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Technology scaling continues
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Challenges to scaling
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Dopant density fluctuations
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Temperature variation

Supply voltage fluctuations
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Manufacturing process Environmental
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Variation in transistor parameters
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Process variation effects
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21.1

One generation of process technology 
is lost to process variation.

Shekhar Borkar et al, Intel, DAC 2003

130nm
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Variation components

6

die-to-die

C1 C2

C3 C4

within-die

C1 C2

C3 C4

slower, less leaky 
transistors

fast, leaky 
transistors
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Addressing parameter variation

Circuits

Microarchitecture

Runtime system

Circuits

Microarchitecture

Runtime system

computing stack

C1 C2

C3 C4

reduce power
of high power cells

speed up 
slow cells

Variation reduction Variation tolerance

C1 C2 C3 C4 C5

C6 C7 C8 C9 C10

C11 C12 C13 C14 C15

C16 C17 C18 C19 C20

L2 Cache

L2 Cache

C1 C2 C3 C4 C5

C6 C7 C8 C9 C10

C11 C12 C13 C14 C15

C16 C17 C18 C19 C20

L2 Cache

L2 Cache

variation tolerance

variation-aware application
scheduling and power management

variation reduction

dynamic fine-grain body biasing
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Outline
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Circuits

Microarchitecture

Runtime system

Circuits

Microarchitecture

Runtime system

variation reduction

variation tolerance

• Dynamic fine-grain body biasing [MICRO’07]

• Two solutions:

• Variation aware scheduling and power management 
[ISCA’08]

• Evaluation

• Future work
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Outline

9

• Dynamic fine-grain body biasing 

• Two solutions:

• Variation aware scheduling and power management 

• Evaluation

• Future work

Circuits

Microarchitecture

Runtime system

Circuits

Microarchitecture

Runtime system

variation tolerance

variation reduction
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Body biasing

10

• A voltage is applied between source/drain and substrate of a group 
of transistors

• Key knob to trade off frequency for leakage power

• Forward body bias (FBB) 

• Reverse body bias (RBB)

DVFS
Frequency

Dynamic 
power

BB
Frequency

Leakage
power

Frequency Leakage

Frequency Leakage
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Static fine-grain body biasing (S-FGBB)

11

• The result is reduced WID variation

• improved processor frequency, lower power

C1 C2

C3 C4

RBB
reduces static power

of leaky cells

FBB
speeds up 
slow cells

FGBB
Frequency

Leakage
power

• Additional control over a chip’s frequency and power

[Tschanz et al, Intel]
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Static fine-grain body biasing

Bin 4

Bin 3

Bin 2

Bin 1
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Leakage power 
limit

High 
power

Leakage

Fr
eq

ue
nc

y

0 0.5 1.0 1.5 2.0 2.5

leakage

0.812

0.850

0.887

0.925

0.962

1.000

1.037

fr
e
q
u
e
n
c
y

BB values fixed for the lifetime 
of the chip

Fmax

Worst case conditions 
(temperature, power) are 
assumed

S-FGBB has to be conservative
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Dynamic fine-grain body biasing 
(D-FGBB)

13

• Circuit delay increases with temperature:

T

delay

• Space: across different cores
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• Time: as the activity factor of the workload 
changes

!

!

!"!#$%&&'(#)*'+,-.#),/0,+0*12#

!"#$%&µµµµ'$()

*
+
,
,
-.
%/
0
-12
3
$
%&4
)

4#256%7$-"28"-"1.%9%,0:$7

4#";6%<7$=+$;(.

!"#$%&µµµµ'$()

*
+
,
,
-.
%/
0
-12
3
$
%&4
)

4#256%7$-"28"-"1.%9%,0:$7

4#";6%<7$=+$;(.

!

30-%/.#45#$%&&'(#6*'+,-.#6,/0,+0*1#

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

&,0!&/30!'2!4'-%+5!$0)64&!%(!6(0.0(!3'*0$!1%))%3#&%'(!#+$'))!&,0!

1%07!8,%)!.#$%#&%'(!$0)64&)!%(!6(0.0(!)6334/!.'4&#-0!1%)&$%96&%'(!

#(1!&0:30$#&6$0!,'&!)3'&)5!#+$'))!#!1%05!+#6)%(-!&$#()%)&'$!

)69&,$0),'41!40#;#-0!.#$%#&%'(!#+$'))!&,0!1%07!

<6334/!.'4&#-0!="++>!*%44!+'(&%(60!&'!)+#40!:'10)&4/!9/!?@A5!

('&!9/!&,0!,%)&'$%+!BCA!30$!-0(0$#&%'(5!160!&'!=?>!1%22%+64&%0)!%(!

)+#4%(-!&,$0),'41!.'4&#-0!="&>5!#(1!=D>!&'!:00&!&,0!&$#()%)&'$!

30$2'$:#(+0!-'#4)7!E#F%:6:!"++!%)!)30+%2%01!#)!#!$04%#9%4%&/!

4%:%&!2'$!#!3$'+0))!#(1!:%(%:6:!"++!%)!$0G6%$01!2'$!&,0!&#$-0&!

30$2'$:#(+07!"++!.#$%#&%'(!%()%10!&,0!:#FH:%(!*%(1'*!%)!

),'*(!%(!I%-6$0!B7!8,%)!2%-6$0!),'*)!#!1$''3!%(!"++5!*,%+,!

10-$#10)!&,0!30$2'$:#(+07!J#+;#-%(-!#(1!34#&2'$:!&0+,('4'-%0)!

1'!('&!2'44'*!&,0!)+#4%(-!&$0(1)!'2!KEL<!3$'+0))7!8,0$02'$05!

3'*0$!104%.0$/!%:301#(+0!1'0)!('&!)+#40!*%&,!"++!#(1!!"++!

,#)!90+':0!#!)%-(%2%+#(&!30$+0(&#-0!'2!"++7!!

!"4#7.8&./,+%/.#),/0,+0*1#
I%-6$0!M!),'*)!&,0!&,0$:#4!%:#-0!'2!#!40#1%(-!:%+$'3$'+0))'$!

1%0!*%&,!#)!,%-,!#)!?DC°K!,'&!)3'&)7!

!"#$
%&'(

(07$

(2(>$?@A

BC@A

!"#$
%&'(

(07$

(2(>$?@A

BC@A

!

30-%/.#95#:0+;01#<0.#+.8&./,+%/.#6,/0,+0*1#

N%&,%(!1%0!&0:30$#&6$0!246+&6#&%'()!,#.0!0F%)&01!#)!#!:#O'$!

30$2'$:#(+0!#(1!3#+;#-%(-!+,#440(-0!2'$!:#(/!/0#$)7!P'&,!&,0!

10.%+0!#(1!%(&0$+'((0+&!30$2'$:#(+0!,#.0!&0:30$#&6$0!

1030(10(+05!*%&,!,%-,0$!&0:30$#&6$0!+#6)%(-!30$2'$:#(+0!

10-$#1#&%'(7!Q11%&%'(#44/5!&0:30$#&6$0!.#$%#&%'(!#+$'))!

+'::6(%+#&%(-!94'+;)!'(!&,0!)#:0!+,%3!:#/!+#6)0!30$2'$:#(+0!

