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B What is “Green Computing”?
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Itis a global target to be addressed at all ICT levels
“:L_LJ \H.I.];J Ceree yy [Courtesy: Prof. M. Pedram, USC]

= The Information Communication Technology (ICT) ecosystem
encompasses [Harvard Law]:
= Policies, strategies, information, technologies, applications & stakeholders

= Defines global technology environment for a country, government or
enterprise




(O What is “Green Computing”?

ECOLE POLYTECHMICIUE

mwsuiny (for Electrical Engineers and IT Professionals)

= Looking for a meaning: “Green” as physical magnitude?
= Performance? st
= Area?
= Power?

4 1 5 W Ranewables
_ 30 1 M Natural Gas
M Coal
= Energy? | MLiquids
= Style? o
8-, = Multi-objective target 1o
Energy-minimal computing
-
2005

with certain performance 2010 2015 2020 2025 2030
[Sources: Energy Information Administration

and area constraints (EIA), International Energy Annual and Analysis
of Global Energy Markets and Electricity Module]

. Trillion Kilowsatthours
M MNuclear

Exponential increase in ICT energy demands...
2 Terawatts (TW) today to 5 TW by 2050, why?




B Number of Electronic Systems: Global
TN ICT Carbon Footprint by Subsector

al

Number of PCs (desktops and laptops) expected to Increase from 592
Million in 2002 to more than four Billion in 2020

= 4N ; E
JB R N MENIIAN
% of GtCO,e ' Telecoms infrastructure
and devices
Data centres

PCs, peripherals and printers*

SMART 2020:

.1@"2 ' *dﬂ ’

2002 28 % of 0.53

2007 Ed % of 0.83

2020 5 % of 1.43
CAGR > 7 >

%
* Printers were 11% of the total ICT footprint in 2002, 8% in 2007 and will be 12% in 2020.

www.smart2020.0rg THE CLIMATE GRoUP () |__51 ....... 4



(L Power Density in Computing Systems:
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FEDERALE DE LALUSANNE “Economlc Meltdown Of Moore,s LaW”

= 40 years of IT industry & Moore’s law being discontinued
= 2X more transistors every 2 years, quadratic energy reduction (voltage)

= Voltages have started to level, ITRS projections in 2000 for voltage
levels in 2009 were 30% lower

S 1400

P Energy Star
S 1200 Energy Star's projections up
o 1000 ] ) to 2011

< projections

£ 800

= 500 —Projections /
= without voltage /

i 400 reduction T

g 200 /\ ,!

- 0 2001 2003 2005 2007 2009 2011 2013 2015 2017 [Kenneth Brill,

Uptime Institute]

Exponential increase in energy usage every new processing generation



mi/wm Datacenters Global Trend and Market

FEDERALE DE LALIOANNE Nrivvare for Fnarny/- (‘nnfrm (“nmnl itiNnA
Ls11 L\ W B AW J | | — o \ W | [ |

= IT demand outpaces technology improvements
- Server energy increase 15% / year; not sustainable.
- Servers use 1.2% of U.S. energy (Koomey Study);

= Energy-centric globally needed: “Green painting” not enough!
[Spending (US3B) == |nstalled base (M units)

0 [E1DC !

$a0 Analyze the Future
$70

560 U.S. Market

¢507 ER New server spending

441 3 Power and cooling |
$307 il
$201 | 4
$$1[ Energy/cost to dlctate aII aspects of providing computing serwces
|:| . T .
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A Energy-Centric Computing: Smart 2020
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i Challenge for Reducmg ICT Emissions by 50%
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e Si
n mﬂn"#&q‘j
N
N &

Intelligent
Industry Transportation

® Smart motors

® Industrial process automation
Dematerialisation* (reduce production &
of DVDs, paper) ~ 4

Smart logistics 3 :
Frivate u:anspl:rn optimisation 05 TR : Buildings

De

v Energy -centric optlmlzatlon to be done globally! But how do we do that?

