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Energy Saving and Carbon Reduction
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Computing Systems
I High-Performance Computers

+ Supercomputer
» Tianhe-2 (Milkyway-2)
» AlphaGo

+ Data Center

I Embedded Systems
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High-Performance Computers (1/3)

—
I Tianhe-2 (Milkyway-2)
e 16,000 & & & 2L > & & BLfe 3
» & g Xeon E5 124% w env & g B
» = B Xeon Phi 57+ 613 e i d2 B
o Intel Xeon E5-2692v2 12 ¥ & pJ2 B
p T IEREER 5 2.2GHzZ
» & £ F Ivy Bridgesc 2 ¢
» 22% o WAz
o FH iR ¥
» 33.86PFLOPS (g %% &) -~ 54.9PFLOPS (5% &)
. PFLOPS : Peta Floating-Point Operations Per Second
e Bfj- F (10°) = iniFBLiE §
o AP F

b 17.6MW (545 56 $08 4 5aps 5 24MW)
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High-Performance Computers (2/3)

B —

I AlphaGo
e 1200 CPUs » — = & T 1004 4 #
o A1HE kiH d DeepMind = 2 B F
b S RERA SRR E R Bk iR

ﬁ Google DeepMind

\0+ AlphaGo
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High-Performance Computers (3/3)

e — —
F loT (Internet of Things) + Big Data (2 4:8 &)
o 20207 £ F ~ B A FMHBAIT P ST L RBOFTHE
. -i:“i'kﬁﬂi%‘iﬁ“&ZOZOﬁ L ‘T\j_r:b'i“l’:’ﬁ/@im ("j; Cb
SH) 0 A HES P BATR S FEWT S SR
o Google ~ T B ~ %3 ~ ity 2 A AT HY <

F Google Data Center (201 3)
. Google ExE - x5 Lo BEE
o E XX LHA né’i’rGoogIe’iii ‘@i:&%
o T32- BGoogledr=w ¥ fvw 22— F)
o TF PIIRENEE G AR E-FF 5
o M EHY X BAMI AL ¥ HHEAF &R PR A
o GoogleF#® w2012 2L £ F 284 K * T £ 1.5%
o G A TR S E A PR (F R RATE)
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Big Data at Big Companies

Bi g Data at Bi g ( Companies by Estimated Number of Servers

1,400,000
1,000,000+

Google processes 3.5 hillion requests per ¢
amount of data storage. It is estimated that Go
big data companies in the world given thei
functions. In 2009, Google was prepari

exabyte of data. It is estimated t facebook Hundreds of thousands
now storing over 10 exabytes

1,000,000+

3 380,000
Facebook collects @ E 150,000
500 tel'rabytes of data A" 127,000
daty, ncuding 2.5 Dillion Google
_— TR 100,000+
pieces of content, 2.7 billion WL
aesrana 300 million =€~ —
o png sioms Microsoft
and video as of 2012. | =. 4
< | ]
L & GoDaddy 70,000+ = | —
[121] ::-: —————
Microsoft has been somewhat fuzz 70,000+ ) —
numbers as well. While CEO Steve Ballme - [|===
that the company operated more than one mi 54,011 -
only go so far as to say that Hotmail, their ema
Outlook.com, stored hundreds of petabytes of data i 40,000

36,000
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Google Data Center (1/2)

\‘k \

E Google Data Center, Oregon
+ Cost of large data centers solely determined by power bill ...
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Google Data Center (2/2)
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Intel Core i7 (1/2)

B e —
Newest Manufacturing Technology Delivers
3rd Generation Intel® Core™ Processor:

c2znm Process

E y TR = s e
L rﬂ_ﬁl .'.!""Jhi ﬁéﬂystem
# Core = Core H{ lAgent&

G B3 | Memory
i Lontroller

b Processor

Gr hic tE 5 ,_ =EE : : : : Including | =
kst B - | [DL, Display | =
| . 2 o Misc. 10D 5

=

Shared L3 Cachor= | NN |
Hﬂ 'ﬂ“ E.. oy g m— J' “ﬂ =
{ Reeal il Bl Badlad Bl

Memory Controller 1/0

New architecture with shared cache delivering more performance and
energy efficiency

