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y BRTIEHITS5 29720200009k 1ELTHIHE
y KE/BIN/FPETEIIYRT—ILORT LOAFEMNETE-EE T

y» TOYRT— )L AT LANDIERE
» EEMDE—ITIHY RS —)LHPLOETIZIZ1BARELEFET S
» BADE—20MWTIIHIZIF10EENEAIER ENKHE
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Top Ten Exascale Research Challenges poe2014)

1. Energy efficiency: Creating more energy-efficient
circuit, power, and cooling technologies

» Top Ten Exascale

2. Interconnect technology: Increasing the performance [
and energy efficiency of data movement

J:) Research Challenges

3. Memory Technology: ...

B

Scalable System Software: Developing scalable
system software that is power- and resilience-aware

Programming systems: ...
Data management: ...
Exascale Algorithms: ...

Algorithms for discovery, design, and decision: ...

@ ENERGY oo s o

© o N o O

Resilience and correctness: ...
10.Scientific productivity: ...

CEN-ATFERNBEERELLTETOA TS
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» EEEEETEMDEEE AN R
» TR AT LIZBITAENHEDEMRE
» BEN-EB IR
» Dark-siliconfl@E& T Aty H DA TN - B I REBAT
y AEYDEE AL
y AA—AXRD 3R YNT—ODEE N
y VRATLYITRDITLANILTOE FHIEHE

» SRR
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» Top100R/\a> DLinpackEBEELHE T

» Top100~R

5 NhE

» 20MW TExaFlopsZEIRIZIZ15/ZEDE

" TRLBAIEMNRIUVA/ATY: 3186MFlops/Watt

N ER LD BE

1000 300mw!

Top100@ June 2013 )

&”' 15X@%52l75‘274’7g—(
s 100 /,x B A E
s 10 * o .
E A’Q *ﬁ ’¢”’ H—T WA
o .23 } > i 20MW
1 & ’¢/
L
0 P g
2
0.1
1.0E+05 1.0E+06 1.0E+07 1.0E+08 1.0E+09
Rmax (Gflops)
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DATLULANIILDE NGV IERE(MFlops/Watt)

» Top10 R/ D MFlops/\Watt
y 2BE(1T7AERHR)THEEE2EDA L
» SRIIBENNERLER—XFIETLEFTEINTINS

2300 _ BlueGene or GPU
¢
2000 ¢ ‘%
/ | ST Xeon Phi
£ /
% 1500 7
e ,/
© 7 *
= 1000 7
* ¥ ¢ o ¢ o
500 _——f ¢ ¢ $ ¢ o
—r! ®
s & $ ¢ 3 3 3 s ¢
$ ‘ $ ¢ ¢
0 © N © N © N © N © N ©
SISTFSEITISLF S
S § &§ & &§ g5 & g & 5 &
v v v v aY] v Y, v oY, Y] 2V,
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WHEDVATLDEEENDRAG

» BlueGene/QM EEEINDNE B [Wallance2013]

Ol Link Chip Core
B HSS Network
B0 e /b BGQ®environment database\
B L TH=
» 7Rty H+SRAMDE 5: 65%
» DRAME 73 : §J14%
» 2RI —OFEH:£921% /
Fig. 10. Pie chart showing relative percentages of total power usage

consumed by each of the 7 power domains. Intense network activity largely
contributing to optics percentage.

» BlueGene CH 7Oty -a7LINNDEEE HITKE=LY
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» ATFVTT—EBBOENIRMIFHELYELEL
» SRITAEOAVA—aARIEDENRIBNEE
» TABBEIASY I T HEII(BRTEDER)VEEIC

Intra-node/SMP Inter-node/MPI
e Communication Communication
c
2
1000
S
S— On-chip / CMP
S 100 communication
[+ 1]
-g ——now
@ 10 -#-2018
&
a
1 | .
q L3 ‘Q .\\q &
o & oo o qﬁx\ &é"
i s
&t E & G‘o“k ﬂ\P & ‘;}4‘?“‘9
4 Hi#: [Stevens09]
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20 MW =50 MW 100 MW Acquisition Cost
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Years of operation
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BB TE=5HITTIEAL
» GHBEENZE1/212LTH, 70V S LETEEA2EIZEN X
HETHAIRILE—IEXFEL !
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/oz:switching activity \
C :load capacitance

p = aCV2f+ Vlleak V :supply voltage

f :clock frequency

lieqk - l€eakage current
. HBBHEEIRTIOIE.. /
1. RSO RADEFRRERERDHIR

el — st VDD
. BRIREDIER
. BIRETE DK 150 >1 Q=CV

2
; —
4. FEREDIKR _|
5

=L BROEIR r s
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|| — 5
J—HE R

JOAHRDE

' ARTHRNTLEIE
HIBATAZXDHHIEA R
BIZEHEDLMEXR

(Leakage Current)
QFEM’EH#I 3] A

A

Gate

/SOU rce

Drain \

L4
e.'

Hi88: [Kim2003]

100 300
Gate length ==
? Lgate
| g -~ | 250
E 1 = Dynamic
‘@ i power
n /4_ < n i 3 200
- 5 !
L sub v § ! Possible trajectory
L. a2 00 l‘ if high-k dielectrics | 150
Y gidl = Sub- 1 reach mainstream
g threshold a1
kS leakage \‘ 100
"=
Body = 0.0001 .
: ) S 8 50
Lsub. Subthreshold S-D .Ieakage oo
g,d, Gate-Induced-Drain Leakage (GIDL) Ty leakage :
L e: Gate oxide leakage 1990 1995 2000 2005 2010 2015 2020
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y Aty