:%):#&+,0)5!*,%+,!:#/!40#1!&'!4'-%+!'$!26(+&%'(#4!2#%46$0)7!

8,0!(0&!+'()0G60(+0!'2!&,0!J5!"5!8!.#$%#&%'(!:#(%20)&)!%&)042!'(!

+,%3!2$0G60(+/!.#$%#&%'(7!I%-6$0!@!$'44)!63!&,0!1%)&$%96&%'(!'2!

:%+$'3$'+0))'$!1%0)!%(!?RC(:!&0+,('4'-/!#+$'))!#!2$0G60(+/!

$#(-07!"#$%#&%'(!%(!2$0G60(+/!%)!160!&'!.#$%#&%'(!'2!'&,0$!

3#$#:0&0$)!1%)+6))01!%(!I%-6$0!D7!8,%)!2$0G60(+/!1%)&$%96&%'(!

,#)!)0$%'6)!+')&!%:34%+#&%'()!#))'+%#&01!*%&,!%&S!T'*!30$2'$:%(-!

@

D@

B@@

BD@

BE@@ BE@? BEBD BECC BEF@ BEF?

G7$=+$;(.%&H07#2-"I$J)

K%0<%A>",'

@

D@

B@@

BD@

BE@@ BE@? BEBD BECC BEF@ BEF?

G7$=+$;(.%&H07#2-"I$J)

K%0<%A>",'

!

30-%/.#=5#>0.?+*?<0.#@/.A%.1B(#6,/0,+0*1#

3#$&)!(001!&'!90!1%)+#$101!*,%+,!%(!&6$(!#220+&)!&,0!/%041!#(1!

,0(+0!&,0!+')&7!

4"#CDEFG7#HI#GCJGKC7$#FI>#

DCGJHFJGLC7MG7KJM#
8,0!J5!"5!8!.#$%#&%'()!%:3#+&!#44!40.04)!'2!10)%-(7!U(!&,%)!)0+&%'(!

*0!*%44!,%-,4%-,&!)':0!'2!&,0!%:3#+&!3$'+0))!,#)!'(!+%$+6%&!#(1!

:%+$'#$+,%&0+&6$0!10)%-(!+,'%+0)7!!

V6#4H"&!+%$+6%&!10)%-()!W@5XY!+#(!$016+0!40#;#-0!3'*0$!16$%(-!

#+&%.0!'30$#&%'(5!96$(H%(!#(1!)&#(19/7!8*'!"&Z)!#$0!3$'.%101!9/!

&,0!3$'+0))!&0+,('4'-/!2'$!0#+,!&$#()%)&'$7![%-,H"&!&$#()%)&'$)!%(!

30$2'$:#(+0!+$%&%+#4!3#&,)!#$0!0%&,0$!63)%\01!'$!#$0!:#10!4'*H"&!

&'!3$'.%10!&,0!&#$-0&!+,%3!30$2'$:#(+07!I%-6$0!X!%)!#!+'(+03&6#4!

.%0*!'2!&,%)!&$#10'227!L(!&,0!402&!)%105!4#$-0$!&$#()%)&'$!)%\0)!

%(+$0#)0!&,0!$04#&%.0!3$'9#9%4%&/!'2!#+,%0.%(-!&,0!&#$-0&!

2$0G60(+/!#&!&,0!0F30()0!'2!)*%&+,%(-!3'*0$7!8,0!$%-,&!+,#$&!

),'*)!&,#&!%(+$0#)%(-!4'*H"&!6)#-0!#4)'!9'')&)!&,0!3$'9#9%4%&/5!

96&!*%&,!#!30(#4&/!%(!40#;#-0!3'*0$7!U&!*#)!),'*(!%(!W@5XY5!&,#&!

9/!+#$02644/!0:34'/%(-!4'*H"&!10.%+0)5!DMA!104#/!%:3$'.0:0(&!

%)!3'))%940!&'!&$#10!'22!40#;#-0!#(1!)*%&+,%(-!3'*0$!

+':3'(0(&)5!*,%40!:#%(&#%(%(-!&,0!)#:0!&'&#4!3'*0$7!

!72;'"'107%'"I$
'#2---273$

,0:$71273$1%<7$=+$;(.%,70828"-"1.

@

@ED

B

BED

C

L0:M41%+'23$
-$''#07$

!72;'"'107%'"I$
'#2---273$

,0:$71273$1%<7$=+$;(.%,70828"-"1.

@

@ED

B

BED

C

L0:M41%+'23$
-$''#07$

!

30-%/.#N5#G0/B%0+#<.20-1#+/,<.*@@2#

8,0!(6:90$!'2!+$%&%+#4!3#&,)!&,#&!10&0$:%(0!&,0!&#$-0&!2$0G60(+/!

.#$/!1030(1%(-!'(!&,0!:%+$'#$+,%&0+&6$0!10)%-(!+,'%+07!

E%+$'#$+,%&0+&6$0!10)%-()!&,#&!10:#(1!%(+$0#)01!3#$#4404%):!

#(1]'$!26(+&%'(#4%&/!$0G6%$0!%(+$0#)0!%(!&,0!(6:90$!'2!+$%&%+#4!

3#&,)7!V0)%-()!&,#&!$0G6%$0!10030$!3%304%(%(-5!&'!)633'$&!,%-,0$!

2$0G60(+/!'2!'30$#&%'(5!$0G6%$0!%(+$0#)0!%(!&,0!(6:90$!'2!+$%&%+#4!

3#&,)!#(1!10+$0#)0!%(!&,0!4'-%+!103&,7!8,0!%:3#+&!3$'+0))!

.#$%#&%'(!,#)!'(!&,0)0!+,'%+0)!#$0!10)+$%901!(0F&7!

80)&+,%3!:0#)6$0:0(&)!%(!I%-6$0!^!),'*!&,#&!#)!&,0!(6:90$!'2!

+$%&%+#4!3#&,)!'(!#!1%0!%(+$0#)0)5!*%&,%(H1%0!104#/!.#$%#&%'()!

#:'(-!+$%&%+#4!3#&,)!+#6)0!9'&,!:0#(!=µ)!#(1!)&#(1#$1!10.%#&%'(!

=")!'2!&,0!1%0!2$0G60(+/!1%)&$%96&%'(!&'!90+':0!):#440$7!8,%)!%)!

+'()%)&0(&!*%&,!)&#&%)&%+#4!)%:64#&%'(!$0)64&)!W?Y!%(1%+#&%(-!&,#&!

339

!

!

!"!#$%&&'(#)*'+,-.#),/0,+0*12#

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

4#256%7$-"28"-"1.%9%,0:$7

4#";6%<7$=+$;(.

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

4#256%7$-"28"-"1.%9%,0:$7

4#";6%<7$=+$;(.

!

30-%/.#45#$%&&'(#6*'+,-.#6,/0,+0*1#

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

&,0!&/30!'2!4'-%+5!$0)64&!%(!6(0.0(!3'*0$!1%))%3#&%'(!#+$'))!&,0!

1%07!8,%)!.#$%#&%'(!$0)64&)!%(!6(0.0(!)6334/!.'4&#-0!1%)&$%96&%'(!

