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Abstract

Handheldprojectorsoffer a new typeof displaymodality, not tied
to a physicalscreenor to a �x ed projectionarea,yet providing a
larger displaythanis availablefrom a handhelddevice with �x ed
screen.This paperbeginswith a review of our prototypehandheld
projector, anddescribesourwork on interactionusinga cursorthat
canbe tracked acrossthe projection. Themostimmediateusefor
suchadevice is to supportexistingapplicationslikeweb-browsing.
Weshow examplesof this typeof application.

But thereis a broaderquestiontoo - doesa handheldprojector
supportnew typesof applicationthatarenotavailablewith a phys-
ical screenor a �x edprojection?Wedescribetwo applicationsthat
illustratehow thecombinationof handheldprojectionplusinterac-
tion supportswaysto interactwith thephysicalworld thataremuch
morenaturalthanvia conventionaldisplays.

1 Intr oduction

Projectorsarebecomingsmaller, while advancesin self-calibration
meanthatanarbitrarilyplacedprojectorcanautomaticallyproduce
a projection that is keystone-correctedand upright [Sukthankar
et al. 2000; Raskarand Beardsley 2001]. Portability and self-
calibrationwill bekey factorsin theincreasingdeploymentof pro-
jectorsin opportunisticsettings.But this is still a familiar typeof
scenario- a �x edprojectormakinga �x eddisplay. Theuseof pro-
jectorsin handhelddevicespromisesto bea muchmoresigni�cant
innovation.A driving forceis thatthedecreasingsizeof cellphones
andPDAs is in direct con�ict with the needfor a display that is
easilyvisible to theuser. An attachedprojectorcanaddressthis by
beingcompactin sizewhile still producinga good-sizeddisplay.

2 Prototype Handheld Projector

Currentcommercialdataprojectorsarecloseto beingsmallenough
for handhelduse.Figure1 showsaprototypethatwebuilt basedon
thePlusV-1080projector(original releasedate2002).

Figure1: Prototypehandheldprojector.
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Thedeviceconsistsof
� a PlusV-1080projector, 1024x768pixels,60Hzframerate,di-

mensions7� 5� 1.5 inches,weight1kg.
� a BaslerA602Fcamera,640x480pixels,100Hzframerate.
� four rigidly attachedlaserpens.
� hand-gripwith click buttonsunderthetrigger�nger.
� umbilical to acomputer.
Thedevice weighsabout2.5pounds,which would of coursebe

excessive for a truly portabledevice, but it is neverthelessa gen-
uinelyhandheldprojectorandhasenabledavarietyof experiments.
We notethatmuchsmallerprojectiondevicesdo exist – for exam-
ple, theCanestaprojectedkeyboard[www.canesta.com2004],and
theSiemensMini-Beamercellphone[www.siemens.com2002].

Thevery�rst requirementsthatarisewhenconsideringhandheld
projectionarekeystonecorrectionandimagestabilizationi.e. �x-
ing theprojectionon the surfaceeven underhandjitter. Keystone
correctionneedsanestimateof theorientationof theprojectorrel-
ative to thesurface.Imagestabilizationneedsthefull pose- orien-
tationandlocation- of theprojectorrelative to thesurface.

Keystonecorrectionis thereforethe easiercase,and one way
to �nd the orientationis to usea calibratedprojector-camerapair.
Thecameraobservesthecurrentprojection,andtherebyinfersori-
entation,andthereis an iterative updateof the projectionat each
time-stepto remove keystoning. Imagestabilizationcanalsouti-
lize a projector-camerapair, althoughthereneedsin addition to
besome�x edtextureon thedisplaysurfaceto provide a �x edex-
ternalcoordinateframefor the device. Of course,therearesome
well-known typesof motion-sensorthatcouldbeattachedto a pro-
jector that would avoid the needfor physicaltexture, for example
ultrasound[www.isense.com2000], but we have concentratedon
projector-camerasystemsasa likely routeto cheap,self-contained
devices.

