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What is “Green Computing”? 
The ICT EcosystemThe ICT Ecosystem

It is a global target, to be addressed at all ICT levels

 The Information Communication Technology (ICT) ecosystem 

[Courtesy: Prof. M. Pedram, USC]

encompasses [Harvard Law]: 
 Policies, strategies, information, technologies, applications & stakeholders 

D fi l b l t h l i t f t t
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 Defines global technology environment for a country, government or 
enterprise 



What is “Green Computing”?
(for Electrical Engineers and IT Professionals)(for Electrical Engineers and IT Professionals)

 Looking for a meaning: “Green” as physical magnitude? 
 Performance?
 Area?
 Power? Power?
 Energy?
 Style?

= Multi-objective target
Energy-minimal computing

y

[Sources: Energy Information Administration 
(EIA), International Energy Annual and Analysis 

Energy minimal computing 
with certain performance 
and area constraints

of Global Energy Markets and Electricity Module]

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



Number of Electronic Systems: Global 
ICT Carbon Footprint by SubsectorICT Carbon Footprint by Subsector

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

4www.smart2020.org



Power Density in Computing Systems: 
“Economic Meltdown of Moore’s Law”Economic 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% lowerlevels in 2009 were 30% lower

Energy Star r/y
ea

r

1200

1400

projections up 
to 2011

at
t h

ou
r

800

1000

1200
Energy Star's 
projections

n 
K

ilo
w

a

400

600

800
Projections 
without voltage 
reduction

2001 2003 2005 2007 2009 2011 2013 2015 2017

B
ill

io
n

0

200

[Kenneth Brill, 

5

2001     2003      2005      2007      2009      2011      2013     2015     2017 [ ,
Uptime Institute]

Exponential increase in energy usage every new processing generation



Datacenters Global Trend and Market 
Drivers for Energy-Centric ComputingDrivers for Energy Centric Computing

 IT demand outpaces technology improvements
S i 15% / t t i bl- 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! Energy-centric globally needed: Green painting  not enough!

E / t t di t t ll t f idi ti i
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Energy/cost to dictate all aspects of providing computing services



Energy-Centric Computing: Smart 2020 
Challenge for Reducing ICT Emissions by 50%Challenge for Reducing ICT Emissions by 50%

Smart Intelligent
Transportation BuildingsTransportation

Energy-centric optimization to be done globally! But how do we do that?gy p g y

SmartSmart 
Electrical 
Grid and 

Computing Telepresence

7Expected Total ICT 2020 Emissions are 1.43 GtCO2e

SystemsTelepresence



Energy and Thermal Optimizations at   
all Scales for Green Computingall Scales for Green Computing

Temperature map
f d l

Temperature map 
f d t tof dual core

microprocessor
of data center

9-core multi-chip PS-3p

Temp map of 8-core multi-chipTemp. map of  8 core multi chip

Holistic (system level) view needed for
8

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



Converging Challenges: Energy-Centric 
Design to Achieve Green Computing

 System-level design: optimizing at multiple levels

Design to Achieve Green Computing

Software applications 
d IT i

Hardware blocks and  
architectures and IT servicesarchitectures

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

Energy consumption prediction schemes 
and global/local control policies            
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(adaptive hardware and software)



New Research Programs Needed for 
Green Computing: Nano-Tera chGreen Computing: Nano Tera.ch

manufacturing challenges design challenges

m
 

 Environmental monitoring
 Personalized health care
 Remote networking

 Materials
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 Energy scavenging
 Security

 Devices

 Components
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 Circuit design
 Distributed intelligent agents System 

Structure

P

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



Small-Scale Computing Systems: 
Multimedia Embedded SystemsMultimedia Embedded Systems

 Multiple components 
d d i l dand vendors involved

 Processor, memory, 
RFRF…

 Value due to integration 
of components in final 
single system
 Energy optimization 

must be also applied in 
an integral way, 2 levels:
 Architecturally
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y
 Algorithmically 



Architectural Design to Reach Green 
IT in Embedded SystemsIT in Embedded Systems

 Hardware Hardware 
 What is the right choice and combinations of 

components? Processors radios storage networkingcomponents? Processors, radios, storage, networking…
 Software

H t / t d l t d d i i How to manage/extend power-related decisions across 
abstraction layers (more in software than hardware)? 
Metadata methods characterization introspectionMetadata methods, characterization, introspection

 Power-states and energy-saving transitions
 What is the right number of power states and methods to 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
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scaling modes, different on off transition times 



Algorithmic Improvements for Energy-Centric 
Design: The More You Know, The Less You DoDesign: The More You Know, The Less You Do

1 Heterogeneity is a fact of life1. Heterogeneity is a fact of life

2. Increasing bandwidth of power consumption

3. Abstraction stacks have a high costg

Know More  System-Level design and optimization:
software applications guide hardware power modes 
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1. Heterogeneity is a Fact of Life 

Display  SystemWireless Radios

Storage SystemStorage System

UWB, NFC
802.11a/b/g/n802.11a/b/g/n

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

Long Range, very low power (<10mW), voice only
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From radios to storage to processors, heterogeneity is already in 
embedded systems