#(1!&0:30$#&6$0!,'&!)3'&)5!#+$'))!#!1%05!+#6)%(-!&$#()%)&'$!

)69&,$0),'41!40#;#-0!.#$%#&%'(!#+$'))!&,0!1%07!

<6334/!.'4&#-0!="++>!*%44!+'(&%(60!&'!)+#40!:'10)&4/!9/!?@A5!

('&!9/!&,0!,%)&'$%+!BCA!30$!-0(0$#&%'(5!160!&'!=?>!1%22%+64&%0)!%(!

)+#4%(-!&,$0),'41!.'4&#-0!="&>5!#(1!=D>!&'!:00&!&,0!&$#()%)&'$!

30$2'$:#(+0!-'#4)7!E#F%:6:!"++!%)!)30+%2%01!#)!#!$04%#9%4%&/!

4%:%&!2'$!#!3$'+0))!#(1!:%(%:6:!"++!%)!$0G6%$01!2'$!&,0!&#$-0&!

30$2'$:#(+07!"++!.#$%#&%'(!%()%10!&,0!:#FH:%(!*%(1'*!%)!

),'*(!%(!I%-6$0!B7!8,%)!2%-6$0!),'*)!#!1$''3!%(!"++5!*,%+,!

10-$#10)!&,0!30$2'$:#(+07!J#+;#-%(-!#(1!34#&2'$:!&0+,('4'-%0)!

1'!('&!2'44'*!&,0!)+#4%(-!&$0(1)!'2!KEL<!3$'+0))7!8,0$02'$05!

3'*0$!104%.0$/!%:301#(+0!1'0)!('&!)+#40!*%&,!"++!#(1!!"++!

,#)!90+':0!#!)%-(%2%+#(&!30$+0(&#-0!'2!"++7!!

!"4#7.8&./,+%/.#),/0,+0*1#
I%-6$0!M!),'*)!&,0!&,0$:#4!%:#-0!'2!#!40#1%(-!:%+$'3$'+0))'$!

1%0!*%&,!#)!,%-,!#)!?DC°K!,'&!)3'&)7!

!"#$
%&'(

(07$

(2(>$?@A

BC@A

!"#$
%&'(

(07$

(2(>$?@A

BC@A

!

30-%/.#95#:0+;01#<0.#+.8&./,+%/.#6,/0,+0*1#

N%&,%(!1%0!&0:30$#&6$0!246+&6#&%'()!,#.0!0F%)&01!#)!#!:#O'$!

30$2'$:#(+0!#(1!3#+;#-%(-!+,#440(-0!2'$!:#(/!/0#$)7!P'&,!&,0!

10.%+0!#(1!%(&0$+'((0+&!30$2'$:#(+0!,#.0!&0:30$#&6$0!

1030(10(+05!*%&,!,%-,0$!&0:30$#&6$0!+#6)%(-!30$2'$:#(+0!

10-$#1#&%'(7!Q11%&%'(#44/5!&0:30$#&6$0!.#$%#&%'(!#+$'))!

+'::6(%+#&%(-!94'+;)!'(!&,0!)#:0!+,%3!:#/!+#6)0!30$2'$:#(+0!

:%):#&+,0)5!*,%+,!:#/!40#1!&'!4'-%+!'$!26(+&%'(#4!2#%46$0)7!

8,0!(0&!+'()0G60(+0!'2!&,0!J5!"5!8!.#$%#&%'(!:#(%20)&)!%&)042!'(!

+,%3!2$0G60(+/!.#$%#&%'(7!I%-6$0!@!$'44)!63!&,0!1%)&$%96&%'(!'2!

:%+$'3$'+0))'$!1%0)!%(!?RC(:!&0+,('4'-/!#+$'))!#!2$0G60(+/!

$#(-07!"#$%#&%'(!%(!2$0G60(+/!%)!160!&'!.#$%#&%'(!'2!'&,0$!

3#$#:0&0$)!1%)+6))01!%(!I%-6$0!D7!8,%)!2$0G60(+/!1%)&$%96&%'(!

,#)!)0$%'6)!+')&!%:34%+#&%'()!#))'+%#&01!*%&,!%&S!T'*!30$2'$:%(-!

@

D@

B@@

BD@

BE@@ BE@? BEBD BECC BEF@ BEF?

G7$=+$;(.%&H07#2-"I$J)

K%0<%A>",'

@

D@

B@@

BD@

BE@@ BE@? BEBD BECC BEF@ BEF?

G7$=+$;(.%&H07#2-"I$J)

K%0<%A>",'

!

30-%/.#=5#>0.?+*?<0.#@/.A%.1B(#6,/0,+0*1#

3#$&)!(001!&'!90!1%)+#$101!*,%+,!%(!&6$(!#220+&)!&,0!/%041!#(1!

,0(+0!&,0!+')&7!

4"#CDEFG7#HI#GCJGKC7$#FI>#

DCGJHFJGLC7MG7KJM#
8,0!J5!"5!8!.#$%#&%'()!%:3#+&!#44!40.04)!'2!10)%-(7!U(!&,%)!)0+&%'(!

*0!*%44!,%-,4%-,&!)':0!'2!&,0!%:3#+&!3$'+0))!,#)!'(!+%$+6%&!#(1!

:%+$'#$+,%&0+&6$0!10)%-(!+,'%+0)7!!

V6#4H"&!+%$+6%&!10)%-()!W@5XY!+#(!$016+0!40#;#-0!3'*0$!16$%(-!

#+&%.0!'30$#&%'(5!96$(H%(!#(1!)&#(19/7!8*'!"&Z)!#$0!3$'.%101!9/!

&,0!3$'+0))!&0+,('4'-/!2'$!0#+,!&$#()%)&'$7![%-,H"&!&$#()%)&'$)!%(!

30$2'$:#(+0!+$%&%+#4!3#&,)!#$0!0%&,0$!63)%\01!'$!#$0!:#10!4'*H"&!

&'!3$'.%10!&,0!&#$-0&!+,%3!30$2'$:#(+07!I%-6$0!X!%)!#!+'(+03&6#4!

.%0*!'2!&,%)!&$#10'227!L(!&,0!402&!)%105!4#$-0$!&$#()%)&'$!)%\0)!

%(+$0#)0!&,0!$04#&%.0!3$'9#9%4%&/!'2!#+,%0.%(-!&,0!&#$-0&!

2$0G60(+/!#&!&,0!0F30()0!'2!)*%&+,%(-!3'*0$7!8,0!$%-,&!+,#$&!

),'*)!&,#&!%(+$0#)%(-!4'*H"&!6)#-0!#4)'!9'')&)!&,0!3$'9#9%4%&/5!

96&!*%&,!#!30(#4&/!%(!40#;#-0!3'*0$7!U&!*#)!),'*(!%(!W@5XY5!&,#&!

9/!+#$02644/!0:34'/%(-!4'*H"&!10.%+0)5!DMA!104#/!%:3$'.0:0(&!

%)!3'))%940!&'!&$#10!'22!40#;#-0!#(1!)*%&+,%(-!3'*0$!

+':3'(0(&)5!*,%40!:#%(&#%(%(-!&,0!)#:0!&'&#4!3'*0$7!