» (BEFEHEMTOEER) DVFS. Power-gating. Clock-gating

» IRTHEEHM. FInFET, 544 —k, FDSOI, SOTB, ---
» Low (Near-Threshold) Voltage Computing

y A=—a71t.SIMDIEYL K. 7OtoL—2DshEpI 5
» FAEFEEEREOF A
y AEL

y FEFRMEAT)DFAH
y ARA—aARYk

y 3R FTIERE AT (Hybrid Memory Cube. Wide I/0O, HBM)
y BMEE—FRGIEN() MBI IREDRT—1)29)
» Silicon Photonics

y» DRATLIINIDLT ORTLLRNILEATR—I AR

» Power-Capping. Bh e F&HEILT ST ILIVXLIZATSY
» BATRZZIDT /HIEA 2T —ADIR S
» Hardware Overprovisioning
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Dynamic Voltage Frequency Scaling

» Dynamic Voltage Frequency Scaling (DVFS)

y BIEBEE(VOVIBRR)ESRELTESS
» BRICRBAHBIEE . AREBRUNAEEERNL R VI DEEE S

— BRI IED o KYEFTLEANEHEIRILE—ENRL

» BREEZ12ICTIT 256 (RIREE1/2)D 5

P oc Vdd?f + Vddleax
E oc Vdd*f T +Vddljea T
Power

j Power

A

/p’ cc ($Vdd) 4( 5 ) +(3 Vdd) ljeax
oc 1 Vda*f + 1 Vadl jea

_~ +Vad*f T + Vddljeax T

E’ oc (4Vad) (3 ) 2T + (3Vdd)ljeax 2T

/

A
AAYFT
5 \‘
\)—2
= A ~K
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KRG ) — & N ERE

» BEEBEEOZERE (SEEEEL)
»  Dual-Vth (Dual Threshold Voltage)
»  VTCMOS (Variable-Threshold-voltage CMOS)

» BRETOZE(BEREHROELFLIFEEREEIL)
»  MTCMOS (Multi-Threshold-voltage CMOS) or Power Gating
»  MSV (Multi-Supply Voltage)
» DVS (Dynamic Voltage Scaling)

»  ANT—EADETE
» IVC(Input Vector Control)

y  TINAR/TORRBE#HOME L
»  Multi-gatekZ2 P X4

y FEFRMATYDFIFF
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» Dark-siliconfll@&7T Oty NDAE N - AT R BT

4
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4
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AT LULRNILTOEHEHEDAER

» Tera-FLOPS AT LDEN = [Borkar2013]

IHTE
ecode and control e
Others + Address translations... mmp 'E%:'“'ilﬁiﬁ
» Power supply losses RRLENET
~3KW <
Disk
Exaflops@20MW

Com
10TB disk @ 3W

Mem ~20W < 5pJ com per FLOPS
0.1B/FLOP @ 20pJ per FLOPS

Compute 5pJ per FLOPS
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Energy per Compute Operation

y FEINMEEEH-VOIRILE—DRLURFHE

: 20MW CiZE Al
spabiCom  EEEEANCTE
~ pdibit DRAM

'DP RF Op

LRSS . 0. 1EFLOPS

e <— 0.13EFLOPS

e — 0.2EFLOPS
10 pJibit

— Sl < 0.4EFLOPS
2 '

it
<— 1.0EFLOPS

Energ_?' (pJ)
=

32nm 22nm 14nm 10nm nm

H 8 : [Borkar2013]
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Dark Siliconfal g $% . [Taylor2013]

y FJFEMIZTFVT EOFEEZTIVIZREBSESZENFTHIZ
y TR BIIZIEE/ BIRE#EETITTET. HANEFvya~DFAD
— Multicore R4 —1) 2 £, L% 5 (Utilization Wall)

\\|

Post-Dennard Scaling c S
e 9
Transistor S Post- ;'g A % Dark
Property Dennard g% o jéc Silicon
A Quantity s2 S? o> Utilization o
. N >
A Frequency S S Process Technology Process Technology
A Capacity 1/S 1/S 2x4 cores at 1.8GHz
A2 1/3? 1 4 cores at 1.8GHz (8cores dark)
A Power 1 S2
A Utilization -
2
(1/Power) 1 1/

65nm 32nm
Multicore Scaling MR 5}
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Dark SiliconfS1 &8 @) %t Al

» Four horsemen £%: [Taylor2012]

#1 Shrinking

\ 4
8nm

#2 Dimming

v
8nm

#3 Specialize

90nm

v
8nm

HEEN

#4 Deus Ex Machina

I/

N ~ N/

B/ EBETFYIEES -EMeEa 7 - EEREFA || -#Ees{ttoaT7EFH - IR BT EEFD
-OFVITHETZ -Near Threshold Voltage -FYTHEBLIYEIMNEE || #7734 X nanotubes
-®1/0 PadlZ R — )L L7ELY | - ZEfEIRY: Manycore, SIMD -OBEAMEKIFAATOEY| SFQ, TFET, photonics, ...

-OFEBZEDIEM

- [ #4: Intel Turbo Boost,

ARM big.LITTLE

H&U$£10-1000x HZhE

-#FEE AR Quantum,

| R4, .
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y A-—aF7TAEYHIZLEEIRILFT

y VT )L TG R

ECHWTAwyYa7E S|

» f51) GPU. Xeon Phi, PEZY-SC,

AL

DP Computational Efficiency 2300
BlueGeneorGPU — ___|
4 _ ",' )
. 2000 -
25 | BG/Q ¢
. Xeon Phi
34 [
=]
g Fermi E 1500
= 25 §. -
e . S64-VIIIfx Cvoress s VY __- Y (
e P g0 o7
E + VB A 2N N N B
G 12 Tlnteriagos, + SNB-EP ¢ ¢ 4 4 ¢ 0
a 1_Magn¥-Cours .POWER7 500 : i ‘ : i 0—0—0—: .
. |WSM-EX WSM-EP $ ’ ¢ ¢ ¢ i i ‘
]
ol | | | | | ST ST T T &I
0 0.25 05 075 1 1.25 15 1.75 é} é?)\ QO)\ 8)\ .\Q/\ '\Q/\ 'S/\ ,\'7/\ '& '& 'f\?)/\
DP GFLOPI/s per mm? S ¥~ ¥V 9~ &~V L&~ X

