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Abstract. Researchersave recentlydemonstratedisplaypositioningusingop-
tical sensordn conjunctionwith temporally-codedbatternsof projectedlight.
This paperextendsthat conceptin two importantdirections.First, we enable
suchsensorso determineheir own locationwithoutusingradiosynchronization
signals— allowing cheapersensorsand protectinglocationprivagy. Secondwe
track the optical sensorsover time using adaptve patternsminimizing the ex-
tent of distractingtemporalcodesto small regions and enablingthe remainder
of theilluminatedregion to sene asa usefuldisplaywhile tracking. Our algo-
rithms have beenintegratedinto a prototypesystemthat projectscontentonto a
small, moving surfaceto createan inexpensve hand-helddisplay for penasive
computingapplications.

1 Intr oduction & RelatedWork

Augmentingobjectsin the world with projectedcomputeroutputis becomingmore
feasibleasprojectorpricesfall andqualityimproves.Projectionscreensnadeof paper

cardboardor foamcoreboardaresocheapasto bedisposableandcouldbedistributed
to visitorsatamuseumartgalleryor mass-transisystemBy carryingoneof thesedis-

play boardsundera ceiling-mountedrojector the visitor couldaccesdackgroundn-

formationaboutanexhibit, artwork, or train schedulewhile thevaluableinfrastructure
(projectorsyemainssecurgrom vandalismor theft.

However, projectingoutputontoobjectshastraditionallyrequiredatime-consuming
calibrationstep,andprojectingoutputonto maoving objectshasprovedto be challeng-
ing. Vision systemssuchasthe Visual Panel[9] cantrack quadranglesuitablefor use
asprojectionscreensn real time, but dif culty ariseswhenthe quadranglds simul-
taneouslyilluminated with dynamiccontentfrom a projector The HyperMask uses
active IR-LEDs andan IR-camerao track a white maskandprojecta charactes face
onit [8] . Therangeof thatsystemis limited by the power of the IR-LEDS, sensitvity
of thelR-cameraandambientlR illumination.

Recentapproacheso localizing objectsusingactve embeddedight sensorshave
greatly decreasedhe calibrationtime but not yet achievzed projectionon moving ob-
jects.Raskaret al. demonstratethe useof photo-sensitie electronicsensorgo locate
objectswithin a projectionbeam[5]. Single pixel light sensorsandradio boardsare
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Fig. 1. SystemDiagram- While moving, a sensoron the hand-heldscreendetectdocationin-
formationfrom the projectorandbroadcastdt. A radiorecever returnsthis informationto the
computerwhich adjuststhe displayaccordinglyto keepthe projectedmageon the screen.

af x edto or embeddedvithin objectsof interest.After the projectorsendsa synchro-
nizing radio signal, the sensorsareilluminated by a location-encodindsray code[2]
from the projector and eachsensordeterminedts location andradiosit backto the
projectorsystem.Lee et al. usessimilar technology replacingthe radio with a wired
tetherto locatedisplaysurfaceswithin aprojectorsbeamfor useroutputpurposes4].
Theseprevious methodsexhibit thefollowing problems:

— Brittlenessto SensingErr ors. If alight valueis receivedincorrectlydueto noise,
thecalculatedocationvalueis incorrect,andno indicationof the erroris given.

— SensorCost. Becausehe Raskaret al. wirelesssensorgequirea radio recever
for synchronizationin additionto a transmitterthis increaseshe costand power
requirement$or eachsensarThetetheredsensorsn Leeetal. lacktrueportability,
makingthemunsuitabldor non-laboratoryuse.

— SensorMotion. Thepreviousapproacheassumehatthelocationof sensorsloes
notchangeandonly needdo bemeasurednce.This precludesisingthetechnique
onamobilehand-heldscreen.

We aim to addresgheseshortcomingsn this work. The remainderof this paperis
organizedas follows: Section2 describesour schemefor including errorcontrolling
codesinto the projecteddatapattern,andhow this solvesthe rst two problemsmen-
tionedabove. Section3 describe®ur approacho continuougrackingof sensorsising
projectedight, while retainingthe majority of the projectionsurfaceasa userdisplay
(Figurel). Preliminaryquantitatveresultscon rm thatour systenis capableof reliably
trackingrelatively slov-moving hand-heldisplayscreensandobjects.