!72;'"'107%'"I$
'#2---273$

,0:$71273$1%<7$=+$;(.%,70828"-"1.

@

@ED

B

BED

C

L0:M41%+'23$
-$''#07$

!72;'"'107%'"I$
'#2---273$

,0:$71273$1%<7$=+$;(.%,70828"-"1.

@

@ED

B

BED

C

L0:M41%+'23$
-$''#07$

!

30-%/.#N5#G0/B%0+#<.20-1#+/,<.*@@2#

8,0!(6:90$!'2!+$%&%+#4!3#&,)!&,#&!10&0$:%(0!&,0!&#$-0&!2$0G60(+/!

.#$/!1030(1%(-!'(!&,0!:%+$'#$+,%&0+&6$0!10)%-(!+,'%+07!

E%+$'#$+,%&0+&6$0!10)%-()!&,#&!10:#(1!%(+$0#)01!3#$#4404%):!

#(1]'$!26(+&%'(#4%&/!$0G6%$0!%(+$0#)0!%(!&,0!(6:90$!'2!+$%&%+#4!

3#&,)7!V0)%-()!&,#&!$0G6%$0!10030$!3%304%(%(-5!&'!)633'$&!,%-,0$!

2$0G60(+/!'2!'30$#&%'(5!$0G6%$0!%(+$0#)0!%(!&,0!(6:90$!'2!+$%&%+#4!

3#&,)!#(1!10+$0#)0!%(!&,0!4'-%+!103&,7!8,0!%:3#+&!3$'+0))!

.#$%#&%'(!,#)!'(!&,0)0!+,'%+0)!#$0!10)+$%901!(0F&7!

80)&+,%3!:0#)6$0:0(&)!%(!I%-6$0!^!),'*!&,#&!#)!&,0!(6:90$!'2!

+$%&%+#4!3#&,)!'(!#!1%0!%(+$0#)0)5!*%&,%(H1%0!104#/!.#$%#&%'()!

#:'(-!+$%&%+#4!3#&,)!+#6)0!9'&,!:0#(!=µ)!#(1!)&#(1#$1!10.%#&%'(!

=")!'2!&,0!1%0!2$0G60(+/!1%)&$%96&%'(!&'!90+':0!):#440$7!8,%)!%)!

+'()%)&0(&!*%&,!)&#&%)&%+#4!)%:64#&%'(!$0)64&)!W?Y!%(1%+#&%(-!&,#&!

339

• Significant temperature variation:
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S-FGBB

BB - fixed

D-FGBB

BB - variable

Dynamic fine-grain body biasing 
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max T

S-FGBB

BB - fixed

D-FGBB

BB - variable

The goal of D-FGBB is to keep the body bias
optimal as temperature changes

Dynamic fine-grain body biasing 
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• Dynamically measure the delay of each BB cell

delay sampling circuit

• Delay sampling circuit:

Finding the optimal BB

15

Critical Path Replica Phase Detector

FBB

RBB

CLK

• BB for each cell is adjusted as temperature changes  

• Until optimal delay is reached
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D-FGBB environments

16

Standard Improve frequency and power

High performance Maximize frequency

Low power Minimize leakage power

environment goal
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S-FGBB 
at Tavg 

Leakage

Standard environment

D-FGBB at Tavg 

S-FGBB finds and sets FmaxAverage conditions (Tavg)

D-FGBB saves leakage power compared 
to S-FGBB at Fmax
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D-FGBB Summary

D-FGBB is very effective at reducing WID variation:

18

• 10% higher frequency

• 40% lower leakage 
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Figure 16. Frequency versus leakage power for a batch of 200 chips at usual T and load conditions.

D-FGBB144. In the figure, the bars are normalized to NoBB.
On average, D-FGBB144 reduces the execution time by 6% over
S-FGBB144. Moreover, compared to NoBB and S-FGBB1 (not
shown in the figure), the reduction is 10%.
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Figure 17. Execution time of the applications for different FGBB
schemes.

The speedups delivered by D-FGBB come at a significant cost in
total power consumption. Increasing the frequency induces higher
dynamic power; applying the more aggressive BB voltage needed
to increase frequency induces higher leakage power. The result-
ing total power for S-FGBB and D-FGBB is shown in Figure 18.
Because of the high power cost, this mode of operation is only ap-
pealing when the highest possible performance is needed.
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Figure 18. Total power of the chips for different FGBB schemes.

7.4. Low Power: D-FGBB Reduces Leakage
Finally, we consider an environment where we do not attempt to

improve the original frequency of the chip with the S-FGBB cali-
bration step of Section 4.2. Instead, we take each chip in the batch
in turn, identify the frequency at which it runs, and then apply D-
FGBB (or S-FGBB) to save leakage. Our goal is to save as much
leakage as possible. We call this environment low power mode.

7.4.1. Constant Frequency
First, we look at the case when the frequency of the chip does

not change. The result is shown in Figure 16. In Figure 16(a), we
repeat the frequency-leakage scatter plot of Figure 10(a), this time
at usual T and load conditions. As a result, the leakage power is
significantly lower than in the worst case presented in Figure 10(a).
Then, Figures 16(b)-(e) show the result of applying S-FGBB or D-
FGBB with different numbers of cells, to reduce leakage at constant
frequency.
Comparing Chart (a) to (b)-(c), we see that, if we apply S-

FGBB, the chips move to the left, therefore saving leakage. More-
over, Charts (d)-(e) show that D-FGBB reduces the leakage of the
chips even further. The higher the number of cells per chip is, the
higher the leakage reduction is.
Figure 19 extends these experiments to all the BB environments.

Figure 19(a) shows the average leakage power of the chips normal-
ized to NoBB. The figure shows that both S-FGBB and D-FGBB
save substantial leakage, especially as the number of cells per chip
increases. However, D-FGBB is much more effective. D-FGBB
reduces the leakage by 10–51% compared to S-FGBB, and by 12–
69% compared to NoBB. Even with only 16 cells per chip, D-FGBB
saves substantial leakage.
Figure 19(b) shows the total power consumption for the differ-

ent FGBB schemes, DVS, and D-FGBB+DVS. The savings induced
by D-FGBB are still large. Specifically, D-FGBB reduces the to-
tal power consumption by 6–19% relative to S-FGBB. When com-
bined with DVS, D-FGBB+DVS reduces total power consumption
by 15–36% compared to S-FGBB. DVS alone is not very effective.
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Figure 19. Leakage (a) and total power (b) of the chips for
different FGBB schemes at constant frequency.

7.4.2. Dynamic Voltage and Frequency Scaling (DVFS)
Since many processors today use DVFS to save power, we

would like to examine how the effectiveness of D-FGBB changes as
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Figure 16. Frequency versus leakage power for a batch of 200 chips at usual T and load conditions.

D-FGBB144. In the figure, the bars are normalized to NoBB.
On average, D-FGBB144 reduces the execution time by 6% over
S-FGBB144. Moreover, compared to NoBB and S-FGBB1 (not
shown in the figure), the reduction is 10%.
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Figure 17. Execution time of the applications for different FGBB
schemes.