H 8 : [Taylor2013]
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» SIMDIEZ¥L AT A ETENHEREIERAF L

y 24O 7Oty MNSIMDIEZEEINEH A{ER) -
» e.g.) Intel SSE(128bit) — AVX(256bit) — AVX-512(512bit)

» BOVEMMREEAHT OOV I I TIRENEEIC

SPARC64 IXfxa 7% SIMDILEEL =& = i tg B8 [BK2013]
=7 ERL ma7BAL o7 REEBER%
B 49
;
&
5
4
3
2
1
0
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ANTADZFARIILFATIOEYY

» EEEESREEERNIEZEZM AL

» 451) ARM big.LITTLE7 —%T5F v
» & E8EQ7 (Coretex-A15)EEE A7 (Cortex-A7) A EHE
» BRIIIGCTARVERY 2+ /<14 L—2 3>

8nm

Workload: web browsing and background music tasks

3
" Cortex-Al5/Cortex-A7
g 25 big.LITTLE o A cortex-a1s
E o : .
g .. Over 50% Energy saving
1
e - for same performance
g 1 A
% 0.5 Cortex-A7
CCI-400 (Cache Coherent Interconnect) 0 |
I I f 0 0.5 1 1.5 2 2.5 3 3.5 4 4.5

Memary Controller System Port

Ports

HiBL: [Jeff2012]

| e
H B [ARM2013]

Relative Energy Consumed
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Low (Near-Threshold) Voltage Computing

» Near-Threshold Voltage Computing (NTV or NTC)

» BEIEEREEHELDIEETEEE
=R E
ElXmKRIZIES

*IJ m & n%L

» ARVAYY,
» ITRJLF—

e

I
»ﬁ?rﬁﬁw

Normalized delay & power

10

01 03 05 07 09 1
Voo [V]

Simulation
(fitted to measurement)

ACSI2015Fa—K')7)L (2015/1/27)

(C
b — A7 HI=YDIERE

A

i Z E1E

8nm

[FIET

A
1V V4 variation
range
=
2.8
=8
== 0.5V 5 <
t 'S
Se
>
Present Deep-volt
design

H B : [Sakurai2011]



® Mem Lkg

m Mem Dyn

m Logic Lkg
Logic Dyn

H # : [Borkar2013]
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FREEXOER (SEEEKEIL)

»  Dual-Vth(Dual Threshold Voltage)

»  VTCMOS (Variable-Threshold-voltage CMOS)

ERETNDZERE (EREHDIFLFLIFEERETLIL)

» MTCMOS (Multi-Threshold-voltage CMQS) or Power Gating

»  MSV (Multi-Supply Voltage)

» DVS(Dynamic Voltage Scaling) \

ANT—EDRE T T

» IVC (Input Vector Control) m m

F AR FOEREATORE £ 1 -
»  Multi-gateb52 2R % Signal o ee _[>o_||1

TEHRMEAT) DR \ w )
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#lFLE Power-Gating H i

» Power-Gating|ZE9 98X DEE

Spatial granularity
A
o @ : Real chip
= . .
@) ® (Atmel SAMA4L) O : Simulation
@ (Xeon, etc)
% ® (ARM cortex A9)
bt [Vangal08]
o) ® ‘[Kann006]
@)
[HuO4,You06,Seki08]
ot O @ [lkebuchi09,
S O  kondol4] /\ (Cache-decay
[Dropsho02] Drowsy-cache) Temporal
1ns lus 1ms 1s “granularity

[Dropsho02] S. Dropsho et al., “Managing Static Leakage Energy in Microprocessor Functional Units”, Proc. MICRO, 2002.

[HuO4] Z. Hu et al., “Microarchitectural Techniques for Power Gating of Execution Units”, Proc. ISLPED, 2004.

[You06] Y.-P. You, C. Lee, and J. Lee, “Compilers for Leakage Power Reduction”, ACM TODAES, 2006.

[Seki08] N. Seki et al., “A Fine Grain Dynamic Sleep Control Scheme in MIPS R3000”, Proc. ICCD, 2008.

[Ikebuchi09] D. Ikebuchi et al., .Geyser-1: A Mips R3000 CPU core with Fine grain Runtime Power Gating,. Proc. ASSCC2009, pp.281-284, 2009.
[Kanno06] Y. Kanno et al., “Hierarchical Power Distribution with 20 Power Domains in 90-nm Low-Power Multi-CPU Processor”, ISSCC, 2006.
[Vangal08] S.R. Vangal, “An 80-Tile Sub-100-W TeraFLOPS Processor in 65-nm CMOS”, JSSC, Jan. 2008.

[kondo14] M.Kondo et al., “Design and Evaluation of Fine-Grained Power-Gating for Embedded Microprocessors”, DATE2014, March 2014.
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HAI E 7 StandbyE—F D

» Intel 80-Tile 7 Aty H DKL EE HE—NHIHE

Power Saving Wake up
All active - _

Logic off 20% Fast
Memory on

Logicand  80%
Memory off

[TRTNTTIT I TR T I I TR IRTIT]

Dynamic Chip Level

STANDBY:

« Memory retains data
« 50% less power/tile
FULL SLEEP:

* Memories fully off

« 80% less power/tile

- v bbb g
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ETHMAEPGEREELI-7 Ot yHYGeyser

» Geyser (MIPS R3000E #, 65nm CMOS7 O+ XA TERE)
y SEEB[BEAOETHPower-Gating® =&, HWIZ XA R — T i1
y BIRMEDERSIEBERZETLI /AT RY—THIEE AT 5E
-HRRI EPGO S lAE R

600 PG mHardware-PG
SUNENRRRNANNRNIERRRUNENNNEY T 0|

300
g; § 200 -
. 100
3 "¢ e
LI oS G L
— S VY, \47%']@0)})]%

= Hardware-PG = BEPsat(25C) BEPsst(55C)