Smart
Buildings

Traffic flow momtunng, planning

and simulation
Building ;EJ

© Smart logisticst g

' Smart buildings e
Dematerialisation (teleworking) &
Smart grid$

Smart

Smart El"id 175 1
Efficient generation of power, EI ectri Cal
combined heat and power (CHF) 04 Grid and

Telepresence _/ Computing
Systems

Expected Total ICT 2020 Emissions are 1.43 GtCO,e -



e Energy and Thermal Optimizations at
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BTN all Scales for Green Computing

Temperature map
of dual core
microprocessor

Temperature map
of data center

Holistic (system-level) view needed for
energy-centric computing



(Gl Converging Challenges: Energy-Centric
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= System-level design: optimizing at multiple levels

Hardware blocks and Software applications
architectures and IT services

ir J1 17 J1

Multi-scale system-level modeling and simulation
(energy, performance and temperature)

Energy consumption prediction schemes
and global/local control policies
(adaptive hardware and software)
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.(Pﬂ. New Research Programs Needed for

FEDERALE DE LALSANNE r:raan r\nmnl I'I'In
\ A BULA U B AW P 9 |

uting: Nano-Tera.c
111 IIH-I\IMIIU 1 Ul CAsVUli ]
nano  _ %> tera
manufacturing challenges «» design challenges
_ » Environmental monitoring
_ > Materials > Personalized health care
_S = > Devices » Remote networking GE) @
2 2 > Energy scavenging % =
= = » Components > Security 5\ —
- > System » Distributed intelligent agents
Structure > Circuit design

Inter-disciplinary efforts in engineering, combining
Industrial and academic effort

10



monm Small-Scale Computing Systems:
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= Multiple components Shomme S e S Aimes
and vendors involved TS, EER
= Processor, memory,
RF...
= Value due to integration
of components in final
single system
= Energy optimization
must be also applied in
an integral way, 2 levels:
= Architecturally
= Algorithmically




B Architectural Design to Reach Green
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= Hardware

= What is the right choice and combinations of
components? Processors, radios, storage, networking...

= Software

= How to manage/extend power-related decisions across
abstraction layers (more in software than hardware)?

Metadata methods, characterization, introspection
= Power-states and energy-saving transitions

= What is the right number of power states and methods to
move among them? Multiples voltage and frequency
scaling modes, different on-off transition times

12



.(pﬂ. Algorithmic Improvements for Energy-Centric
s Design: The More You Know, The Less You Do

1. Heterogeneity is a fact of life

2. Increasing bandwidth of power consumption

3. Abstraction stacks have a high cost

Know More = System-Level design and optimization:
software applications guide hardware power modes

13



W™ 1 Heterogeneity is a Fact of Life
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Display System

Gas
EXPRESS CHIPSET

Wireless Radios
© ) B

-ll.

G S,

UWB, NFC
802.11a/b/g/n
Multiband radios: over wide frequency range and bandwidth

Multimode radios: different protocols in a single baseband

@) Medium range, High power (400mW-1W), Higher bit-rate (54Mbps)
- Short range, low power (20mW-100mW),
lower bit rate (2Mbps)

GS.

Long Range, very low power (<10mW), voice only

From radios to storage to processors, heterogeneity is already in
embedded systems 14



. 2. Increasing Bandwidth of Power
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CPU" " gpraMm:
4TMW go

Bluetooth
112 mwW

O CPU
WiEi: B SDRAM
786 mW O BIl_Jet_ooth
O Wi-F
B Other

Consumption

Power Consumption

\ ‘ -\
Power breakdown for a fully connected 5° x@?\ xﬂ*‘((

mobile device in idle mode, with LCD
screen and backlight turned off.

6-10x variations in
power are common Iin
each component

* Cellular voice radio (GSM) highly
optimized for low idle power

— Cingular 2125: GSM radio consumes
38 times less power than Wi-Fi!

15




mmm 3 Abstraction Stacks have a High
Cost: Cross-Layer Optimizations

Introspect *

Application Level .
pplication Levs Dynamic
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' Voltage/Freq. X ;‘- Modulatlon
] Applications Scaling Code Rate
T S WO— . _
API Level I coordinate
B A B S S Power-aware EE packet
I 5 S Szl L W S

@ Task Scheduling schedullng
/. OS/Middleware/Application
D
& olilaborate
M ager

HW L II . .
o i eockhs SER PR B Across Radios, Processor, Radios & Processors

) 0w I

[Courtesy: Prof. R. Gupta, UCSD] 16

POSIX

RTOS
Kernel

O8 HAL




B Example 1) Network Latency-Aware
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= Radio-switching hierarchies
= Wake-up based approaches in multi-core systems

Host PC
Somniloquy
_ Apps daemon
Pag|ng RadIOS Operating system,
includino_netwarking
d ;k ;
BlUEtOOth Wl Fi —X— ) wakeup | Applin.
‘-/ HOYt e, fiters | stubs
RAM, peripherals, etc.