Fig. 2. Left: Optical sensorattachedo rfPIC transmitterboard.Right: Sensor(underthumb)

mountedon the transmitterboard(behindthumb),at the bottomleft cornerof a hand-heldoro-

jection screen With one sensorthe systemtracksthe motion of the screenin two dimensions
while preservingthe display This allows the imageto remaincenteredon the surface during

tracking.With four sensorsthe surfacecanbetrackedthrougharbitrarymotionsin 3D space.

2 Transmitting Location Data

Our sensor(shavn in Figure2) usesalow costrfPIC 12F675micro-controlley with a
built in radiotransmittetbut norecever, similarto thoseusedn automotie remotekey-
lessentry devices!We usedan inexpensve photodiode asa single pixel light sensor
Leeetal. shavedthatoptical bers connectedo suchsensorgouldeasilybeembedded
in a white screenandthe screerwould actas*“a light diffuserthat helpsbouncelight
into the ber evenatvery shallav projectionangles”[4].

Whena single-pixel optical sensorrecevesdatafrom a projector(which updates
at60Hz)it recordsa new intensityvalueevery frame.Our systemJik e previouswork,
projectsblack andwhite patternsdelivering onebit value (zeroor one) per projector
frame.In previous systemsthelocationis encodedisingGray codes For example,to
representhe 1024 uniquelocationsona 32 32 grid, theindependenb-bit encodings
for theX andY coordinatesreconcatenatetb get{0,1,1,0,0,0,1,1,@}.

Over the period of 10 frames,eachof the 1024 differenton-screerpositionscy-
clesthroughits own uniquecodeseries producinga uniquepatternof light anddark

ashes. In this example,a sensorcould determineits own locationwith only 10 pro-
jectedframes/ asheg1/6thof asecond)if it knew the currentoffsetfromthebeginning
of thecode

2.1 Error Controlling Code

In previous work, the sensorsare eithertetheredto the projectingcomputer making
synchronizatiora non-issuepr a radio signalis usedto indicatethe beginning of the

! Radioreceversaremoredif cult andexpensve to build thantransmittersTherfPIC 12F675
micro-controllerwe usedcosts$2.32USD in quantitiesover 1600.



projectedpaclet. But, an independensensorwithout a radio recever hasno way of
determiningwvhena patternhasstarted.

Oneway to solve this problemis the inclusion of a
framing pattern(which canneverappeain anormalloca-
tion pattern).Unfortunately becauseGray Codesuseall
possiblepatternsof onesandzerosthereis noappropriate
framing patternavailablethatis shorterthanthelocaliza-
tion pattern Additionally, aframingpatterndoesnot solve
the problemof bit errors.

Using a Hammingcode[3, SECDED(Single-bitEr-
ror CorrectionDouble-bitError Detection) to transmitthe
datapatternallowsanindependengensoto bothsynchro-
nize with the datasource aswell asdetectbit errors.The
SECDEDcoderequiregheuseof (logxN ) + 1 checkbits
for N databits. We selectedhe SECDEDcodebecause
it was straightforvard to implementon an 8-bit micro-
controllerwithout oating point math support,and lim-
ited processingpower and memory The SECDEDcode Fig.3. Single projected
cancorrecta single bit of error, anddetect(but not cor-  frame of Gray Code and
rect) two corruptedbits. To increaserobustnessyve used check-bitcodepattern.
it solelyfor errordetection.

In our implementationwhich delivers 16 bits of locationinformationand uses5
checkbits,the SECDEDcodeincreasepacletsizeandtransmissiotime by 31%.This
reduceurlocationdataspeedrom a potential3.75pacletspersecondo 2.85paclets
per secondbut givesus automaticsynchronizatiorandtwo bits of error detectionper
21 bit paclet (Figure4).