HTTTIY
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A EE(FER)a7FADH 1/2

» Conservation cores (C-cores)
» TATFAT Mo EDEIRZITIZE R

Stable e -

Applications 9 1.2 @_ 1.22 1.3 b2 Versions
| Released

. _
f{. L /) l .
2.96 3.4 3.5 7 . 4.2 1 4.21" Over Time

pa \
N, \_ J Lo

Extracted [ ‘ Patchmg-ﬁwal:e Com;l:nler ‘ ] (e)
Energy-Intensive \ | | \
, L " v v

® Code Regions

S
= » =06 FH B
Zieal | &l | 5[ i=n
] il m |
|| e i [ 2 | Many-core
| > T e e Processor
] ﬂ 5 [q] \.% with C-cores

Patchable S R | P | Pl |
C-core (b} EUIEU-EU.EU.
Specifications (d)

i #8 : [Venkatesh2010]
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e EE(ER)I7FIADH 2/2

» Conservation cores (C-cores)D I JLF—5hE

H 8 : [Taylor2012]
D-cache

0% Datapath
3%

Energy
Saved
91%
RISC baseline & _jjx -2 C-cores
97 pJ/instr. & pJinstr.
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FPGA®M #,

Z<M7 \E]”Cm@ﬂ?)]@@f'&)FPGA’E?‘"A 19" 5
y Intel: T—R2t22—R]TELTXeon | ZFPGAE H -t &
» Microsoft: RN IBOTHRILD =T L —KFIZFPGAZ#H &

Microsoft Catapult

Scalable Reconfigurable Fabric

« 1 FPGA board per Server
« 48 Servers per ¥ Rack
» 6x8 Torus Network among FPGAs

Figure 1: (a) A block diagram of the FPGA board. (b) A picture |
of the manufactured board. (c) A diagram of the 1 U, half-width == ey
server that hosts the FPGA board. The air flows from the left [}’
to the right, leaving the FPGA in the exhaust of both CPUs.

ti B : [Putnam-ISCA2014] tH B2 : [Putnam-HotChips2014]
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Approximate Computing

» ZLDIGZE100% DT EREIIVETIEAEL
» EBNEE, TILFATAT . RE.EREE . T3/ =7 -
» ST IS—EHABREHFBRIHETE jJI*J'J)JﬂZ?ﬁ\EIﬁb
» REREETOFIA.ECCOER, 0L

E{E 0T 3—K (IDCT) ~DiE A5
H 8 : [Han2013]

35
e —
30 } , ;
o ! .
I i) Mominal: Energy=5T0wul (b} Nominal: Energy=137ul
= 25 | -Illlll { =— Unoptimized PSNE=11.6dB PSNE=16.5dD
o I I' —a— (1) Remapping
o [ | —a— (2) Reordering
E 20 - -4| #' —»— (3) Rescheduling
o | —+— Combined
|
15 )'{
"nmt— 7T
0 100 200 300 400 500 &00 700 80O 900
Energy (uJ) ic) TERRA: Energy=143u] (d) TERRA: Energy=98.5ul
PESNE=23].2dB PEME=28.3dB
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AEIFMTDELER 2= (alan2014,8rennan2014)

DRAM Traditional Wide Parallel Wide Parallel Chip-to-Chip

Interface Parallel Interface Interface multi-channel IF  SERDES

System Point-to-point, 7 A+tvyH EIZ 2.5DF&E/E(Silicon Point-to-Point

Interface DIMM 3RTTIEE interposer) SERDES

Interface Width 16,32,64 256,512 128/channel 4links(16-lane)

Max Bandwidth 34GBps 68GBps 256GBps 240GBps

Size 0.5-4GB 1-2GB 1-8GB/Cube 2-4GB/Cube

JEDEC Standard  Yes Yes Yes No

Application Mobile High end Graphics, HPC High end server,
Smartphone HPC

[ ) | -
1 _' xPU 'gl e e e
] L - e ."‘
3 y [ -
¥ 4
' ; .I_r..d""" 1] AP
INTERPOSER STACKING (2.5D)

H B2 : [Brennan2014] Hi B : [Black2014] Hi B8 : [Baxter2014]
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HMCZ W= AT LD EH

» SPARCG64 Xlfx

» BT EKRASHAAFELI-HPCE E#:M F7CPU
» PRIMEHPC FX1OO’\1‘A

., Number of cores 32+2
E Number of threads per core 1
T ac e [ Jo '.JCMG L2 cache capacity 24 MiB
T 1l Peak performance > 1 THops
TR Theoietical memory bandwidth 240 GB/s x 2 (infout)
Theoretical interconnect bandwidth 125 GB/s x 2 (infout)
Process technology 20 nm CMO5
Number of transistors 3.75 billion
Number of signal pins 1,001
HMC SerDes 128 lanes
Tofu2 SerDes 40 |anes
PCle Gen3 SerDes 16 lanes

tH B : [SPARC64XI1fx2014]
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AEJ(DRAMYDEEE /S

» FHEHADAEDLER
-m

SDRAM PC133 1GB 1.50 1.06 4.96 4664.97 583.12

DDR-333 1GB 2.5 2.19 2.66 5.48 2057.06 257.13 245
DDRII-667 2GB 1.8 2.88 5.34 5.18 971.51 121.44 139
DDR3-1333 2GB 1.5 3.68 10.66 5.52 517.63 64.70 52
DDR4-2667 4GB 1.2 5.50 21.34 6.60 309.34 38.67 39
HMC 4DRAM w/ Logic 1.2 9.23 128.00 11.08 86.53 10.82 13.7

