EECS 1 — More Moore and More than Moore
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Adapted from Low-Power Design Essentials, Springer 2009. © J. Rabaey and
many other sources
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MOORE’S LAW
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The MOS Transistor
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Building logic from Transistors

http://tams-www.informatik.uni-
hamburg.de/applets/cmos/
cmosdemo.html
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‘Reduced cost is one of the big
attractions of integrated electronics,
and the cost advantage continues
to increase as the technology
evolves toward the production of
larger and larger circuit functions on
a single semiconductor substrate.”
Electronics, Volume 38,

Number 8, April 19, 1965

® 1965 Data (Moore)

1OO</ T 1 1 I
1960 1965« 1970 1975

Transistors
Per Die

1010 _
109 -
108
107
108
108
10¢
10
102
101

0
10él T T

1980 1985 1990 1995 2000 2005 2010

Itanium™ 2 Processor
Itanium™ Processor
Pentium® 4 Processor
Pentium® Il Processor
Pentium®Il Processor

Pentium® Processor
486™ Processor

386™ Processor

‘ 1965 Data (Moore)
Memory

Microprocessor

1960 1965 1970 1975

1 T T T T 1
1980 1985 1995 2000 2005 2010

ctrical Engineering & Computer Science




UCIrvine

101.
10% |-
ELECTROMECHANICAL SOLID- VACUUM TRANSISTOR INTEGRATED CIRCUIT
STATE TUBE
oy 15 RELAY
CORE i7 QUAD{p
10 [~
g pENTIUM4, @ T CORE2DUO
2 NS -' OPTICAL,
10 - PENTIUM i :
w TUM,
o COMPAQ QUQ%AU 2
2 DESKPRO 386 ‘\ COMPUTING?
S10° |- ~
e ALmRuoo ‘ PENTIUM
@ 1BM mo
w10t p~
M AT-802
- DEC PDP-1 oA
g lau PC
=100
< UNIVACI c APPLE Il
3 POP-10
-4 0 L L 1 1 1 L = L L L 1 1 L L 1 L 1
3 COLOSSUS
2 o IBMSSEC 'BM704
107 = TABULATOR
HOLLERITH
e A
104 L 2 NATIONAL CALCULATOR
ELLIS 3000 MODEL 1 © BCA Research 2013
ANALYTICAL ENGINE
w o w w w w w o w w w w =3 w w
e el e e o B 1S I e ol i 1 IR (o R 0O O
- - - a - - - - - - - - - - - - v - - - N & N 8§ & w

Or is it longer?

Chart 111-8: Moore’s Law: Over 199 Years And Going Strong

SOURCE: RAY KURZWEIL, “THE SINGULARITY IS NEAR: WHEN HUMANS TRANSCEND BIOLOGY", P.67, THE VIKING PRESS, 2006. DATAPOINTS BETWEEN 2000 AND
2012 REPRESENT BCA ESTIMATES.
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Transistors Shipped Per Year
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Minimum Feature Size
Feature Size

(microns) Examples
100

Human hair, 100 um

Amoeba, 15 um

Red blood cell, 7 um

-=- [ntel [update 5/20/02]

=== ITRS [2001 edition] AIDS virus, 0.1:um
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Processor Periormance (MIPS)
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Summary

* Moore’s law: Exponential Growth: 2x transistors/chip every 18-24
months
* Holding since 1965
— More complex systems
— Faster
— Chips Cost less
* But:
— Increasing fab costs
— Higher power

5
:

THE POWER CHALLENGE
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NO EXPONENTIAL IS FOREVER ...

Gordon E. Moore
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Future Mobile Phone Content

Power
Controller

Application

Sispiay

Subsystem

Vibrator
|

Charger
|

Backlight
|

Battery

Modem

Subsystem

GSM/EDGE, mm Transceiver

b&W WCDMA/HSDPA
colo ]
— Direct DVB-H
SIM Card | USIM ]
EB Interface NOR Bluetooth
— Flash A-GPS ]
ot DDR WLAN )
SDRA OWE )
FastirDA .
Driver Ml— oo DA NAND WiMax
and Diodes| 'Mterface Flash .
& Nearfield
[Ref: Eul ISSCC 2006] Ty ——
UClIrvine

GSM
Modem

1u CMOS
50k Tr.

LA & ST S AR SRS A A A
3H 1

e |
i
- i

Moore's Law: Ever Increasing VLSI Power

GSM, GPRS,
EDGE
Modem +
Application

0.25u CMOS
11M Tr.