2.2 Validating receved packets

While receving bits from the optical sensorsthe rfPIC 12F675micro-controlleron
our sensorexaminesthe last 21 bits receved, attemptingto validatethe paclet. If the
SECDEDcodeindicatesthat a valid paclket wasreceved, the sensotknows thatit is
synchronizedvith the bit-streamandthat no bit errorshave occurred It thendecodes
the databits to determineits own (X,Y) locationwithin the projectionbeam.In our
systemthe 16 bitsareusedto deliver 10 bits of locationinformation(a32 32grid) and
theremainingsix bits areusedfor a projectorlD, allowing up to 64 separaterojectors
to beidenti ed.

Usingan XGA projectorour 32 32grid providesuniquelocationsthatare32 24
pixelsin size.The sizeof the physicalareacoveredby a 32 24 pixel region depends
uponthe distanceof the sensoifrom the projector anddoesnot represent minimum
accurag of our systemlIf moreaccuray is desiredthetrackingpattern(in Section3)
canbeusedto “zero-in” onthesensordowntoa?2 2 pixel level of accurag for DLP
projectors?

2 Due to automaticspatial ditheringin the hardware of DLP projectors,a computercannot
achieve accuratantensitycontrolof pixel groupssmallerthan2 2.
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Fig. 4. (a) 21-bitlocationpaclet shaving 5 checkbits and 16 databits, (b) A streamof three8
bit tracking paclets shawing framing bits, databits, and checkbits. Arrows indicatethe 10 bit
patternthatis decodedyhich includesframingbits ateachend.

2.3 High Scalability

Becauselecodinghestreannf sensowvaluess donelocally, theonly datathatneedgo
bereturnedo theinfrastructurds the successfully-decodddcationpaclet (two bytes,
includinglocationandprojectorlD), andathree-bytesensoiD. In ourimplementation
thisis atotalof ve bytes,whichallows 32 projectorsandover 16 million sensorsBy
addingafew morebytesthe numberof projectorgandsensorsganbeeasilyexpanded.

Local decodingalsoallows the sensotito activateits radioandreturnlocationdata
only whenit hassuccessfullydecodeda location paclet, saving power andreducing
theburdenon the sharedesourceof the RF frequeng. Additionally, the sensoknows
whenthelastsuccessfulocationpaclet wasdetectedandits own location,allowing it
to take actionindependendf theinfrastructure.

Sensorswithout on-boarddecodingmustbroadcasthe datastreamcontinuously
which canposebandwidthproblemsover low power RF links, andmustrely uponthe
infrastructureto inform themof theirlocation.

2.4 IndependentOperation

In our sampleapplication,the micro-controllertransmitsits locationto the projecting
computer sothatthe infrastructurecanswitch to a trackingmodeanddisplay content
on the hand-heldscreerattachedo the sensor(SeeSection3). However, if the sensor
were only interestedin determiningits own location (similar to a GPSrecever), it
would notneedto divulgeits obsenationsto theinfrastructureThe Of ce of theFuture
project[6] proposeghatall lights in an environmentwill eventuallybe replacedwith
projectorsallowing programmableontrolover theillumination of every centimeteiof
every surface.The cameraincludedin mary phonescanbe usedasa built in optical
sensoifor our system.If alocation-praviding infrared projectorweremountedover a
conferencdable,a persons mobile phonecould switch to silent modeandbe ableto
provide their spousewith locationandstatusnformationin responsé¢o anSMSquery
without revealingthis informationto theinfrastructure.

Insteadof providing locationinformationdirectly, the projectorcould encodeother
databaseduponthelocationof the optical sensarFor example,a projectedelectronic



classi ed adwertisemenboardcould have a small ashing circle afterevery telephone
numberor URL in eachadwertisementA usercouldusea camergphoneasa privacy-
preservingoptical sensorby holding it underthe ashing circle of an adto quickly
recordthe numberfor a bankrupty lawyer or mental health supportgroup without
revealingits presenceo theinfrastructure.