H 88 [Pawlowski2011]

y HAEAELS IZ DN TDRAMMD E AZNE(pd/bit) L EhE
» DRAMED 2—)LDEEE AIFEIN{ER
ERBEOAL. NUREORE

y JEEFLURZESET HE2018FDDDRT4 /0 (DDR5)TIX
30pd/blt&%:uéh—c(4\é
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AE!)(DRAMDHEE

y BR AT /N FIE(Byte/Flop)[2E D <{DRAME

s NDHERE

100

48MW(DDR5) ' 6.AMW(IF3E D Sc 1

z 16MW (E1THMC) ~ H T CRIAEYE L IR)
= 10 ;
%-' :/ —+—30pJbit
5 : —m—10pJhbit
E 1 I 4pJ/bit
5 / l
E I\ -~

. | 0.2B/FA—4whk

0,001 0.01 0.1 1 10
Byte/Flop

» 30pJ/bitTlE0.2B/FDEIRIZ48MWE D E

» KYE

s NHWE
AT DB FEA WA

ENNZED BULIVATE):

y FeimT /02 Tlpd/bit (Fx/NT4pd/bit) &F 28 [Stevens2009]

ACSI2015Fa—K')7)L (2015/1/27)



Hybrid Memory Cube (HMC)

» DRAMZ AEODYI R A% RTIEZ

y 7Oty -HMCR. HMCE®S a— ILZSELZ )7 IV O TR

» JFEBIZ10pJ/bit A FD I RILF—4 KT Al HE

Hybrid Memory Cube (HMC)

\ Nl > 1Tb/s
|
— 1

A\
High-Speed Links

Notes: Tb/s = Terabits / second
HMC height is exaggerated

H 88 [Pawlowski2011]

Through-Silicon Vias

———————

_______

_____

_____

______

N~  (Tsv)
Host
- Host Link
Source Link Mode = 1
Host Link

Source Link Mode =0

_______
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Near Data Processing (1/2)

» HMCOB DY IL A ¥ TRYMVERETS
T—EBEDARNLATUY  BA)ZHIB s Nairo14]

Logic Base

Vault Contral Vault Control Vault Contral

Interconnect
' @ 95 $ 05
| | cortoer |
i | r b | r
Ugtu Mm&

«-'

Process Ing
Lane
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Near Data Processing (2/2)

m DGEMM
—-C=C-AxB
— 83% peak performance:
266 GF/AMC
= Hand assembled
m /7% through compiler
10 W power in 14 nm
technology

Roughly 20 GF/W at
system level
/ nm projection:

= 56 GF/W at AMC

= Roughly at target at
system level

=
g
2
A
o

AMC (Active Memory Cube)DE Hdr -4 RE

H 8- [Nair2014]

AMC Cube Power for DGEMM

amn R

14pmm 10 T
12 lanes G4 lanas 128 |anes
LBV cke 55V cke 0. 5% [Tkt

> ACSI2015F 21—k 7L (2015/1/27)

B Clkgrid

B Nest
Lanis

B Links

B ORAN



"""""'Bfré'ét'i'c'é'li{,""‘i
mimied |, AT T ACEIBEL T
> 1 FERZEERIE
T |T€ = 3 | » V=UBAEO
S 100 (B8 [E g ER<)
Q i i | e i
g | ) TouREM. EHEEL
2 Lo | ISEREATYICRER
Q : :
O L limited _ o \
< § endurance “\\'E_Storage N \§
} } i
1000000 NAND g
|“ Flash )l
.......................... | S i
10000000 - =SS $%:[Ando2012]
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J——FA a1 —F4Y

» NEDO /—=)—ATJavE a—T42 4 R B F

y DRTLELTIEEFMEP CTHOTHLEICEHEIREHERES
LN D EIBRZIEBHIERT A/ —<)—F T 12FEHT S
A Ea—T425 |

» FEFRMEATY (BEREHRLTLEEZRE) &

IND = —T 427 (BiREMIZKSIEENIL)

ek EREIRON L TR B i e
: # &t [ A g & B h g # &t B8 A
I]:> I]:> (Power Gating)
HEAE! ERMEAEY TMEFEEAT
\ TEF ) y \ Y \ Y
OY—HEHK AEANBEDRENHE ORI A | TR EE 73
OFT — 2 RFITR U FFE 75 i 1 BT

% [F472014]
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Power

AEFRMEATYDEE S S

» Pitfall GEELIY) (EERMEAT) AN ERMEATTESTRAN
(X. BT ENFHIBTES € CALEY

» POERABOIRILE—: REFMEAT!) > EFRMEATY
> FERUAE)DIERE S IR (BET) NEE

\  Power Consumption of Memory _ 10000
—> S
. Largle Energy g- 1000
Long Latency 3
i No 5 —~~FLASH
! Leakage| ¥ 100
| : =-FLASH w/ PG
b I C
1@ . ' 1 > Time : 10 - SRAM
< 2 ~~NVRAM
: Break Even Time &
Q
€ 1
- ccess Frequency (n-word access / s)
a : extra access energy . 100 | issosFrequency!

b : reduced leakage energy
c : actual reduced energy > 1K words EF31AH T BET=1sec

% [HPF2014]
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FEFRATYZHWN -7ty D4

» Bio-information sensor
(ROHM + OMRON HEALTHCARE + Kobe Univ.)

EEE AR e Sl e ttt:-l:th.L.Lh.h.hm

<1401 129pA
=
| = 1201 m Digital
£l -,,%100' = ADC
E :_; Q.
i £ 80- —AFE
g 2 60 m 3V domain
: o
| S 40
§ 20 17.2pA 13.7pA
E | | | | _
, | o O
{-,T;:‘::‘Ii*::‘:':‘;‘:ﬁ. _;r_-r":"u SERTE] ﬂ#é%irr}-—'} w/o FeERAM w/o FeERAM w/ FeRAM
6.9 mm w/o IHR w/ IHR w/ IHR

ADC, IHR : 128 sampling/sec
CMO and FeRAM : Normally-Off,

Hi B8 [Izumi2013, Nakada2015]
1 sample /sec
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AERMEATE)DHPCU AT LADEFE
» DRAMEMRAMZ FE81EIZ. FLASHZ XD wJfEi8 B
TINAANERLT-4
y RARCEBEAERYADT IR ELGDBSIHR—D UG HT X
» TR T25%DAEYRTLDEIRILT—ILZEZER