GSM+UMTS GSM, UMTS
Modem HSDPA,
Bluetooth, WLAN,
GPS, DVB-H

0.18u CMOS
40M Tr.

nm CMOS
1B Tr.
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Systems-on-Chip (SoC)

Home Connectivity

Greg Delagi [Tl]: next generation mobile e
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Increased Demand from Users
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Energy Gap

—&— Energy used/2-day operation -

—l— Energy/10cc Battery

New use cases: web, email, video, 3D graphics
New use models: always-on, always-connected

2000
2001
2002
2003
2004

[Ref: Delagi ISSCC 2010]

our time

Figure 1. World Marketed Energy Consumption,
2005-2030

Quadrillion Btu
BO0D

W Non-OECD

Gasallne
LNG
Propanc
Ethancl
Liquid H2
150 Bar H2

Lithium
Flywhee!
Liquid N2
Lead Acid
Compr Air
STP H2

S000 Wil
7216 Wil
€600 WHI
E100 WH/I
2600 WHI
405 WH/

250 Whil
210 WhA
65 Whi
40'whi
17 WhA
2.7 Wi

[Ref: T. Vucurevich SAME 2008]

13,500 Wn/Kg

12,100 WhvKg

13,900 Wh'Kg

7850 WhiKg

39,000" Wn/Kg

39,000" wn/Kg

250 Wh/Kg

120 'Wh/Kg

55 Whikg

25 WhiKg

24 WhiKg

39,000* WhiKg
* = uncortained

g ¢ § ¢
& & K K&

ectrical Engineering & Computer Science

- The Most Important Engineering Challenge of

P Brohan, et. Al.
J. Geophysics 06

Figure 2. World Marketed Energy Use by Fuel
Type, 1980-2030
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~ Electronic System Power:
Microwatts to GigaWatts

cadence

[Ref: T. Vucurevich SAME 2008]
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" FPower the Dominant Design Constraint (1)

Cost of large data centers solely determined by power bill ...

NY Times, June 06

Google's Server Growth
1,000,000 4
900,000 A
800000 + :
E e 700000 .
e , E0O0- ‘ :
Google Data Center, The Dalles, Oregon > amp- " 450.000
“ 40000 .
® 400 Millions of Personal Computers 300,00 4
worldwide (Year 2000) 2000 18,000
- Assumed to consume 0.16 Tera (1012) kWh onam 1 100,000
per year UZDDD ) ZDEQ QDIDA 2D‘DB ZDIDE ZDI1D 20‘12
- Equivalent to 26 nuclear power plants Yoar
= Over 1 Giga kWh per year just for cooling

- Including manufacturing electricity
[Ref: Bar-Cohen et al., 2000]

Low Power Design Essentials ©2008

... Electrical Engineering & Computer Science
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Power the Dominant Design Constraint

High Tech Cooling for Million Dollar Systems

Low Power Design Essentials ©2008
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Data Centers Energy Usage

« U.S. Environmental Protection Agency (EPA) Report
(August 2007):

— Data centers consumed about 61 billion k\Wh in 2006,

» 1.5 percent of total U.S. electricity consumption

* Most U.S. data centers spend as much on energy costs as on
hardware

« Data center power/cooling costs increased 800% since 1996.

. NDRC Report (2013)

— 91 billion kWh in 2013
» 34 coal power (500MW) plants
» 2x energy needed for NYC,
+ ~9-10x Lebanon'’s total electricity production

— Projected 140 billion kWh in 2020

* 50 coal power plants
* ~ 150M metric tons CO,
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Where is the energy used?

Energy Usage in the US (2006 ~ 2010), in TWh

Second home computer, 3.1

The Internet, 190.1

Data centers, 61.4

_ Cell phones, 0.5
- Cellular Network , 6.5

Set Top Boxes, 26

UCIrvine

APPLICATIONS GROWTH
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Energy Trends

30
25 The rising demand for

electricity will be driven by

residential/commercial and
20 industrial sectors.
15
10

5
1980 2005 2030

¥ Heavyindustry | Otherindustry M Transportation [ Residential

B commercial

Source: Papa ISSCC 2012
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Impact of Energy Efficiency on CO2 Reduction

Nuclear
Carbon Capture & Storage

Renewable & bio-fuel

Energy efficiency

== CO2 Emission in Reference Scenario
— Post Kyoto Scenario 1 (3°C global temperature rise)
~ Post Kyoto Scenario 2 (2°C global temperature rise)

Electricity Consumption
by Application in 2010

Source: Papa ISSCC 2012
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Residential and Commercial Demand
Forecast 2030.

Residential demand changes
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By 2030, the worid
will have about
880 million more
households, By

itself, this would
cause dsmand to
rise fo about

120 quads.

But improved
efficiency will
offset almost
60 percent of
this demand

growth.

Commercial demand changes
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By 2030, economic growth
would raiss demand in the
commercial subsecior to
about 50 quads.

Eut sfficiency
gains will imit
growth to only
about 10 quads

2005 2030

2005 2030

Source: Papa ISSCC 2012
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What is a Quad?
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Why Worry about Power?

