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Abstract

Handheldprojectorsoffer a new type of displaymodality, not tied
to a physicalscreenor to a x ed projectionarea,yet providing a
larger displaythanis available from a handhelddevice with x ed
screen.This paperbaginswith areview of our prototypehandheld
projector anddescribesurwork oninteractionusinga cursorthat
canbetracked acrossthe projection. The mostimmediateusefor
suchadeviceis to supportexisting applicationdik e web-bravsing.
We shav examplesof this type of application.

But thereis a broaderquestiontoo - doesa handheldprojector
supportnew typesof applicationthatarenot availablewith a phys-
ical screeror a x edprojection?We describewo applicationghat
illustratehow the combinationof handheldprojectionplusinterac-
tion supportsvaysto interactwith the physicalworld thataremuch
morenaturalthanvia corventionaldisplays.

1 Introduction

Projectorsarebecomingsmaller while advancesn self-calibration
meanthatanarbitrarily placedprojectorcanautomaticallyproduce
a projection that is keystone-correctedand upright [Sukthankar
et al. 2000; Raskarand Beardslg 2001]. Portability and self-
calibrationwill bekey factorsin theincreasingdeploymentof pro-
jectorsin opportunisticsettings. But this is still a familiar type of
scenario- a x edprojectormakinga x eddisplay Theuseof pro-
jectorsin handhelddevicespromisego beamuchmoresigni cant
innovation. A driving forceis thatthedecreasingizeof cellphones
andPDAs is in direct con ict with the needfor a displaythatis
easilyvisible to theuser An attachedrojectorcanaddresshis by
beingcompactin sizewhile still producinga good-sizedlisplay

2 Prototype Handheld Projector

Currentcommerciadataprojectorsarecloseto beingsmallenough
for handhelduse.Figurel shavs a prototypethatwe built basedn
the PlusV-1080projector(original releasadate2002).

Figurel: Prototypehandheldprojector
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Thedevice consistsof
aPlusV-1080projector 1024x768pixels,60Hz frameratedi-
mensionsy 5 1.5inchesweightlkg.
aBaslerA602F camera40x480pixels,100Hzframerate.
fourrigidly attachedaserpens.
hand-gripwith click buttonsunderthetrigger nger.
umbilicalto acomputer
Thedevice weighsabout2.5 poundswhich would of coursebe
excessie for a truly portabledevice, but it is neverthelessa gen-
uinely handheldorojectorandhasenablecdavariety of experiments.
We notethatmuchsmallerprojectiondevicesdo exist — for exam-
ple, the Canestgrojectedkeyboard[www.canesta.cora004],and
the SiemenaMini-Beamercellphongwww.siemens.cor2002].
Thevery rst requirementshatarisewhenconsideringhandheld
projectionare keystonecorrectionandimagestabilizationi.e. x-
ing the projectionon the surfaceeven underhandijitter. Keystone
correctionneedsan estimateof the orientationof the projectorrel-
ative to the surface.Imagestabilizationneedshefull pose- orien-
tationandlocation- of the projectorrelative to the surface.
Keystonecorrectionis thereforethe easiercase,and one way
to nd the orientationis to usea calibratedprojectorcamerapair.
Thecameraobseresthe currentprojection,andtherebyinfersori-
entation,andthereis aniterative updateof the projectionat each
time-stepto remove keystoning. Imagestabilizationcan also uti-
lize a projectorcamerapair, althoughthere needsin addition to
be some x edtexture on the displaysurfaceto provide a x ed ex-
ternalcoordinateframefor the device. Of course therearesome
well-known typesof motion-sensothatcould be attachedo a pro-
jectorthatwould avoid the needfor physicaltexture, for example
ultrasoundwww.isense.con2000], but we have concentratedn
projectorcamerasystemsasa likely routeto cheap self-contained
devices.

3 Interactive Projection

Our initial work was built on the obseration that purely passie
handheldprojectionis of very limited use,andevena'slide-shav'
modethatalloweda userto tabthrougha cannedsequencef pro-
jections (using say next- and previous- buttons on the handheld
projector)cannotsupportinterestingapplications.So how canwe
transposdamiliar interactionmethodsfrom the desktopor hand-
held device to do interactionwith a projection? The problemdif-
fersfrom laserpointerinteractionwith adisplayin a x edinstalla-
tion [Olsen,Jr. andNielsen2001],becausave areconcernedvith
moreopportunisticorojectionin arbitraryenvironments.

It might seemstraightforvard to provide mouse-interactioroy
puttingatouch-padnthehandheldrojector But thisaddsbulk to
thedevice, whichwe aretrying to avoid. It alsoimpliestwo-handed
use.And thereis aresolutionissue jn doing ne controlof acursor
for arelatively large projectionusinga smalltouch-pad.

