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Considerations

of use?
No Yes
Pure Basic Use-Inspired

Yes (Bohr) Basic (Pasteur)
Quest for
Fundamental

I ~)

Understanding® Pure Applicd

No (Edison)

Source: Pasteur’s quadrant - Stokes p rc
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“Don’t bother me. The
project will be finished
in 1 month and users
will love it.”

“No one would use this
because

“It simply can’t work

parc
Good Modes
@ Will attack anything
with gusto.
@ Makes the invisible
visible.
@ Rationally identifies the
project’s problems.
parc




Hearts and Minds
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Hearts to Hearts
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KNOWLEDGE ECOLOGIES AT PARC 5/22/98

e —

NETWORKED DEVICES/ EMERGING
DOCUMENT SERVICES DOCUMENT TYPES

HIGH PERFORMANCE & SECURE CREATING NEW DOCUMENT TYPES
SERVICES ON THE NETWORK. AND GENRES FOR THE NEW MEDIA.

———

— ]

KNOWLEDGE ECOLOGIES

DOCUMENT TOOLS AND PRACTICES TO SUPPORT KNOWLEDGE
CREATION AND USE IN ORGANIZATIONS.

SMART MATTER ( INFORMATION FABRIC

COMBINING COMPUTING AND BUILDING A WORLD CLASS
MATTER AT NEW SCALES. DOCUMENT INFRASTRUCTURE

THE PARC THEMES parc

Moore’s Law
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Leveraging Moore’s Law...
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Boundaries are fluid

Computation: Matter:

P vs. NP F=ma
Best-first search Kepler's laws
Distributed

Conservation of energy

Turing Machine Point mass

Driven by Moore’s Law Driven by Moore’s Law too!

Many of the simplifying assumptions we use to design
systems will fail us.
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Matter will move into computation

®MEMS-based structural
stabilization

Iy

®0On-demand adjustment of
stiffness and load-bearing
capability

=

®Up to 2.9x increase in load-
bearing capability

®UAST strain sensors (18)

®Filamentary PZT actuator
patches (16)

® Automated test fixture

e Control strategy:

+  Optimal buckling control - 360
independent gains

. ;
. L

Computation will move into matter

Mechanical computation

MEMS tuning fork implemented by Joel Kubby and Eric Peeters, mid-1990s
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Smart Matter Vision:
A new way to build machines and systems

Computation

yara)
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Integrate sensing, actuation, computation at fine granularity
Exploit tradeoffs between computational and physical resources

New: fabrication methods, sensor processing, actuator design,
and control systems techniques
parc

hases of Smart Matter
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Smart Matter: Communication
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&% ® &

@ 8 ® @ _ .
® ® ® Freeway traffic analysis
(] i itori UC Berkel

® ® ® ® Environmental monitoring JC Berkeley

® ® Military applications

® ® ® Machine health and diagnostics

Untethered micro sensors will go anywhere and measure anything --
traffic flow, water level, number of people walking by, temperature.
This is developing into something like a nervous system for the earth.
-- Horst Stormer, Business Week, 8/23-30, 1999. Qogﬂ!;g‘w

Sensor Hardware: Berkeley motes

* CPU:
* 8-bit, 4 MHz Atmel processor
* No floating-point arithmetic support
» Radio:
* 916 MHz RFM @10Kbps
* Distance 30-100ft
 Adjustable strength for RF
transmission & reception
» Storage:
+ 8 KB instruction flash ; —
« 512 bytes data RAM = ST Rl
» 512 bytes EEPROM (on processor)
* OS:
» TinyOS, event driven (3.5KB code
space)
* Sensors:
e 10-bit ADC mux’'d over 7 analog input
channels
« Sensing: light, sound, temperature,
acceleration, magnetic field, pressure,
humidity, RF sigr?al strength P Hardware Qg;lﬂr(::c




Bringing the Off-line World On-line

Networked cities
Smart buildings
Smart homes

Sensor nets

atc
Network

Sensor Node
AN
Smart transportation grid

Gateway

Google for the

physical world
Client Data Browsing

1| and Processing

Internet

Human-aware

- Smart factories
computing

Data Service Asset management

Proce Ogl c
"Networks of tiny sensors will track P ing“from
weather to inventory.” BusinessWeek, Aug 18, 2003




The Challenges

®@Scalability

+ Most systems today are centralized
+ Per node throughput goes to zero as network scales
+ Computing at the edges - bottleneck

®Resource Limitations
+ Power
+ Computation
+ Bandwidth

®Networking
+ Ad-hoc meshes with unreliable, dynamic links
+ Network demand dynamic, based on physical phenomena
+ Cross-layer optimization can produce very large gains
+ Management Tools: How can an end-user manage a very large scale network?