3 Interactive Projection

Our initial work was built on the observation that purely passive
handheldprojectionis of very limited use,andevena 'slide-show'
modethatalloweda userto tabthrougha cannedsequenceof pro-
jections (using say next- and previous- buttons on the handheld
projector)cannotsupportinterestingapplications.So how canwe
transposefamiliar interactionmethodsfrom the desktopor hand-
held device to do interactionwith a projection?Theproblemdif-
fersfrom laserpointerinteractionwith a displayin a �x edinstalla-
tion [Olsen,Jr. andNielsen2001],becausewe areconcernedwith
moreopportunisticprojectionin arbitraryenvironments.

It might seemstraightforward to provide mouse-interactionby
puttingatouch-padonthehandheldprojector. But thisaddsbulk to
thedevice,whichwearetrying to avoid. It alsoimpliestwo-handed
use.And thereis aresolutionissue,in doing�ne controlof acursor
for a relatively largeprojectionusinga smalltouch-pad.

Our techniqueavoids theseproblems,andallows a cursorto be
tracked acrossthe projectionby a direct pointing motion of the
handheldprojector. Oncethecursoris at thedesiredlocation,items
areselectedusingbuttonson thetrigger�nger of thedevice in Fig-
ure1.

The approachis asfollows. First assumethereis someway to
computethe3D motionof theprojectorrelative to thedisplaysur-



face. We return to the detailslater. Knowing the projector's 3D
locationateachinstant,wecancreateany desiredprojectiononthe
surface– in particularwecanfactorout theprojectormotionto cre-
atea projectionthat is staticon thedisplaysurface.Figure2 illus-
trateshow thetheprojectorimageplaneis modi�ed underprojector
motion to maintaina staticprojection(greenarea)on the surface.
Now considerwhathappensif partof thetheprojectorimageplane
alwayshasthesame�x edgraphic.Figure2 showsacursorgraphic
at thecenterof theprojectorimageplane.Theeffect for theuseris
to seea staticprojectionwith a cursormoving acrossit in response
to pointingmotionof theprojector.

projector image plane

projector image plane

Figure2: The handheldprojectorpointstoward the left- andthen
right-sideof the displayarea. The main projection(green)stays
staticon the displaysurface,dueto the adjustmentsmadeon the
projectorimageplane.Thecursor(redarrow) movesin directcor-
respondencewith the motion of the projector, becausethe cursor
graphicoccupiesa�x edpositionontheprojectorimageplane.The
userseesa staticprojectionwith thecursortrackingacrossit. The
bluedashedline indicatestheboundaryof thefull projectionarea.

A constraintof our techniqueis thattheprojectiondatacanonly
occupy partof theprojectorimageplane.But one-handedpointing
motion feelsnaturalas a way to direct the cursor. And it leaves
the�ngers freeto hover over themousebuttons,readyfor a button
click. This is in contrastto thetouch-padwhereasingle�nger must
doacontext-switchbetweentouch-padandbuttons,or different�n-
gersarebroughtinto play, but which is anyway aninherentlymore
complex interactionfor theuser.

4 Basic Techniques

Herewe provide moredetailaboutthealgorithmsthatsupportthe
functionalityin theprevioussection– Sections4.1and4.2describe
imagestabilizationonthedisplaysurfaceundermotionof thehand-
heldprojector. Section4.3describesinteractive projection.

4.1 Image Stabilization

We have so far used�ducials (distinctive visual markers) on the
displaysurfaceto de�ne acoordinateframefor imagestabilization.
Figure3 illustratesthebasictask. Thegoal is to placetheprojec-
tion in the targetareashown by a reddashedline, de�ned relative
to four �ducials. This is achievedby usingthecamerato sensethe
�ducials, and henceto infer the target areain cameraimageco-
ordinates.The target areais thentransformedto projectorimage
coordinates.Finally theprojectiondatais mappedto thesecoordi-
nateson theprojectorimageplane,giving correctplacementof the
projection.Thewholeprocessis repeatedfor eachnew time-step.
Thedetailedstepsare

Figure 3: The purple points are �ducials on the display surface.
The red dotted-lineindicatesthe targetareafor a projection- this
is de�ned relative to the �ducials (the targetareais not physically
marked on the surface). The greenareaindicatesthe currentpro-
jection.Projectionmotion,e.g.dueto hand-jitter, causesadiscrep-
ancy betweenthetargetareaandthepositionof theprojection,and
acorrectionis appliedat eachnew time-step.

