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13].

Here we present an overview of the previously published works as well as works that
are based on the proposed accuracy evaluation and have been published throughout the

advancement of this thesis.

Authors in [48] evaluate the accuracy of the M5 full system simulator for TCP /IP based
network-intensive workloads, using only two benchmarks that were executed on a sin-
gle Alpha CPU model. By using a relatively imprecise model they achieve reasonable

accuracy - the network bandwidth mismatch against real system is reported within 15%.

Authors in [49] design a gem5 model of CoreTile Express system-on-chip and estimate
the accuracy of Cortex-A15 core, memory system and interconnect. They deeply explore
the microarchitectural simulation for the homogeneous dual-core system. This work has
been done in collaboration with ARM Research in Austin, TX. By thoroughly tuning
the ARM CPU model, authors achieve a mean absolute percentage runtime error of 15%
(SPEC CPU2006 and PARSEC benchmarks) and an error of 20% on average for several
key microarchitectural metrics. Authors conclude that these errors are acceptable and

are not a hindrance to evaluating research ideas.

The work presented in [50] deals with the calibration and simulation of Cortex-A8 and
Cortex-A9 cores in gemb. A comparison in terms of execution time is achieved against

a real hardware execution and based on ten benchmarks. Authors claim that their core
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8] and are presented in Table 3.5.

The block diagram of Exynos Octa 5422 chip is shown in Figure 3.8. It features two



ST R@( 5G +"+1%. "&% +933%+$%4 $9 $1% NU?H
F%F9&D C1" $1% V)>01$ +"+1% +919%8%3$ 13$%&+933% @ V69)** FD.$%F F%FI&D/
8=D39. W+$" A)GG +!1# +93$"13. GKO 5XNNU' #"+Q"2% 93 #'+Q"2% LXIXM U?H( 6$ &-3
"$ S"HIJ :&%<-%3+D "34 ;1$! G='G 01$ 0-. "+I1%C%. " @)(SKOY. F%F9&D 0"34(14$

6% 1. 1F#9&$"3% $9 39%%/ $!"$ $!% +9372-&"$193. ,1.$%4 "09C% "&B+9&H %BB3$ 4%>
#%34132 93 $!% .9-&+%.( [[&$!%&FI&%/ \"F.-32 I". "3 ?UH "&+!1$%96-& +%3.%/ $!-.
$1% "+3$-", +11# "&+11$%+3$-&% L13+,-4132 +"+1% +91%&%3$ %B3IE684 F3B-&9"&+11$%+>
$-&%M F'D .1231Z+"3$,D 4%C1"$% :&9F ?UH ]&%:%&%3+% 4%0&289834 $1&$1+1#"$%.
13 $!% #%+1Z+"$193 %&&9&(

79 "C914 $!% %&&9& +"-.%4 0D $!% ,"+Q 9: N_|\ "34 $!1%&F", $!&9$$,132A%B$"$193
93 $!% .1F-,"$%4 .D.$%F/ ;% 41."0,% $!%.% :%"$-&%. 93 $!% &H/OW&EHK3H7'!% KX
+9F#93%3$ 1. 39% -.%4 13 $!% %=#%&1F%3$.(

LITTLE cluster

big cluster

1 1 1




2@ PA(

Bl% "5$8". C%+? D8.. E:$%+ +,-% !": " /8+6%& ,D .1+1$"$1,/:( B, ,=%&% $!%:%
A+1$"$1,/:3 4% &%".1F% " :%$ ,D %/'"/5%+%/$:G

I"HE% H#& ()% +,- H$/ G $1% 7&$ .1+1$"$1,/ 1: &9%."$%- $, $1% "="1."6.%
HIJ JK 89 #&,5%::,& +,-%. $I"$ :8##,&$: ,.E D,8& HIJ =L 5,8%:( B, &8 /%1C!$
HIJ;5,&%: :E:$%+ 4% +,-1DE $!% -%:5&1#$1,/ ,D $1% :/, # 5,/$&,. SHLE&ICL:$%E&(
BI8:3 $1% M N 5,8/$ 5,/$"1/: /, +":0%- /8+6%& ,D 5,8%:( BI% "' #'$5! 1:
1..8:$&"$%- 6%.,4(

"HS %&'()& *+&%(,&&%-")$.)) /&' ()& *+&%(,&&%-')$.) )
HHH %&' ()& *+&%(,&&%-")S.))
000 /&'()& *+&%(,&&%-")$.))
11 #23455 023456 11
789#:'%9:5<= && >?@ %A(*% B *CY%/A*
1(*%8=
)%'* ?DC"IEF
%''*(9:'B'#:C$,?DCO*G9';< HI J<=
%''*(9;'B'#:C$,?DCO*G9';< HI K<=
IC9 ',7L/19'4 )D(*L)C9=
' 7L/19' | 7DM*(;64'B'#:C$,?DC9*G9';<< # 5=
)D(*L)C9 | 'B'#:C$,?DC9*G9';< # 5=
789#:'%9;', 7L/19' HH J N )D(*L)C9<=
0 789#:'%9;)D(*L)C9<=
(*%8=
O SAIF

0'%'$#)'1'#! 2!3%(.#$' G $, 681.- $!% 5.8:$%&;6":%- 98"- HIJ ,&$%<;H*?
5,&% $,C%$!%& 41$! $!1% 98" HIJ ,&$%<;HL 5,&% :E:$%+3 $!% 5&%84#$ B
%/&15!%- 6E $!% #,::161.1$E $, +%&C% ="&1,8: KN +,-%.:3 %(C0&/,/&,8%;,D;
,&-%&3 $!&,8C!,8% ".. D8.. :E:$%+ :1+8."$1,/ +,-%:(