Our techniqueavoids theseproblems andallows a cursorto be
tracked acrossthe projectionby a direct pointing motion of the
handheldorojector Oncethecursoris atthedesiredocation,items
areselectedusingbuttonson thetrigger nger of thedevice in Fig-
urel.

The approachs asfollows. First assumehereis someway to
computethe 3D motion of the projectorrelative to the displaysur



face. We returnto the detailslater Knowing the projectors 3D
locationateachinstant,we cancreateary desiredprojectiononthe
surface-in particularwe canfactorouttheprojectormaotionto cre-
atea projectionthatis staticon the displaysurface. Figure2 illus-
trateshow thetheprojectorimageplaneis modi ed underprojector
motionto maintaina staticprojection(greenarea)on the surface.
Now considemwhathappensf partof thethe projectorimageplane
alwayshasthesamex edgraphic.Figure2 shavs a cursorgraphic
atthe centerof the projectorimageplane.Theeffect for theuseris
to seea staticprojectionwith a cursormoving acrosst in response
to pointing motionof the projector

projector image plane

______

projector image plane

Figure2: The handheldprojectorpointstoward the left- andthen
right-side of the display area. The main projection(green)stays
staticon the display surface,dueto the adjustmentsnadeon the
projectorimageplane. The cursor(redarrav) movesin directcor

respondencevith the motion of the projector becausehe cursor
graphicoccupiesa x edpositionontheprojectorimageplane.The
userseesa staticprojectionwith the cursortrackingacrosst. The
bluedashedine indicatesthe boundaryof thefull projectionarea.

A constrainf ourtechniquds thatthe projectiondatacanonly
occujy partof the projectorimageplane.But one-handegointing
motion feels naturalas a way to directthe cursor And it leaves
the ngers freeto hover over the mousebuttons,readyfor a button
click. Thisis in contrasto thetouch-padvhereasingle nger must
doacontet-switchbetweertouch-padandbuttons,or different n-
gersarebroughtinto play, but which is aryway aninherentlymore
comple interactionfor theuser

4 Basic Techniques

Herewe provide more detail aboutthe algorithmsthat supportthe
functionalityin theprevioussection- Sectionst.1and4.2describe
imagestabilizationonthedisplaysurfaceundemotionof thehand-
heldprojector Section4.3 describesnteractve projection.

4.1 Image Stabilization

We have so far used ducials (distinctive visual marlers) on the
displaysurfaceto de ne acoordinatdramefor imagestabilization.
Figure3 illustratesthe basictask. The goalis to placethe projec-
tion in the targetareashavn by ared dashedine, de ned relative
to four ducials. Thisis achiezed by usingthe camerao sensehe
ducials, and henceto infer the target areain cameraimage co-
ordinates. The taiget areais thentransformedo projectorimage
coordinatesFinally the projectiondatais mappedo thesecoordi-
nateson the projectorimageplane,giving correctplacemenbf the
projection. The whole processs repeatedor eachnew time-step.
Thedetailedstepsare

Figure 3: The purple pointsare ducials on the display surface.
Thered dotted-lineindicatesthe target areafor a projection- this
is de ned relative to the ducials (thetargetareais not physically
marked on the surface). The greenareaindicatesthe currentpro-
jection. Projectionmotion,e.g.dueto hand-jitter causes discrep-
ang betweerthetargetareaandthe positionof the projection,and
acorrectionis appliedat eachnew time-step.

Detectthecameramagecoordinates!™ of the ducials. Com-
putethe homographyHg- betweerthe displaysurfaceandtheim-
age,usingthe known surfacecoordinate@(i': of the ducials, and
thepointscl.

Apply Hg to the known surfacecoordinate@(iT of thetarget
areato obtainthe cameraimagecoordinates:iT of thetargetarea.

Detectthe cameramagecoordinates!” of the verticesof the
currentprojection. Computethe homographyHcp betweenthe
cameramageplaneandtheprojectorimageplane,usingthepoints
ciP, andtheknown projectorimagecoordinate®f theverticesof the
projection.

Apply Hep to clT to generatepiT, the coordinatef the tamget
areaonthe projectorimageplane.

The algorithmis projective. An alternatve approachwould be
to work in euclideanspace explicitly computingthe locationand
orientationof the projectorrelative to the displaysurface. This is
sometimesseful(for exampleif we wish to male explicit the pro-
jector's distancefrom the display surface,for someotheruselike
determiningcontent). But the projective algorithmis lighter com-
putationally

4.2 Using the Laser Pens

In practice thereis amodi cation to step(3) above andthe compu-
tationof . Detectingc’” in thecameramageis dif cult whenthe
projectionhasarbitrary appearancelnsteadwe detectlaserspots



from thefour laserpensonthe device, whichis straightforvard be-
causehespotsarebright. Thelaserraysarenotconcurrenindare
not coincidentwith thefocal pointsof thecameraor projector But
we canstill usethe obsered laserspotsto computeHcp provided
therehasbeensomepre-calibration.