®Programming

+ Sensor Networks break traditional separation between application, networking and
operating system details. p arc

+ Need new programming models to “put back” simplicity of layered architectures

Comparison: Nearest-neighbor sensor query
vs. information-directed sensor query

Initializing...

“Blind” nearest-neighbor sensor query Information-directed sensor query

parc_




Group Formation in Sensor Network
—Information Directed Sensor Query

| # PARC CoSense Display
Conhection View (nery z

Key advantages: ,
« Self-organizing: Form and update ad hoc groups as physical stimuli move across network i

 Scalable: Multi-tasking, conflict resolution, leaving resources available for emerging tasks

* Leveraging research elsewhere: e.g., GEAR by Estrin/Heidemann, TinyOS by Culler

Delivering values to our partners:
* DARPA SensIT: Successful field demos at 29 Palms, Mojave Desert

T

ﬁ « Xerox: Signature Analysis Toolbox for machine diagnostics
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Motion-Cast:
Addressing and Networking among

Vehicles

® Addressing based on physical parameters of mobile nodes rather than

on identity
+ e.g., “the car to my left front”
¢ e.g., “the cars in my lane behind me”

® Each receiving node decides whether/how to retransmit packets based
on relative motion and distance, depending on the application/event

Warning zone

“._ Emergency braking event

~
~
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Rethinking the network infrastructure

In wireless ad hoc networks, networking is intimately coupled with
sensing, interaction, and control needs and hence application semantics

* Break down traditional barriers of OSI model

» Consider both communication cost and information
utility using algorithms and dynamic data evaluated at
the application level

» Implemented the node selection in network, via
routing decision
 Data-centric and ad-hoc

 Peer-to-peer, mesh topology; dynamic and highly
mobile connectivity

» Developed several routing approaches based on
optimizing for both networking and application

* Group management vital to scalability
« Address nodes based on geography and capability,

not by name
 Limit data propagation to sensors relevant to
measurement at hand p
Palo Alto ﬂ\!ugn mie

PARC Confidential

Traditional Networked System Architecture

react to all events/messages
/(typically using a FSM)

* message passing

: ll R\ * handshaking

L \ * locks and monitors
application application application . '“tﬁfrupt services

I0S « pulling sensors

O s Oe . efc.

Inanobject tracking example we developed, 40% of the code
and most of debugging time are spent on the “glue logic" that
deals with event synchronization and message passing. p arc




New Programming Models for Sensor Nets

® Support cross-layer dynamic optimization of coding schemes, protocols

Application

End-to-end
Optimization

Three Phases of Smart Matter

Control

RSP
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Communicate

Configure G
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Extreme in Modular Reconfiguration

Terminator 2:Judgement Day (1991) was directed by James
Cameron, produced by Carolco Pictures, special effects by parc
Industrial Light and Magic.

Telecube 61

® Modules expand/shrink and
attach/detach

s
et

par
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Compact State
59x59x%x59cm

Fully Extended
131 x 131 x 131 cmd pﬂnrg

Telecube Programming

® Metamodule 2x2x2 control

® (Generalization of "Smart bunkers”
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PolyBot Manual Reconfiguration G1v4, G1v5
Modules
® Glv4 G1vs

+ Modules manually twist together
+ On-board CPU (PIC 20MHz)

+ On-board power (NiMH)

+ Force/contact sensors

® G2G3

+ Integrated Connection plate
- Hermaphroditic electrical connectors (
communications)
- Active SMA Latch
+ Power PC, MPC555

+ Nodes: 6 interface plates

Climbing a Fence

Palo Alio Research Canter




Closed Chain Ratcheting

® Exploit singular positions in
the Jacobian for high
mechanical advantage in
combination with ratcheting
mechanism.