-13%("3" &$'41'1.5 6#27(1/ G $, C%$ $!% 61C "/- $!% PQBBPR 5.8:$%&: ,#%&"$%
"$ -1S%&%/$ D&%98%/51%: 4% :8##.E $!% D8.. :E:$%+ :1+87$41/5+ $!% "61.1$E
$, %#"&"$%.E ":1C/ -1:$1/5% 5.,50: $, 5,&%:(

-13%("3" *7$'6 89 .7.*/ G ",$1%& C%+? .1+1$"$1,/ 5,/5%&/: +8.$1#.% PT
5"51%: $!"$ "&% 1/-1=1-8"..E :1"&%- "+,/C 5.8:3%&:( U% "-- $!% ,#$1,$, 1-%/$1DE



ODRX(

"#$% &'#()*$+ 81% &%2%8&%-,% N7&167 GS' 01"&7 &.-4 $!% 3"$%4$ S0.-$. O)(D) NT
1- +6-.U ?%&-%3 +8T '(ODF >16,! 4.##1&$4 9310"3 $"4? 4,1%7.36-9( V1$%&1'9!1.$

"33 1.& %U#%&6/%-$4 >% 71 -1$ .4% $!% %/0%77%7 9&"#!6,"3 H#&B$H4AB4=%&"3
1176W,"$61-4 "&% #%&218&/%7 6- $!% ?%&-%3 41.&,% ,17% $1 %-IBALIBUELH#H#1&$(
81%4% /176W,"$61-4 "&% 4.//"&6X%7 "4 21331>4Y

LA #HE& -&&# $.01# 2&*$" ".%3/#)4$&3"/! ( 8!64 /176W,"$61- &%3"$%4 $1
$I"$ 7%4,&60%7 #8&%=61.435 "-7 "6/4 "$ %-"036-9 " 169!%& ,1&% ,1!9% B&P<

>"&% /17%3F "$ $!1% T S<3%=%3( 8!% ,1&&%4#1-76-9 2.-,$619 F188,'60%&

12 "="63"03% ,1&%4 2&1/ $!% !"&7>"&% &%964$%& !"4 0%%- /176W%B({ 8!%&76-93
,1&&%4#1-76-9"  #'$,! 64 #&%4%-$%7 0%31>(

I HHSI% &'()*&'+*,-'.-/*0+120(34( &'()*&'+*,-'.-/*0 +120(34(
### &*[1.35#647487*&'()*&'+*,-'.-/*0+120(34(
999 :*/1.35#647487*&'()*&'+*,-'.-/*0+120(34(
;o #6<=> 96<=7 ;;
3.0!$.- 1.% 221.1% 0(32$-%2(?'-2(?3.%@A?! 22!?+-+ BO(3 2:&0-C
D

3.0!$.- 1% .(?'-0 E 22'&F2'-& /@0(32:&0- 9 GHI2HJKLMNCO
# -%3'. @.(?'-0 P Q5Q8C 9 RO

-%3'. .(?'-0 9 RO

5/&-) GAH$*3TH S&AH*&IIS* "3TT&* Y 81%+3$THEEA"HT*'3 2.- $61- #&%<
4%-$%7 6- +6-.U 2%&-%3 '(OD 64 #146-9 #&103%/F $1% 21&56&"B6MBIH+6-.U
2%&-%3 '(QI 64 .4%7 1%&%(



789 .4 54%- $1&,5;1,5% $1% &%4$ < $1%
4%1$./( =$ .4 1,2#,4%- < "##>.1"$.,/4 "I- 3%&I%>4 <&,2 -.2%&%/$ 124511 "4 0.,./@
<,82"$.14A .2":% #8&, 1%A44.[;A -"$" 2.11:A 2%-.1"> .2";./;"I- #1B4.14  4.25>"$./( =$ ">4,
J1>5-%4 4.24>%& 1,2#5$%@./$%/4.C% 3%&1%>4 4511 "4 DESUL[2#84H#! $&"C%E@
A">( +,-1" 4 %A% <,& 1%$%&,;%/%,54 1,2#5$./:A <,& $I"$ &%"4,/ EGA H#%/J
"I- H#%/ D .2#>%2%/$"$.,/4 "&% "C".>"0>%( *1% H#%/IJ .2#>%2%/$"$. .4 1%&% 1!,@
A%IA K.$! <,5& $I&%"-4 #%& 1>543%&A .(%( /% $I&%"- #%& \YRIHSBGHEI(H*)+,
C'&."0>% .4 54%- $, %/45&% .-%/$.1"> $I1&%"- 411%-5>./; | $!% 0,*&-$1% ;%2L 4B4@
$%2( *1% <,>> K./; 4504%$ ,< "##>.1"$.,/4 .4 4%>%1$%- <,& BIBS/ITAM7"+63,3 AT)0A
- %5"#H#A.'%039A6*-"(0 '3-(*380-,&"# AHSIA( AG "- 07198l ( *1% #&,0>%2 4.N%
<,& %"1! "##>.1"$.,/ .4 #8&Y%4%/$%- .| *'0>% '(O(

I'HS &' 1"HSHIb &'S()*Yb+, "-(+H.I#1S0

"HSYO8H )+, (+" -+ HYU&H( 1'0%##( 1,-"+0 243+
19%(, 2+1.%3%/#!$ &9%(,.+!. 2%I/+$ '(13$HI#I$ 45564
1+'96"/)78#+-/ 9'%+() &- +06.) <=31+#/)*- >?@4
A%+ BY%== )%+IC%== D"#(%= E*%3#$3 /[-I0%F#G H :+%*
Al/9.Y/ Y-\ 2)I-#(- O#-I=%/#$ 4> K 4>
L7%%$- |.'$* M-"+#%= F%$- N96/% D#$#$3 H??

