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– Energy-efficient multi-cores: Sprinting towards Dark Silicon solutions
– ;*8*-.4*2*18<J"()@42,%"+.&"@%@)$H"(+4+>'0',H!"-4%('+0'K+,')."L9*<!"M*<!">'?N/355/8!"#*MOP

– *%$Q)$@+.(%!"4)R%$!"%.%$?H"+.&"%QQ'('%.(H"8-'3*+.//6

– Application design: Exploiting architecture diversity to reach efficiency

– ;'QQ%$%.,"(.=>98'81.2'0&'23&=*=.-<&-*?91-*=*286

– @'12/90 )4,'@'K+,')."+.&"(B+$+(,%$'K+,')."LQ)$"%+(B"+$(B',%(,2$%P

– How far can we go: Performance, Power, Energy and Efficiency Maximums?

– 3."+"-'@40%!"12614)8/90 +.&"Q+-,"R+H"L+00)R'.?" ,B%"Q'$-,:)$&%$"+.+0H-'-P

THIS IS ALL ABOUT BUILDING THE ROOFS
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Known Limitations**:

– 5+$?%,-"single-memory-level architectures 

– 3."4$+(,'(%!"6*:*-'0&=.3*06&Q)$"%+(B"B'%$+$(BH"0%=%0"

– Distorted characterization )Q"$%+0"+440'(+,').-

– 742.-*3 S>H,%-T"Q$)@"('()*6(+2-%"6)1/8&12&3
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– /'@',%&"practical validationJ"5'@%"4+$+&)A
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– 9OZU"().-'&%$-"@%@)$H",$+QQ'("+.&"()@42,+,')."Q$)@",B%"consistent architecture point of view L()$%-P

– F.&81=*&>'-'3.GJ"*)--'>0%">-'(81('0&:'013'81.2&+.&"+00"=.3*0*3&='G1=9=6&('2&H*&)18 '."$%+0',H"
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– CARM-oriented tools for precise monitoring based on hardware counters
– N*-$.2OEJ"3.,%?$+,').")Q"B+$&R+$%"()2.,%$-"'.-'&%",B%"/'.2A"-(B%&20%$"L4+,(B'.?"$%W2'$%&P
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// AVX Assembly: 2LD+1ST
vmovapd 0(%rax), %ymm0
vmovapd 32(%rax), %ymm1
vmovapd %ymm2, 64(%rax)
vmovapd 96(%rax), %ymm3
vmovapd 128(%rax), %ymm4
vmovapd %ymm5, 160(%rax)
…

// Configured Counters
CPU_CLK_UNHALTED.CORE/REF
MEM_UOP_RETIRED.ALL_LOADS
MEM_UOP_RETIRED.ALL_STORES
…#!BC9=

=+:1!MC/,0N
!!!O=-/+,!CP!"#Q&!9R,5
!!!K!:CR,0=9!.+9OSRM
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CACHE-AWARE ROOFLINE MODEL

- PERFORMANCE

- POWER CONSUMPTION

- EFFICIENCY
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Observations

(Paradoxes)

CACHE-AWARE ROOFLINE MODEL

(CARM)

ORIGINAL ROOFLINE MODEL

(ORM)

MEMORY-BOUND REGION:
Modeled max. performance

"()1*:'H0*
L'."4$+(,'(%P

F.8&'()1*:'H0*
LQ)$"+$(B',%(,2$%-" R',B"(+(B%-P

OPERATIONAL INTENSITY
!.268'28

L.) =+$'+,')." R',B" ,B%" 4$)>0%@" -'K%P

W'-1*6&,18)&8)*&>-.H0*=&61Z*
L-B'Q," Q$)@"@%@)$H:>)2.& ,)" ()@42,%:>)2.&P

CHARACTERIZATION:
Optimization Hints

!.26168*28&
L+(()$&'.? ,)",B%" ,%-," .+,2$%P

72(.2(0961:*&Y&R2*G>*(8*3&
W$2-J" ^4,'@'K%" @%@)$H:>)2.&" O**:/F[

O**:;ZOU 4%$Q)$@-" >%,,%$" ,B+." O**:/F

#8<

?B#(

D!

#8<
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CACHE-AWARE ROOFLINE MODEL

- PERFORMANCE

- POWER CONSUMPTION

- EFFICIENCY

FEIEIFG ED



">>01('81.2&B>81=1Z'81.2%

L*26*&$'8-1G&$9081>01('81.2

!'()*+','-*&#../012*&$.3*0&D!"#$EO B-1412'0&#../012*&$.3*0&DB#$EP

!"#

!"$

!"!

!%

!!