CG
40
CPUs 35 .
L1 '%:HE HOTTER PAGE j 0 /
3 F F —
= 25 .
L2 CACHE % >
COLDER PAGE = e 3 '
F? \ V g 20 =
MRAM L DRAM Y k- .
ENEEEDD, [OOOOCOOOnL. ¢ S
- - =R 20 A bt e
SWAP SW WARFWAP L -
B & ’ ] — 5 —— 128MB
|: |:| |: |: |: = 2 56MB
- ~ — — D L 1 ] L !
0 200 400 600 800 1000
. ne . ity (MB)
m;ﬂi [HOSOgayaZOOS] Installed Main Memory Capacity (MB
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BIEDEESE

» BEEICIECT-T—A3ABHICKHELIRILF—HIELX

) EFﬁli‘to)/E 75‘\ ag
BEIRILIF—IEHEIRILT—IFERT—ILLAL

BRI CT=T — 3B BO T ILF— 58 LE{E(On-die) DT L E—

Between

cabinets .o i =2=Compute Energy

=o=|nterconnect Energy

1.6X
6X

=
L2
—
-
=
e
__.q
>
E)
Q
==
L

10 100 1000
Interconnect Distance (cm) 45 32 22 14 10 7

Technology (nm)
i 88 : [Borkar-JLT2013]
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Energy Efficient Ethernet (EEE)

Single-port PCle 10/100/1000 Mb/s controller

» Rapid PHY selection (RPS)
» MO0V EICIRCTEERE
zZELTIEEAIE

» Low Power Idle (LPI)
» BIENMTHNTULEWRIC
BB BB D EIRZEA D
» RAZT DIRABLGEDT=O
TEHRIZESZ LYY
—ActiveE—R~AEEREIF

| Low power idle

(MAC plus PHY)

17

1010

e
Actie

a4 483

ERE: B
164

53

Ma limk 10 100 1000

Link speed (Mb/'s)

Source: Intel, Intel® 82573L Gigabit Ethernet Controller, 130 nm
“Idle” = no traffic
“Active” = bi-directional, line-rate traffic

=l
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EEEF| FHEFDTEEE 24 - [Miwa2013]

» EEEFIRAIZLSEE
» Ping-PongZ7’'045 5L
»  Switch: Dell

—é— Node 0 => Node 1
= = Node 1 => Node 0

120
100 -

— X
-
-

PowerConnect5548
» ImsecHFA LT IRA23—/N)L X
TRY—T 20

Response delay caused
by EEE-enabled (usec)
e I O T
= O O O

0 1 2 3 4 5
Send interval (msec)

NTRWAT ,---..15'[]I EEE-disable

4 EEE*IL H#@NPB@"EHI: 8 EEE-enable

L ememgs <400 estimated
» 16/ —FTEAT o M l
» PEREIE T IZ/NSLY 3 50 H‘I

<, L _m ...
BT CG EP FT IS LU MG SP
Benchmark programs
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Silicon Photonics

)y EITeRIEREE R
» Silicon Photonics® F| &=
=7\ FiiE : Wavelength parallelism® #| Ff

4

» EHETI RV — BEEEIZIEKRTE. 1pJ/bitZZERL TE S RIRETE
y (EOX~:CMOSTRtXTcalE
4
4

v

BFEF(TLIFO=ZIR)EDIEREE
A—SE T4 XERTOCADEEDEEZEZF

I N Metal 1 —» o I LN |

Poly Gate  Salicide Block Contacts

\q Ge
oy R
Buried Oxide

Waveguide Phase Modulator Photo-Detector Hj'ﬁ'[weICh2010]
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ELECTRONICS:

Buffer, receive and re-transmit at

ILYVMAZJRBIEEIBIEDLEER

every router.

Each bus lane routed

independently. (P =« N anes)
Off-chip BW is pin-limited and

power hungry.
RX RX R
- - RX
e A TX )Ti

H 8 : [Bergman2011]
Photonics changes the rules for Bandwidth, Energy, and Distance.

OPTICS:

= Modulate/receive high bandwidth

data stream once per
communication event.

= Broadband switch routes entire
multi-wavelength stream.

= Off-chip BW = On-chip BW for
nearly same power.

X

BEREECEERE]

RX
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Photonics D W E 14

Year Hi 8 : [Bergman2011]

1998 2000 2002 2004 2006 2008 2010 2012 2014 20le 2018 2020
Fa0

100000
@ F5B_based § —abe—pinz® (alactronic) power” - electronics
n-chip MC | == waveguides*$ power* - photonics
e00
10040
"g 500
D —
1000 - 200 E
o e ehalem [384)
E TR R 5
) AthlonB4FX (128)  power XCell (256) =
o Celaran [G4) [ | 300 5
100 - # PowerPCO70 (B8] oy
E * *  Worthwood (64)
Athlon (64}
= - 200
10 -
- 100
1 = T T T = ﬂ'
1 10 100 1000 10000

Double Precision Computation (GFLOPS)
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PhotonicsIC& &R YT —IDE NN

Hi 8 : [Bergman2011]

Example: Photonic Interconnect Design
Lightwave Interconnection Broadband Routing Architecture (LIBRA) Power Calculations

Total Power Versus Data Rate Per Wavelength Channel

\ 4
2 4

Total System Power (p.J/bit)
I

»
® * ¢ 4 4 0

0 2 4 6 8 10 12 14 16 15 20 29 24
Data Rate Per Wavelength Channel (Gh/s)
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HPCY X7 L~DF| FHl

» Optically-switched system
» Cut—through bufferlessiB{E DN E
» EREDITA—INEBRNAHE(C
» FEREICIE KA IEERE