(paper at IROS'01)
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Climbing Stairs

® Loop
conforming to
terrain

® Loop can travel
.5 kilometers on
one charge

® Can climb
several flights
of stairs

I Palo Alio Research Canter




Conforming Over Obstacles

L HINDD

ey

Reconfiguration

® Video from
COMDEX 1999
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Three Phases of Smart Matter
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An “Active Surface”

Air jet paper mover:

® |ndividually controlled
air jets A 5
® Robustness from N2
redundancy ® ®
® Millimeter-scale “mEMS” : :
valve arrays ® ° Off
® Forward
@ @® © Reverse
@ @
@ @
@ @
parc

Partially funded by DARPA MTO

Active Surfaces: Cantilever Flap Valve

Pager
Fla , Alir jet
Flexible ’o' iy
electrode
v PC Board
u electrode
Air supply
pa rc
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MEMS-based Active Surface

PC-hosted DSP K
control @ 1 kHz , -

576 valves sensors: 32,000
(144 per direction) gray-level pixel) @ FC

in 25 Iinear arrays!e Ao fesech caner

Airjet video

I Palo Alio Research Canter




Print system

® A complex multi-function device:
* variety of operations
+ complex interactions
+ real-time, high-speed operations

I Palo Alio Research Canter

Toward Reconfigurable Smart Systems

Q NI

Changing the way [
products are put together. E., 3

o

Near future: hyper-modular system, reflective control
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Model-based print-engine scheduling

Problem:

e 3-20 modules,
100s of capabilities

= customer-configurable

machines
. Standardized interfaces
< scheduling complex
interactions Document Constraint Solver
description Control
System Controller commands
Results:

. . Machine model
L4 auto—conflguratlon

= configuration-independent,
optimized control

= toolkit for reactive
print engine control

Module .
7
models,/

I Palo Alio Research Canter

Domain theory

®Components as transducers:
+ work units, transformation, resource allocations
+ feature, timing constraints on combinations of inputs and outputs
+ compositional, “no function in structure”

°

resource:

Transport component i space
port: in / port: out
8 8 > control:\‘ 8 ‘/ 8 /
/V
move / ~—~— parameter:
Describing structure, constraints, and interfaces. work unit: \/ roller speed
sheet timing: path
length and
roller speed

I Palo Alio Research Canter




Inverter model

Component Inverter(int length, int speed) {
. ports, resources, variables

Capability Bypass(lntVarlable tin) {

in.Input(s, t_in);

out.Output(s, t out)

s.width <= 285;

t_in + d_byp == t_out; )

d_byp == length/speed; input __ Rin

d == s.length/speed; o~

r_in.Allocate(t_in, d);
} // CapabiTity Bypass

_ output

Invert (in) Invert (out)
Capability Invert(IntVariable t_in) {
in_Input(s_in, t_in);
out.Output(s_ out t out)
s_in.width <= 285 s_in. Iength <= 436;
s_out == s_in except ~{orientation};
s_in. orlentatlon == 1 - s_out.orientation;
t_in + d_inv == t_out;

d |nv == (length+s_in.length)/speed;
d == s_in.length/speed;
in.ATlocate(t_in, d),
Yy /77 Capablllty Invert

} 7/ Component Inverter

|F‘.|In Alto Research Canter

Impact of model-based scheduling

®Provable properties:
¢ correctness
+ optimality

®New control capabilities:
+ adaptive software
+ use of redundancy
+ generic fault recovery

® Software engineering concerns:
+ modular architecture, standard interfaces
+ write and debug once, reuse often

®Time To Market!

|F‘.|In Alto Research Canter




Embedded Reasoning

®\ision:
+ Highly reconfigurable systems through embedded reasoning
+ Enabling systems that are versatile, effective, robust, safe
+ Providing radical platforms for future products

®\What we need:
+ model-based planning and scheduling
+ reflective control and coordination
+ distributed diagnostics, learning, adaptation
+ explicit interfaces, dynamic architecture

®Reasoning technologies are becoming an important part of
advanced control software for smart embedded systems.

IP.rIa Alio Research Canter

Question: Reconfigurable control

® How to map the logical structure of the control algorithms
onto the physical structure of the modules?

® Minimize communication
® Remap computation when modules reconfigure

® Remap computation when modules fail

IP.rIa Alio Research Canter




Path Planning in Unstructured
Environments

® What is an obstacle?

® How to distribute computation?

Path Planning/Execution

® External
Sensor

® Multi-mode

® Tnitial tests
with snake like
gaits

I Palo Alio Research Canter




Extreme in Modular Reconfiguration

Terminator 2:Judgement Day (1991) was directed by James
Cameron, produced by Carolco Pictures, special effects by parc
Industrial Light and Magic.

Questions to Leave you With

® As our technology becomes more biological, does biology become a
better teacher?
¢ Deep insight?
¢ Stupid metaphor?

® Even though processing power is growing with Moore’s Law, it is
outstripped by our ability to fabricate ever new pieces of Smart Matter
which require even more processing power.

® Processor power is not enough — we lack the principles, theories and
methodologies to truly enable Smart Matter. Ironically, the lack today
lies not with the mechanical engineering disciplines but in computer
science.

par
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