Quad Core die with Intel® HD Graphics 4000 shown above

Transistor count: 1.4Billion Die size: 160mm?
== Cache ity Phared Boroas all 4 gone and procesise praphicn
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Intel Core i7 (2/2)

Bl T — —

Model Core Clock Speed Thermal Design Power
Core i7-975 Extreme Edition Bloomfield (45 nm) 3.333 GHz 130 W
Core i7-960 Bloomfield (45 nm) 3.2 GHz 130 W
Core i7-950 Bloomfield (45 nm) 3.067 GHz 130 W
Core i7-940 Bloomfield (45 nm) 2.933 GHz 130 W
Core i7-930 Bloomfield (45 nm) 2.8 GHz 130 W
Core i7-920 Bloomfield (45 nm) 2.667 GHz 130 W
Core i7-980X Extreme Edition Gulftown (32 nm) 3.333GHz @ 6 Cores |[130 W
Core i7-970 Gulftown (32 nm) 3.2 GHz 130 W
Core i7-4790K Haswell (22 nm) 4.0 GHz @ 4 Cores 88 W
Core i7-4770S Haswell (22 nm) 3.1 GHz @ 4 Cores 65 W
Core i7-4770K Haswell (22 nm) 3.5 GHz @ 4 Cores 84 W
Core i7-5960X Extreme Edition |Haswell-E (22 nm) 3 GHz @ 8 Cores 140 W
Core i7-5930K Haswell-E (22 nm) 3.5 GHz @ 6 Cores 140 W
Core i7-5820K Haswell-E (22 nm) 3.3 GHz @ 6 Cores 140 W
Core i7-3770T lvy Bridge (22 nm) 2.5GHz @ 4 Cores 45 W
Core i7-3770S lvy Bridge (22 nm) 3.1 GHz @ 4 Cores 65 W
Core i7-3770K lvy Bridge (22 nm) 3.5 GHz @ 4 Cores 77TW
Core i7-3770 lvy Bridge (22 nm) 3.4 GHz @ 4 Cores 77TW
Core i7-4960X Extreme Edition ||lvy Bridge-E (22 nm) |3.6 GHz @ 6 Cores 130 W
Core i7-4930K lvy Bridge-E (22 nm) (3.4 GHz @ 6 Cores 130 W
Core i7-4820K lvy Bridge-E (22 nm) (3.7 GHz @ 4 Cores 130 W

B=BXA£51,% 2016/4/26
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Power versus Energy (1/3)

E Ampere: 1 A =1 Coulomb(E i%)/sec
E Volt: 1 V=1 Joule(& 2)/Coulomb

E Power consumption in Watts
e P(#3)=I1(25) V(ZR) =1W=1A-V=1J/s
+ set packaging limits

E Energy efficiency in Joules

+ energy = power * delay (joules = watts * seconds)
e 1J=1W-+s =1N-+m=0.239 Calorie (+ & 2)

F=zBXkA£52,4 2016/4/26
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Power versus Energy (2/3)

T B, B ——
F #2827 E ¢ & (kW)
P12 =1kWh =3.6x10°J

L FTREIS LG B EINBRRILRG 2 (i
#mR AT 100Wa 2 7 @ éﬁii:}‘é) BT )
¢0.1*24*303 216 ~

B xp - 5 17.6MW (B8 5% #0485 0P 5 24AMW)
o — B2 T ¥ ¢ 17600"24*30"3 = 3801 § ~

I Data Center (103 - PR %)
o 4L F 1 200W*100000 = 20000 kW =20 MW
o — B 7 ‘% : 200007247303 = 4320 § ~
o — EFHLFTE 1 20000 KW 247365 = 0.175 G kWh
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Power versus Energy (3/3)

e EFTE 180 A
Do IR K f@.Jﬁ‘

E
+ LT R (2 )

B A REHR2.86%

J 710.68% 7K 7711.95% K F5#E0.23%

*’Kt‘é E B EP TR

* ¥
» 9510005E X 24 X 365
» 8.33G kWh = 83.37% &
3 *%kb); T %K’B& %'&%f?,f_ ﬁ)& _
e 219.2 G kWh X 0.1861 +332 S e
= 6.8 G kWh SR O & 7
« Year 2000: 0.16 Tera (10'2) kWh
» 6.8 GkWh =235 10355 E & g‘i”"bm‘%
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Embedded System

Design and Manufacturing Innovative Embedded Products

B> BRAEFL}
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Embedded Systems (1/2)

e = — —.
F Portable systems =

+ Long battery life, Low temperatures,
Light weight, Small form factor, ...