=1 — On chip

Short distance PCB

........ == | ong distance PCB
: — Optical link

~ =
RRRES

| Conventional inter-node data-movement Fully flattened optical data-movement

H 8 : [Bergman-OFC2014]
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» HP “The Machine”

o R o ot
L& Vo Bl o B
T e
Special purpose cores Massive memory pool

» The Machine7 —%TIF ¥ D4FH
» AR ERa7RRICKEEEATE
» FERMEATR)ZEZRAWN AT T—IL(EREKANL—DDRE)
» FNinE D7 Photonics$ fi

» ACSI2015F2—RYF L (2015/1/2) 61

tH B : [HP2014]
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Silicon PhotonicsM:ikzE

» Circuit Switching®D i E 4%
» Jt@1E [Lcircuit switchingR—X
y BIE/NRFIE, BT YT DIEE

y A—5E)T+«
y IKIR—FLLED SO RM@IEIXFHE TIEAL

» Wavelength parallelismTIEA&+ 2 Hi 8 - [Borkar2013]
10 a _
y BETOEX 100% Link

utilization

» REXAEDR EHRMTOMEIL
y 7 IREETY—ILEDHEELND

=
NEDEE

Laser

)
£
E
>
-
D
c
(11]

o R B = O = R = - |

» L—H—DOIRILE

1% 10% 20%

Laser efficiency
Source: PETE Study group
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B N R— A Nl
» IOV RT—)LTIEEATR—IAVIDEE
y» IN—KOTT /IR OTT7TDENEER

» FERER. FVATLEBRTOZHMAVEE F1H|{H
» Power-capping®+,&TMDOver-provisioningt 8 2
= R TIEE
» BIHBRKRDMNTIVEAL)YEZRIVY
BHEAUNA BT —RE@ADVATLINERLDDHSD
e.g.) BlueGene/P. BlueGene/Q. Intel Sandy Bridge (RAPL)
» BOMEELLZRE(CTHT7ILTVRLIZAT )
» BAFIEHA 27— ADIZEEAL
» 55 77l

4

/7 DBEYEET) VT EaxaBE b il 1
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TEDCPUDEANEE-FIEHDA2T7—R
» DVFS: (FEAEDCPUTY OV REIIRE(EIE)E L E A e
» LiInux®DA227x—R
CPUFreq: &CPUD BB ZERTET HIL—LT—Y
(/sys/devices/system/cpu/cpu<n>/cpufreq/ LA F TiE L DE&KE)
governor: VAV IR ERZRETT HFDEMEE—FRE

ondemand  BfIIIGCTRAFHUIVEZ (CPUBRINIS%TUIVEZ)
performance BRIIIHIDHLT RAKE R TEIE

conservative  EfTIZIGCTRIREBUIVE Z (CPURTRIN70%TUIYEZ)
powersave  BRIIIHIDHLT HIERE R TEIE

userspace A—NEFEHEIETE

» Power CaptésE

» Intel Xeon Sandy Bridge: Running Average Power Limit (RAPL)
» AMD Bulldozer Opteron: Power Cap Manager
» IBM POWERG+: Active Energy Manager
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ROGHA slEA~5Iz—AOH:RAPL

» RAPL (Running Average Power Limit)/>227xz—X

» Intel Sandy Bridge¥ /707 —XTIF v KVEE
4
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4

s NDEGPENLREKE
KA BIZEHAZEEHA
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RAPLICEKBAEBHE=ZRY T DH w2013

y ANJ—LTHERTOTS LA
» 167 (MPIES), BeFlH 4 X: 2KB~2GB

_ 2KB 8KB 256KB 32MB 128MB
Data size : ~ 4KB ~ 128KB ~ 16MB ~64MB ~ 512MB
— WattsUp
1 PPO
1 Uncore

1 91 101 151 201 251 301 351 Elapsed Time [s]
»  RAPLESMVERE HEH(WattsUp) DHEE HER IFIEFEICR—H
» AEYTFTORAFEEDEWVZLYBEENINKRESKELS
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IBM Systems Director Active Energy Manager

BladeCenters by Average AC Power

4
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» IBM Loadleveler Energy Aware Scheduling
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» SLURM Workload Manager RN
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[Auweter2013] A. Auweter et al., “A case study of energy aware scheduling on
SuperMUC”, ISC’'14, LNCS vol.8488, pp.394—-409, 2014.

» [BRE%ITIZLoadlLevelerCCPUREKR BN HEEL HEE HET1E
» 70%DaT%2.3GHzTEIE. xEBE#TEYaT%
»

== =

KT
[Sarood2014] O. Sarood et al., “Maximizing Throughput of Over-provisioned HPC

[ZEERB6% DB IR1E
Data Centers under a Strict Power Budget”, SC’14, pp.807-818, Nov. 2014.
y DAaTDENMREETILEE NHIFIIZEDE,

» Moldable and malleable 37 %{xE
>

e I Al

ETUadELBHEIYAETEREIL
[Etinsk2012] M. Etinski et al., “Parallel job scheduling for power constrained hpc

systems”, J. of Parallel Computing, Vol.38 Issue 12, pp.615-630, Dec. 2012.
b

» Fai—FLRMZEO-1EREZCPURIKRMEIC T Al &BELCPUZEIITEIC
ENFHTOTTOMERERAAIT D=HDENL

=JL ==
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[Geogiou2014] Y. Georgiou et al., “Energy Accounting and Control with SLURM
Resource and Job Management System”, ICDCN2014, LNCS Vol.8314, pp.96-118,
Jan. 2014.

» SLURMIZRLTHEIRILEF—T AWV T40 7 ERIRBHIHEICKSHE T REReE
=W

ACSI2015Fa—K')7)L (2015/1/27)



» B—N\EEY—ILEEUYEFIA

[ ZBH9 HHFZE (1/2)

» [Das2008] R. Das et al, “Autonomic Multi-Agent Management of Power and
Performance in Data Centers”, AAMAS 2008, pp.107-114, May 2008.