Embedded OS,

including
Corondas: NfRadsaa” networking stack
AR e
gos NI

CPU, RAM,
5. 8 mwW 81 mW 264 mW 990 mW

flash
1.7-6.4x extension in battery life Secondary Processors

92% less power than
one core alone 17

[Courtesy: Prof. R. Gupta, UCSD]
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etwork Latency-Aware

rol. Somniloquy Prototype
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T Example 1)
t
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[Courtesy: Prof. R. Gupta, UCSD, with Microsoft Research]
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monem Example 2) Hardware/Software Thermal
sms - Management for Multi-Processor Systems

MPOS To Core #1

c (30% load)
Task Manager bd
D To Core #2
HIRH (60% load)
LOAD LPE ol | LPE) | LPE
FR%QUENCY [—,;-,3' 2

_ E)OSA?E;%  To Core #2 SN RIS 10 Core #1
i (B el o b+ MR (70% load)
[] !

r RoundRobin

N To Core #2
H (60% load)
To Core #1 B

To Core #2

n we control cooling | o%{
costs as well as K .
performance? [Software FM Defined Radio]

= SW layers introduced to exploit the HW of multiprocessors
= Applications divided in tasks/threads: blocks of operations to run

= Multi-processor Operating System (MPOS) distributes the tasks
Load balancing: equal distribution of work between processors

Thermal sensors are already included in latest multi-core systems 19

0O
Q

(35% load)




B Example 2) Hardware/Software Thermal

saest - Management for Multi-Processor Systems

Initial: Large gradients New: Thermal balancing |

g
g

______ i ?.-,ﬂ ata J ( L2 Cache ﬁ' L2 Cache
ek 0 [ o i [ | .:
"- L) $ i iﬁﬂ__m;ybr; e | _ fﬁﬂ“i
g =
R LU
= HW: 8-core Sun Niagara HW: convex-based dynamic
= MPOS: Solaris Multi-Core voltage and frequency scaling
= SW: Web and video processing and

SW: predictive task scheduling

Thermal balancing reduces operating temperature
by 13 degrees: 40% cooling energy reduction

20



Computing Systems:

O Large-Scal
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= Area is expensive, always denser infrastructures
= New containers: 2500 servers each, >10x density vs. oId datacenters

Computer Air Handling Unit (CRAC)

Dyer, ITHERM 2006

l’nwcr Disrributlon UI'IlIC (PDU) " Individual Colocation Computer Cabinets
225

@ Typ. Cabinet FOOTPRIAT (28" W X 36700 X %47H)

m’ dax:_ ot g‘hDuaI Pm “ " * Typical Capacities OF 1750 To 3750 Watts Per Cabinet

Integrul Static Transfer Switch (STS)

~ Emergency Dicsel Generators

[ = Total Generutor Capaci iy = Tmtm ical Load To Buildin
Can 11

i Energy overhead very hlgh must reach hlgh computatlonal loads

ECPU  WDRAM Disk Other

100.00 U

18%

90.00
~ 8000 /-
e
] PDU
o 10.00 Lighting 506
E 60.00 4 . \ Transf;er’mers EEE—
o . / Switchgear
£ 50.00 4 . 1%
© 4000 1 |
o
g 30.00 4 = IT Equipment
L 2000 1 ’ 30%

10.00 4 = I

0.00 + /

e 7 1 A B & & D o HN\NA /B K W Datacenter energy overhead, ASHRAE
Barroso & Holzle, 2009 Compute load (%) S ” 21



monem Typical Computing Power and Energy

ECOLE POLYTECHMICIUE

FEOHRALE DE IALSANNE Efficiencv of Air-Cooled Datacenters

e’ uf o | o A e’ WOHGHGWOLCW W TG I

umldlﬂnr % E 0.02 1 f
- - - 'I - 1 - ) - = M __
. — 3 = o015 ] |
- Hegl = | 5
T E | ]
e =
‘ 0.01 |
oy . gt - I : 0.005 f
[ ) 'TIA.‘ - _,-':. - , v
Switchgear / Geng-mtor F Lt | | | | o | |t
0 s f '
Lighting 1 0 @1 o2 03 o4 05 06 O. 08 009 1
ghting 0

