THE WIRELESS REVOLUTION CONTINUES -

ROM IVIOBILES TO SWARMS




Information Processing in the 1980s

Minicomputers B2 Workstations ££5» Desktops [ » Laptops




A Defining Moment ...

On a sunny day in Berkeley in the mid 1980’s,

Sven-Olof Ohrvik, Ericsson Radio Systems and
faculty at Lund University
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= Just imagine the opportunities ...




1990 Question:

“What would computers look like if wireless connectivity
becomes ubiquitous?”

[R. Brodersen, ISSCC keynote 1997]

The UCB Infopad Project (1992-1996)

The Birth of the Tablet




Towards Human-Centric Devices
) Desktops @ Laptops @ Handhelds

xabytes per Month 78% CAGR 2011-2016
B Other Portable Devices (2.2%)
W M2ZM (4.7%)

B Home Gateways (4.8%)

B Non-Smartphones (5.7%)

W Tablets (10.0%)

B Laptops and Netbooks (24.2%
B Smartphones (48.3%)

2011 2012 2013 2014 2015 2016

igures in legand rofer to trafic sham in 2018
Scurce. Cisco VNI Mobile, 2012

» By end of 2012, mobile connected-
components will exceed earth

population

» Tablets to exceed 10% of global mobile
2010 — The tablet as the data traffic in 2016

gateway to the cloud




Key Infopad Concept:
Move Computation to the “Backbone”

The "Proto-Cloud”
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Moving Computation to the Cloud

[Source: Cisco VNI Mobile, 2012]

W Netflix (109 MB)
B Pandora (55 MB)
M Facebook (40 MB

B/ B Web (89 MB)
W E-mail (60 MB)
[J. Rabaey, ASPDAC'08] o[ I

Email+Web +Facebook +Pandora +MNetflix

Source: Cisco analysis of Arbitron Mobile data, 2012

“A user with an 8 GB smartphone who streams cloud video
and music will consume more content over the course of 2
years than can be stored on the device itself”




Key Infopad Concept:
Energy Efficiency through Concurrency
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It takes a road wreck ....
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Concept fully embraced by industry in the early 2000’s




The Power of Multi-Disciplinary Collaboration

PC/Ethernet Scalable Hardware Basestation

Scheduling for Quality of Service and
Capacity Optimization
and WIRED to
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1997: What’s Next? (after Infopad

email from Bob Brodersen to Per

(“Pekka”) Tjernlund (Ericsson) - Center ﬁ
July 1997 Research H

Opened January 1999




Berkeley Wireless Research Center (BWRC)

A partnership between UC researchers,
industry (~20 companies) & government
exploring the generation-after-next wireless
devices and systems

Center Drivers (1999)

¢ “Fourth-Generation” Universal Radio

Supports multiple formats and protocols, adapts to
environment and data in intelligent way

e Ultra Low-Power Picoradio
Dedicated radio for point-to-point link. Energy dissipation
and foolprint are of uttermost importance importance
BERKELEY SPARKS Goal: P <100 uW
A WIRELESS FUTURE

Uses the most-advanced CMOS processes ( < 0.05 um) to
provide Gbits/sec bandwidth in the 60 GHz band

Berkeley Wireless Research Center




Another 90’s Question:

“What happens if sensors become tiny, wireless, and
self-contained?”

smart Dust Components

Laser diode
ce

Passive CCR comm.

MENS /polysilicon
Actireheam steering laser comm.
MENS foptical quality polysilicon

— Analog I/O, DSP, Control

Sensor
MENMS bulk, surface, ... / ower capacitor
Multi-layer ceraric

Solar cell
CMOS orIII-V

[Courtesy: K. Pister, UC Berkeley]

... Wireless Sensor Networks




Linking the Cyber and Physical/Biological Worlds

CyberPhysical Systems [Gil08] CyberBiological Systems [Rab11]




Center for Information Technology In
Support in the Interest of Society (CITRIS)
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Founded 2001 - California grant
Main mission: Shift information
technology from productivity
increase to societal enhancement

—— Grounded in sensor-network

Tele-immersion for Physicians hesion, & renl-time rencering MSOAER

platform
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The Center for Information Technology Research In the Intorost of Upeoming Events
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The PicoRadio Project (99-06)

Meso-scale low-cost wireless transceivers for
ubiquitous wireless data acquisition that
o are fully integrated
— Size smaller than 1 cm?3
o are dirt cheap (“the Dutch treat”)
— At or below 1%

* minimize power/energy dissipation

— Limiting power dissipation to 100 uW
enables energy scavenging

« and form self-configuring, robust, ad-hoc networks
containing 100’s to 1000’s of nodes

[J. Rabaey, 2000]



The First Generation (2000)

A flexible platform for experimentation with
protocol and networking strategies
(400 cm3— power dissipation <1 W)

Crucial challenge:
Short-distance low-power radios!

