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The Pipeline Timing Margin Problem
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The Pipeline Timing Margin Problem

pipeline stage: CMOS circuit’s work

clock cycle: timing margin
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The Pipeline Timing Margin Problem

> Typical run-time scenario: voltage
stressmark
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The Pipeline Timing Margin Problem
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The Pipeline Timing Margin Problem

> Typical run-time scenario: mild real ge
workload smark

"

1%@ b years’

~50°C usage

other
A

4

.{.h‘.



-.\'

<l

'l.‘l;— :..\
74

The Pipeline Timing Margin Problem

> Typical run-time scenario: mild real ge
workload smark

"

1&(@ 0 rs’
g9

~3 YIS

other
A

~50°C

4



‘u'\

-\\.

S
Al
.

e\

The Pipeline Timing Margin Problem

> Typical run-time scenario:
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The Pipeline Timing Margin Problem

> Typical run-time scenario: really used
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Active Timing Margin: Dynamically Provide Just Enough Margin
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Active Timing Margin (ATM)
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Active Timing Margin (ATM)

Runs Anything!
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Active Timing Margin (ATM) — A Free Meal

Runs Anything!
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Problems of

—xisting ATMs - (Has to) Ignore Variation
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=Xisting ATMs -

as to) lgnore Variation
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—xecutive Summary

» Fine-tune core-level ATM to automatically expose
iNnter-core performance variation



Experimental Setup: IBMR Eight-core POWER7 + x 2
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Experimental Setup: IBMR Eight-core POWER7 + x 2

e
: 5 e
l.wll:

HIESTIEN I T R U, RN NN [

SEEEE  Temsi

]
o —

F
.‘vv-
kY
-

Mo wtrwtion

s

A0

I" =

-
]
.
-
. : -
R
. -

- - : ¢
g : -
) Sr.
L -~ =4 '» -
soo, miE s s e .
s 0 i;'. 4 | IS
- o - . 3

JERSTECASAC=RE = -&k;:
e o e R
R ¢ e L ANDe ) &
e A DR €

A S A

, .';5,'{“,- Ry
TN T Bt b 4 e -~

TR

.Av: Hid

=}

Ao’-'.: r‘}- L ;—

~ra et . S X 3

o | s T )Q 3 =
- - L! k FoD g SRS —
o ‘J . L7 ' - | g
\ $ ! -l - -.-'-!- .‘:
= oy R F p—
= -t v e

R et ".-"" =

e e e e e |
e i et
— e TR e v WU -
e e s =5 :
sSteLitesists e 5
SLIiiiLl = =2 ) e 2
; : BOHE R o =
ST l; 1 g s {jg&f oy -
e : - e —
1 ] -
SLLELEL L Lot T 2 =2
~— Hit
 MAEaal ! ,P‘- ot oy
s - : s
Sh MEREAn o 3 : =
4 - - )' s < > A
: : ) ! ! 5
SLLELitL = : ;f.-.: i = 2 :
= - BB o sl i : S50 B :
- 1 - ; S - f ~ i { i EE)
LLLLERL e B i B ,,3: ! i fomoare | - B [ T
. - = SR L. R i 3 - fy e W RS e [ IREERRED
SRR E R 3 , i ; o . - — = e o — == :f;!:.’::.-l:‘.'....
: o : EE=  SEE EEEFEE S S ) 0 3

R R OR R LR e R e e N S e e E e N E R R

P RINDL P i e M

—



=xpose Gore-level Performance with A

core O

core 2

core 3

-------------------------
-
“

timing margin [«
sSensor

.+ |adaptive clock
N generator

11



=xpose Gore-level Performance with A

core O

core 2

core 3

-------------------------
-
“

timing magin |
Sensor

.+ |adaptive clock
N generator

11



=xpose Gore-level Performance with A

core O

core 2

core 3

-------------------------
-
“

core-level |
speed

.+ |adaptive clock
N generator

11



—Xpose Core-level

core O

core 2

core 3

,!‘-':'_—_— \
A I

- :::-“"‘Z:-;-:ZJ

_-r

core-level
speed

adaptive clock
generator

Performance with ATM

e TH E E E E E EEEE DD D D& EEEE ===
-="

programmable
offset
A4
N timing
E converter

11



—Xpose Core-level

core O

core 2

core 3

,!.-':':_— \
; ’//‘.'II 4_: ‘\\

- :::I“'C::-:ZJ

_-r

core-level
speed

adaptive clock
generator

Performance with ATM

"- ----------------------
-
"

programmable
offset
N timing
E converter

11



—Xpose Core-level Performance with ATM

preset measurement offset
to hide process variation

nRREEEELEELEEEEEEEREE P -
: core-level | programmable
core O | speed | E offset
“‘ : l ‘\{:‘
core?2 | |core3 || ! |adaptiveclock| [i% timing
o generator N converter

