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Tracking Indoors
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Location of what?

* Obijects
e Static, Moveable, or Mobile

* Frequency of movement: door, desk, laptop
e Dumb or Networked
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* People k”
* Waldo asks “Where am i?” L
* System asks “where’s Waldo?” s B

e Services

T think T foumnd him.

* applications, resources, sensors, actuators
* where is a device, web site, app




Tracking technology

* Some examples:
e 802.11; Bluetooth (Intel, HP, ..), RFID
* ParcTab (Xerox)
* Active Badge (Cambridge ATT)

e BATs (Cambridge ATT) R,
e Crickets (MIT) @
e Cameras
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Tangential Note:
Larry’s conjecture

* Any sensing service in pervasive computing only needs:

® some cameras

* lots of computing power

* some clever algorithms

* Any sensing service in pervasive computing

* can be done cheaper with application-specific
hardware!

* E.g: Location tracking & recognition
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Figure 1. TRIPcode representing number 1,160,407
TRIP constitutes a very cheap and versatile sensor technology. Its 2-D
ringcodes are printable, and can therefore be attached even to low-cost items,
such as books or office stationeries (e.g. stapler). A TRIPcode (see Figure 1),

read in counter-clockwise fashion from its synchronisation sector, represents
a ternary number in the range 1-3'7 (1,594,323). Only off-the-shelf hardware

is required, i.e. low-resolution CCD cameras and CPU processing power.

Cambridge ATT’s BAT




Cambridge ATT’s BAT

Figure 1. Operation of
the Bat location sen-
sor system. A Bat is
triggered over a wire-
less link (1), which
causes it to emit an
ultrasanic pulse (2).
Ceiling-mounted
receivers measure the
pulse’s times of flight,
and a controller
retrieves the times of
flight (3) over a wired
network. The con-

troller uses these

measurements to cal-
culate Bat-receiver

disfances and thus the
Bat’s 30 position.

BB Massachusetts
I I I I I Institute of
Technology Pervasive Computing MIT 6.883 SMA 5508 Spring 2006 Larry Rudolph

Cambridge ATT’s BAT

Figure 2. Bat wire-
less tag device. Pow-
ered by a single AA
lithium cell, each Bat
has a unigue 48-hit
1D, twe input buftons,
and—for outpui—a
buzzer and two LEDs.
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BAT Details

e Ultrasound transmitters
* 5cm x 3 cm x 3 cm; 35 grams
* unique id (48 bit)
e temp id (10 bit) -- reduces power
* button (just one)

* rf transceiver
* Receivers in ceiling
* Base station
* periodically queries, then bats respond
® query time, recv time, room temp
e 330 m/s + .6*temp; >2 receivers ==> |ocation

More on BATs

* Deployment
¢ 50 staff members, 200 BATS, 750 Receivers, 3
Radio cells, 10,000 sq ft office space
*20 ms per bat enables 50 BATs / sec

* Smart scheduling reduces BAT’s power
e while at rest, reduce frequency of query
e detect activity at PC to deduce “rest” ‘

e Centralized Datebase = | 55 1

MMMMMMM

* less latency than distributed query

e better filtering and error detection




Feedback of Location-service

Human-centric view of location information

Cuteness reduces concern over privacy

Programming Model?

® Analogous to window-system. BAT enters
workstation space, causes an event call-back

"The person is standing in
front of the worksiation"

ScreenSpace

Pervasive Computing MIT 6.883 SMA 5508 Spring 2006 Larry Rudolph

contained(Person, ScreenSpace)

SMca




Application: Follow-me
Desktop

©

pjs
— —
(1) (2)

==
(3

Figure A. Spatial monitoring application that moves users’ desktops around with them. The application registers with the Spatial Monitor (1);
as the user (pjs) approaches the display (2) or moves away from it (3), the spatial monitor sends a positive or negative confainment event to
the application that transfers or removes the desktop to or from the screen.
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SPACE
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Positive Containment
on Action Zong

Negative Overlap on
Action Zone

Negative Containment
on Maintain Zone
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"Override” Bution Event

"Select” Button Event

Add user to maching's
override set

Remove user from
machine's override set

Remove user's
workspace from the
machine

Remave user's current
workspace from that
display

Is the user's
waorkspace curiently
on a display?

5 someone already
leleported here?

IS there keyboard or
mouse activity?

Does the user
already own a
display?

Remaove user's current
workspace from that
display

5 the user ina
machine's override
set?

