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Abstract. Researchershaverecentlydemonstrateddisplaypositioningusingop-
tical sensorsin conjunctionwith temporally-codedpatternsof projectedlight.
This paperextendsthat conceptin two importantdirections.First, we enable
suchsensorsto determinetheirown locationwithoutusingradiosynchronization
signals– allowing cheapersensorsandprotectinglocationprivacy. Second,we
track the optical sensorsover time usingadaptive patterns,minimizing the ex-
tent of distractingtemporalcodesto small regionsandenablingthe remainder
of the illuminatedregion to serve asa usefuldisplaywhile tracking.Our algo-
rithmshave beenintegratedinto a prototypesystemthatprojectscontentontoa
small,moving surfaceto createan inexpensive hand-helddisplayfor pervasive
computingapplications.

1 Intr oduction & RelatedWork

Augmentingobjectsin the world with projectedcomputeroutput is becomingmore
feasibleasprojectorpricesfall andquality improves.Projectionscreensmadeof paper,
cardboard,or foamcoreboardaresocheapasto bedisposable,andcouldbedistributed
to visitorsatamuseum,artgalleryor mass-transitsystem.By carryingoneof thesedis-
playboardsundera ceiling-mountedprojector, thevisitor couldaccessbackgroundin-
formationaboutanexhibit, artwork, or trainschedule,while thevaluableinfrastructure
(projectors)remainssecurefrom vandalismor theft.

However,projectingoutputontoobjectshastraditionallyrequiredatime-consuming
calibrationstep,andprojectingoutputontomoving objectshasprovedto bechalleng-
ing. Vision systemssuchastheVisualPanel[9] cantrackquadranglessuitablefor use
asprojectionscreensin real time, but dif�culty ariseswhenthe quadrangleis simul-
taneouslyilluminatedwith dynamiccontentfrom a projector. The Hyper-Mask uses
active IR-LEDs andanIR-camerato tracka white maskandprojecta character's face
on it [8] . Therangeof thatsystemis limited by thepowerof theIR-LEDs,sensitivity
of theIR-cameraandambientIR illumination.

Recentapproachesto localizingobjectsusingactive embeddedlight sensorshave
greatlydecreasedthe calibrationtime but not yet achieved projectionon moving ob-
jects.Raskaret al. demonstratedtheuseof photo-sensitiveelectronicsensorsto locate
objectswithin a projectionbeam[5]. Singlepixel light sensorsandradio boardsare



Fig.1. SystemDiagram- While moving, a sensoron the hand-heldscreendetectslocation in-
formationfrom the projectorandbroadcastsit. A radio receiver returnsthis informationto the
computer, whichadjuststhedisplayaccordinglyto keeptheprojectedimageon thescreen.

af�x edto or embeddedwithin objectsof interest.After theprojectorsendsa synchro-
nizing radio signal,the sensorsareilluminatedby a location-encodingGray code[2]
from the projector, andeachsensordeterminesits location andradiosit back to the
projectorsystem.Lee et al. usessimilar technology, replacingthe radio with a wired
tether, to locatedisplaysurfaceswithin aprojector'sbeamfor useroutputpurposes[4].
Thesepreviousmethodsexhibit thefollowing problems:

– Brittleness to SensingErr ors. If a light valueis receivedincorrectlydueto noise,
thecalculatedlocationvalueis incorrect,andno indicationof theerroris given.

– SensorCost. Becausethe Raskaret al. wirelesssensorsrequirea radio receiver
for synchronization,in additionto a transmitter, this increasesthecostandpower
requirementsfor eachsensor. Thetetheredsensorsin Leeetal. lacktrueportability,
makingthemunsuitablefor non-laboratoryuse.

– SensorMotion. Thepreviousapproachesassumethatthelocationof sensorsdoes
notchange,andonlyneedsto bemeasuredonce.Thisprecludesusingthetechnique
ona mobilehand-heldscreen.