Prototype 18t generation Bluetooth
(Courtesy Sven Mattison, Ericsson)




Fast Forward to 2006

[Burghardt et al, 2007]

UC Berkeley PicoCube
Volume: 1cm3

Pave: 6 uW

Energy self-contained
2-3 orders of magnitude!




The Power of Multi-Disciplinary Collaboration

Energy harvesting

Packaging

ULP Radios

Antennas

“The Art of Creativity” [H. De Man — ISSCC 2005]




A Promise Unfulfilled (So Far)....

$12,000

$8.000

$6,000 -

$4,.000 -+

$2,000 -+

| $10,300 H 2010 Entire
$10,000 -

Sensor
Market (Source: On World)

22010 WSN = Cost savings not yet disruptive
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(Projected,
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Meanwhile... From CCCD to SoS
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Bersonnel "10 Years of Success in Wireless SoC - A Solid Foundation for the Future"

September 6-7, 2007

Grand Hotel, Lund
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Registration
Program
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Lund Circuit Design Workshop




Fast Forward Again - Vision 2025

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

Every object will have a wireless connection,
hence leading to trillions of connected devices,

Opportunistically collaborating to present unique

experiences or to fulfill common goals

- "'-'

What will 1t Enable’P




The Swarm at The Edge of the Cloud

Mobile
—= | Access & Relay

The Swarm

[J. Rabaey, ASPDAC'08]




A Phase Transition in the Making

The Cloud

___— Mobile Access

Ay _—— Sensory Swarm
s Y Courtesy: F. Bonomi, Cisco
e —-

Courtesy: P. Jacobs, Qualcomm

And many other versions ...
(also known as the Internet of Things, Societal IT)




The Missing Link

P ——
Energy-efficient Unpad
"Home sacurf'ty!‘ home j_l
Apps emergency - Health

monitoring

SWARM-0OS
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Input devs | ! :

Networks
Computing




2010 Question:

“How to interact with information in a world where
enriched senses and interfaces are omnipresent?”

Mobiles to disappear or unravel! The unPad*

* Term coined by BWRC Directors [2010]




Towards (Human-)Aware Devices
") Desktops > Laptops g Handhelds g2 unPads

“Pad” goes away, but functionality
(plus more) stays: enriched and
unpackaged 1/O, communication,
computation, storage.

People seamlessly interact with
content, environment and one
another through of collection of
Interconnected sensors and
actuators.

Sensors and actuators

opportunistically cluster as needed
for a particular functionality.

[Courtesy: J. Wawrzynek, BWRC]




unPads coming alLive

Example: Google Glasses

[http://www.youtube.com/watch?v=9c6W4CCU9M4]




unPads ... What it Takes!

Adopt a “Swarm Perspective”

Providing ubiquitous wireless
connectivity at last

Managing the swarm and its
resources

Maximizing experience,
reliability, safety and security

A Hard and Complex Problem!

Distributed, heterogeneous, L _
dynamic ... The function is in the swarm, not in

the individual components

Use components opportunistically
based on availability

Exploit the “power of numbers”




A Swarm Perspective:
“Dennard Scaling” Applied to Wireless Connectivity

Wireless connectivity strategies
that scale (capacity, energy,

reliability) with increasing
numbers!

Directly contradicts todays model!

Make cells smaller!

= Exploit locality/proximity
= Exploit density

= Collaborate!

“‘peer-to-peer”




A Swarm Perspective:
Learning from Multicore Systems

Reengineering the OS: Tesselation

Basics Concepts:

Resources are primary citizens
It is all about data streams, computation is an afterthought

Distributed in nature
Security from the ground up.