I Packaging costs, Cooling costs

F Device reliability

F Performance
+ 25°C = 105°C
+ loss of 30% of performance

F=zBXkA£52,4 2016/4/26



Embedded Systems (2/2)

\k

F Apple iPhone 6s Plus 64G : 2750 mAh
E Ah (Ampere-hour)

e TEH ™

« TAh=1A-1h = 3,600 Coulomb(& i%) (A * sec)

I Battery life (in portable systems)
¢ P(#5) = 1(R38) -V (T R)
+ Nickel-Metal Hydride, “AA” sizes, 1600mASh 1 2\

ONY
» 1 W = =2 hours |

« 1.6Ah + (1W+1.2V)
» 2.5 mMW = = a month

L T MY:-9”10000mAhQ

A= 4K +&F5F1,k 2016/4/26 19



IPhone 5

1Pl

Noch schneller, noch sc r, einfach noch besser!
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Apple A9 Processor (1/3)

\‘k \

Apple SoC Comparison

A9X A9
CPU 2x Twister 2x Twister 3x Typhoon 2x Swift
CPU Clockspeed 2. 26GHz 1. 85GHz 1. 5GHz 1. 3GHz
PVR 12 Cluster Apple/PVR
GPU SeriesT PVR GT7600 CYABS50 PVR SGX554 MP4
RAM 4GB LPDDR4 2GB LPDDR4 2GB LPDDR3 1GB LPDDR2
Memory Bus Width 128-bit 64-bit 128-bit 128-bit
Memory Bandwidth hl. 2GB/sec 25. 6GB/sec 25. 6GB/sec 17.1GB/sec
L2 Cache 3MB 3MB 2MB IMB
L3 Cache None AMB AMB N/A
Manufacturing TSMC 16nm TSMC 16nm &

TSMC 20nm Samsung 32nm

Process FinFET Samsung 14nm

2 billion transistors

Bz BX+A£52,% 2016/4/26



Apple A9 Processor (2/3)

\‘k \

9/10SetEE  86S01dV 9L1056EE 8650V

IHOOEMD
IHOPOEMO
IHOPD8XO

.

1t Gate Last
HK/MG
2" Gen
FinFET

2006,
2009 2010 2012 2013 2014(E)

* Source : Samsung Electronics Co., Ltd.

Process Node

*Vdd : Supplying voltage of drain

Pl 4K <&FxF1 t 2016/4/26 25



Apple A9 Processor (3/3)

P ——

E A9X Die

e

GPU Core Pair 586
PES GPU Core Pair 9810

GPU Core Pair 1&2

Shared GPU Logic

GPU Core Pair T&8 GPU Core Pair.11&12

GPU Core Pair 3&4

Dual Core
Twister CPU

Apple iPad Pro

J= K+ FFa1,k 2016/4/26 26



Sources of Power Dissipation (1/2)

T—_—

-_

T e

A — —
3rd Generation Intel® Core™ Processor:
22nm Process
d 1 -'-l:."" "
3 § 5 A D+ o ) PX
i - | Sgrstem " o
- E Ager t E r
- . ore % | H‘i‘;ﬁuw ! ._Do_- :D-
; PI’OEESlSBF .i d [ " ] Controller -D-
: Graphics S E . uﬂi"ﬁ.‘fm"i'r,_ o
i = - I :l1dH'..{.I.L.I B . 3 d .Y
Shared L3 Eache" : % | .-:>-.
48] nm.., . ﬁﬂ‘ =
TR TR e Bak-aa |
R T Hemnry tnntmller 1o yran = 3 ° ID-
New architecture with shared cache delivering more performance and cCpPp - _)-' Dz
energy efficiency
Quad Core die with Intel® HD Graphics 4000 shown above
Transmu:-r count: 1.4B8illion Die size: 160mm?2
hig 1l Phared Borodd Bll & Gore g pRocERLST Braphiel
Az &R +£5F1,4  2016/4/26 27