We aim to addresstheseshortcomingsin this work. The remainderof this paperis
organizedas follows: Section2 describesour schemefor including error-controlling
codesinto theprojecteddatapattern,andhow this solvesthe �rst two problemsmen-
tionedabove.Section3 describesour approachto continuoustrackingof sensorsusing
projectedlight, while retainingthemajority of theprojectionsurfaceasa userdisplay
(Figure1).Preliminaryquantitativeresultscon�rm thatoursystemiscapableof reliably
trackingrelatively slow-moving hand-helddisplayscreensandobjects.



Fig.2. Left: Optical sensor, attachedto rfPIC transmitterboard.Right: Sensor(underthumb)
mountedon the transmitterboard(behindthumb),at thebottomleft cornerof a hand-heldpro-
jection screen.With onesensorthe systemtracksthe motion of the screenin two dimensions
while preservingthe display. This allows the imageto remaincenteredon the surfaceduring
tracking.With four sensors,thesurfacecanbetrackedthrougharbitrarymotionsin 3D space.

2 Transmitting Location Data

Our sensor(shown in Figure2) usesa low costrfPIC 12F675micro-controller, with a
built in radiotransmitterbut noreceiver, similarto thoseusedin automotiveremotekey-
lessentrydevices.1We usedan inexpensive photodiodeasa singlepixel light sensor.
Leeetal. showedthatoptical�bers connectedto suchsensorscouldeasilybeembedded
in a white screenandthescreenwould actas“a light diffuserthathelpsbouncelight
into the�ber evenat veryshallow projectionangles”[4].

Whena single-pixel optical sensorreceivesdatafrom a projector(which updates
at 60Hz)it recordsa new intensityvalueevery frame.Our system,like previouswork,
projectsblack andwhite patterns,deliveringonebit value(zeroor one)per projector
frame.In previoussystems,thelocationis encodedusingGraycodes.For example,to
representthe1024uniquelocationson a 32� 32 grid, theindependent5-bit encodings
for theX andY coordinatesareconcatenatedto get{0,1,1,0,0,0,1,1,0,0}.

Over the periodof 10 frames,eachof the 1024differenton-screenpositionscy-
clesthroughits own uniquecodeseries,producinga uniquepatternof light anddark
�ashes.In this example,a sensorcould determineits own locationwith only 10 pro-
jectedframes/�ashes(1/6thof asecond),if it knew thecurrentoffsetfromthebeginning
of thecode.

2.1 Err or Controlling Code

In previous work, the sensorsareeither tetheredto the projectingcomputer, making
synchronizationa non-issue,or a radiosignal is usedto indicatethe beginningof the

1 Radioreceiversaremoredif�cult andexpensive to build thantransmitters.TherfPIC 12F675
micro-controllerwe usedcosts$2.32USD in quantitiesover 1600.



projectedpacket. But, an independentsensorwithout a radio receiver hasno way of
determiningwhenapatternhasstarted.

One way to solve this problemis the inclusion of a

Fig.3. Single projected
frame of Gray Codeand
check-bitcodepattern.

framingpattern(whichcanneverappearin anormalloca-
tion pattern).Unfortunately, becauseGray Codesuseall
possiblepatternsof onesandzeros,thereis noappropriate
framingpatternavailablethat is shorterthanthe localiza-
tion pattern.Additionally, aframingpatterndoesnotsolve
theproblemof bit errors.

Using a Hammingcode[3], SECDED(Single-bitEr-
ror CorrectionDouble-bitErrorDetection),to transmitthe
datapatternallowsanindependentsensorto bothsynchro-
nizewith thedatasource,aswell asdetectbit errors.The
SECDEDcoderequirestheuseof (log2N ) + 1 checkbits
for N databits. We selectedthe SECDEDcodebecause
it was straightforward to implementon an 8-bit micro-
controller without �oating point math support,and lim-
ited processingpower andmemory. The SECDEDcode
cancorrecta singlebit of error, anddetect(but not cor-
rect) two corruptedbits. To increaserobustness,we used
it solelyfor errordetection.

In our implementation,which delivers16 bits of locationinformationanduses5
checkbits,theSECDEDcodeincreasespacketsizeandtransmissiontimeby 31%.This
reducesourlocationdataspeedfrom apotential3.75packetspersecondto 2.85packets
per secondbut givesus automaticsynchronizationandtwo bits of error detectionper
21bit packet (Figure4).