-———_

= Current air-cooled datacenters are very inefficient
= Cooling needs as much energy as IT... and thrown-away

= Utilization of IT-hardware: 20-50% in general
* For a 10 MW datacenter : ~US$ 4M wasted per year

22



.(pﬂ. Energy Proportional IT in Datacenters:
minies Power and Thermal Management Together

= Key challenges:

= Effective energy
management across
layers with easy to
develop software

< B0.00

= Building energy o
balanced systems from
Imbalanced components
(operation and cooling)

= Graceful degradation of

Energy-proportional datacenters Integrated layers of
software-hardware to minimize joules/work

W AUJI LU VI vl Vivoe Uivl urJLIUII

Source: R. Stroud, Google, 2009 23



mi/wm Energy-Centric Design for Datacenters:
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= Multi- scale energy management solution needed

" Architecture: middleware, network,
applications mapping, etc.

One server

DRAM: 16GB, 100ns, 20GB/s
Disk:  2TB, 10ms, 200MB/s

Local rack (80 servers)

" e , S5 e T ke
cooling, . Gl
processing

SyStem’ etc. Cluster (30 racks)

. DRAM: 30TB, 500us, 10MB/s
= Disk: 4.80PB, 12ms, 10MB/s
C =
N
S

Barroso & Holzle, 2009

[Courtesy: Prof. T. Simunic, UCSD] 24



A Zero-Emission Datacenter: Liquid Cooling
wisiia Technology and Predictive Energy Management

Datacenters are “intelligent” heaters
= 30-40% of carbon footprint in Europe using district heating networks

Direct re-use of heat
= “Hot”-liquid outlet temperature of more than 60°C
= Effe Potential payback: 60-80% of electricity costs

1. Micro-Channel Liquid Coolers
2. Heat Exchanger
3. Direct “Waste”-Heat Usage

CMOS 80°C

Nano-Tera.ch
CMOSAIC
Consortium

Under-floor heating

Water 60°C ' 25



i wm NanoTera CMOSAIC Project: Design of
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= 3D systems require novel electro-thermal co-design
» Academic partners: EPFL and ETHZ
 Industrial: IBM Zirich

3D Chip Floorplan

[ External IP ]

Industry Standard Models

5 a3

Interconnect Analysis Implementation Thermal Analysis

26



i wm NanoTera CMOSAIC Project: Design of

FEDERALE DE LAUSANNE 2D Chine with Advvanced Conlinn
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3D stacked multi-core chips: microchannels etched
on back side to circulate liguid coolant

B

(D]

1
< x A_AA 2,
®] e La_ A _~Als 5
= N A
S A A A A {,o“
U g 1_. Q.
= A_A__A A

/

ﬂo 1\ | CMOS Circuitry
&\
il N

Through Silicon Via




(il NanoTera CMOSAIC Project: Design of
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System-level energy management: cooling and

execution cost prediction

adjustment Cooling
of coolant flux Manager

SAL Liquid in-let ||

task scheduling an(
execution control

(3D heat
” flow
prediction)

28
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B CMOSAIC System -Level Control

chip §tack dien+te ™ '_I_"‘ T [ solder
. ///////5(/////////;;% = => Wi
' ¥ 4 L ;
fluid dien : layers
|:> FEEEREEBELNERBEDNR |:> C> l::>
P T : transistor
dia n- 1 o level

= P & = T il ]
frmm EHT = 1000 kv Sagral & = EE2 Cadte 00 fusg 2008
WDs 38mm Fhoto Mo, = 2061 Twwe 11:0437

-_ Fiqgure: IBM Ziirich & EPEL- . "



e CMOSAIC: Conversion of Air-Cooled to Two-
DAL D LA Phase Cooled Blade and Datacenter