2. Increasing Bandwidth of Power 
Consumption
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i
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38 times less power than Wi-Fi!power are common in 
each component 



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

Computation
Subsystem

Communication
Subsystemy

Dynamic
Voltage/Freq

y

?ModulationVoltage/Freq.
Scaling

?Modulation, 
Code Rate

Power-aware
Task Scheduling

?EE packet 
scheduling

Middleware

OS/Middleware/Application

Across Radios, Processor, Radios & Processors

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



Example 1) Network Latency-Aware 
Energy Control

 Radio-switching hierarchies

Energy Control 

S il
Host PC

 Wake-up based approaches in multi-core systems

Paging Radios

Somniloquy
daemon

Operating system, 
including networking 

Apps

Bluetooth Wi-Fi Host processor,
RAM, peripherals, etc.

stack

Embedded OS

wakeup
filters

Appln. 
stubs

WiFi
Active WiFi

ActiveWiFi
PSM

WiFi
ActiveBT

Active

WiFi
Active

BT
Sniff Network interface 

hardware

Secondary processor
Embedded 
CPU, RAM, 

Embedded OS, 
including 

networking stack

264 mW 990 mW81 mW5.8 mW
hardware

flash

Secondary Processors1.7-6.4x extension in battery life
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y
92% less power than 

one core alone[Courtesy: Prof. R. Gupta, UCSD]



Example 1) Network Latency-Aware
Energy Control: Somniloquy PrototypeEnergy Control: Somniloquy Prototype

[Courtesy: Prof. R. Gupta, UCSD, with Microsoft Research]
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0

Beth John James

y p
lower energy than WiFi



Example 2) Hardware/Software Thermal
Management for Multi-Processor Systems

MPOS To Core  #1
(30% load)

Management for Multi Processor Systems

Task Manager
(30% load)

To Core #2
(60% load)

To Core #1
(70% load)

LOAD
FREQUENCY

100 %

TASK MIGRATION

TASK B

LOAD
FREQUENCY

To Core #1
(70% load) To Core #2

(35% load)

To Core #2
(3 % )

(70% load)

TASK A
FSE LOAD

40%

TASK C
FSE LOAD

40%

50 %

FSE LOAD
50%

To Core  #1
(30% load)

To Core #2
(60% load)

Can we control cooling

[Software FM Defined Radio]

(35% load)
% 40%

0 %

PROC 1 PROC 2

( )Can we control cooling 
costs as well as 
performance?

 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
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 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



Example 2) Hardware/Software Thermal
Management for Multi-Processor SystemsManagement for Multi Processor Systems

Initial: Large gradients New: Thermal balancingg g g

 HW: 8 core Sun Niagara HW: convex-based dynamic HW: 8-core Sun Niagara
 MPOS: Solaris Multi-Core
 SW: Web and video processing

HW: convex-based dynamic 
voltage and frequency scaling    

and    p g

Thermal balancing reduces operating temperature
SW: predictive task scheduling

20

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



Large-Scale Computing Systems: 
DatacentersDatacenters

 Area is expensive, always denser infrastructures
 New containers: 2500 servers each >10x density vs old datacenters

Dyer, ITHERM 2006

 New containers: 2500 servers each, >10x density vs. old datacenters

Reed, 2009

Energy overhead very high, must reach high computational loads

21
Datacenter energy overhead, ASHRAE

Barroso & Hölzle, 2009



Typical Computing Power and Energy 
Efficiency of Air-Cooled DatacentersEfficiency of Air Cooled Datacenters

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
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For a 10 MW datacenter : US$ 4M wasted per year



Energy Proportional IT in Datacenters: 
Power and Thermal Management TogetherPower and Thermal Management Together

 Key challenges:y g
 Effective energy 

management across 
layers with easy to 
develop software

Barroso & Hölzle, 2009

 Building energy 
balanced systems from 
i b l d timbalanced components 
(operation and cooling)

G f f Graceful degradation of 
computationEnergy-proportional datacenters: Integrated layers of 

23
Causes of service disruption

Source: R. Stroud, Google, 2009

software-hardware to minimize joules/work



Energy-Centric Design for Datacenters:
System-Level ViewSystem Level View

 Multi-scale energy management solution needed  
 A hit t iddl t k Architecture: middleware, network, 

applications mapping, etc.

 Technology: Technology:        
cooling, 
processing 
system, etc.

24

Barroso & Hölzle, 2009

[Courtesy: Prof. T. Simunic, UCSD]



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

Datacenters are “intelligent” heaters
 30-40% of carbon footprint in Europe using district heating networks30 40% of carbon footprint in Europe using district heating networks
Direct re-use of heat
 “Hot”-liquid outlet temperature of more than 60°C
 Effective CO2-emission reduction

1.
2

Potential payback: 60-80% of electricity costs

2.
3.