2.2 Validating receivedpackets

While receiving bits from the optical sensors,the rfPIC 12F675micro-controlleron
our sensorexaminesthe last 21 bits received,attemptingto validatethepacket. If the
SECDEDcodeindicatesthat a valid packet wasreceived, the sensorknows that it is
synchronizedwith thebit-streamandthatno bit errorshave occurred.It thendecodes
the databits to determineits own (X,Y) locationwithin the projectionbeam.In our
system,the16bitsareusedto deliver10bitsof locationinformation(a32� 32grid) and
theremainingsix bitsareusedfor a projectorID, allowing up to 64separateprojectors
to beidenti�ed.

UsinganXGA projector, our32� 32grid providesuniquelocationsthatare32� 24
pixels in size.Thesizeof thephysicalareacoveredby a 32� 24 pixel region depends
uponthedistanceof thesensorfrom theprojector, anddoesnot representa minimum
accuracy of our system.If moreaccuracy is desired,thetrackingpattern(in Section3)
canbeusedto “zero-in” on thesensor, down to a 2� 2 pixel level of accuracy for DLP
projectors.2

2 Due to automaticspatial dithering in the hardware of DLP projectors,a computercannot
achieve accurateintensitycontrolof pixel groupssmallerthan2� 2.



(a)

(b)

Fig.4. (a) 21-bit locationpacket showing 5 checkbits and16 databits, (b) A streamof three8
bit trackingpacketsshowing framing bits, databits, andcheckbits. Arrows indicatethe 10 bit
patternthatis decoded,which includesframingbits ateachend.

2.3 High Scalability

Becausedecodingthestreamof sensorvaluesis donelocally, theonly datathatneedsto
bereturnedto theinfrastructureis thesuccessfully-decodedlocationpacket (two bytes,
includinglocationandprojectorID), andathree-bytesensorID. In our implementation
this is a totalof � vebytes,whichallows32projectors,andover16million sensors.By
addingafew morebytesthenumberof projectors(andsensors)canbeeasilyexpanded.

Local decodingalsoallows thesensorto activateits radioandreturnlocationdata
only when it hassuccessfullydecodeda locationpacket, saving power andreducing
theburdenon thesharedresourceof theRF frequency. Additionally, thesensorknows
whenthelastsuccessfullocationpacketwasdetected,andits own location,allowing it
to take actionindependentof theinfrastructure.

Sensorswithout on-boarddecodingmustbroadcastthe datastreamcontinuously,
which canposebandwidthproblemsover low power RF links, andmustrely uponthe
infrastructureto inform themof their location.

2.4 IndependentOperation

In our sampleapplication,themicro-controllertransmitsits locationto theprojecting
computer, so that the infrastructurecanswitch to a trackingmodeanddisplaycontent
on thehand-heldscreenattachedto thesensor(SeeSection3). However, if thesensor
were only interestedin determiningits own location (similar to a GPSreceiver), it
wouldnotneedto divulgeits observationsto theinfrastructure.TheOf�ce of theFuture
project[6] proposesthatall lights in an environmentwill eventuallybe replacedwith
projectors,allowing programmablecontrolover theilluminationof everycentimeterof
every surface.The cameraincludedin many phonescanbe usedasa built in optical
sensorfor our system.If a location-providing infraredprojectorweremountedover a
conferencetable,a person's mobilephonecouldswitch to silentmodeandbe ableto
providetheir spousewith locationandstatusinformationin responseto anSMSquery,
without revealingthis informationto theinfrastructure.

Insteadof providing locationinformationdirectly, theprojectorcouldencodeother
databaseduponthe locationof theopticalsensor. For example,a projectedelectronic



classi�ed advertisementboardcouldhave a small �ashing circle afterevery telephone
numberor URL in eachadvertisement.A usercouldusea cameraphoneasa privacy-
preservingoptical sensorby holding it underthe �ashing circle of an ad to quickly
recordthe numberfor a bankruptcy lawyer or mentalhealthsupportgroup without
revealingits presenceto theinfrastructure.