Sources of Power Dissipation (2/2)

B Bl —
I Dynamic power, Short circuit power, Leakage power

Via
L p* p* |
0 —°| 1 n-well
A — 'ﬁ B p-substrate
_II: —
2
v P=\C-Vi f1HVaa  Liear

Bz BX+A£52,% 2016/4/26
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Leakage Power

T—_—_,

B e

Subthreshold Gate Leakage
Leakage

Source

p-substrate

2016/4/26
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Levels for Low-Power Processor Design

T e lEmee T T

\' /
Y Y Y ) J

: : compiler assembler text editor L database
Application =
system and application programs
Compiler
0S operating system

Architecture

computer hardware

Implementauion

=R +A&FzF1,k 2016/4/26 30



Application Level Low-Power Techniques

—~— ———— —~— S
I Selection of an algorithm to perform a function
« Locality of reference (spatially and temporally)
« Multiplication versus shift operation
+ A'B+A*C = A*(B+C)

FORi:=1TON DO FORi:=1TO N DO BEGIN

B[i] := f(A[i]); ) B[i] := f(A[i]);
FOR i:=1 TO N DO C[i] := g(B[i]);
C[i] := g(B[il); END

E Algorithms can have approximate implementations
+ Integer or floating-point number, single or double-precision
+ Fixed-point or floating-point representation

3130 8 bits 23 292 23 bits 0

fraction

F=zBXkA£52,4 2016/4/26
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OS Level Low-Power Techniques (1/3)

\t

E Dynamic Power Management
+ selectively turn off or slow down
system components

| @ B B B B BB EE BB

ARM CoraSight™ Multicore Debug and Trace Architacture

|
P [ P BT : AT |
FruvNeDN (| PV || reumEne || PR | | Feuseon | (TR rpusean |7 R

Cortax-A3 CPU Cortex-AS3 CPU Cortex-AS CPU Cortex-AS5 CPU

-Cache| |D-Cathi I-Cache| [D-Cagha|  |-Cagha D-Cacha |-Cache| |D-Cacke

Bus Fabrie

Multimedia Subsystem

’ (Eamena Wideo!
ISR COIDET l

Advanced Bus Interface Unit

| B § E E R EEEENEN
B B B R B E BB BB B

B BN BN BN BN B BN B B B BN B

Bz BX+A£52,% 2016/4/26

Interface

Connectivity
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OS Level Low-Power Techniques (2/3)

\‘k ——

F Power-manageable Components
+ Can be modeled as power state machine (PSM)

F Processors, Memories, HD, Hardware Accelerators,
Displays, ...

P =400mW

run: normal operating mode
idle: allow a software application to stop the CPU
sleep: the lowest level of available functionality

P=50mW P=0.16mW

StrongARM SA-1100 processor

Bz BX+A£52,% 2016/4/26
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OS Level Low-Power Techniques (3/3)

\‘k \

I Design of Power-Manageable Components
+ Clock Gating
+ Power Gating

« Dynamic Voltage Scaling

Cormand - Ada ptive
.(/Burat Ends _

Inmactive

E = - =
% Adaplive
— (Fast) Ao aptive ;4
o1 ,Z{ (Mediumy Adap tju er
= - (S oy
':::' — —
=- LW POWER f
IDLE
[:I - : E
[:I 5 _|:| E 5 1[:'
TIME (s) TIME (m)

Bz BX+A£52,% 2016/4/26
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Clock Gating (1/2)

e e —

Itanium 2 H-Tree

Repeaters

Typical SLCB
Locations

Primary Buffer

A= BR+A£51,4 2016/4/26 35



Clock Gating (2/2)

\t ——

E Clock gating
+ > 50% power consumed in clock network reported
« gate the clock to a flip-flop