OIC+ P..'+ N'(I*.1-#/#1$ =J" O#$' %+ <=3'8&+% Q54
TR'%+-/ R#3)&!+- $$ N9%/% D#$#$3 >QS4?
R™'="*0%6$7BJ$-() $C THIHS: 1+ (- H?Q>

9.(;=" "I(HS3 <$H-I/+1.H#( —+%" FH E*063' 2+1(--#$3 H K 5?Q K >5T
N#UJ-#1$ —+%" FQ 5HQ K 5HQ

YeHxx, H##.'&#H1 &00!00%!"10

2"34'5!' 64'1173-8 %45!9 ( P% %Q#>,&% $!&%% "C".>"0>% #3$.,/4 $, 2,-%> $!% G+
1@,&-%& #&,1%44,& "I- $, .-%/$.<B $!% "115&"1B ,< %"1! ,/%M

7( ;&*&(<=&*3#->?@ .4 $'% 4.2#>%4$ #5&%>B <5/1%.,/"> ./@,&-%& 2,-%>A K!.1! 54%4
$.2./; 2%2,&B "11%44%4(

R(A&(>?7@ 4" ./@,&%& #&,1%44,& 2,-%> K.$! " SQ%- #.#%>./% 05% 1,/956&"0>
-"$" 4$&51$5&%4 /- %Q%15%.,/ 0%!"C.,&( =% 45##,&$4 $!% TROPA! RYBA -% "/-
WQ%15%% #.#%>./% 4$";%4(

'( B-,&ICD>?@ U2,-.S%-V .4 $!% 2,4% 1,2#>%Q ,5$@,<@,&-%& 2,-%> K!.1! "4 T%$1IA
Fo%1,-%A +%/"2%A =445%XWQ%15$%XP&.$%0"13 "/- ,22.$ #.#%>4006 43$";%



H+ ]
Aid @
"#3$% &'() "#$%&'( %&)" #)*+,&'( ', 1011/ 2',%"1345 #63-%", ,$((&(7 +%
899::<=

*1% "J0,21$% %&&,& #%&+%3%"6% /'&.%0 J%$<%%3 MN "34 LCN( *!% -.3.-1-134 -
%&&,&0 "0 <%22 "0 $!% "J0,21$% "/%&"6% %&&,& 9,& %"+! 0+%3"&.¥"I2% ZA$IHh .3
&%012%0 0!,< $!"$ $!% %:%+1$.,3 $.-% "J0,21$% %&&,& 9,& "22 HWRVD "§4134 BBN(
*110K <% +,3+214% $!"$ 9,& #%&9,&-"3+% %/'21"$.,3 .$ .0 %3,16! $, 10%*&BO&*2
3#-5< -,4%2( E<%/%&K 9,& -.+&,"&+!1.$%+$1&"2 "34 #,<%& +,301-#$.,3,86%2B0
<% 0166%0$ $, 10% 4%$".2%4 OP -,4%20(

06 &) 2'.9%"1345 &(3',>", )>"6 "I"HE%&'( %&)" "', -§))+,7=
2@A )>"6 &(&)$) | +1&)%) 4B-'6$%"
" " +C"+7" "),
1&)&(7D&)*6"2@A 9=EF GH=IF 8J=GF
&(,2@A K=5F HI=5F 88=KF
L" &CMH2@A N)>O|  8=8F GP=5F 8J=EF
I" #$% &!I" '(%)*+ Q% +,-#"8&% $!% %:%+1$.,3 $.-% ,J0%&/%4 ,3 $!% J,"&4 $,

$I"$ 6./%3 IR ,1& 6%-L -,4%2 %:%+1$.36 $!% 0"-% <,&>2,"40( *'% &%t /SAPHD "&%
"1%&"6%4 ,/%& ;/% 01J0%S1%3%$ &130 9,& %301&.36 +,30.0$%686R%, TBOB00 $!% .-#"+$
,9 +,&% 9&%S1%3+RK $!% 9,22,<.36 +,3;61&"$.,30 "&% +,30.4%8&%4G

M( UDO -,4%G VT*VW &$%:?@A +210$%& &133.36 "$ BCCDEFK XCCDEF B4 M()YE
<.$!) $18%"40K



5<Z# E1 KO(N-)*9 ; 13:8'*0 98"0W 6(:9-91-.. (X 1B* -:-'8' ;)
12-'8' 0;:.% N;78*9? 1B* 8KK*0 ;:) 7(A*0 \8;01-7%97 ;) 1B* *)-;:# F B*0* ;0% 9*N*0;7
'()-M6;1-(:9 (X 1B* ,(23K7(1? X(0 *2;'K7* "1ZJ K*06*:1-7*? AB-6B KOQN9 9*N*: N;78*9?
## "I5<I"I<IHNZ<IZI Y 554#

L-.80% C#55 9B(AQ : ,(23K7(1 A-1B "IZJ K*06*:1-7* 0*K(01-:. 1B* (,9*0N¥;: *00(0

FLAR 1B* '()*7 1) 1B* ,(;0)# FB* *210**9 6(00*9K(:) 1( 1B* " ;9 ;-
) 1B* #$9%09 ; ';2-'8' (817-09 X(0 1B* /(01*234H 67891*0? ;) 1( 1B* &'()*+) :9
;'8 ) 1B* #$949 ; ;2-'8' X(0 1B* /(01*2345! 67891*0# J* 98";0->* 1B*