3 Tracking

Fig.5. Threeframesshowing how oursystem“zeroes-in”onanear-staticsensor. Thepatternsize
wasarti�cially increasedatthebeginningof thissequencebycoveringthesensorfor two seconds.
For purposesof illustrationour systemprojectshorizontal(red)andvertical (green)lineswhich
crossat thedetectedlocationof thesensor. Notethat,in thethird frame,thetrackingpatternhas
shrunkto a smallspoton thedisplayandthatthelinesarecenteredon thesensor.

As with the work by Raskaret al. and Lee et al., the projectorcannotbe used
to displayapplicationcontentwhile it is projectinga full-screenlocalizationpattern.
However, oncethelocationof asensoris detected,oursystemcanswitchto a“tracking”
modethatprojectssmalllocalizationpatternsonlyaroundthelocatedsensorsandleaves
therestof theprojectionareaavailablefor applicationdisplaypurposes.Additionally,
the tracking patterncan be usedto “zero-in” on a static sensor, increasingaccuracy
(Figure5).

Oncethe sensoris located,it is only necessaryto detectif it moves,andif so, in
which direction.Our systemdoesthis by projectinga hexagonalpatternwith seven
distinctareas.Thecentralsectioncoversthesensorif it remainsstatic,andthesix sur-
rounding“wedges”indicatethedirectionof motionthatthesensorreports.Identifying
thesesevenareasrequireonly threebits of datato betransmittedin eachpacket since
theprojectorID is known from thepreviouslydecodedlocalizationpacket.

Weaddtwo framingbitsat thebeginningof eachpacket,aswell asthreecheckbits,
resultingin an8-bit packet.We chooseto alternatetheframingbits of eachpacket be-
tweentwo zeros{0,0} andtwo ones{1,1}, enablingusto useboththeframingbitsfrom



Speed- Distance(mm) RecoveryTime Speed- Distance(projectorpixels)

73mm/sec- 314mm 0.63sec 74pixels/sec- 319pixels
77mm/sec- 289mm 0.50sec 78pixels/sec- 293pixels

110mm/sec- 349mm 0.53sec 112pixels/sec- 354pixels
128mm/sec- 320mm 0.53sec 130pixels/sec- 325pixels

Table1.Measuredsuccessfultrackingspeedsandrecoverytimeswith projectorpixelsveryclose
to 1� 1mm in size. Recovery time is the time from the end of the motion until the tracking
systemhadresolvedthesensor's locationwith thehighestlevel of accuracy available;thesensor's
locationwasknown with slightly lesseraccuracy throughoutthetime thesensorwasin motion.

thecurrentpacket,aswell astheframingbits from thefollowing packet to synchronize
anddetecterrorsin the transmissionchannel.The currentpacket structureallows us
to project7.5 packetsper second,which is just enoughto track slow handmotions,
approximately12.8cm/secwhen1.5mfrom theprojector, asdiscussedbelow.

In Figure2 (right) the systemis projectinga hexagonaltrackingpatternonto the
sensorto trackits locationasit moves.Thetrackingpatternis intentionallydif�cult to
see,asit is projectedona non-re�ectiveportionof thehand-heldscreen.Thesystemis
usingthedetectedlocationof thesensorto keepaphotographcenteredonthere�ective
displayscreenattachedto thesensor.3

Our systememploys a quasi-staticmotion model,which assumesthat the sensor
performsa randomwalk from its last reportedposition.Hence,the new estimateis
centeredat thepreviouspositionandthesizeof thehexagonaltrackingpatternis varied
by the con�denceof the estimate.The con�denceis a heuristicbasedon the average
frequency of locationreportsandthetimesincethelastreportedlocation,asfollows:

– If the systemhasnot received a report for threetimesthe averagereportingfre-
quency, it growsthetrackersizeby a factorof 50%.

– If thesystemreceivesareportthatis earlierthanpredictedby theaveragefrequency
or lateby nomorethan10%,it shrinksthetrackingpatternby 25%until it reaches
a presetminimumsize.

– If thesystemhasnot receiveda locationreportfor 2.5seconds,it assumesthatthe
sensorhasbeenirrecoverablylost,andswitchesto thegloballocalizationpattern.

Figure5 shows the trackingpatternin the processof shrinkingto locatea near-static
sensorwith greateraccuracy.