- :::I“'C::-:ZJ



Preset Timing Margin Measurement Offset

22
©
0p)
d=
O 18
S
N
C
D
)
I= 14
)
Q)
>
2 10
S
|_

9

O 4 8 12 16 20 24 28 32 306 40 44 48 52 56 60
— Sensor ID

—— T -;J

12



Preset Timing Margin Measurement Offset

22
= fast core
O
0p)
d=
O 18
o
0p)
(-
O
N
= 14
O
qv]
=
2 10
s
|_

o)

O 4 8 12 16 20 24 28 32 36 40 44 48 52 56 60
pay Sensor 1D

."-' '-.'\ /i '.".‘
L) 1 2



Preset Timing Margin Measurement Offset

22
fast core
18

14

10

Timing Margin Sensor Offset

slow cores

O 4 8 12 16 20 24 28 32 306 40 44 48 52 56 60

pan Sensor D "



Preset Timing Margin Measurement Offset

22
fast core

18

14
wide variation

10

Timing Margin Sensor Offset

slow cores

O 4 8 12 16 20 24 28 32 306 40 44 48 52 56 60

yan Sensor D

- :::-“*‘Z:-;-:ZJ

12



)
Iv‘//"_'ll- i NN

. :::-“*‘Z:-;-:ZJ

Preset Timing Margin Measurement Offset

22
fast core

18

14

expose variation
10

Timing Margin Sensor Offset

remove the offset to

4

& slow cores
O

O 4 8 12 16 20 24 28 32 306 40 44 48 52 56 60

Sensor ID

12



le-

Frequency (MHZz)

A
o
3 »«3‘-‘\\

/4N . 24N,
LN )

Program Timing Margin Sensor to Fine-tune
Core-level Performance

°300 ® POC3 4 POC5 @ P1C3 < P1C6
5200

5100

5000 &

4800

4600
o 1 2 3 4 5 o6 7 8 9 10

Reducing Sensor Offset By #

11

12

13



le-

Frequency (MHZz)

A
o'
-.»«}‘,-‘\\
i W Y
L)

Program Timing Margin Sensor to Fine-tune
Core-level Performance

5300
5200
5100
5000 >

4900 /y

4800
unn‘orm frequency

& POC3 = POC5 @ P1C3 < P1C6

4700

4600

c 1 2 3 4 5 6 v 8 9 10
Reducing Sensor Offset By #

11

12

13



le-

Frequency (MHZz)

A
o

s :’_l“\\\
i "N\ .-‘7 R X
L)

Program Timing Margin Sensor to Fine-tune
Core-level Performance

°300 ® POC3 4 POC5 @ P1C3 < P1C6
5200 |
5100 system fails beyond =
5000 >
4900 /,’
4800 /
4700
unn‘orm frequency

4600

c 1 2 3 4 5 6 v 8 9 10
Reducing Sensor Offset By #

11

12

13



Core-to-core Sensor Configuration variation

12

—
o

Sensor Measurement Limit
(Reduce Offset By #)

o 1 2 3 4 5 o v 8 9 10 11 12 13 14 15
Core ID

Il
I
N

R
Al
7

14



Core-to-core Sensor Configuration variation

12

—
o

Sensor Measurement Limit
(Reduce Offset By #)

c 1 2 3 4 5 o v 8 9 10 11 12 13 14 15

(N Core ID

14



Running applications:

Rollback from System |dle Limits

x264 i

exchange2 |
ferret i
perlbench I
xalancbmk [}

xz
facesim |

gcc
bodytrack
deepsjeng
leela
fregqmine
barnes
streamcluster
fluidanimate
fft
blackscholes

P1C6

4.0

1.6

0.8

0.0

15



Running applications:

Rollback from System |dle Limits

X264
exchange2

facesim

gcc

bodytrack
deepsjeng
leela
fregqmine
barnes
streamcluster
fluidanimate
fft

blackscholes

]
ferret i

perlbench I
xalancbmk [}

xz

P1C6

4.0

rollback magnitude

1.6

0.8

0.0

15



Running applications: Rollback from System |dle Limits

4.0

x264 I
exchange2 NI O
ferret T T
perlbench BN [ ]
xalancomk [l 1
xz BN
facesim | 8

omnetpp

gcc
bodytrack |
deepsjeng
leela
fregqmine
barnes
streamcluster
fluidanimate
fft
blackscholes

1.6

0.8

0.0

- “_:_\.
o

P1C6
POC3

P1C4
POC6
P1C1
POC5
P1C5
POC1
P1CO
POC4
POCO
P1C3
POC2
POC7
P1C2
P1C7



Running applications:

Rollback from System |dle Limits

less stressful workloads

e\
et

Il
74
f

[

Oy
A
\ 7

\4

x264 IS T
exchange2 NI O
ferret T T
perlbench BRI [ ]
xalancomk [l 1
xz BN

facesim | 8

omnetpp

gcc
bodytrack
deepsjeng
leela
fregqmine
barnes
streamcluster
fluidanimate
fft
blackscholes

P1C6
POC3
P1C4
POC6
P1C1
POC5
P1C5
POC1
P1CO
POC4
POCO
P1C3
POC2
POC7
P1C2
P1C7

4.0

3.2

2.4

1.6

0.8

0.0

15



Running applications: Rollback from System |dle Limits

x264 IS T
exchange2 NI O
ferret T T
perlbench BRI [ ]
xalancomk [l 1
xz BN
facesim [ B

omnetpp

gcc
bodytrack
deepsjeng
leela
fregqmine
barnes
streamcluster
fluidanimate
fft

v blackscholes

less stressful workloads
o
D
O
-
)

more robust cores

=
\/.

A

Q
P1C6
POC3
P1C4
POC6
P1C1
POC5
P1C5
POC1
P1CO
POC4
POCO
P1C3
POC2
POC7
P1C2
P1C7

if
..?/
i
I

4.0

3.2

2.4

1.6

0.8

0.0

15



Fine-tuning Active Timing Margin

Py
! kY
N
T A
L)

> Option 1: predict ATM config for each <App, Core>

Evaluation Reason

complexity

improvemnt

16



Fine-tuning Active Timing Margin

> Option 1: predict ATM config for each <App, Core>

Evaluation Reason

complexity high

improvemnt

Py
! kY
N
T A
L)



Fine-tuning Active Timing Margin

A
N
™ —j‘,-‘\}\
(A

> Option 1: predict ATM config for each <App, Core>

Evaluation Reason

complexity

high

di/dt effect, input data,
Instruction coverage, etc.

improvemnt

16



Fine-tuning Active Timing Margin

A
N
™ —j‘,-‘\}\
(A

> Option 1: predict ATM config for each <App, Core>

Evaluation Reason

complexity

high

di/dt effect, input data,
Instruction coverage, etc.

improvemnt

low

16



Fine-tuning Active Timing Margin

A
N
™ —j‘,-‘\}\
(A

> Option 1: predict ATM config for each <App, Core>

Evaluation Reason

. . di/dt effect, input data,
complexity high . .
INnstruction coverage, etc.
improvemnt low ~50 MHz average increase

16



Fine-tuning Active Timing Margin

Py
! kY
N
T A
L)

xOption 1. predict ATM config for each <App, Core>

Evaluation Reason

. . di/dt effect, input data,
complexity high . .
INnstruction coverage, etc.
improvemnt low ~50 MHz average increase

16



Fine-tuning Active Timing Margin

A
N
™ —j‘,-‘\}\
(A

XOption 1. predict ATM config for each <App, Core>

Evaluation Reason

. . di/dt effect, input data,
complexity high . .
INnstruction coverage, etc.
improvemnt low ~50 MHz average increase

JOption 2. apply one configuration for all apps

16



Fine-tuning at Test-time

D Set timing margin sensor offset with core-level stress test

L3
A3
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
-

~

per-core stress test

~
~
A2

core O

core 2 corel3d | |

“
E = = == == = = = = = = = &= = &= &= = = &= = = =N = = = &= = = = = = = =

-
-=-

: :::I°~Z:-:-:2J



Fine-tuning at Test-time

D Set timing margin sensor offset with core-level stress test

.‘.",::- \
/a0 ‘.‘_-'\\

: :::I°~Z:-;-:3J

core O

core 2

core 3

~

~

A2

~

g

A
)
E I = = == = = = = = = = &= = &= = &= &= = = = = = &= = = = = = = =

‘4

-
-=-

per-core stress test

di/dt effect
stressmark

temperature
stressmark

power
stressmark

ISA test suite
(random input)

17



Fine-tuning at Test-time

D Set timing margin sensor offset with core-level stress test

.‘.",::- \
/a0 ‘.‘_-'\\

: :::I°~Z:-;-:3J

core O

core 2

core 3

~

~

A2

~

g

A
)
E I = = == = = = = = = = &= = &= = &= &= = = = = = &= = = = = = = =

‘4

-
-=-

per-core stress test

di/dt effect
stressmark

temperature
stressmark

power
stressmark

ISA test suite
(random input)

optionally: add some margin

17



5100
5000
4900
4800
4700
4600

Fine-tuning ATM to Expose Variation

(zHIN) Aousnbald

/O0kd
901d
¢Old
vOld
cOld
¢Old
1O Ld
001ld
200d
900d
¢O0d
00d
c00d
¢O0d
1 00d
000d

18



Fine-tuning ATM to Expose Variation

5100

>200 MHz inter-core

4900 d 0 e b [ bl ] L] ], e

4800 |1 |+ | /0% S (N U O [ VOO i O O OSSN SO [ SV OO OO S USSR

Frequency (MHZz)