(,9*ON¥) *00(09+

FB* ;N*0;.* ;,9(781* *00(0 (X 1B* /(01*234H 67891*0 08::-:. ;1 "<<%=>? J<<%=>
) 5# @=> 0;:.*9 XO(' 5HT 1( "<T#

FB* ;N*0;.* *00(0 (X 1B* /(01*2345! 67891*0 08::-.. ;1 "<<%=>? 5#5@=> ;) "@=>
0;:.*9 XO(' 5JT 1( "5T? A(09*:-.. ;1 B-.B*0 X0*\8*:6-*9#

FB* ;N*0;.* *00(0 (X 1B* 9W91* -: =%& '()* A-1B /(01*234HI145! 67891*0 9 08:3
-l <<% =>? B '"@=>7 "<< %=>1"@=> ;1) 5% @=>1"<<%=> ;0* ""#HT?
S5Z#IT? "MI<T ;1) "CHCT 0*9K*61-N*7W#



) %"

C (4%

L "# 3% &

$*# & (% ) % " * S$*# & (#% ) % " $*# & (% ) % "
(#*% | (#*% |

HE% &' I"HS%&'( %&)" #)*+,&( .\, 1&0123442 *" 1 )+(#" )'5"61

é

o

# $W&
T

9% &'((* "HS%&( %&)" "), 5&-%,&/$%& (. -&)$6+%"5 7'5&(&+ /"(8)+,91

+,,-&.101 $- $!% #&%2/-34 ",,3&",5 102%4%$/1"$/-04 #367/41%. )@ 8"0. #&%4%0$%. /0 $!%
#8&%2/-34 4%,$/-0; $1% -64%8&2%. %&&-8&4 1"2% <37$/#7% 4-3&AB40~P8%<-4$ 4-3&,%
&%7"$%4 $- " 0-0@?3775 ,5,7%@",,3&"$% <-.%7/01 -? $!% /0@ WDARDR B& Y%A%,3%$/-0
#I#%7/0%4 -? $1% -&$NA@+B "0. -&$%A CD &%4#%,$/2%75( =!364348985 4-.%7

"T4- #7"54 "0 [<#-&$"0$ &-7%; %4#%,/"775 &%1"&./01 $!% <%<-&5 &OB&HV8E#%,/>,
$/</014 -? $!% 34%. EEF <%<-&5(

I"H$%& I' Yottt (P%&+(-+(1). G-& " <-&% .%$"/7%. "0"754/4 -? 4-3& %4 -? %&&-&; HY%
-04/.%& $1% "##71,"$/-0 -3$#3$ /0?7-&<"$/-0 -2%& $!% $/<% A#%OPIBRI0$ 4$"1%4; %o(1(
101$1"7 4%$3#; IKL; M%&0%7 %A%,3%$/-0; %$,( N% ,1-4% $I&IMVACTHTHS "0. 0"/

18( =1% ,-<#"&"$/2% &%437$4 6%$H%0 $1% <%"438%. "0. $1% <-.IBBH@+ED ,734$%&
&300/01 "$ C(CPQR "&% 4I-HO /0 ="67% '(S( N% 0-$/,% $!"$ $!% %A%,3%/e0VaH&-&
2'&1%4 .&"<"$/,"775 6%$H%%0 DT "0. OUT .%#%0./01 -0 $1% %A%,3$/-0 4819647
%AY%,3$/-0 $/<% /4 -<#%04"$%.( JO $I% #&%A%0$%. Y%A"<HTYeB2MV/BIEN 1% %&&-&



DDB( =!02 +?2%&@"$0+1 -"1 "42+ %F#4"01 $!% 2403!$ %&&+& 01-&%"2¢
519%1 250%-1013 $+ $!% GBH .+6%( 11 $!02 .+6%; $!% .%.+&< -+../10-"$0+12 "&% .+&%
-+ #4%F "16 01"--/&"$% -"-1% -+1%&%1-< #&+$+-+4 #&+@06%2 " 1+S029&7A/d -<(

" HEN&' ($)&*+,-. /&0&'$-&,&$12 (1*0+3$'& 4'35+0&301 ‘&

J03/8% '(D7 6%#0-$2 $1% "--/&"-< "229622.9%1$ K+5 +& $!% @"406"$048 208(U==LM
#+5%8& . +6%4( =102 2$/6< 02 &I64"$%66 $+ $1% #9608, +&."1-%6 . +EBAIO@NH6-$0+1 '()(7(
=196 #+5%& .+6%4 01-4/6%2 $1% "&-10$%-$/&% 6%2-&0#$0+1&H2SEOBYE-10$%-$/8%
20./4"$+&; 0(% $1% 3%.> #%&, +&."1-% +6%4; $1% 2$"$02$0-RTHNE 3% $W6 /44 2<2$%.
20./4"$0+1 "16 $1% $%-11+4+3< 2#%-00-"$0+1 6%2-&07%6 01 BO&= DIAES(



dinia Benchmark
penMP implementation

L




BX #&.A53%- $!% @.11.<5/0 &%-,1$-L "&%"; #%"H 32/'+54; -,=8
$!1&%-1.13 1%"H"0%; 0"$% 1%"H"'0% "/3 &,/$5+% 32/"+54 #.<%& %-$5+"$BA(1E$% $!%
"44,8"42 .@ $!'% FAGOE =50(MNEEMO +.3%1 <% 4.+#"&% $!% "A%&" 0%/ #+<%&/ 4
+%"-,&%3 ./ $!% P3&.53 QR' =."&3 $. $!% "A%&"0% &,/$5+% #.<%& %o-B55/ B0
FAGOE( E!% 4./-53%&%3 &,/$5+% #.<%& %S,"1- $!% -+ .@ &,/$5+%53#.<%& "/3
1%"H"0% #.<%&(