The speedups delivered by D-FGBB come at a significant cost in
total power consumption. Increasing the frequency induces higher
dynamic power; applying the more aggressive BB voltage needed
to increase frequency induces higher leakage power. The result-
ing total power for S-FGBB and D-FGBB is shown in Figure 18.
Because of the high power cost, this mode of operation is only ap-
pealing when the highest possible performance is needed.
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Figure 18. Total power of the chips for different FGBB schemes.

7.4. Low Power: D-FGBB Reduces Leakage
Finally, we consider an environment where we do not attempt to

improve the original frequency of the chip with the S-FGBB cali-
bration step of Section 4.2. Instead, we take each chip in the batch
in turn, identify the frequency at which it runs, and then apply D-
FGBB (or S-FGBB) to save leakage. Our goal is to save as much
leakage as possible. We call this environment low power mode.

7.4.1. Constant Frequency
First, we look at the case when the frequency of the chip does

not change. The result is shown in Figure 16. In Figure 16(a), we
repeat the frequency-leakage scatter plot of Figure 10(a), this time
at usual T and load conditions. As a result, the leakage power is
significantly lower than in the worst case presented in Figure 10(a).
Then, Figures 16(b)-(e) show the result of applying S-FGBB or D-
FGBB with different numbers of cells, to reduce leakage at constant
frequency.
Comparing Chart (a) to (b)-(c), we see that, if we apply S-

FGBB, the chips move to the left, therefore saving leakage. More-
over, Charts (d)-(e) show that D-FGBB reduces the leakage of the
chips even further. The higher the number of cells per chip is, the
higher the leakage reduction is.
Figure 19 extends these experiments to all the BB environments.

Figure 19(a) shows the average leakage power of the chips normal-
ized to NoBB. The figure shows that both S-FGBB and D-FGBB
save substantial leakage, especially as the number of cells per chip
increases. However, D-FGBB is much more effective. D-FGBB
reduces the leakage by 10–51% compared to S-FGBB, and by 12–
69% compared to NoBB. Even with only 16 cells per chip, D-FGBB
saves substantial leakage.
Figure 19(b) shows the total power consumption for the differ-

ent FGBB schemes, DVS, and D-FGBB+DVS. The savings induced
by D-FGBB are still large. Specifically, D-FGBB reduces the to-
tal power consumption by 6–19% relative to S-FGBB. When com-
bined with DVS, D-FGBB+DVS reduces total power consumption
by 15–36% compared to S-FGBB. DVS alone is not very effective.
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Figure 19. Leakage (a) and total power (b) of the chips for
different FGBB schemes at constant frequency.

7.4.2. Dynamic Voltage and Frequency Scaling (DVFS)
Since many processors today use DVFS to save power, we

would like to examine how the effectiveness of D-FGBB changes as
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Figure 16. Frequency versus leakage power for a batch of 200 chips at usual T and load conditions.

D-FGBB144. In the figure, the bars are normalized to NoBB.
On average, D-FGBB144 reduces the execution time by 6% over
S-FGBB144. Moreover, compared to NoBB and S-FGBB1 (not
shown in the figure), the reduction is 10%.
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Figure 17. Execution time of the applications for different FGBB
schemes.

The speedups delivered by D-FGBB come at a significant cost in
total power consumption. Increasing the frequency induces higher
dynamic power; applying the more aggressive BB voltage needed
to increase frequency induces higher leakage power. The result-
ing total power for S-FGBB and D-FGBB is shown in Figure 18.
Because of the high power cost, this mode of operation is only ap-
pealing when the highest possible performance is needed.
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Figure 18. Total power of the chips for different FGBB schemes.

7.4. Low Power: D-FGBB Reduces Leakage
Finally, we consider an environment where we do not attempt to

improve the original frequency of the chip with the S-FGBB cali-
bration step of Section 4.2. Instead, we take each chip in the batch
in turn, identify the frequency at which it runs, and then apply D-
FGBB (or S-FGBB) to save leakage. Our goal is to save as much
leakage as possible. We call this environment low power mode.

7.4.1. Constant Frequency
First, we look at the case when the frequency of the chip does

not change. The result is shown in Figure 16. In Figure 16(a), we
repeat the frequency-leakage scatter plot of Figure 10(a), this time
at usual T and load conditions. As a result, the leakage power is
significantly lower than in the worst case presented in Figure 10(a).
Then, Figures 16(b)-(e) show the result of applying S-FGBB or D-
FGBB with different numbers of cells, to reduce leakage at constant
frequency.
Comparing Chart (a) to (b)-(c), we see that, if we apply S-

FGBB, the chips move to the left, therefore saving leakage. More-
over, Charts (d)-(e) show that D-FGBB reduces the leakage of the
chips even further. The higher the number of cells per chip is, the
higher the leakage reduction is.
Figure 19 extends these experiments to all the BB environments.

Figure 19(a) shows the average leakage power of the chips normal-
ized to NoBB. The figure shows that both S-FGBB and D-FGBB
save substantial leakage, especially as the number of cells per chip
increases. However, D-FGBB is much more effective. D-FGBB
reduces the leakage by 10–51% compared to S-FGBB, and by 12–
69% compared to NoBB. Even with only 16 cells per chip, D-FGBB
saves substantial leakage.
Figure 19(b) shows the total power consumption for the differ-

ent FGBB schemes, DVS, and D-FGBB+DVS. The savings induced
by D-FGBB are still large. Specifically, D-FGBB reduces the to-
tal power consumption by 6–19% relative to S-FGBB. When com-
bined with DVS, D-FGBB+DVS reduces total power consumption
by 15–36% compared to S-FGBB. DVS alone is not very effective.
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Figure 19. Leakage (a) and total power (b) of the chips for
different FGBB schemes at constant frequency.

7.4.2. Dynamic Voltage and Frequency Scaling (DVFS)
Since many processors today use DVFS to save power, we

would like to examine how the effectiveness of D-FGBB changes as

D-FGBB

leakage power
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Outline
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• Dynamic fine-grain body biasing 

• Two solutions:

• Variation aware scheduling and power management 
[ISCA’08] 

• Evaluation

• Future work

Circuits

Microarchitecture

Runtime system

Circuits

Microarchitecture

Runtime system

variation reduction

variation tolerance
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Motivation

• Large CMPs will have significant core-to-core variation 

• We model a 20-core CMP, 32nm
C1 C2 C3 C4 C5

C6 C7 C8 C9 C10

C11 C12 C13 C14 C15

C16 C17 C18 C19 C20

L2 Cache

L2 Cache

C1 C2 C3 C4 C5

C6 C7 C8 C9 C10

C11 C12 C13 C14 C15

C16 C17 C18 C19 C20

L2 Cache

L2 Cache

C2

C20

Total 
power

40%

Leakage 
power

2X

Frequency

30%vs.

fastest

slowest

Design-identical cores will have 
significantly different properties
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• 15% average frequency increase

How can we exploit this variation?