4700 B R U B RS [ RN IR (O ) AU R A RS [ RN IR (O ) AU R A

4600

POCO
POCH
POC2
POC3
POC4
POCS5
POCOE
POC7
P1CO
P1CA
P1C2
P1C3
P1C4
P1C5
P1C6
P1C7



Fine-tuning ATM to Expose Variation

5100
N >200 MHz inter-core

5000 ............................. processvariaﬂon .....................................................................................................................................................
N
T
Z 4900 B R U Y I B e O I s TEEEE [ O e U PPPUTRUPPPPRY [ PR
%)
&
CDT 4800 | |- ) /% 5 R O OO (OO (el O O U [ OO O OO ) S NS O ) S
@ I
LL

4700 1 |1 | R ~200 MHz improvement from | |

removing the margin left
1 [ ]

POCO
POCH
POC2
POC3
POC4
POC5
POC6
POC7
P1CO
P1C
P1C2
P1C3
P1C4
P1C5
P1C6
P1C7 |«



--

SAFE DEPOSIT

TVAULTS

.
-—

“Bank Run™ on Active Timing Margin

—
Laggu

r

.“.
L
L&
R:
| F%)
-
-t

N. !
AL “

e
v

UNIO

o -
- -
. - .
: ke
. > N
o .
’ =




—xecutive Summary

p EXpose chip-wide performance variation caused by
heterogenous workload intensity
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Adaptive Guardband Scheduling to Improve System-Level
Efficiency of the POWER7+

Yazhou Zu', Charles R. Lefurgy?, Jingwen Leng', Matthew Halpern',
Michael S. Floydz?, Vijay Janapa Reddi!

' The University of Texas at Austin
{yazhou.zu, jingwen, matthalp}@utexas.edu, vj@ece.utexas.edu

2 1BM
{lefurgy, mfloyd}@us.ibm.com

The traditional guardbanding approach to ensure
processor reliability is becoming obsolete because it

alwavs over-provisions voltage and wastes a lot of
energy.  As a next-generation alternative, adaptive
cuardbanding dynamically adjusts chip clock frequency
and voltage based on timing margin measured at
runtime. Wilth adaptive guardbanding, voltage
eguardband is only provided when nceded, thereby
promising significant energy efficiency improvement.

In this paper, we provide the first full-system
analysis of adaptive guardbanding’s implications using

Categories and Subject Descriptors

B.8 [Hardware|: Performance and Reliability:
[Processor Architectures|: General

C.1.0

Keywords

operating margin: di/dt effect:
efficiency; scheduling

voltage drop; energy
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—xecutive Summary

» Propose application management to demonstrate
>10% predictable performance gain
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» Latency, not frequency, matters for cloud workloads
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» Latency, not frequency, matters for cloud workloads
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» Latency, not frequency, matters for cloud workloads

» Improve foreground critical workload performance controllably
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static margin

Performance Improvement

E default active, unmanaged
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Performance Improvement

> Unmanaged DC voltage drop from co-runner apps

static margin E2 default active, unmanaged
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Performance Improvement

> Unmanaged DC voltage drop from co-runner apps
> 6.1% average performance increase.

static margin E2 default active, unmanaged
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Performance Improvement
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Performance Improvement

> Schedule to slow cores, with high power co-runner
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Performance Improvement

> Schedule to slow cores, with high power co-runner

> 10.2% average performance increase

fine-tuned active, unmanaged
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Performance Improvement

> Schedule to slow cores, with high power co-runner

> 10.2% average performance increase
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Performance Improvement
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Performance Improvement

-states

> Schedule to fast cores, and throttle co-runners to low p
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Performance Improvement

-states

> Schedule to fast cores, and throttle co-runners to low p

> 15.2% average performance increase.
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> Schedule to fast cores, and control co-
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Performance Improvement

runners’ power

> Schedule to fast cores, and control co-
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Active Management of Timing Guardband to Save Energy
in POWER7
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the core is idle. Both NMOS and PMOS body bias generators are
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in a single power-management unit and a global per-core throttling signal was
sent to the targeted units for instruction throttling. In this design, each CPM still
sends its output to the per-core power-management unit, but is also involved in
a local loop. The local loop only uses a single CPM and a local copy of the power-
management logic; it uses a process similar to an original loop, but with different
filter, threshold, and slope parameters. Each local loop throttles a single unit in
the core, but has a much faster response time. The local throttling signals are
merged appropriately with the full core throttling loop signals to avoid excessive
throttling.

The third new technique is to use CPM information from neighboring cores.
Measurements of the previous generation modules revealed that power supply
noise generated in one core propagates to neighboring cores approximately 5ns
later [4]. CPM droop information can be sent to neighboring cores faster than
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