El% @.11.<5/0 $18&%% -4%/"&5.- "&% 5/A%-$50"$%3L T5U .&$%&SILAR//5/0 "$

SVV FWX "/3 B() YWX; T55U .&$%789BC 41,-$%& /12 &,//5/0 "$ >VVFWX "/3 TBEEU
&$%789: "/3 .&$%789IBC &,//5/0 "$ SVVZSVVFWX; SVV FWXZ>YWX; B() YWXZSVVFWX
"3 BOZ>YWX &%-#064$5A%12( El% 4.+#'&5-./ &% 1$- "&% #8&%-%/39%3[B(EEI%
&Yo# &$%3 $.$"1 #.<%& 4./- +#$5./ %S,"1- $1% - + .@ $1% .&$%78IBIA& #.<%&; .&$%78
9BC 41,-$%& #.<%& "3 $1% \\] +%+.&2 #.<%&( P$!%& #%&5H#1%&"1-"- 45.8"0%;
1%$<.&H "I3 4..15/0 "&% $!%8%@.8% 1%&% 1.$ "44.,1$%3 @.&(

El% %&&.& #%&A4%/$"0% 35-$&5=,$5./ 5/41,35/0 $!% /%0"$5A%. 4" 5/0656,8% '(B'

5/ $1% @.&+ .@ =.78#1.$( E1% !50!%-$ %&8&.& #%&A4%/$"0% 5- HEASIHIED 4.+#.8
1%I$( E'% %7$%&/"1 +%6+.8&2 +.3%1 5- $1% +.-$ 5/,%/4%3 =2 $19%418! 5/$%&4.//%A4$
5/'44,8"42( E1%-% &%-,1$- "11.< %-$5+"$5/0 $1% #.<%& 4./- +#$B'$ &"/0%- =%$<%%/
$9%/- "13 $1.,-13-.@ + (



. | | o

+%%;% 444t 4 % A

0=

—+
H*
o
+ %0 & EeS * S ok =
L o3 ] ot\:od
S - : & —

HE% &'(&)  I"#S YI&'()*+,1& HEBIS *HSYHE-# '())-$I0

+1% ,-&8&%.#-/01/2 $-$"3 #-4%& %&&-& #%&,%/$"2% 1. 56(789 55(78 "/0 5*(:8% &$t>
+<? ,3@.$%&9 ;-& $!% Al2 ,3@.$%& "/0 ;-& $!% BCD A12(<=++<B1&%350,

G".%0 -/ $1% .1H@3"$%0 %I%,@$1-/ $1H% #&%.%/$%0 1/ I%,$1-/ 1P6(BADYS $-$"3

#-4%8& &%.@3$. 4% ,"3,@3"$% $!1% ?2$-J "/0 -H#'&% 1$ 41$! $!% E"FT@EHOHY6$!%

20F/-. L$" K66 J1#( +1% ,-H#"&1.- &%.@3$. "H-/2 "33 "##31,"$1-/. "&% -4/ 1/

M12@&% '(5K( +!% "E%&"2% "A.-3@$% %&&-& #%&,%/$"2% 1. 65(N89 67(N8 "/0 66(58 ;-& $!9
<=++<? 3@.$%&9 $1% A12 ,3@.$%& "/0 BCD Al2(<=++<? &9BH%, $1E%

Il +45! 7 o 6 3 - -
%y%&-g % & ( : ¢ %(}(-&;% T ;
))? : + ' ))? = " A = +
Ox Ox
. leul -1 loul
v ))): IH ‘ I‘D ‘ I‘D == - A0 lD ‘ I‘D LI " ))): H =g m0 == __ B0 ID ‘ I‘D g
12331+ " N - 12331+ ]
o, ALn&;,'/&% ‘% ' % ; % *( : n Wl o ) C %‘4)—';: =
Eal R = 3+
) D)) H
1 il Ll
+ ;I‘D‘-‘D‘.‘:.‘_‘E‘,‘,‘I‘H‘I‘D‘l‘m‘lﬂ‘ * 3 || ID
/0 " )) ) N # /10 "
9 ;//V»(*\L,\ni/L\%.)/‘(/(“\“/)w . "0”5/(“ —— %’.)\“,*/f/)“\"\,{/%, .
SNy ) I
| ool bl
+ :‘ I‘D ) -‘EI ) -‘EI = - I IH ID ) ) ) + :‘ D ) I‘D ) I‘D m= ——  EL | ) H

4 n n 1
i
N — 3 N — 3

)) ))

"H$% &'(*)  1&HS$./2+12'13(+1& %!)*-$'1& 4I$ 567 8,.09::91 -$%<,+#%+( $#
)I=#30



] treo#l] 18 [ %

— T T T i T T T
I I I ]
ol eom ee DR 0 BT
) D g
) | | | | | L |
H#$% &'(* 1M #B1%B&(0$ *+,(- 1 #$L,(&%S$/ #'0B! (&1 $&S$!)-2' "2
*3+'4"&5
" #$%&'%%$()

K3 $!6, 2I"#$%&7 8% %J'=-"$%9 $!% "22-&"2/ 01 .-=$620&% "&2!8$682H&.982% "39
#08%¢& .09%=, 6.#=%.%3%$%9 63 4%.) "39 ?2@A+ ,6.-="$603 1&".%80&VF$!63 $!6,
$-9/7 $!1&%% ,2%3"&60, 8%&% 631%,$64"$%9IN O6P $!% #%&IO&1I3P% AQ? 9-"=B
20&% ,/..%%$&62 .-=$6#&02%,,0& "&2!6$%2$-&%7 O66P $!9R2¥1BI%E"B9 O666P $!%
#08%¢& .09%= 01 $!% AQ? >64(RK++R: 1%$%&04%3%0-, .-=$6#&0296H0&2$8L%0(