The Tongue-in-Cheek Answer

= Total Energy of Milky Way
Galaxy: 10%2J

= Minimum switching energy for
digital gate (1 electron@100
mV): 1.6 1020 J
(limited by thermal noise)

= Upper bound on number of digital operations: 6 1078

= QOperations/year performed by 1 billion 100 MOPS
computers: 3 102

= Energy consumed in 180 years, assuming a doubling of
computational requirements every year (Moore’s Law).

Low Power Design Essentials ©2008

hros Electrical Engineering & Computer Science

UClIrvine

Summary

» Power challenge could be Moore’s law Achilles' heel
* Microscopically:
— Higher switching rates increase power density
— Smaller dimensions increase leakage
— Higher temperatures affect reliability, leakage
* Macroscopicaly:
— Consumers expect more functionality (i.e. more power)
— Cloud computing -> increased energy consumption @ server centers
— Globally, Environmental, sustainable impacts

hros Electrical Engineering & Computer Science
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NO EXPONENTIAL IS FOREVER ...

BUT

WE CAN DELAY “FOREVER"

[Ref: G. Moore, ISSCC 2004]

MORE THAN MOORE
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eMerging Societal-Scale Systems

BioMonitoring

[Ref: Ed Lee et. al

ectrical Engineering & Computer Science

Embedded Systems

Computational
— but not first-and-foremost a computer
Integral with physical processes
— sensors, actuators
Reactive
— at the speed of the environment

Heterogeneous
— hardware/software, mixed architectures

Networked

— shared, adaptive

... Electrical Engineering & Computer Science
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The Emerging IT Scene!

13 ® Alberto Sangiovanni-Vincentelli. All rights reserved.

Infrastructural
core

Mobile
access

Courtesy: J. Rabaey

_—
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Predictions: 7 trillions dev|
1,000 devices

g

Hi, Look! | hought google glass and
| sentyou one too!
now I can always watch you...

Tt where-ever you are......

what-ever you do....

Real-life interaction between
devices on and in the body a *

Courtesy: J. Rabaey

rical Engineering & Computer Science
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Moore's Law has fueled a phenomenal
growth in data traffic!

Lodnternet Traffic Growth 2005-2012

B Internet Videoto TV

W Internet Video to PC

M VolP

W Video Communications
B Gaming

W P2P

B Web/Data

12,000

2006 2006 2007 2008 2009 2010 2011 2012

PB/Month

Source: Cisco, 2008

What will drive the growth of the Cloud moving forward?

2
:

Trends to Watch (Cisco 2014)

e Applications that might migrate from offline to online (cloud):
e.g. cloud gaming

e Behavior that might migrate from broadcast to unicast: Live TV
over the Internet would carry a separate stream for each viewer.

e New consumer behavior: The adoption of UHD TV

e Internet of Things




How big will the cloud get?

Annual global IP traffic will pass the zettabyte (1000
exabytes) threshold by the end of 2016, and will reach 1.6
zettabytes per year by 2018 (Cisco 2014)

B bata infiation 2]
Unit Size What it means
Bit (b) 1orQ Short for “binary digit”, after the binary code (1 or 0)

com puters use to store an d Pprocess data

éy‘t:z (B)-‘Biﬁﬁ“-‘ Enoughmformahon to create an Enghsh letter or number e
in computer code. It is the basic unit of computing

Kilobyte (KB) 1,000, or2’’, bytes | From “thousand” in Greek. One page of typed textis2ke =
Megabyte (MB) From “large” in Greek. The complete works of Shakespeare total 5SMB.
e eeenee e nenzanne e A Typical pop song s about 4MB
Gigabyte (GB) From “giant”™ in Greek. A two-hour film can be compressed lnto 1-2GB
Terabyte (TB) From “monster™ in Greek All the catalogued books

in America's Library of Congress total 15TB
Petabyte (PB) All letters delivered by America’s postal service this year will amount
e RS LA o i el G sy limeg
Exabyte (EB) Equivalent to 10 billion copies of The Economist
Zettabyte (ZB) The total amount of information in existence

e thlsyeansfarecasl.tubearound1223 e
Yottabyte (YB) 1,000ZB; 2° bytes Currently too big to imagine

The prefixes are set by an intergovernmental group, the International Bureau of Weights and Measures.,
Source: The Economist Yotta and Zetta were added in 1991; terms for larger amounts hawve yet to be established.

iectrical Engineering & Computer Science

2
:

Video Dominates the Internet Traffic

The sum of all forms of IP video, which includes Internet video, IP VoD, video files
exchanged through file sharing, video-streamed gaming, and videoconferencing, will
continue to be in the range of 80 to 90 percent of total IP traffic. Globally, IP video traffic
will account for 79 percent of traffic by 2018. (Cisco 2014)