� DetectthecameraimagecoordinatescF
i of the�ducials. Com-

putethehomographyHSC betweenthedisplaysurfaceandtheim-
age,usingthe known surfacecoordinatesXF

i of the �ducials, and
thepointscF

i .
� Apply HSC to theknown surfacecoordinatesXT

i of the target
area,to obtainthecameraimagecoordinatescT

i of thetargetarea.
� DetectthecameraimagecoordinatescP

i of theverticesof the
currentprojection. Computethe homographyHCP betweenthe
cameraimageplaneandtheprojectorimageplane,usingthepoints
cP

i , andtheknown projectorimagecoordinatesof theverticesof the
projection.

� Apply HCP to cT
I to generatepT

i , thecoordinatesof thetarget
areaon theprojectorimageplane.

The algorithmis projective. An alternative approachwould be
to work in euclideanspace,explicitly computingthe locationand
orientationof the projectorrelative to the displaysurface. This is
sometimesuseful(for exampleif we wish to make explicit thepro-
jector's distancefrom the displaysurface,for someotheruselike
determiningcontent).But theprojective algorithmis lighter com-
putationally.

4.2 Using the Laser Pens

In practice,thereis amodi�cation to step(3) aboveandthecompu-
tationof cP

i . DetectingcP
i in thecameraimageis dif�cult whenthe

projectionhasarbitraryappearance.Insteadwe detectlaserspots



from thefour laserpensonthedevice,which is straightforwardbe-
causethespotsarebright. Thelaserraysarenotconcurrentandare
notcoincidentwith thefocalpointsof thecameraor projector. But
we canstill usetheobserved laserspotsto computeHCP provided
therehasbeensomepre-calibration.

First notethata laserray projectsto a line on thecameraimage
planeanda line on theprojectorimageplane.Also notethat there
is aline homographythatdescribeshow apointonalaserraytrans-
formsbetweenthecameraandprojectorimageplanes.If we have
the line homographiesfor eachof the four laserrays,thenwe can
transformtheobserved laserspotsfrom thecameraimageplaneto
the projectorimageplane,andthenusethe four camera-projector
correspondencesto computeHCP.

Thepre-calibrationmethodfor computingthe line homography
for a speci�c laserray is as follows. Point the projector-camera-
lasersystemat a planarsurface,with theprojectorshowing a �x ed
pattern.Computea homographyHCP betweenthecameraandthe
projectorusingthe pattern. Detectthe laserspotcL for the given
laserrayonthecameraimageplane.Storethecorrespondingpoints
cL andHCP:cL. Repeatwith theprojector-cameraat a further two
or moredistinct positionsrelative to the surface. UsecL

1;cL
2::: to

computetheline thatis theprojectionof thelaserrayonthecamera
imageplane. UseHCP1:cL

1;HCP2:cL
2::: to computethe line that is

theprojectionof thelaserrayontheprojectorimageplane.Usethe
correspondencesto computetheline homographybetweenthetwo
lines.

Fullerdetailsin [Beardsley et al. 2004].

4.3 Interactive Projection

At eachtime-steptheprojectorimageplaneis updatedto achieve a
staticprojectionon thedisplaysurface,asdescribedin Section4.1.
In conjunctionwith this update,the centerpixels of the projector
imageplaneareoverwrittenwith a graphicfor thecursor.

Theeffectontheprojectorimageplaneis thatthemainprojected
contentis continuallybeingupdated,to factoroutprojectormotion,
while thecursorgraphicis �x ed. Theeffect on thedisplaysurface
is that the main projectedcontentappearsstatic,while the cursor
moves acrossthe surfacein direct correspondencewith projector
motion.

5 Applications - (1) Conventional Per-
sonal Applications

Theinitial typeof applicationsthatweinvestigatedareconventional
desktopapplications,transposedto a projectedsetting. Figure 4
shows anexampleof web-browsing. Theupdateratefor thestabi-
lization is about70Hz. This is suf�cient for goodstabilizationand
a naturalcursorinteraction.