!$

!#

!"& !"# !"$ !"! !% !! !$ !# !&

'
(
)*
+
),

-
.
/
(
01
2

+
3
4
54
6

73()-89+.-:0;.8(.498<01 +345=<8(6

>?@0A>B0C'(-D03()*+),-./(E

'(
-D
0F
G0
H-
.I
J
9I
8K
0CF
G
LE

F!
L

FM
L

BN
>A

L

1

!"!

!"#

!$

!#

!!

!%

!&

!'

!(

!)

!"( !"& !"! !$ !! !& !( !* !#$ !#! !#&

+
,
-.
/
-0

1
2
3
,
45
6

/
7
8
98
:

;7,-1<=/21>4?2<,28=<@45 /789ABCDE@<,:

CFG4DCA4H+,1I4+,-./-0123,J

+,
1I
4A
B
C
D
4K
12
L
M
=L
<N

#

MD E%$; 4*+"F:&-&( G*+")07(&"H*+".>&;6,I&J&:,"/001%$2,"?0<,%3"K95:&<$25"-6,"%01-=+"ELLL">4H"@ABMND
AD#$%%$&'(")*+",-*"&%*+"./001%$2,3"42"$2($56-17%"8$(7&%"9,:10:'&2;,"'0<,%"10:"'7%-$;0:,"&:;6$-,;-7:,(=+">0''72$;&-$02("01"-6,"4>?"@ABBCD

VERSION OPTIMIZATION STRATEGY

1 I'61( '@40%@%.,+,').J"Z)R:@+e)$"@+,$'(%-""

2 3@4$)=%&"@%@)$H"+((%--">H"8-'26>.6124I&='8-1G

3, 4, 5 \0)(X'.?"Q)$"('()*6J"JQ&D>8[&QE\&JP&D>8[&VE&'23&JO&D>8[&]E

6 V'?B0H")4,'@'K%&"728*0&$NJ&'@40%@%.,+,').

CHARACTERIZATION: !.=>98*+H.923

LIMITING FACTOR: ;ZOU"@+'.0H"

OPTIMIZATION STRATEGY: 
E'9:08,"&;;,((,("-0"6$-";&;6,"%$2,(

CHARACTERIZATION: $*=.-<+H.923

LIMITING FACTOR: ;ZOU

OPTIMIZATION STRATEGY: 
E'9:08,"&;;,((,("-0"6$-"P/4?"%$2,
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CHARACTERIZATION: !.=>98*+H.923

LIMITING FACTOR: /C"@+'.0H"

OPTIMIZATION STRATEGY: 
E'9:08,"&;;,((,("-0"6$-"6$56,:";&;6,(

CHARACTERIZATION: $*=.-<+H.923

LIMITING FACTOR: ;ZOU"\+.&R'&,B

OPTIMIZATION STRATEGY: 
4!5363785349+:393;<.=>

VERSION OPTIMIZATION STRATEGY
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CHARACTERIZATION: !.=>98*+H.923

LIMITING FACTOR: /F"@+'.0H"

OPTIMIZATION STRATEGY: 
E'9:08,"&;;,((,(+"8,;-0:$Q,0:"&(Z"E2-,%"3D"

CHARACTERIZATION: $*=.-<+H.923

LIMITING FACTOR: ;ZOU"\+.&R'&,B

OPTIMIZATION STRATEGY: 
4!5363785349+:393;<.=>

VERSION OPTIMIZATION STRATEGY
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CHARACTERIZATION: !.=>98*+H.923

LIMITING FACTOR: 9*<"#*"4%$Q)$@+.(%

OPTIMIZATION STRATEGY: 
4!5363785349+:393;<.=>

CHARACTERIZATION: $*=.-<+H.923

LIMITING FACTOR: ;ZOU"\+.&R'&,B

OPTIMIZATION STRATEGY: 
4!5363785349+:393;<.=>

VERSION OPTIMIZATION STRATEGY
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CHARACTERIZATION: !.=>98*+H.923

LIMITING FACTOR: 9*<"#*"4%$Q)$@+.(%

CHARACTERIZATION: $*=.-<+H.923

LIMITING FACTOR: ;ZOU"\+.&R'&,B

Caches can’t be neglected!
Performance improved ~10x

No shift in operational intensity!
If CARM suggestions are followed
Shift in OI: Suddenly COMPUTE-BOUND

VERSION OPTIMIZATION STRATEGY

1 I'61( '@40%@%.,+,').J"Z)R:@+e)$"@+,$'(%-""

2 3@4$)=%&"@%@)$H"+((%--">H"8-'26>.6124I&='8-1G
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6 V'?B0H")4,'@'K%&"728*0&$NJ&'@40%@%.,+,').
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