Bring up user's
workspace on the new
display

Bring up user's
workspace on the new
display

Figure 11. Event-condition-action diagram describing Bat Teleporting

Is the user's
workspace currently
on adisplay?

Replace workspace
with user's next most
recently viewed
workspace

Figure 5. A smart
poster. In this exam-
ple, a user controls an
e-mail notification
service with asmart
poster.

1. Gllek the “Turn Email Mot cation OMIOFF™
‘utton on thin poster. You should hoar elthee o
rising tone (otification o) o1 a falling tone
{notfication off)

2. 1 you have enabied natdicatian, you wil kear
T hart rising baaps feorm your et whon omail
arshven. You can sample the sound by clicking on
the bat abeve.
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How well does it work?
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Figure 3. Position accuracy of ultrasonic tracker




Multiple Bats (22cm baseling) -—
Multiple Bats (6.5cm baseline{ —+--
Single Bat -&---

Fraction of readings with angular error less than abscissa

1
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Orientaticn error (degrees)

Figure 4. Orientation accuracy of ultrasonic tracker
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Figure 5. Three-tier architecture




Better Trackers

Bayesian filtering on sensory data
Predict where person will be in future.
position and speed over near past

behavior (avg speed) over long term
Uses

Filter bad sensory data

Likely place to find someone

Predict which sensors to monitor
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A few details of Bayesian
Filtering

Bayes filters estimate posterior distribution over the state x¢ of a

dynamical system conditioned on all sensor information collected so
far:

plry|zu0) oo piz | 2y) [J}{.rl ) plz 1] 210 1)dr

To compute the likelihood of an observation z given a
position x on the graph, we have to integrate over all 3d
positions projected onto x:

plz|e) = [ plz | ¥) plr| z) de,
rES(x)

See “VorE)hoi tracking ...” Liao, et al.




- . " T -|' L B Y s .
e
4 e h C
g
* — e !
i) it [ (di

Figure 1: Vorond grapiis for lcarion estimation: () Iedeor smvironment along with monmally prves Voronsd praph. Shown are alse tee
positions of attraramnd Crickess (circles) and infrared sensors (squares). () Patches wsed o campiete Sikelihoods of sensar measurements
Each paitch represents focartions over wivich tae redLTar meRRreerss are @renrged. (o) Likelivoed of aw wfteesoand oricker
erweal (tower ), While dfe aftne-seand sevsnor prevides ronglh disiance iformaiion
rhe I8 senser andy repavss the presence of a perrar @0 a cirealar area. (@) Corresponding Dbelivoed projected angs Se Voreaed grapi.

iy

A FITEELTT

reading (wpper) avd on infraved bodge svst

e ‘;':r;".'h'x ¥ ____:‘
1 i . % ot ‘;}-" p
. a | _ ¢
: i |2 r -y e
! 1 ﬂ J r
i - L i \ = . R e M o
B i) Bt ! - == TH B A . id

Figure 3! jal Trajectory of the rohst during a 25 mi
parl ax estimared sl
those fransitions fr wl

rertod af iraiming data coliection. Trmee podl (in
r () Viomor inecking and o) origing mariicl
h e prohabilisy (s above 8AF. Places with high stopping produab
aved bipger disks indicate hipher prohabilities.

gt wotar) and oot Tikely

5 are represented by disks. Thicker ares

Uni | L i E
niversal Location
- L:rli.rl:r Locaton
postestes Loz ation Apolicalion .ﬁp:“-;ah
L i
Framework i
Location AP handiar [Cn-Tienar, On-Domand, On-Sansor-Evant)
% Mation Modal
Stack: Sensor, Measure, Fusion, =
. . % G rie: Fusion
Application s oot £
Mation Modal
Location API (preliminary) ! Seneor Vargemerd
What: timestamp, position,
. Coordnale and Uneeranty Uiliies
uncertainty 5
When: Automatic (push), Manual i Locs £6 Lackip o ]
(pulll), Periodic ; tn Gl
’ 4 Frarmte
= il L:c.nnn
802.11 base station location - |:||:.] e
Losation Remota Sorver
_l_"-awn_; Conneciisity
Calibrated database of signal : — S
characteristics ezt
2 iy WS
?'? Dimvmr
3 to 30 meter accuracy X
&

Figure 3. Universal Location Framework block
diagram.




Division of Labor

* Determining the location of object
* Associating name with location

* Obiject (or person) has name

e Object has a location

* physical or virtual (instantiation of
program on some machine)

¢ Need scalable solution to connect them
* RFIDs demand scalability
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