Firstnotethatalaserray projectsto aline onthe cameramage
planeandaline on the projectorimageplane. Also notethatthere
is aline homographyhatdescribeqion apointonalaserraytrans-
forms betweerthe cameraandprojectorimageplanes.If we have
the line homographiegor eachof the four laserrays,thenwe can
transformthe obsered laserspotsfrom the cameramageplaneto
the projectorimageplane,andthenusethe four camera-projector
correspondences computeHcp.

The pre-calibratiormethodfor computingthe line homography
for a speci c laserray is asfollows. Pointthe projectorcamera-
lasersystemat a planarsurface,with the projectorshaving a x ed
pattern.Computea homographyHcp betweenthe cameraandthe
projectorusingthe pattern. Detectthe laserspotct for the given
lasemray onthecameramageplane.Storethecorrespondingoints
ct andHcp:ct. Repeatwith the projectorcameraat a further two
or more distinct positionsrelative to the surface. Use c};ch::: to
computetheline thatis the projectionof thelaserray onthecamera
imageplane. Use Hcpl:c'i;HCpg:c'i::: to computethe line thatis
theprojectionof thelaserray ontheprojectorimageplane.Usethe
correspondencds computethe line homographyetweerthe two
lines.

Fuller detailsin [Beardslg etal. 2004].

4.3 Interactive Projection

At eachtime-stepthe projectorimageplaneis updatedo achiee a
staticprojectionon thedisplaysurface,asdescribedn Section4.1.
In conjunctionwith this update the centerpixels of the projector
imageplaneareoverwrittenwith a graphicfor the cursor

Theeffectontheprojectorimageplaneis thatthemainprojected
contentis continuallybeingupdatedto factorout projectormotion,
while the cursorgraphicis x ed. The effect on the displaysurface
is that the main projectedcontentappearsstatic, while the cursor
moves acrossthe surfacein direct correspondencwith projector
motion.

5 Applications - (1) Conventional Per-

sonal Applications

Theinitial typeof applicationghatweinvestigatedreconventional
desktopapplications transposedo a projectedsetting. Figure 4
shawvs anexampleof web-bravsing. The updateratefor the stabi-
lizationis about70Hz. Thisis sufcient for goodstabilizationand
anaturalcursorinteraction.

Theattached/ideomaterialshavs aninteractiorwith adynamic
gameapplication. As aninformal obseration, the ability to 'pick
up' partsof a projectiongivesthema very physicalfeel. This may
partly arisefrom the factthatmouseinteractionon a corventional,
physicaldisplayis indirect- the mousemotionon the padis trans-
formedto a cursormotion on the screen.But with interactie pro-
jection,the pointingmotionof the projectordirectly guidesthe cur-
sor, sothefeelingof aphysicalconnectioris muchstronger

6 Applications - (2) Projected Augmented
Reality
The secondclassof applicationsthat we have investigatedare for

augmentedeality of a physicalsurface.Figure5 shavs projection
of aroommapnext to a fusebox. Cursorselectionof a speci c

Figure4: Interactingwith a projectionof awebbrovser Themain
window remainsstatic- noteits positionrelative to the black du-
cialsonthewall. Thecursoris tracked from its centralpositionon
thebrawseroverto theleft-side,by a pointingmotionof theprojec-
tor. For illustrationpurposeshefull projectorimageplaneis made
visible by makingthe backgrounded. Normally the background
would be blackandbarelyvisible. The cursoris overly large, also
for purpose®f illustration.

room causeghe correspondinduseto be highlightedin the bank
of fuses.Interactve projectionhasmary possibilitiesfor AR - for
exampleit allows the augmentatioroverlay to be draggedo a de-
siredpositiononthephysicalsurface.

Figure5: Augmentationof a fusebox. At left, a projectedroom

map. Theusertracksthe cursorto alocationon the mapandclicks

to invoke a projectedhighlighting of the correspondinduse. The

outerblack rectanglede nes the coordinateframefor the projec-

tion. Thecoloredcircularbadgesreusedto determineappropriate
projectedcontentfor this object.

7 Applications - (3) Mixing Physical and
Digital Textures

We provide two examplesof our currentwork on mixing physical
anddigital textures. The rst is anapplicationfor attachingelec-
tronic datato selectedositionsin anervironment,andthe second
is copy-pasteappliedto physicaltexture.