3 Tracking

Fig. 5. Threeframesshaving how our system“zeroes-inbn anearstaticsensarThe patternsize
wasarti cially increaseatthebeginningof thissequencéy coveringthesensofor two seconds.
For purposef illustration our systemprojectshorizontal(red) andvertical (green)lineswhich
crossat thedetectedocationof the sensorNotethat, in thethird frame,the trackingpatternhas
shrunkto a smallspotonthedisplayandthatthelinesarecenteredn the sensor

As with the work by Raskaret al. and Lee et al., the projector cannotbe used
to display applicationcontentwhile it is projectinga full-screenlocalizationpattern.
However, oncethelocationof asensois detectedpur systencanswitchto a“tracking”
modethatprojectssmalllocalizationpatternonly aroundthelocatedsensorandleaves
therestof the projectionareaavailablefor applicationdisplay purposesAdditionally,
the tracking patterncan be usedto “zero-in” on a static sensorincreasingaccuray
(Figureb).

Oncethe sensoiis located,it is only necessaryo detectif it moves,andif so,in
which direction. Our systemdoesthis by projectinga hexagonalpatternwith seven
distinctareasThe centralsectioncoversthe sensoiif it remainsstatic,andthe six sur
rounding“wedges”indicatethe directionof motionthatthe sensoreports.ldentifying
theseserenareagequireonly threebits of datato be transmittedn eachpaclet since
theprojectorlD is known from the previously decodedocalizationpaclet.

We addtwo framingbits atthebeginningof eachpaclet,aswell asthreecheckbits,
resultingin an8-bit paclet. We chooseto alternatethe framing bits of eachpaclet be-
tweentwo zeros{0,0} andtwo oneg{1,1}, enablingusto useboththeframingbitsfrom



| Speed Distancelmm)| Recarery Time| Speed- Distance(projectorpixels)]

73mm/sec 314mm 0.63sec 74 pixels/sec 319pixels
77 mm/sec 289mm 0.50sec 78 pixels/sec 293 pixels
110mm/sec 349mm 0.53sec 112pixels/sec 354 pixels
128 mm/sec- 320mm 0.53sec 130pixels/sec 325pixels

Table 1. Measuredsuccessfulrackingspeedsndrecovery timeswith projectorpixelsveryclose
to 1 1mmin size. Recwery time is the time from the end of the motion until the tracking
systemhadresohedthesensoislocationwith thehighestevel of accurag available;thesensors
locationwasknown with slightly lesseraccurag throughouthetime the sensomwasin motion.

thecurrentpaclet, aswell astheframingbits from thefollowing pacletto synchronize
and detecterrorsin the transmissiorchannel.The currentpaclet structureallows us

to project 7.5 paclets per secondwhich is just enoughto track slow hand motions,

approximatelyl2.8cm/secwhenl.5mfrom the projector asdiscussedbelow.

In Figure 2 (right) the systemis projectinga hexagonaltracking patternonto the
sensoito trackits locationasit moves.Thetrackingpatternis intentionallydif cult to
see,asit is projectedon anon-re ective portionof the hand-heldscreenThe systemis
usingthedetectedocationof the sensoto keepa photograplcenterednthere ective
displayscreerattachedo the sensof

Our systememploys a quasi-statianotion model, which assumeghat the sensor
performsa randomwalk from its last reportedposition. Hence,the new estimateis
centeredatthepreviouspositionandthe sizeof the hexagonaltrackingpatternis varied
by the con denceof the estimate.The con denceis a heuristichasedon the average
frequeng of locationreportsandthetime sincethelastreportedocation,asfollows:

— If the systemhasnot recevved a reportfor threetimesthe averagereportingfre-
queng, it growsthetracker sizeby afactorof 50%.

— If thesystenrecevesareportthatis earlierthanpredictecby theaveragerequeny
or lateby no morethan10%, it shrinksthetrackingpatternby 25%until it reaches
apresetminimumsize.

— If thesystemhasnotreceieda locationreportfor 2.5secondsit assumeshatthe
sensotasbeenirrecoverablylost, andswitchegto the globallocalizationpattern.

Figure5 shows the tracking patternin the processof shrinkingto locatea nearstatic
sensowith greateraccurag.