21

• Heterogeneous system

• Variation-aware scheduling 

• Variation-aware power management

C1 C2 C3 C4 C5

C6 C7 C8 C9 C10

C11 C12 C13 C14 C15

C16 C17 C18 C19 C20

L2 Cache

L2 Cache

• Current CMPs run at the frequency of the slowest core

C1 C2 C3 C4 C5

C6 C7 C8 C9 C10

C11 C12 C13 C14 C15

C16 C17 C18 C19 C20

L2 Cache

L2 Cache

C1 C2 C3 C4 C5

C6 C7 C8 C9 C10

C11 C12 C13 C14 C15

C16 C17 C18 C19 C20

L2 Cache

L2 Cache

• We can run each core at the maximum 
frequency it can achieve

C1 C2 C3 C4 C5

C6 C7 C8 C9 C10

C11 C12 C13 C14 C15

C16 C17 C18 C19 C20

L2 Cache

L2 Cache

C1 C2 C3 C4 C5

C6 C7 C8 C9 C10

C11 C12 C13 C14 C15

C16 C17 C18 C19 C20

L2 Cache

L2 Cache
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C1 C2 C3 C4 C5

C6 C7 C8 C9 C10

C11 C12 C13 C14 C15

C16 C17 C18 C19 C20

L2 Cache

L2 Cache

C1 C2 C3 C4 C5

C6 C7 C8 C9 C10

C11 C12 C13 C14 C15

C16 C17 C18 C19 C20

L2 Cache

L2 Cache

Variation-aware scheduling

• Variation in core frequency and power

• Application behavior

• dynamic power consumption

• instructions per cycle (IPC)

22

• System goals:

• reduce power 

• improve performance

Applications
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C1 C2 C3 C4 C5

C6 C7 C8 C9 C10

C11 C12 C13 C14 C15

C16 C17 C18 C19 C20

L2 Cache

L2 Cache

C1 C2 C3 C4 C5

C6 C7 C8 C9 C10

C11 C12 C13 C14 C15

C16 C17 C18 C19 C20

L2 Cache

L2 Cache

Variation-aware scheduling

23

Variation-aware scheduling algorithms:

 Assign applications with high dynamic power 
to low power cores (VarPower)

• Reduce power:

 Assign high IPC applications to high 
frequency cores (VarPerf) 

• Improve performance:

High IPC

Low IPC
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Variation-aware power management

• Dynamic voltage and frequency scaling (DVFS)

• Core-level control over voltage and frequency

• The challenge:

• Find optimal (V,F) for each core

• Variation makes the problem more difficult

C1 C2 C3 C4 C5

C6 C7 C8 C9 C10

C11 C12 C13 C14 C15

C16 C17 C18 C19 C20

L2 Cache

L2 Cache

C1 C2 C3 C4 C5

C6 C7 C8 C9 C10

C11 C12 C13 C14 C15

C16 C17 C18 C19 C20

L2 Cache

L2 Cache

V,F V,F V,F V,F V,F

V,F V,F V,F V,F V,F

V,F V,F V,F V,F V,F

V,F V,F V,F V,F V,F
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Optimization problem

26

Given a mapping of threads to 
cores (VarPerf):

C1 C2 C3 C4 C5

C6 C7 C8 C9 C10

C11 C12 C13 C14 C15

C16 C17 C18 C19 C20

L2 Cache

L2 Cache

C1 C2 C3 C4 C5

C6 C7 C8 C9 C10

C11 C12 C13 C14 C15

C16 C17 C18 C19 C20

L2 Cache

L2 Cache

FIND!

V,F

V,F V,F V,F V,F V,F

V,F V,F V,F V,F V,F

V,F V,F V,F V,F V,F

V,F V,F V,F V,F V,F

V,F V,F V,F V,F V,F

V,F V,F V,F V,F V,F

V,F V,F V,F V,F V,F

V,F V,F V,F V,F V,F

best (Vi,Fi) of each core

• Goal: maximize system throughput (MIPS)

• Constraint: keep total power below budget

50W 75W 100W
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Optimization problem

26

Given a mapping of threads to 
cores (VarPerf):

C1 C2 C3 C4 C5

C6 C7 C8 C9 C10

C11 C12 C13 C14 C15

C16 C17 C18 C19 C20

L2 Cache

L2 Cache

C1 C2 C3 C4 C5

C6 C7 C8 C9 C10

C11 C12 C13 C14 C15

C16 C17 C18 C19 C20

L2 Cache

L2 Cache

FIND!

V,F

V,F V,F V,F V,F V,F

V,F V,F V,F V,F V,F

V,F V,F V,F V,F V,F

V,F V,F V,F V,F V,F

V,F V,F V,F V,F V,F

V,F V,F V,F V,F V,F

V,F V,F V,F V,F V,F

V,F V,F V,F V,F V,F

best (Vi,Fi) of each core

• Goal: maximize system throughput (MIPS)

• Constraint: keep total power below budget

?

50W 75W 100W
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• Simulated annealing (SAnn)

• not practical at runtime

• Linear programming (LinOpt)

• simpler, faster

• requires some approximations

• Exhaustive search: too expensive

Possible solutions

27

FIND?LinOpt
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LinOpt problem definition

• Linear programming:

• Maximize objective function: f(x1,...,xn), with x1,...,xn independent

• Subject to constraints such as: g(x1,...,xn) < C

• f,g are linear functions

• Variables: voltages V1,...,Vn for all cores

• Objective function: maximize throughput

• Throughput (MIPS) = Frequency X IPC = f(V1,...,Vn)

•  Constraint: keep power under Ptarget

• Power = g(V)

28
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C1 C2 C3 C4 C5

C6 C7 C8 C9 C10

C11 C12 C13 C14 C15

C16 C17 C18 C19 C20

L2 Cache

L2 Cache

• LinOpt works together with the OS scheduler

• OS scheduler maps applications to cores (e.g. VarPerf)

• LinOpt then finds (V,F) settings for each core

29

LinOpt implementation

• on a spare core

• LinOpt uses profile information as input

PMU

• Power management unit (PMU)

•  LinOpt runs periodically as a system process

• on-chip microcontroller (Foxton) 
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LinOpt implementation

Post-manufacturing profiling

Each core: frequency, static power

Dynamic profiling

Each app: dynamic power, IPC

LinOpt

Power
target

Goal

LinOpt

10ms Time

OS scheduling interval

V,F V,F V,F V,F V,F

V,F V,F V,F V,F V,F

V,F V,F V,F V,F V,F

V,F V,F V,F V,F V,F

V,F V,F V,F V,F V,F

V,F V,F V,F V,F V,F

V,F V,F V,F V,F V,F

V,F V,F V,F V,F V,F

best (Vi,Fi) of each core
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Outline

31

• Dynamic fine-grain body biasing 

• Two solutions:

• Variation aware scheduling and power management 

• Evaluation

• Future work

Circuits

Microarchitecture

Runtime system

Circuits

Microarchitecture

Runtime system

variation reduction

variation tolerance
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Evaluation infrastructure

• Process variation model - VARIUS [IEEE TSM’08]

• Monte Carlo simulations for 200 chips

• SESC - cycle accurate microarchitectural simulator 

• HotLeakage, SPICE model - leakage power

• Hotspot - temperature estimation

• Mix of SPECint and SPECfp benchmarks

32
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Dynamic fine-grain body biasing