» T—UIUM—ADFETEARRICERZB-IEBTYH—/N\—DERET Y

when C' < 17, power on one server;
when 17 < C' < 34, power on 2 servers;
when 34 < (' < 57, power on 3 servers;
when C' > 57, power on 1 server

where C' is the numb
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* *
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1500 | :
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er of clients tH 82 : [Das2013]

3 Servers

> ACSI2015F 21—k 7L (2015/1/27)



F—RtUANEHEEICET HHE (2/2)

» [Urgaonkar2013] R. Urgaonkar et al., “Optimal power cost management using
stored energy in data centers”, SIGMETRICS "1, pp.221-232, 2011.

» EENIRFOBRICUPSIZEEFv—
» BEATIRMECUPSHS—IE HE 44

» [Chen2010] Y. Chen et al. “Integrated management of application performance,
power and cooling in data centers”, NOMS2010, pp.615-622, 2010.

» I—HA—FEITHRCE U TENEAHENERY ST
» T—HE—FDIATL—Sar, H— AT EE

» [Leverich2009] J. Leverich et al., “Power Management of Datacenter Workloads
Using Per-Core Power Gating”, Computer Architecture Letters, Vol.8, Issue 2,
pp.48-51, 2009.
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» RRIEBAEHOENHIE/ D
Tt —: Intel RAPL. NVIDIA SMI. Smart PDUs. IPMI...
& N&IfE/J : RAPL. CPUfreq. X&) 7RyrT 5% . Low Power Idle.
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Sandia Power APIO A2 —X

» Actor&e AT LBDAATT—R
» LTDI0M AT —REEE

HPCS Manager->Resource Manager
User->Resource Manager
User->Monitor & Control
Administrator->Monitor & Control
Accounting->Monitor & Control
Application->0S

Resource Manager->0S
Monitor & Control->Hardware
OS->Hardware

vV VvV VvV VvV V9V V9V VvV VvV Vv v

Resource Manager->Monitor & Contrc.

Use CaseZ AT 5.1
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» UTO7HT3) AR %%  [PowerAPI2014]
» Initialization

» Hierarchy Navigation

Hierarchy navigation for the objects
» Group

Same operation on multiple objects
» Attribute

Get/set for the attributes

Metadata
Statistics

Version
Version of the specification supported by the implementation

vV VvV Vv
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Sandia Power APIDAPI®D — &R

» PWR_GetEnergyByUser() £% :[PowerAPI2014]

int PWR_GetEnergyByUser( const char* userId,
double® walue
PWR_StatTimes+ statTimes );
Argumenti(s) Input Description
and/or
Output
const char# userld Input The user Id that the energy value will be col-
lected for.
double* value Output Pointer to a double that will contain the en-
ergy value.
PWR_StatTimes# Input/Output | The user specified window for the energy
statTimes value (start and stop times must be speci-
fied).

» PWR_ODbjAttrGetValue()

int PWR_ODbjAttrGetValue( PWR_0Obj object,
FWR_AttrName attr,
woid® buf,
PWR_Time#* ta);

Argumenti(s) Input Description

and/or

Output
PWR_Obj object Input The object that the user is acting on
PWR_AttrName attr Input The attribute the user wishes to access (get),

see the PWR_AttrName type definition in sec-
tion[3.4]
void* buf Cutput The user provided void pointer to the stor-

> ACSI2015F 21—k 7L (2015/1/27) 78




Hardware Over-Provisioning & X7 L

EHEIFLLEDN—FHTT7ES AT LI
 BRAFHENNBAHGEER 5 LEHE

y ETHAVKR—RUNNTILICENMET AT EIE7ALY
— R RANEIGICER D T A ETEERER L

v
mill

BNARERILR—
\
- o ANETREEN
NES 77
A :E_j(_q:—eﬂsg,j] 75\ EE._j] ﬂ%llﬁ;’géhﬁ
m——— Té;r‘:’EE‘F’ei
. e Power Cappingl|Z
Over J:U%?)J%'Ej]’éﬂ%ﬂ
] Provisioning | :%"J U‘Fl:ﬂﬂﬂ%ﬂ
CPU - K /
|
Base
mANER 7IVATTB mAXBR 77UA T7TYB
B AR5 Over-Provisioned =X 74
79

ACSI2015F 21—k 7L (2015/1/27)



CPU-MemoryD & N Bd 5 EE TR D BE %

» CPUBNEAR BB D . KLV /—F-HZEELT:
=] == 3 = 4=
20 . /
Avg. time per step 5xp, 8]
of LULESH . (5xp,.18)
16t N (12x F'E 8) |
’%‘“ . (12x pE,H]]l
@ (12 x P. 18)
£ 121 20xp_.8) |
§ , . (20x P, 10)
> - (20xp_,18)
ﬂL} 8t + F',: H
4 ’ 2 i i
| | . o .. | HEL:[Sarood2013]
0 400 800 1200 1600 2000 2400
__________________ Total power (W)
> ACSI2015F 21—k 7L (2015/1/27) 80



==
=2}

IR0

CPU- %

(. naive:CPUt)‘:E')O)E*%@Eﬁ\

. fastest: {X BN/ \OTINED

DHETENENE
| BRLETEY

J

90

100

NEC T EERFGR(1/2) ws (Em2013)

MHDD & +EJx—X— HA BB uC HD mE

‘ﬂ( fastest
YV naive

110

120

130

_RAnAVzobacPU-ZRIGARRAMMIGW

140

81

ACSI2015F 21—k )7L (2015/1/27)



CPU-AEEINDENEHEERFFR(2/2)  ws (zm2013

» naivelZx I 5B NN xBEFIZLbRERL

®mnaive mfastest(static) mfastest(dynamic)

2.5
A2 15
5 DREEMR L

EE R ELE

140 130 120 110 100 90
BN TYNW]

P> SSHIREIFRMEtE 7 Fl= (2013/10/23) 82



J0twyHY-rybJ)—IRB0OE S E

» Energy Efficient Ethernet (EEE)
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