"#$ #%&'(")*  +16, ,$-9/ 102-,%9 03 $!% #%&10&."32% .%$&62 %J'=-"$6037 %(B( %5%2-
$603 $6.%( +!% .62&0"&2!6$%2%-&% ", 8%==", $!% #08%& 203,-.#$6DB, '8#&% 0-$ 01

$1% ,20#%( M% -,%9 "3 %5%$%3,6J% ,%$ 01 .-=$6$!&%"9%9 "392%&B;7 8%B3 &%#B
&%,%3$, " J'&6%%$/ 01 ,26%3$6S2 80&L=0"9, O;@RA;FBD >%3 2% UBH" "##=62"$603,
OAR@T%32!P "39 .%.0&/ >"39869%! >%32!."&L O;+Q:A?P( +!% "22-&"2/ %J"'=-"$603

,108%9 $!"$ $!% %&&0& J'&6%, 1&0. *('UV $0 *C(UWV( X0 J6,6>=% &%=96608&8088%
"39 80&L=0"9 9-&"$603, !"9 >%%3 0>,%&J%9(



GGB( +
0-10.>8%3 8>% $- $!% ."09 -6 "A"/."2.% "&01/$%0$>8% 8%208E4BHLUTAS -A%E.5
214#.% 4%A4-&5 4-8%.3 ->& #%&6-&4A"10% 4-8%. #&-AI8%2 2#%0MNE/12$&"0%$/-1
%&&-&2 2%$,%%1 GJ "18 )J(

I'H$%6 &IS'(HF  +1/2 2$>85 /2 &%."$%8 $- $1% KEL 2/<(B@++BM 196$%&-<%1%->2 4>.$/;
#8-0%22-& "&0V$%60$>&Y% #Y%8&6-&4"10% "18 #-%6& 4-8%.2 Y%A". YeH-B6HR "A% ?%9%1
0"./2&"$%8 "18 A"./8"$%8 ,(&($( $!% M=51-2 ) NOS" )O** Ol/#(

CI$Y/1 $1% #%8&6-&4"10% 4-8%. A"./8"$/-13 $1% /1;-&8%& -&$%=8R.D6A".>"$%8( +1%
8%2>.$2 8%4-12$&"$%8 $1% "A%E"'<%8 %&&-& "&>18 **J 6-& ".. $1&%B02DAATHL3
(%(7&*&(89&*3#-5< 3=&(,;<  "18 >-&17@:<  Q4-8/1%8R 4-8%.2( K2 $!% ">:
$1-&2 /1 PS 0-10.>8%83 "&0!/$%0$>&". 2/4>."$-&2 "&% 1-$ 4/0&-"&0!/$%0$>&:E2/4
@6 $1% 4"/1 <-". -6 $1% 2$>85 /2 #%&6-&4"10% %=H#.-&"$/-1 "18 1-$ $1% A/FLLOHDHEY
0-4#-1%1$2 2$>853 $1% 01-/0% -6 $1% 4-8%. 8-%2 1-$ ":%0$ $!% (83622 .68 6"2$%&3
5%$ "00>&"$% %=%0>$/-1 $/4% "1".52/23 $I%7&BBIR*3H-1;< 2 2>TO0/%I1$( U-&
4-8% 8%S$"].%8 %=#.-&"$/-1 -6 4/0&-"&01/$%0$>&('BI%  4"5 2% >2%8( U/1"..53 6-&
H#-%8& 0-12>4#%/-1 -& "&% %2$/4"$/-13 I$ /2 [4#-8$"1$ $- 4-8%. %"0! Y¥&2D-& 0-4#-1%1$
/1 8%$". $I>2 $1%-,812@::<  ->.8 2% $1% 2%2$ 2-.5$/-1(

U-& $!/2 &%"2-13 $!% &%2%$ -6 $!% %=#%&/4%1$2 ,%&% #%&684A@8</$! Q4-8/1%8R
-&$%=;KP 4-8%.( +!% ?/<(B@++BM #%&6-&4"10% 4-8%. %A".>"$/-3R802412$&"$%8
"&->18 *VJ -6 "?2-.>$% %&&-& #%&0%1$"<% /1 "A%&"<%( C% -?2%&A%8 @IH<$!% 2,/$
6&-4 WLX Q%/$!%& ?/< -& B@++BM 0.>23%&R $- YLX 4-8% 8-%2 1-B6:%8%-&(

+1% "88/$/-1". "1".52/2 -6 $!% ->$#>$2 -6 2%A%E&". "##./0"$/-12 2!-,%88 $!% %=%0>$/-1
2$"<%2 &%."$%8 $- $!% 4%4-&5 -#%&"$/-123 %(<( /4"<% &%"8/1< -8 8MB2HESB>PB0
/<! %&&-&2( C!/.% $!% 9%&1%. 0-4#>$"$/-1 2$"<% %&&-&2 "&% .%22 $!"1 *VI(