33

• 4-core CMP

• 45nm technology, 4GHz

• We evaluate FGBB at different granularities 
(1-144 cells)

(c) FGBB64

L2 Cache

DCache

Bpred
FPReg
FPAdd
FPMul

DTB
ITB
LdSTQ
IntExec

IntRegFPMap
IntMap IntQFPQ

(a) CMP with a detailed processor (b) FGBB16 (d) FGBB144
ICache

Figure 9. CMP floor-plan used (a) and the partitioning of one processor and its share of the bus into BB cells (b–d). Chart (b) shows
the five critical path replicas in one cell.

stantially reduces the power consumed at Fcal. Specifically, after
the manufacturer has set the BB voltages for each cell at Fcal, he
proceeds as follows. The supply voltage is reduced in small steps.
At each step, our D-FGBB circuit of Figure 6 recomputes the BB
values, and the total power in the chip is also measured. When
the voltage drops so much that Fcal can barely be met, the process
stops. Then, we select the combination of supply voltage and BB
values that consumes the least power. If the processor has multiple
DVS domains (e.g., one for the core and one for the L2), this al-
gorithm is first run reducing the voltage of one domain only. Once
the best configuration is found, the configuration is used to run the
algorithm reducing the voltage of another domain, and so on.

5. Selecting the BB Cells
Microarchitectural structure plays an important role in deciding

how to partition the chip into BB cells. There are advantages to
using BB cells with shapes that follow the contour of microarchi-
tectural modules such as caches, registers, or execution units. We
suggest two main reasons for this, namely variations in T and dif-
ferences in the types of critical paths in different modules.
5.1. Temperature Effects
Equations (1) and (2) show that T significantly affects transistor

leakage and gate delay. At high T, transistors become vastly leakier
and gates slower. As a result, the BB voltage applied can be better
targeted if T does not vary much within a cell. It is well known
that the spatial T profile in a chip under load follows the layout of
microarchitectural modules. For example, the execution unit is hot
while the L2 cache is cold. Consequently, we propose organizing
the chip into cells that follow the contours of groups of hot and
groups of cold microarchitectural modules.

5.2. Critical Paths in Logic and Memories
Different microarchitectural modules have different types of

critical paths. This is most obvious when comparing logic blocks
such as functional units to memory structures such as the L1 cache
or TLB. In the former, a critical path contains many, physically
close gates and a modest amount of wire — e.g., 8-16 FO4-
equivalent gates in high-end processors connected by short wires.
In contrast, the critical path in memory structures has a few, physi-
cally separated transistors and much more wire — e.g., the path that
stretches from a driver through a word line, a pass transistor, a bit
line, and then to a sense amplifier.
From a Vth variation point of view, these two critical paths differ

dramatically. The transistors in a logic path are many and physi-

cally close. Their large number enables a better averaging of ran-
dom Vth variations, while physical proximity makes them subject
to the same systematic Vth variation. On the other hand, the transis-
tors in the memory path are few and distant from each other. Fewer
transistors means less averaging of random Vth variations, while
farther distances implies better averaging of systematic Vth varia-
tions. Since these two types of critical paths are affected differently
by a given BB voltage, we separate logic and memory structures
into different BB cells.

6. Evaluation Methodology
6.1. Processor Chip Architecture
We use detailed simulations using the SESC [34] cycle-accurate

simulator to evaluate a chip multiprocessor (CMP) with four high-
performance processors at 45nm. The processor is based on the
Alpha 21364, and has a 64KB L1 I-cache, a 64KB L1 D-cache, and
a 2MB L2 cache. We estimate a nominal frequency of 4GHz with
a supply voltage of 1V. We generate the processor layout from the
Alpha 21364 chip floor-plan, without the router and I/O pads, and
with an L2 cache as in [37]. We use constant scaling to scale the
dimensions to 45nm. Finally, we put four such units on a chip, and
interconnect them with a wide snoopy bus. The resulting 8MB L2
cache is shared by all the cores. The resulting 132 mm2 chip is
shown in Figure 9(a).

6.2. Power and Temperature Model
To estimate power, we scale the results given by popular tools

using technology projections from ITRS [18]. Specifically, we use
SESC augmented with dynamic power models from Wattch [4] to
estimate dynamic power at a reference technology and frequency.
In addition, we use HotLeakage [48] to estimate leakage power at
the same reference technology. Then, we obtain ITRS’s scaling
projections for the per-transistor dynamic power-delay product, and
for the per-transistor static power. With these two factors, given that
we keep the number of transistors constant as we scale, we estimate
the dynamic and leakage power for the scaled technology and the
frequency relative to the reference values.
We use HotSpot [37] to estimate the on-chip T profile. To do

so, we use the iterative approach of Su et al. [40]: the T is esti-
mated based on the current total power; the leakage power is esti-
mated based on the current T; and the leakage power is added to the
dynamic power. This is repeated until convergence. In our exper-
iments, the maximum temperatures reached in the chip are in the
95-100 oC range.
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Figure 9. CMP floor-plan used (a) and the partitioning of one processor and its share of the bus into BB cells (b–d). Chart (b) shows
the five critical path replicas in one cell.

stantially reduces the power consumed at Fcal. Specifically, after
the manufacturer has set the BB voltages for each cell at Fcal, he
proceeds as follows. The supply voltage is reduced in small steps.
At each step, our D-FGBB circuit of Figure 6 recomputes the BB
values, and the total power in the chip is also measured. When
the voltage drops so much that Fcal can barely be met, the process
stops. Then, we select the combination of supply voltage and BB
values that consumes the least power. If the processor has multiple
DVS domains (e.g., one for the core and one for the L2), this al-
gorithm is first run reducing the voltage of one domain only. Once
the best configuration is found, the configuration is used to run the
algorithm reducing the voltage of another domain, and so on.

5. Selecting the BB Cells
Microarchitectural structure plays an important role in deciding

how to partition the chip into BB cells. There are advantages to
using BB cells with shapes that follow the contour of microarchi-
tectural modules such as caches, registers, or execution units. We
suggest two main reasons for this, namely variations in T and dif-
ferences in the types of critical paths in different modules.
5.1. Temperature Effects
Equations (1) and (2) show that T significantly affects transistor

leakage and gate delay. At high T, transistors become vastly leakier
and gates slower. As a result, the BB voltage applied can be better
targeted if T does not vary much within a cell. It is well known
that the spatial T profile in a chip under load follows the layout of
microarchitectural modules. For example, the execution unit is hot
while the L2 cache is cold. Consequently, we propose organizing
the chip into cells that follow the contours of groups of hot and
groups of cold microarchitectural modules.

5.2. Critical Paths in Logic and Memories
Different microarchitectural modules have different types of

critical paths. This is most obvious when comparing logic blocks
such as functional units to memory structures such as the L1 cache
or TLB. In the former, a critical path contains many, physically
close gates and a modest amount of wire — e.g., 8-16 FO4-
equivalent gates in high-end processors connected by short wires.
In contrast, the critical path in memory structures has a few, physi-
cally separated transistors and much more wire — e.g., the path that
stretches from a driver through a word line, a pass transistor, a bit
line, and then to a sense amplifier.
From a Vth variation point of view, these two critical paths differ

dramatically. The transistors in a logic path are many and physi-

cally close. Their large number enables a better averaging of ran-
dom Vth variations, while physical proximity makes them subject
to the same systematic Vth variation. On the other hand, the transis-
tors in the memory path are few and distant from each other. Fewer
transistors means less averaging of random Vth variations, while
farther distances implies better averaging of systematic Vth varia-
tions. Since these two types of critical paths are affected differently
by a given BB voltage, we separate logic and memory structures
into different BB cells.