R 21% CAGR 2013-2018

140

| II

2013 2014 2015 2016 2017 2018

M File Sharing (13.3%, 6.0%)

B Web/Data (22.5%, 15.2%)

M Managed IP Video (23.1%, 18.7%)
W Internet Video (42.0%, 60.0%)

Source: Cisca VNI, 2014

L e AL ko ke Ao oo A e Ak M k. _ A _ME_ L. _ . ARAA __ i ARSA i b

iectrical Engineering & Computer Science




UClIrvine
Most traffic will be over Wireless

140

| III
OII

2013 2014 2015 2016 2017 2018

B Mobile Data (61% CAGR)
B Fixed/Wired (12% CAGR)
M Fixed/Wi-Fi (25% CAGR)

 Electrical Engineering & Computer Science

EWWIZM Growth Drives the Reality of Internet of
Everything

M2M Connections (Millions) 26% CAGR 2013-2018

8

b =
7.3

* Globally, M2M connections will grow
t2hor1e§fold. ~ 1 M2M connection/person by

— video surveillance, 4

— smart meters,

— smart cars,

— asset and package tracking, 23

— chipped pets and livestock,

— digital health monitors. 0
*  M2M IP traffic will grow 17-fold (2.8% of .

g|0ba| IP traffic)_ Exabytes per Month

* The higher traffic growth than ¢

connections growth is due to more 37
video applications , that require higher
bandwidth and lower latency, such as:
2.1
2

2013 2014 2015 2016 2017 2018

— video surveillance
— Telemedicine
— smart car navigation.

1

These applications are enabled by the 0 m— ﬂ

2013 2014 2015 2016 2017 2018

Internet of Things

urce: Cisco VNI, 2014

Electrical Engineering & Computer Science
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Internet of Things

@l | dhe & B0

Vekicle,asset,person & pet Agriculture automation — Energy consumption  Secwrdfy &  Buldin maraq f
mu’famﬁ:&g & fox}rafféxj J ﬂ ‘8 Y o

survedlance

Exbeilied Everyday thiﬂgs_.: for smarter

Hobide Internet of things et comected tomorrow
coqde,.. =B B lT" =y
S cn lplBe ¢ @ e

MU & wireless
sensor network EWU‘(@' Hixj.r Swart homes & cities Telemedicine & helthcare
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Cyber-Physical Systems: The Driver for loT

CYBER SPACE

vber-Physical Cloud Computing
A new information platform
to sense, collect, manage, analyze, and

Actionable
information
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IBM Smarter Planet Initiative: Something profound is
happening... CYBER PHYSICAL SYSTEMS!

- ok L)

I TRIIMENTEDR
N IRUNIE

We now have the ability to People, systems and objects can We can respond to changes quickly
measure, sense and see the communicate and interact with and accurately,
exact condition of practically each other in entirely new ways. and get better results
everything. by predicting and optimizing
for future events.

1 1BM 2010

s
rical Engineering & Computer Science
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Vision 2025

Integrated components will be approaching molecular limits and/or
may cover complete walls

Every object will be smart

The Ensemble is the Function!

Function determined by availability of sensing, actuation, connectivity,
computation, storage and energy

Collaborating to present unifying experiences or to fulfill common
goals

A humongous networked, distributed, adaptive, hierarchical
control problem

[Ref: IBM 2010

rical Engineering & Computer Science
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The Birth of Cyber-Physical Systems

Complex collections of sensors,
controllers, compute and storage
nodes, and actuators that work
together to improve our daily lives

[Ref: Ed Lee et. al

UCIrvine

ctrical Engineering & Computer Science

Cyber-Physical Systems (CPS):
Orchestrating networked computational
resources with physical systems
Building Syst({aﬂf

Transportation
(Air traffic
13 confrol at
. SFO
Avionics )
Automotive

Telecommunications

Hg = D
= v :
il ) |l
L 1o j—
- m Instrumentation
B n ¥ {2
Power

| generation and
distribution

Courtesy of Kuka Robotics Corp.

[Ref: Ed Lee et al
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loT size estimates (2020)

Economy
Source # loT (B) ($T) Data comments
IDC 25 4 50 ZB?
212 Installed/30B excludes surveillance/
IBM connected 8.9 37B |[streaming data
CISCO 50 14.4 >1 7B
GE 10-15
Intel 200 6.2
HP 1000 2-6 by 2025
Goldman Sachs 28
UClIrvine
Some Applications of CPS

» Manufacturing: smart production equipment, processes,
automation, control, and networks; new product design

« Transportation: intelligent vehicles and traffic control,
intelligent structures and pavements

* Infrastructure: smart utility grids and smart buildings/
structures

* Health Care: body area networks and assistive systems

 Emergency Response: detection and surveillance
systems, communication networks, and emergency
response equipment

oo Electrical Engineering & Computer Science