In_ 7 }p Q‘L

D _ M}m > DH@ Load

\—D N @ clock
clock ™ '
L~

In

il @ D Q—

CIR 7 Load, Clo_ckl N

Clockxgatm‘q

=R +A&FzF1,k 2016/4/26 36



Power Gating (1/2)

\‘k ——

I Use header and/or footer switches to disconnect
supplies when inactive

A / —C| 1 K
B[ T sandt
B -d[" Standby
A“‘i[‘ | headers/

=X b A 9| footer
AﬁE{L B#i _T = _T i
AL }/

{r

=R +A&FzF1,k 2016/4/26 37




Power Gating (2/2)

e — ——
I Simultaneous switching capacitance

I Loss of state
+ preserve the state before a module shuts down
+ Scan out data to a RAM, then scan it back in

300
250 -
2001

(UA) 450

100-

50-

0-

A= GRX~A£5F21,4 2016/4/26 38



Dynamic Voltage Scaling (1/2

——— —
B Dynamic Frequency Scaling (DFS)
« lower power linearly
+ does NOT improve energy efficiency
+ avoid thermal problems

P=C'Vd2d 'f'l'Vdd'Ileak

Conventional system

DFS system

100% 100% 1
Utilization
0% — 0%

100% 100%
Power
0% » 0%

Bz BX+A£52,% 2016/4/26
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Dynamic Voltag

e Scaling (2/2

_—

e

F Dynamic Voltage Scaling (DVS)
+ is often combined with frequency scaling (DVFS)

PowerPC 405LP
500 | ® Measured Freq #7500
~ ® ’.0” -
N 400 Measured Power o 27 400 —
= g =
> 300 e 300 =
) g~ - ~
- - R4 o)
© - e. g
S 200 .a” - 200 3
8 -~ -~ - e (o
L 100 | w7 ¢ 100
o L% 0
1 12 14 16 18 2

Supply Voltage (V)

Bz BX+A£52,% 2016/4/26

P=C-Vi-f+Vy T

J~ (Vdd _Vt )Z/Vdd

f : (2-0.5)%/2 : (1-0.5)*1
=45:1

P:22x45:1=18:1

FE :18x1 :1x4.5=4 : 1

40



Low-power Design of 3D GP

U (1/2

B —

Dual ARM Cores

Bz BX+A£52,% 2016/4/26
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Low-power Design of 3D GPU (2/2)

S S R, —————
E Dynamic Voltage/Frequency Scaling
+ Workload Prediction for DVFS

:§

' Multiple-Precision Graphics Processing Unit
+ Multiple-Precision Floating-Point (FP) Arithmetic Units

RS S

New and updated weaponry

VP

F=zBXkA£52,4 2016/4/26
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Workload Prediction

e — —
F Workload Prediction for Power Management
« Predict the complexity of future frames

I History-based Workload Prediction

+ Predict the workload of next frame by the workloads of
previous frames

« UW1, UW5, and UW1_5

00000000

00000000

S —
SN TR AIXRNREERSIESEITILZIETAOI SRS TSR IR 8

F=zBXkA£52,4 2016/4/26



Power-Efficient Architecture of Smartphone

b 1 \

2 D ' Low Leakage Hiah Performance

Power Current Architecture Process = S ——
improve
power-efficiency in S

- Low performance Area 3 BIG” core
Dynamic
Voltage
Frequency e 4
Scaling | =000 et g

DVFS |’

Big-LITTLE

e
an® -
.......
-----
........
............
an®

Performance
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Unified Shader Architecture

e e —— T
127 96 95 64 63 32 31 0
Input
X w h
Y < Registers

:

Unified Shader

T: mIi)sot:::'rsy SIMD Vector Special Function Ig:nizttaerr‘;
€d Unit Unit 9
Output
Registers
ms[1:0] c2 c1 c0 ms[1] *
PM3 (23-bit) 0 01 1 1 ms|[0]
PM?2 (18-bit) 0O 1 0 1 1
PM1 (13-bit) 1 00 0 1 N
PMO ( 7-bit) 1 1.0 0 0 2 c1 c0
3130 23 22 16 15 109 v 5 4 0
s e N '
register 4