Integrated micro-channel
cold plate in single chip

Initial energy savings in IT infrastructure of datacenters of more than 30%
with respect to air-cooling technlques (no chlllers needed)

Rack-level and 2-phase ©
- datacenter tests

|_; 5

[Source: Prof. J. R. Thome, EPFL]

30



.(pﬂ. Energy-Centric IT: Virtualization and

I-(. )JL (. YTEC ][hlEl_]-

Zero-Emission Datacenter Tnnpthpr

- -

= Virtualization increases utilization: |:| |:| |:| Apps
=Multiplexing a number of existing
servers onto a single physical

machine
=Mission-critical software systems can
have performance isolation

= SW-based monitoring and UU OO0 OO0 DO Laees

I I IQI IQUCI I ICI It II ItCUI ated Guest 1 Guest 2 Guest... Guest n OS \

hypervisor/OS (Hv)
= Distributed energy cost/task

monitoring and management e, f
(including cooling and execution Xploitation o

costs) virtualization for local and
global energy control

31



I Energy Centrl IT Vlrtuallzatlon and
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= 180 real-world traces: L -> Low workload ; H->High workload

= Two types of servers/blades (Blade A has 5 power settings
and Server B has 6 power settings)

= Global energy control: higher potential gains
= Higher power savings: low utilization workloads

80 _z_'_‘_\_ ______________________________ Y n/ SRS .
I/ \  |mCoordinated ONoVMC EVMCOnIy/ .
w 60 4 f _ —
g
3 a0
: |
e 20 4
>\
04 ~ T — o T T e e S
{8{] awz B0M  60H 60HH BOHHH 0L/ 60M  60H  BOHH BOHHH
DlndnA - B oY

Good adaptation: No work done, no energy spent!

32



MW Energy-Efficient Storage for Datacenters
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= Shift from hard disk drive (HDD) storage to solid
state disks or memories (SSD)

New scalable storage managers and data layout schemes needed

DRAM PRAM
- Benefits:

E - - New and fast
: @ low- power states
Datal 4@» lDa‘a - - Higher energy

_ = 7 |PageAddr  wite Count
= ovee 25 efficiency
PDRAM Memory Controller - = - Lower Iatency to
_ storage
1<g i S
Core - HW/SW

[Source: Prof. T. Simunic Rosing, UCSD] Interdependence 33



gﬁ!ﬂmﬁ Energy-Efficient Network for Datacenters
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= Develop power-efficient network components: switches,
routers and network processors with power-saving modes
= New end-to-end protocols to build energy-balanced systems

= Scheduling algorithms to leverage path diversity
= Dynamic energy management; optics for energy-efficient networks

[Source: Prof. D. Kostic, EPFL] 34



mi/wm Long-Term Goal: Energy-Proportional IT
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Price profile Load profile ,

T —g W 5 s W
. / ~ nhow ' : \
\ ] - | now

v

s o AHU |} |l
. Internet ~ com ( Building [ s  Power .
IPS , proportional !

power \ Energy . kernel |

Grid Network /—— i oo -

“Actual load

WIS E,ﬁ%

- 5 now e . —
. rower: : ' Quality-
System-level IT prices: according to ;2;‘:5;;2'0”""' g 22?5:2?
energy utilized by each application ~ [manager Lo

[Source: Prof. T. Simunic Rosing, UCSD] 35



(L EcoCloud Center @ EPFL

AL BT S (soon to come @ ecocloud.ch)

= Collaboration of multiple laboratories and
Industrial affiliates to reach long-term goal

= Research lines covered:

= Energy-proportional data processing, communication
and storage

= Scalable cloud applications and services
= Vertically-integrated computing and cooling

Making tomorrow’s clouds and IT services
green and sustainable

36



) .
.(”l. Conclusions
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= Green (or energy-centric) computing is necessary due to
worldwide environmental impact of ICT technologies

= System-level management of available energy is required in
order to achieve cost efficient IT services
= New IT costs metrics: IT services per joule per CHF/EUR/$

= Cross-layer optimization applies to both small- and large-
scale computing systems:
= Execution cost and cooling costs are key for energy-efficient systems
= Combination of architectures and algorithms for system-level design
= |Inter-disciplinary design and optimization approaches required

= The overall goal must be reaching energy-proportional IT
services in the “Green IT” future

37
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