The “Cell” as the Basic Unit of Resource and Security
Resource guarantees negotiated hierarchically
Continuous discovery and optimization
Cells communicate over secure channels

[Courtesy: John Kubiatowitz, UCB, and the UC Berkeley Parlab]




'O ~ Making Swarms Happen:

.‘_' @ The Ubiquitous SwarmLab at Berkeley

“Create an open and universal platform to foster the
creation and distribution of a broad range of
innovative swarm applications”

B —

-

Inaugurated December 2011 —
Seeded by Qualcomm donation

An incubator for Swarm applications, building on Berkeley's combined
strengths in technology, circuits, architectures, software and systems




The Power of Multi-Disciplinary Collaboration

Swarm Visions Symposium — Dec 2011

Jan Rabaey — Swarm Visions

Shankar Sastry — Swarm Security

John Wawrzynek — unPad

Ruzena Bajczy — Observing people

Bjorn Hartmann — Swarm user interfaces
Paul Wright — Swarms and manufacturing
Jay Han — Swarms and rehabilitation
Michel Maharbiz — Neural swarms

Claire Tomlin —Mobile swarms

Pieter Abbeel — Robot learning

John Kubiatowicz — Swarm OS

Bernhard Boser — Swarm sensor platforms
Ana Arias — Large scale platforms

Kris Pister — Swarm networks




Swarm Visions

[C. Tomlin, UCB]

[V. Kumar, U.Penn]

Trajectory Planning

[M. Maharbiz, UCB]




Swarm Visions:
Neural Swarms and Brain-Machine Interfaces

Bridging the gap between the human brain and the cyberworld

Mind Out of Body:
Controlling Machines with
Thought

In an exclusive excerpt from his new book, a pioneering
neuroscientist argues that brain-wave control of machines
will allow the paralyzed to walk, and portends a future of
mind melds and thought downloads

[Scientific American, February 2011]

[Nicolelis, Nature, 18 January 2001]

Benefits to humanity hard to overestimate

- Addressing neural impairments: auditory and
vision impairments, spinal cord injury, stroke,
parkinson, epilepsy...

« Human enhancement

Science Fiction or Imminent Reality?




Listening to the voices inside your head

“Neuroscientists may one day be able to hear the imagined speech of a
patient unable to speak due to stroke or paralysis, according to University
of California, Berkeley researchers.”

[Pasley at al, PLOS, 2012]




Wireless uECoG

May provide up to 1000 channels
with pitch as low as 200 um.

Providing unprecedented
resolution.

Powered wirelessly

Antenna printed on electrode
polymer substrate

[Courtesy: P. Ledochowich, R. Muller, M. Maharbiz, J. Rabaey, 2012]




Neural Dust as the (Long-Term) Vision

“An implanted neural interface
that can provide imaging and
acquisition of neural activity at
multiple scales of resolution

using arrays of patterned and
free-floating sensors”

[Courtesy: M. Mark, D, Chen,
W. Biederman, D. Yeager, R.
Muller]

Dutline of Evched/Diced Final Form Factor




Concluding Reflections

o Over the past two decades, wireless technology has
ISAAC ASIMOY fundamentally transformed the ways we work,

I:A“]‘Ausm'i"l‘il communicate and live.
i A E The revolution is still on — the next few decades will be
L. just as exciting and transforming.

No single technology is solely responsible for any
these transformations — integration of multiple ideas is
key!

Cross-disciplinary thinking is becoming ever more

Important — in lieu of renaissance man, collaboration is
a must.

® Boy, this is so much fun ... j—%,”g@’/gﬂéﬁf
' BDEEP




My deepest gratitude to Lund University.

Tack sa mycket,

for the many years of superb interactions and
thought interchange!

The early generation: Sven-Olof
Ohrvik, Jan Uddenfeldt, Per (Pekka)
Tjernlund

Next gen: Sven Mattison, Mats
Torkelson, Viktor Owall, Jiren Yuan

The current crew — Peter Nilsson,
Henrik Sj6land, Pietro Adreani,
Joachim Rodrigues, Lars-Erik
Wernersson and, of course, Pia Bruhn




Lund—The end of
the road? NOT!
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Thank you!

The contributions and collaborations of the following colleagues
are gracefully acknowledged: A. Wolisz, K. Pister, R. Brodersen,
E. Alon, G. Kelson, A. Niknejad, B. Nikolic, J. Wawrzynek, P.
Wright, D. Tse, M. Maharbiz, J. Carmena, R. Knight, L. Van de
Perre, and B. Gyselinckx, R. Muller, M. Mark, D. Chen, A.
Parsha, S. Gambini, and all my current and past graduate
students.

Contributions by the BWRC member companies and the MuSyC
and GSRC consortia are truly appreciated.

Many thanks to V. Vinge, N. Stephenson, |. Asimov, and C.
Stross for providing the true visions!