Pl 4K <&FxF1 t 2016/4/26 45



MPDP4 (1/2) 71 =AB +CD + EF + GH

l4 B I F E F K L]

C D G H
84 | 88 | 84 | ae |
|Inversi0n | | Inversion | |1nversi0n | |Jnversi0n |
MUL CSAtree CSAtree CSAtree CSAtree
stg

| Alignmentl | Alignmenll | Alignmentl | Alignmentl

rY _ ¥Y L 3 LA R i i - Y ¥y W LA MR A i L 3

op sel _>[ Operand Selection ]

B —

-
| Inversion1 ”3-2 CSA |Aﬁgnment1 " 3-
40D N | 4-2 CSA | | 42 CSA |
. v +
v A 4
| 4.2 CSA |
% w 4 - L 2 * ‘l’ ‘L ‘L ‘l' ‘L l l l ‘l' w L v h
op sel —>[ Operand Selection ]

-
CPA
RE. = Complement Complement
) 7D
Norm. / RND
L l l

B=BX+A£51,% 2016/4/26



MPDP4 (2/2)

- —— e,
MPDP4
Operation | MFDP4
PM3 PM2 PM1 PMO
25.5 23.6 22.2 (202
ADD 50.5 (—49.5%) (=53.3%) (—56.0%) (—60.0%)
49.0 40.8 31.4 20.9
MUL 50.7 (-34%) | (-195%) | (-38.1%) | |(-58.8%)
62.0 56.0 48.7 38.0
MAD 52.2 (+18.8%) (+7.3%) (—6.7%) (=27.2%)
47.2 41.3 33.1 23.3
DP3 47.8 ( —1.3%) (—13.6%) (—30.8%) (—51.3%)
48.8 42.5 34.4 23.9
DP4 49.3 ( —1.0%) (—13.8%) (—30.2%) (—51.5%)
R 0.1 46.5 40.8 34.0 25.3
verage : ( —7.2%) (~18.5%) (=32.2%) (=49.6%)

Pl K+ &5k

2016/4/26
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MPSFU (1/2) Fx)=C+C; X+C, X}

\ \
l X. X
6or?7
= 3 = 3

(LSB) = Look-up Table F [ Specialized Squaring Unit
on +#» G G G Booth Encoder ; ’
(BIN to SD) fia

Booth Encoder
(CS o SD) Stage 1
— ] — E— — — — - ww  we  we  ww we Oy NN W BN BN NN NN BN
[ PP Generator 1 PP Generator 2 ]
+ v v vve vV v

[ 3:2 CSA ] [ 3:2 CSA ] [ 3:2 CSA ] 3:2CSA m

i ¢sa32_3 csa32 2 ] csa32_1

LOP Nomalize

Jx)

Bz BXA£52,% 2016/4/26



MPSFU (2/2)

— — —
MPSFU
Operation SFU
PM3 PM2 PM]I PMO
EXP 7.92 (—35{162%) (—53 i???%) (—62578%) (—13’70.1232%)
REC 7.67 (_25572%) (_ji(,)g%) (—624752%) (—(2)3'5.38%)
LOG 7.71 (_257'_6%%) (_jéig %) (—624735%) (—(2)3'88.85;)
RSRodd | | 72| | (34| am | 290 ] 0
RSR_even 7.64 (—258419 %) (—j8972 %) (—625653 %) (—%: 22%)
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Results of Multiple-Precision 3D GPU (1/3)

\ \
Mode 3 Mode 2 Mode 2

Mode 1 Mode 0
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Results of Multip

le-Precision 3D GPU (2/3)

Mode 3
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Results of Multiple-Precision 3D GPU (3/3)

\ Te— \
Mode 3 Mode 2

Mode 1 Mode 0

pro, LhewoE g 2 _ s, Lovres
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Rendering Results of Doom3 Benchmark
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Rendering Results of Quake4 Benchmark
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Conclusion
T B — —— —
F Power consumption has become one of the most
critical factors in the continued development of the

microelectronics

E Minimizing power consumption calls for conscious
effort at each abstraction level and at each phase of

the design process
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