7.1 Attac hing Electronic Data to Physical Texture

Figure6 shav how the usercando a mousehold-and-dragopera-
tion to de ne a rectangularegion-of-interest{ROI) on a physical
surface. In this casethereareno ducials to provide a coordinate
frame on the surface. But the texture of the objectitself is suf-
cientto de ne a homographybetweensuccessie cameraimages
andhenceplaceall successie cursorpositionsin a singlecamera
coordinateframe. Knowing the cursortrackin this cameracoor
dinateframe, we cantransformto projectorimagecoordinatesas
before, and then presentthe userwith the projectedrectangleto
indicatethe selection.



Figure 6: Selectinga physicalregion of interestby mouseclick-
and-draganalogoudo the familiar windows operation.

Sucha selectioncan be usedto attachand retrieve electronic
notesat arbitrary (textured)locationsin anernvironment.The steps
are

Theuserde nesaROI aroundtherequiredphysicallocation.

Thecameramagedatafor the ROl —a “texturekey' - is stored
alongwith the electronicdatawhichis to beattached.

Onasubsequentisit, theuserselectsa ROl atthe samephys-
ical location.

Theimagedatafor the new ROI is matchedagainstall stored
texturekeys by template-matchinggndthedataassociateavith the
bestmatchis projectedontothe surface.

The samefunctionality couldbe achiezed by mousingon anim-
ageof the surfaceon a physicaldisplay But the issuesare the
corvenienceof theinteractionandthedirectcolocationof physical
anddigital data,versusindirectoperationon a handheldlisplay

7.2 Copy-Paste of Physical Texture

Figure 5 shawvs a copy-pasteoperation. Thereis a control panel
at left. Therequiredtexture is capturedvia a selectedregion-of-

interestasin the previous section,andthetexture is thenprojected
onto a cleansurface. This is one way to deal with the problem
of how to projectaugmentedeality onto a surfacethat doesnot
supportprojection- we insteadcopy-pastethetextureandshav the
augmentedeality overlayonthepastedrojection.Copy-pastecan
alsoallow differentpartsof anernvironmentto bearrangedide-by-
sidefor comparison As a practicalmatter this kind of application
would bene t from a high-resolutiorcamerasothatthe copy-paste
canshav a high level of detail. Again this type of functionality
canbe donewith a physicaldisplay But projectionbrings some
uniqueattributes,for exampleeasysharedviewing betweerusers,
or the ability to attacha copy-pasteto a x ed physicallocationfor

continuedreference.

Figure7: At left, a control panel;at right, selectedextureis cap-
turedandredisplayecelsavhere.

8 Why Projection?

Projectionis not suitedfor all applications.For example,visibility
degradesundersomelighting conditions. But handheldprojection

alsohassomeuniquestrengthsandthe questions whetherthereis
aclassof applicationdor whichit could prove themostappropriate
technology Our work is aninvestigationof mobile, opportunistic
projectionandwe list someof its advantagesFirstly, handheldro-
jection hasthe potentialto make mary everydaysurfacesinto dis-
plays. Device sizeis not linkedto displaysize,makingprojectors
a goodtechnologyfor a portablehandhelddisplay Furthermore,
projectionhassomespeci ¢ advantagesvhenmakingaugmented
reality overlays— it avoids a context-switch betweenx ed display
andphysicalscene and avoids resolutionproblemswhenviewing
or interactingwith ascenevia asmallhandheldlisplay Finally we
shaved how interactie projectioncanprovide a directinteraction
with physicalfeatures.

9 Future Work

We planto replacethe currentvisible-light laserpointerson the
device with infra-redlasers.The costof the currentlaserpenswas
about$30 eachandthe likely costfor infra-redlasersis lessthan
doublethat.

We would like to avoid the currentuseof physical ducials
on the wall. One attractve option is a separateprojectorthat is
placedata x edpositionand projectsa x ed pattern,maybealso
IR. Thuswe have a two device systemratherthan a completely
self-containeddevice, but both the projectorcameraandthe x ed
projectorare potentiallyvery smalldevices. As areal productone
couldenvisagethemsnappingogethemwhennotin use.

Thereareseveral otherareasawaiting investigation- usingin-
teractize projectionto directly createaugmentedeality contenton
anobject;usinggestureo controlprojectedcontent;ntegratedoro-
jectionfrom multi-projectorsetc.

10 Conclusion

Handheldprojectorshave the potentialto extendthe way we think
aboutdisplay moving beyond x ed screengo allow opportunistic
displayon everydaysurfacesaroundus. This paperhasdescribed
our techniquefor interactingwith projecteddata, and suggested
how it cansupportnew typesof applicationthat mix physicaland
digital texture. Thereareotherwaysto achieve the samefunction-
ality, but interactve projectionprovidesavery naturalandminimal
interactionfor selectinga physicalarea. It offers a novel reversal
of the familiar desktopmetaphor while windows systemautilize
iconslike movablefoldersandtrash-barrelsywe areborrowning fa-
miliar mouse-interactionbk e selectionand copy-pasteand show-
ing how they supportinteractionon physicalsurfaces.
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