Nano-Tera.ch
CMOSAIC 

25

Consortium



NanoTera CMOSAIC Project: Design of 
3D Chips with Advanced Cooling3D Chips with Advanced Cooling

 3D systems require novel electro-thermal co-design
• Academic partners: EPFL and ETHZ• Academic partners: EPFL and ETHZ
• Industrial: IBM Zürich
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NanoTera CMOSAIC Project: Design of 
3D Chips with Advanced Cooling3D Chips with Advanced Cooling

3D stacked multi-core chips: microchannels etched p
on back side to circulate liquid coolant

L
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q
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NanoTera CMOSAIC Project: Design of 
3D Chips with Advanced Cooling3D Chips with Advanced Cooling

System-level energy management: cooling andSystem level energy management: cooling and 
execution cost prediction  

L

-le
t

Liquid
O System 

qu
id

in
- O

utlet

Level  Active 
Cooling adjustment
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q

Manager

(3D heat

of coolant flux 

(3D heat 
flow 
prediction)

task scheduling and
execution control
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prediction)



CMOSAIC: System-Level Control of Heat 
and Liquid Cooling Effects in 3D Stacksand Liquid Cooling Effects in 3D Stacks

 Combining liquid control, task scheduling and task migration 

Initial energy savings of 90% at chip level with air-cooling techniques

29Figure: IBM  Zürich & EPFL



CMOSAIC: Conversion of Air-Cooled to Two-
Phase Cooled Blade and DatacenterPhase Cooled Blade and Datacenter

Integrated micro-channel  
cold plate in single chipcold plate in single chip

Each board has two systems: heat load: 325WInitial energy savings in IT infrastructure of datacenters of more than 30% 
ith t t i li t h i ( hill d d)
Rack-level and 2-phase 

datacenter tests 

with respect to air-cooling techniques (no chillers needed) 

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



Energy-Centric IT: Virtualization and 
Zero-Emission Datacenter TogetherZero Emission Datacenter Together

AppsApps Virtualization increases utilization:
OS

AppsApps

HWHW

 Virtualization increases utilization:
Multiplexing a number of existing 
servers onto a single physical         

hi HWHWmachine
Mission-critical software systems can 
have performance isolation

Guest 2 Guest nGuest

Apps Apps 

OSGuest 1

 SW-based monitoring and 
management: Integrated

HWHW
HvHv

Guest 2 Guest nGuest…Guest 1management: Integrated 
hypervisor/OS (Hv)

 Distributed energy cost/task 
monitoring and management         
(including cooling and execution         
costs)

Exploitation of 
virtualization for local and 

31

) tua at o o oca a d
global energy control



Energy-Centric IT: Virtualization and 
Zero-Emission Datacenter – Results

 180 real-world traces: L -> Low workload ; H->High workload

Zero Emission Datacenter Results

 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)and Server B has 6 power settings)
 Global energy control: higher potential gains
 Higher power savings: low utilization workloadsHigher power savings: low utilization workloads
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Good adaptation: No work done, no energy spent!



Energy-Efficient Storage for Datacenters

 Shift from hard disk drive (HDD) storage to solid 
t t di k i (SSD)state disks or memories (SSD)

 DRAM with non-volatile memory (e.g. PCM, MRAM)
PRAM

New scalable storage managers and data layout schemes needed
PRAMDRAM

Access Map  Benefits:
 New and fast

Page Addr Write Count

Access Map Cache

CommandsData Data

New and fast       
low- power states

 Higher energy Page Addr Write Count

0x1001 500
0x10ae 25

PDRAM Memory Controller

g gy
efficiency

 Lower latency to y

Data, Page Swap/Bad Page IntrMemory Request

storage
 Challenges:

33

Core  HW/SW 
interdependence[Source: Prof. T. Simunic Rosing, UCSD]



Energy-Efficient Network for Datacenters

 Develop  power-efficient  network components: switches, 
t d t k ith i drouters and network processors with power-saving modes

 New end-to-end protocols to build energy-balanced systems
S h d li l ith t l th di it Scheduling algorithms to leverage path diversity

 Dynamic energy management; optics for energy-efficient networks

Core

34

Pod 3Pod 2Pod 1Pod 0

[Source: Prof. D. Kostic, EPFL]



Long-Term Goal: Energy-Proportional IT 
Services in the Future

Load profilePrice profile

Services in the Future
[Source: Prof. T. Simunic Rosing, UCSD]
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service 
manager

Service
y p g

energy utilized by each application
[Source: Prof. T. Simunic Rosing, UCSD]



EcoCloud Center @ EPFL
(soon to come @ ecocloud.ch)( @ )

 Collaboration of multiple laboratories and Collaboration of multiple laboratories and 
industrial affiliates to reach long-term goal
R h li d Research lines covered:
 Energy-proportional data processing, communication 

d tand storage
 Scalable cloud applications and services

V ti ll i t t d ti d li Vertically-integrated computing and cooling

Making tomorrow’s clouds and IT services 
green and sustainable
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Conclusions

 Green (or energy-centric) computing is necessary due to G ee (o e e gy ce t c) co put g s ecessa y due to
worldwide environmental impact of ICT technologies

 System-level management of available energy is required in y g gy q
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:

E ti t d li t k f ffi i t t 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 requiredInter disciplinary design and optimization approaches required

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

37



38