Table 1 presentsfour typical “tracked movements,” measuredwith a calibrated
video camera,wherethe sensoris moved from onestablelocationto anotherover a
periodof a few seconds.We choseto testthesystemwith thesensoronly 1.5mfrom
theprojector. Our absolutespeedanddistancemeasures(in millimeters)is speci�c to
our testingsetup.At this distance,projectorpixelswereverycloseto 1mmin size.The
motiondistancepresentedin pixelsis amoreaccuratemeasureof angularsensitivity of
thesystem,sincethis is invariantto changesin distanceor focal length.For example,
if we doubledthesizeof theprojectedregion by moving theprojectoraway from the

3 Video:http://www.cc.gatech.edu/~summetj/movies/BurningWell320.avi



sensor, the trackingspeedin real units (millimeters)would double(to 25.6cm/secat
3mdistancefrom theprojector),while thelocationaccuracy wouldbequartered.How-
ever, asthedisplaycanbelocatedwith no moreaccuracy thantheprojectorprovides,
this degradationin accuracy is nota majorproblem.

4 Alter nativeMethods

Onemajoradvantageof usingsensorsto detecttheopticalprojectoroutputis that the
calibrationbetweenthe sensorlocations(screen)andprojectorspaceis obtaineddi-
rectly. Alternative methodsfor calibratinga projectorto a moving displaysurfacein-
volvecomputervisionusingacameraor magneticmotiontrackingsensors.TheVisual
Panelsystemcantrackanon-augmentedquadranglescreenandtranslate�nger motions
over thescreeninto userinterfaceeventsbut doesnotdemonstrateprojectingoutputon
the screen[9]. By augmentingthe surfacewith IR-emitting LED's, the computervi-
sion task is mademucheasier, but the IR cameraandvisible light projectormustbe
calibrated[8]. DynamicShaderLampsprojectontomobilesurfacesby usingtethered
magnetic6 DOF trackers(af�x edto thesurface)which arecalibratedto theprojectors
usingamanualprocess[1].

5 Future Work

Figure2 (right) showsanimageprojectedontoadisplaysurfacewhich is trackedusing
asinglesensor. Usingasinglesensorallows thesurfaceto translatein two dimensions,
but doesnotdetectmotionin theZ axisnorrotation.By addingthreemorephoto-diodes
to thesystem(connectedto thesamemicro-controllerandradiotransmitter)at theother
cornersof the displaysurface,an imagecould be projecteduponit asit weremoved
arbitrarily in 3D.

Additionally, as the board alreadyhas an embeddedmicro-controllerand radio
transmitter, we intend to further augmentthe handhelddisplaysurfacewith contact-
sensitive �lm. In addition to returning sensorlocation reports,the micro-controller
could senseandreturn the locationof usertoucheventson the board's surface,thus
developinganextremelyinexpensivemobiledevicethatsupportsuserinteraction(with
thesupportof environmentally-mountedprojectors).Sucha boardcouldbe manufac-
turedin quantitiesfor $10to $20USD,andcouldbeloanedor rentedto thepublic for
a negligible deposit.

Currently, theinitial locatingpatternis veryvisible andsomewhatdistracting,cov-
ering theentireprojectionareawith a rapidly �ashing pattern.This issuecouldbere-
solvedby encodingthelocatingpatternin suchawayasto beimperceptibleto humans.
For example,theprojectorcouldactasa lamp,throwing anapparentlyuniform white
light which is modulatedover time in a mannerdetectableto a sensorbut not a human
observer, allowing the systemto sharethe optical sensorychannelwith humans[7].
Sucha codingwould slow the initial locationacquisition,but could provide a much
moreuserfriendly experience.



6 Conclusion

This paperdemonstratesa projectionsystemthatencodeslocationdatawithin thepro-
jectionanda sensortagwhichhasthefollowing desirableandnovel characteristics:

1. Ability to self-synchronizeandindependentlydecodelocationdatasolelyfrom the
opticalsignal.

2. Robustnessto sensingerrorsdueto theuseof errordetectingcodes.
3. Ability to trackasensorwhile usingtheremainderof theprojectionareafor graph-

ical output.
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