Table 1 presentsfour typical “tracked movements, measuredvith a calibrated
video camerawherethe sensoris moved from one stablelocationto anotherover a
period of a few secondsWe choseto testthe systemwith the sensoronly 1.5mfrom
the projector Our absolutespeedanddistancemeasuregin millimeters)is speci ¢ to
ourtestingsetup At this distanceprojectorpixelswerevery closeto 1mmin size.The
motiondistancepresentedn pixelsis amoreaccurateneasuref angularsensitvity of
the system sincethis is invariantto changesn distanceor focal length.For example,
if we doubledthe size of the projectedregion by moving the projectoraway from the

3 Video: http://www.cc.gatech.edu/~summetj/mies/BurningVél1320.ai



sensorthe tracking speedn real units (millimeters)would double(to 25.6 cm/secat
3mdistancerom the projector) ,while thelocationaccurag would be quarteredHow-
ever, asthe displaycanbelocatedwith no moreaccurayg thanthe projectorprovides,
this degradationin accurag is nota majorproblem.

4 Alter native Methods

Onemajoradvantageof usingsensorgo detectthe optical projectoroutputis thatthe
calibrationbetweenthe sensorocations(screen)and projectorspaceis obtaineddi-
rectly. Alternative methodsfor calibratinga projectorto a moving display surfacein-
volve computevision usinga cameraor magnetianotiontrackingsensorsThe Visual
Panelsystentantrackanon-augmenteduadranglecreerandtranslatenger motions
overthescreennto userinterfaceeventsbut doesnot demonstrat@rojectingoutputon
the screen[9]. By augmentinghe surfacewith IR-emitting LED's, the computervi-
siontaskis mademucheasier but the IR cameraandvisible light projectormustbe
calibrated[8]. Dynamic Shadei.ampsprojectonto mobile surfacesby usingtethered
magneticd DOF trackers(af x edto the surface)which arecalibratedto the projectors
usingamanualprocesg1].

5 Future Work

Figure2 (right) shavs animageprojectedontoadisplaysurfacewhichis tracked using
asinglesensorUsingasinglesensomllows the surfaceto translatan two dimensions,
but doesnotdetectmotionin theZ axisnorrotation.By addingthreemorephoto-diodes
to thesystem(connectedo the samemicro-controllerandradiotransmitterattheother
cornersof the display surface,an imagecould be projecteduponit asit were moved
arbitrarily in 3D.

Additionally, as the board alreadyhas an embeddednicro-controllerand radio
transmittey we intendto further augmentthe handhelddisplay surfacewith contact-
sensitve Im. In addition to returning sensorlocation reports,the micro-controller
could senseandreturnthe location of usertouch eventson the boards surface,thus
developinganextremelyinexpensve mobiledevice thatsupportsuserinteraction(with
the supportof ervironmentally-mountegbrojectors).Sucha boardcould be manufc-
turedin quantitiesfor $10to $20USD, andcould beloanedor rentedto the public for
anggligible deposit.

Currently theinitial locatingpatternis very visible andsomevhatdistracting,cov-
eringthe entire projectionareawith a rapidly ashing pattern.This issuecouldbe re-
solvedby encodinghelocatingpatternin suchaway asto beimperceptibléo humans.
For example,the projectorcould actasa lamp, throwing an apparentlyuniform white
light which is modulatedover time in a mannerdetectabldo a sensotbut nota human
obsener, allowing the systemto sharethe optical sensorychannelwith humans[7].
Sucha codingwould slow the initial locationacquisition,but could provide a much
moreuserfriendly experience.



6

Conclusion

This paperdemonstratea projectionsystemthatencodedocationdatawithin the pro-
jectionanda sensotagwhich hasthefollowing desirableandnovel characteristics:

1.

2.
3.

Ability to self-synchronizendindependentlylecoddocationdatasolelyfrom the
opticalsignal.

Rolustnesgo sensingerrorsdueto the useof errordetectingcodes.

Ability to trackasensomwhile usingtheremaindeof the projectionareafor graph-
ical output.
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