< =(>$"4421 "@1$&"2%0-. " 1%3$ ,9 %8%-31 &%4"$%3 $, -,-
&%0#&%1%-$"$08% "&2!0$%2$5&% 2,+#,-%-$1 5-3%& 1#%202 23084 &('BD-.4%72,&%
"&210$%2$5&% %/#4,&"$0,- "1 @%%- 1522%119544C +"0-$"07%R08%6- 88234 $0,- ,8%0&
$1% 4"1$ 3%2"3%1( D,?%8%&6 0$1 "##402"@040$C $, +54303 &% Yd2408%0,- 1$&,-.4C
&%E50&%1 2,+#4%+%-$"&C +%2!"-01+1 $, +"-".% &%1,5&2% 1!"&0-.6"4%2,&C;- "-3
3"$" 3%#%-3%-20%1(F&:"-3 :FH "5$!,&1 9,251 ,- $"11 301$&0@5%$0,- %/#4,&"$0,- "+,-.
+54$0#4% 2,&%1( J0&$5"4 1C-2!&,-0K"$0,- $%2!-0E5%1 "&YH&IFHA%I(&I6FL= +547
$0$!&%"30-. #&,.&"++0-. 01 2,-103%&%3 @5% $&"2% 1C-2!&,-0K"$0,01+#%2'&% -,$
3012511%3( M,2510-. ,- +"-C2,&% "&2!0$%2$5&% %/#4,&"$0,- "S$!IBt B&,#,1% $,
2,44%2% $&'"2%1 ,- 10-.4%72,&% 1C1$%+ "-3 $!%- &%#402"$% ",1654$0BER25&8%1(
N&"2% 1C-2!&,-0K"$0,- 01 "41, ,5% ,9 $!% #5@401!%3 ?,&| 12,#%( NBOs. %6BAB02,&%
10+54"$0,- ?,&I1 F'= F)= FFE LG 3, -,$ 2,8%& 4"&.%712"4% +"-C2,&% "&2!0$%2$5&% %/#4,7
&"$0,-(

N!% #&%1%-$%3 ?,&| "0+1 "$ #&,#,10-. " -,8%4 IC@&03 $&"2%7,L8%AEPO3 1##&,"2!
9,& %8%-$73&08%- 2,+#5%$%& "&2!0$%2$5&% 10+54"$,&1 152! "19843 K MHBH #&0-7
20#4% ,9 $!% "##&,"2! 40%1 0- 3%2&%"10-. 10+54"$0,- 2,+#4%/0BC2@0E. "@C$2,&%
%/%25%$0,- 0-$, $&"2%16 "1 9,44,?10

i( 2,&% %/%25%0,- $&"2%16 0(%( 0-2,+0-.P,5%.,0-. +%+,&C $&"-1"2$0,-15$BLE03
0- " 9544 1C1$%+ 10+54"$0,-Q

<( $!%1% $&"2%1 "&% "5.+%-$%3 ?0$! 1C-2!1&,-0K"$0,- 1%+"-$02184P2$%8300-$,
1,72"44%3 "5.+%-$%3 8%2%,& $&"2%1 $, 10+54"$% 1C1$%+1 +"392,& U@ 568Q

R( "5.+%-$%3 8%2%,& $&"2%1 "&% &%#4"C%3 0-$, " A-"4 %8%-HA380D8%15+
$&"S2 0-T%2$,&1Q ,-4C 0-$%&2,--%2$ "-3 +%+,&C 15@1C1$%+ "&¥0+2$THUEC
$1%8&%@C &%154%0-. 0- 10.-0A2"-$ #%&9,&+"-2% @,,1%(

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

>B* W0$ ,#%&"$%1 !,7%8%& ,- ,$!%& >B*1X( Y-,?- 40+0$"$0,-1 246%&)28b73&08%- -"$5&%
,9 $1% "##&,"2!0 $!&%"31 "&% #0--%3 $, 2,&%1 "-3 &5-$0+% 9%"$5& %€ "I5@"41-27

0-. "&% -,$ +,3%4%3 "-C 95&%$!%&( Z5& 1,45%0,- "38"-2%1 1$"$%7 ST B "200673&08%-






778: -<(+2-#)00$+,= ;--<0'2-3%,4
"3 ;< 53&MSM >"H 02 $1%7? ~+ %+$-2"$%3 "44083-,/ $O +14! %@%4$-A%,%++-,3-4"$0&
"+ &%3143$-0, 2"4$0& ",3 "4418&"4B .0++(

Cl% 40?#&%++-0, $%4!,-51% -,A0.A%+ $!% 1+% 02 +0?% 40?#&%+P-6, T7T0X8F 8 (
C!% % @%4%-A%,%++ 02 40?#8&%++-0, 3%#%,3+ ,0$ 0,.B 0, $!% &$6RHAHTH 240 0, $!%
40?#8&%++-0,E3%40?#&%++-0, +.0F30F,= F!-4! 4", F-#% $!% "41-%PP63$-0, +#%%31#(
G, 1%,%&".= $!-+ $%4!,-51% B-%.3+ $0 ,0 .0++ 02 "441&"4B(

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

$0 OD$"-, " +?"..%& &%N#&Y+%,$"$-A% +%$ O FRBAK €S "+ " [ 1?7D%& 02 &%+$&-4]
$-0,+ 40,4%&,-,/ 4"41% +-71."$-0,( K1% $0 $!% #&%3-4$-0, ?%$!83631-, $!% +"?#.-,/
$%4!,-51%= $!% "441&"4B .0++ 4", D% +-/,-LZ7806

Trace Collection

Hardware-based Software-based

Full traces

Trace Reduction

Sampling Filtering
Reduced traces

Trace Simulation

(2] o

77%9 $!"$ +$0&%+ 0,.B ?-++ $&"4%+
-/,0&-,/ $!% 1-$+( C!% &%+$&-4%$-0,+ -, $!-+ 4"+% 40,4%&, 4"H% H D %3 "++04-"$-A-$B=
F1-4!1 +101.3 D% LH%3( P440&3-,/ $0 $!% $&"4%J3&-A%, ?%?0&B-0;1&A%E B\9=
$1% %&&0& 02 $!% L.$%&-,/ $%04!,-51%+ -+ .%++ $!", )Q(

