2!,3!#"&$,3,#"$,1@ 105%+

%C3!"1@% -%++"@%+ ?," "1 "&E,$&"&4 30--.1,3"$,01 1%$20&F( G!%+% -%++"@%+"&% ,1$&0A

5.3%5 $!"1 E4 $!%567 &#'()0( G!,+ ,+ $!% !,@!%+$ %C#/0&"$,01 /%?%/ "E+$&"3$,01( K$ $"&@%$+

-"3!,1%+ 2,$! " ?%&4 /"&@% 1.-E%& 07 #&03%++0&+6 2!,3! 30--.1,3"$% $!%,& #"&"//%/ "3A

$,?,$,%+ ?," LMK( NC"-#/%+ 07 +4+$%-A/%?%/ %C#/0&"$,01 !"?% E%%1#.E/,+!%5 ,1 9OJ; 9:<<;

9:<O;(

 !"!" #$%& '()%$*+$ ,% %-,)%.)%$*+$ /$%0+11%$

M&03%++0& -,3&0"&3!,$%3$.&% !"+ .15%&@01% -"P0& 3!"1@%+( 8 ?"&,%$4 07 ,-#/%-%1$"$,01

3013%#$+ "&% .+%5 102"5"4+ $0 "3!,%?% E%$$%& #%&70&-"13% "$ /02%& 30+$( L0+$ 07 $!%-

",- "$ ,1+$&.3$,01 #"&"//%/,D"$,01 ,1 0&5%& $0 !,5% .+."//4 -.3! +/02%& -%-0&4 30--.A

1,3"$,01 /"$%134( G!% 70//02,1@ $%3!1,Q.%+ 70& ,13&%"+,1@ $!% #&0@&"- %C%3.$,01 +#%%5

!"?% E%%1 5%?%/0#%5 0?%& $!% #"+$ 5%3"5%+R ,1+$&.3$,01 #,#%/,1,1@6 3"3!% -%-0&46 E&"13!

#&%5,3$,016 +.#%&+3"/"&6 0.$A07A0&5%& %C%3.$,016 &%@,+$%& &%1"-,1@( N"3! 07 $!%- E&,1@+

-0&% 3!"//%1@%+ ,1$0 $!% $&"3%A5&,?%1 +,-./"$,01(

K1 S,@.&% '(O $!% ,1A0&5%& "15 0.$A07A0&5%& #&03%++0& %C%3.$,01 5,T%&%13% ,+ 5%-01A

+$&"$%5( K1 E0$! 3"+%+6 $!% #&0@&"- %C%3.$%+ $!&%% ,1+$&.3$,01+( K1 $!% U&+$ /,1% 2!%1

/0"5,1@ $!% ?"/.% " 3"3!% -,++ 033.&+( K1 $!% 3"+% 07 $!% ,1A0&5%& %C%3.$,01 ,//.+$&"$%5

,1 S,@.&% '(O "V6 $!% #&03%++0& 2",$+ .1$,/ $!% -,++ ,+ +"$,+U%5 $0 301$,1.% #&0@&"- %C%A

3.$,01( K1+$%"56 ,7 $!% 0.$A07A0&5%& %C%3.$,01 ,+ "//02%56 #&03%++0& %C%3.$%+ $!% 70//02,1@

,15%#%15%1$ ,1+$&.3$,01 5.&,1@ $!% 3"3!% -,++ 2",$,1@( G!.+6 ,$"3!,%?%+ " +,@1,U3"1$

#&0@&"- %C%3.$,01 +#%%5.#(



 !"#$%& '(  !"#$% &#'()*+#$),&)% '--#+'(. /+# /'0& ',% '((1#'&) 0$213'&$+, )*

In-order execution

lw $3, 100($4)
add $2, $3, $4
sub $5, $6, $7

Out-of-order execution

lw $3, 100($4)
sub $5, $6, $7
add $2, $3, $4

cache miss
waits until the miss is satisfied
waits for the add

cache miss
executes sub during the cache miss
waits until the miss is satisfied

a) In-order processor execution example

b) Out-of-order processor execution example
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a) Shared memory b) Distributed memory
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Thread 1

Thread 2

R/W to shared/private
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