6. Evaluation Methodology
6.1. Processor Chip Architecture
We use detailed simulations using the SESC [34] cycle-accurate

simulator to evaluate a chip multiprocessor (CMP) with four high-
performance processors at 45nm. The processor is based on the
Alpha 21364, and has a 64KB L1 I-cache, a 64KB L1 D-cache, and
a 2MB L2 cache. We estimate a nominal frequency of 4GHz with
a supply voltage of 1V. We generate the processor layout from the
Alpha 21364 chip floor-plan, without the router and I/O pads, and
with an L2 cache as in [37]. We use constant scaling to scale the
dimensions to 45nm. Finally, we put four such units on a chip, and
interconnect them with a wide snoopy bus. The resulting 8MB L2
cache is shared by all the cores. The resulting 132 mm2 chip is
shown in Figure 9(a).

6.2. Power and Temperature Model
To estimate power, we scale the results given by popular tools

using technology projections from ITRS [18]. Specifically, we use
SESC augmented with dynamic power models from Wattch [4] to
estimate dynamic power at a reference technology and frequency.
In addition, we use HotLeakage [48] to estimate leakage power at
the same reference technology. Then, we obtain ITRS’s scaling
projections for the per-transistor dynamic power-delay product, and
for the per-transistor static power. With these two factors, given that
we keep the number of transistors constant as we scale, we estimate
the dynamic and leakage power for the scaled technology and the
frequency relative to the reference values.
We use HotSpot [37] to estimate the on-chip T profile. To do

so, we use the iterative approach of Su et al. [40]: the T is esti-
mated based on the current total power; the leakage power is esti-
mated based on the current T; and the leakage power is added to the
dynamic power. This is repeated until convergence. In our exper-
iments, the maximum temperatures reached in the chip are in the
95-100 oC range.
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Figure 9. CMP floor-plan used (a) and the partitioning of one processor and its share of the bus into BB cells (b–d). Chart (b) shows
the five critical path replicas in one cell.
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DVS domains (e.g., one for the core and one for the L2), this al-
gorithm is first run reducing the voltage of one domain only. Once
the best configuration is found, the configuration is used to run the
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5.1. Temperature Effects
Equations (1) and (2) show that T significantly affects transistor

leakage and gate delay. At high T, transistors become vastly leakier
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In contrast, the critical path in memory structures has a few, physi-
cally separated transistors and much more wire — e.g., the path that
stretches from a driver through a word line, a pass transistor, a bit
line, and then to a sense amplifier.
From a Vth variation point of view, these two critical paths differ

dramatically. The transistors in a logic path are many and physi-

cally close. Their large number enables a better averaging of ran-
dom Vth variations, while physical proximity makes them subject
to the same systematic Vth variation. On the other hand, the transis-
tors in the memory path are few and distant from each other. Fewer
transistors means less averaging of random Vth variations, while
farther distances implies better averaging of systematic Vth varia-
tions. Since these two types of critical paths are affected differently
by a given BB voltage, we separate logic and memory structures
into different BB cells.

6. Evaluation Methodology
6.1. Processor Chip Architecture
We use detailed simulations using the SESC [34] cycle-accurate

simulator to evaluate a chip multiprocessor (CMP) with four high-
performance processors at 45nm. The processor is based on the
Alpha 21364, and has a 64KB L1 I-cache, a 64KB L1 D-cache, and
a 2MB L2 cache. We estimate a nominal frequency of 4GHz with
a supply voltage of 1V. We generate the processor layout from the
Alpha 21364 chip floor-plan, without the router and I/O pads, and
with an L2 cache as in [37]. We use constant scaling to scale the
dimensions to 45nm. Finally, we put four such units on a chip, and
interconnect them with a wide snoopy bus. The resulting 8MB L2
cache is shared by all the cores. The resulting 132 mm2 chip is
shown in Figure 9(a).

6.2. Power and Temperature Model
To estimate power, we scale the results given by popular tools

using technology projections from ITRS [18]. Specifically, we use
SESC augmented with dynamic power models from Wattch [4] to
estimate dynamic power at a reference technology and frequency.
In addition, we use HotLeakage [48] to estimate leakage power at
the same reference technology. Then, we obtain ITRS’s scaling
projections for the per-transistor dynamic power-delay product, and
for the per-transistor static power. With these two factors, given that
we keep the number of transistors constant as we scale, we estimate
the dynamic and leakage power for the scaled technology and the
frequency relative to the reference values.
We use HotSpot [37] to estimate the on-chip T profile. To do

so, we use the iterative approach of Su et al. [40]: the T is esti-
mated based on the current total power; the leakage power is esti-
mated based on the current T; and the leakage power is added to the
dynamic power. This is repeated until convergence. In our exper-
iments, the maximum temperatures reached in the chip are in the
95-100 oC range.
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Other environments

35

• D-FGBB Low Power - 10-50% leakage reduction 
compared to S-FGBB

• D-FGBB High Performance: 7-10% frequency increase 
compared to S-FGBB
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Variation-aware scheduling and power 
management

• 20-core CMP

• 32nm technology, 4GHz

36

C1 C2 C3 C4 C5

C6 C7 C8 C9 C10

C11 C12 C13 C14 C15

C16 C17 C18 C19 C20

L2 Cache

L2 Cache

• Multiprogrammed workload: 1-20 applications 

•  from a pool of SPECint and SPECfp benchmarks
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Power management schemes

Foxton+: baseline

VarPerf+LinOpt: proposed scheme

VarPerf+SAnn: approximate upper bound

37

Goal: - maximize throughput 

Constraint: - keep power below budget (75W)

Pbudget = 50W
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To sum up...
How much of the performance/power have we recovered? 
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Outline

40

• Dynamic fine-grain body biasing 

• Two solutions:

• Variation aware scheduling and power management 

• Evaluation

• Future work
Intel 80-core Polaris
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Future work

• Semiconductor roadmaps predict:

• 11nm - 128 billion transistor chips

• Hundreds of cores on a die

• Reliability problems will get worse

41
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• some cores will fail immediately

• others over time
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Future work 

Integrated approach to system reliability

42

Circuits

Microarchitecture

Operating system

Compiler

Software

environment sensing

detection, correction

migration, adaptation

application hardening
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Future work 

Integrated approach to system reliability
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Integrated solutions - key to tackling the 
daunting reliability challenges of future 

systems.
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Other work
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• Prototype of a processor with fast, software controlled 
checkpointing and rollback, in FPGA [FCCM’05][WCED’05]
[BUGS’05][Micro Magazine’06]

• Hardware implementation of a data race detection algorithm 
[HPCA’07]

• Log-based architectures for lightweight monitoring of production 
code [ASID’06] 

Hardware support for on-line software debugging
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