"#$ %&'()"*&+,- R1%, $!% $&"4%+ "&% 40..%4%$%3 ",3 &%"3B $0 D% 1+%3 $!% L,". #!"+%=
%(/( $&"4% +-?1."$-0,= D%/-,+( C!-+ -+ $!% S%B %H#.0&"$-0, +$"/HO01F3-41&0314%



BB'S( T-$! $!% -,38%"+- A 345#.%:-$< 47 %;#.48%1 "&3!-$%3$/EIE&$WAT $&"3%C
18-0%, "#H#&A"3 "##.-3"$-4, 6%3"5% 54&% -5#4&$"$( T% 3."++-G%1 $1985164+ $1%
+<+$%65 "6+$&"3%-4, .%69%.+(

-A/&% (L +319%5"$-3"..< -../+$&"$%+ $!% 9"&-4/+ .%9%.+ "$ E!-AH#H, 3", 6% 34,C
1/3$%1 -, " $<#-3". 345#/$%& "&3!-$%3$/&%0(

System Level

Node Leve

‘ | Cache‘ ‘D Cach%

Il

Interconnection

2 Network
Interface e




o 9<=; % 17%+3,@"$% #&03%++0& -,3&0"&A
31,$%3%$.&% .+,1@ $&"3%A5&,?%1 +,-./"$,01(

B05% /%7?%/ %C#/0&"$,01+ 703.+ 01 -%-0&4 !,%&"&3!4 0&@"1,D"$,01("88 SPMEO&A
-"13% +3"/,1@ ,++.% ,1 $05"4 30-#.$%& "&3!,$%3$.&% ,+ -%-0&GEVEH6 $!,+ "E+$&"3A
$,01 /%?%/ ,+ 30--01/4 .+%5( G!% %C#/0&%5 "&3!,$%3%$.&% -"86,235A/%?%/ 3"3!%
-%-0&46 ,1$%&3011%3%6 -",1 -%-0&4)2+#! 0&'%%#)00 &#()0&% $4#,3"//4 .+%5 01

$!1% 105%A/%?%/ %C#/0&"$,01( G!%4 -"4 301$",1 ?,&$."/H#!4+,S6A EH&0-08&4 &%7%&%13%
$4#%6 %$3( 10&F=;RJ; &'; 9<: ; 703.+ 01 105%A/%?%/ %C#/0&"$,01(

8% +4+3%- /%7%/6 %C#/0&"$,01+ &%/'$% $0 3/.+$%& E%!"?, @8&H3AH,1@ 105%+
%C3"1@% -%++"@%+ ?," "1 "&E,$&"&4 30--.1,3"$,01 1%$20&F( G!%+% -@Pt+ IDEOA

5.3%5 $!"1 E4 319667 &#()0( Gl,+ ,+ $!% !, @!%+$ %C#/0&"$,01 /%?%/ "E+$&"3$,01( K$ $"&@%$+
-"31,1%+ 2,$! " ?%&4 ['&@% 1.-E%& 07 #&03%++0&+6 2!,3! 30--.1,3%% #"&"//%/ "3A

$,2,$,%+ ?," LMK( NC"-#/%+ 07 +4+$%-A/%?%/ %C#/0&"$,01 H#EAhB%%I DJ 9<<;

9<Q(

"M HS%& '()%$H+S % %-,)%.)%$*+$ /$%0+11%$

M&03%++0& -,3&0"&3!,$%3%$.&% !"+ .15%&@01% -"P0& 3!"1@%+( 8-7/%;%34' /01
3013%#$+ "&% .+%5 102"5"4+ $0 "3!,%?% E%$$%& #%&70&-"13%$($LI02%08 73HH/0-
"-"$ ,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@ $%3!1,Q.%+ 70& ,13&%"+U@EH PHpE8&3.$,01 +#%%5
I"?% E%%1 5%7?%/0#%5 0?%& $!% #"'+$ 5%3"5%+R ,1+$& BEO1B3H# N0/ %0-0&46 E&"13!
#8&9%05,3%$,016 +.#%&+3"/"&6 0.$A07A0&5%& %C%3.$,016 &9EHD, N REYS-, E&, 1@+
-0&% 3!"//%1@%+ ,1$0 $!% $&"3%A5&,?%1 +,-./"$,01(

Kl S,@.&% '(O $!% ,1A0&5%¢& "15 0.$A07A0&5%& #&03%++0&98&2803%,01 5%-01A
+$&"$%5( K1 EO$! 3"+%+6 $!1% #&0@&"- %C%3.$%+ $!&%% 1 $8%. IWOB+(, 186 2!%1
/0"5,1@ $'% ?"/.% " 3"3!% -,++ 033.&+( K1 $!% 3"+% 07 $!% ,1A0&STK: ,Ho€B&3$%05
1S,@.8% '(O "V6 $!% #&03%++0& 2",$+ .1$,/ $!% -,++ ,+ +"$,+ PADGHB0@&"- %C%A
3.$,01( K1+$%"56 ,7 $!% 0.$A07A0&5%& %C%3.$,01 ,+ "//0P%36GEI3PY6H$!% 70//02,1@
,15%#%15%1$ ,1+$&.3$,01 5.&,1@ $!% 3"3!% -,++ 2".$,1@( GBHB72%+ " +,@1,U3"1$
#&O0@&"- %C%3.$,01 +#%9%05.#(



In-order execution

Iw cache miss
waits until the miss is satisfied
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a) In-order processor execution example

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

b) Out-of-order processor execution example
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a) Shared memory b) Distributed memory
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main thread

thread 1

thread 2

thread 3

Task3

Task?2

Taskl
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CPU model
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