Theattachedvideomaterialshowsaninteractionwith adynamic
gameapplication.As an informal observation, theability to 'pick
up' partsof a projectiongivesthema very physicalfeel. This may
partly arisefrom thefactthatmouseinteractionon a conventional,
physicaldisplayis indirect- themousemotionon thepadis trans-
formedto a cursormotionon thescreen.But with interactive pro-
jection,thepointingmotionof theprojectordirectlyguidesthecur-
sor, sothefeelingof a physicalconnectionis muchstronger.

6 Applications - (2) Projected Augmented
Reality

The secondclassof applicationsthat we have investigatedarefor
augmentedreality of a physicalsurface.Figure5 shows projection
of a room mapnext to a fusebox. Cursorselectionof a speci�c

Figure4: Interactingwith a projectionof a webbrowser. Themain
window remainsstatic- noteits positionrelative to theblack �du-
cialson thewall. Thecursoris trackedfrom its centralpositionon
thebrowseroverto theleft-side,by apointingmotionof theprojec-
tor. For illustrationpurposesthefull projectorimageplaneis made
visible by makingthe backgroundred. Normally the background
would beblackandbarelyvisible. Thecursoris overly large,also
for purposesof illustration.

room causesthe correspondingfuseto be highlightedin the bank
of fuses.Interactive projectionhasmany possibilitiesfor AR - for
exampleit allows theaugmentationoverlay to bedraggedto a de-
siredpositionon thephysicalsurface.

Figure5: Augmentationof a fusebox. At left, a projectedroom
map.Theusertracksthecursorto a locationon themapandclicks
to invoke a projectedhighlighting of the correspondingfuse. The
outerblack rectanglede�nes the coordinateframefor the projec-
tion. Thecoloredcircularbadgesareusedto determineappropriate
projectedcontentfor thisobject.

7 Applications - (3) Mixing Physical and
Digital Textures

We provide two examplesof our currentwork on mixing physical
anddigital textures. The �rst is an applicationfor attachingelec-
tronic datato selectedpositionsin anenvironment,andthesecond
is copy-pasteappliedto physicaltexture.

7.1 Attac hing Electr onic Data to Physical Texture

Figure6 show how theusercando a mousehold-and-dragopera-
tion to de�ne a rectangularregion-of-interest(ROI) on a physical
surface. In this casethereareno �ducials to provide a coordinate
frameon the surface. But the texture of the object itself is suf�-
cient to de�ne a homographybetweensuccessive cameraimages
andhenceplaceall successive cursorpositionsin a singlecamera
coordinateframe. Knowing the cursortrack in this cameracoor-
dinateframe,we cantransformto projectorimagecoordinatesas
before,and then presentthe userwith the projectedrectangleto
indicatetheselection.



Figure6: Selectinga physicalregion of interestby mouseclick-
and-drag,analogousto thefamiliar windows operation.

Sucha selectioncan be usedto attachand retrieve electronic
notesat arbitrary(textured)locationsin anenvironment.Thesteps
are

� Theuserde�nesa ROI aroundtherequiredphysicallocation.
� Thecameraimagedatafor theROI – a`texturekey' - is stored

alongwith theelectronicdatawhich is to beattached.
� Ona subsequentvisit, theuserselectsaROI at thesamephys-

ical location.
� Theimagedatafor thenew ROI is matchedagainstall stored

texturekeysby template-matching,andthedataassociatedwith the
bestmatchis projectedontothesurface.

Thesamefunctionalitycouldbeachievedby mousingon anim-
ageof the surfaceon a physicaldisplay. But the issuesare the
convenienceof theinteractionandthedirectcolocationof physical
anddigital data,versusindirectoperationon a handhelddisplay.

7.2 Copy-Paste of Physical Texture

Figure5 shows a copy-pasteoperation. Thereis a control panel
at left. The requiredtexture is capturedvia a selectedregion-of-
interestasin theprevioussection,andthetextureis thenprojected
onto a cleansurface. This is one way to deal with the problem
of how to project augmentedreality onto a surfacethat doesnot
supportprojection- we insteadcopy-pastethetextureandshow the
augmentedrealityoverlayonthepastedprojection.Copy-pastecan
alsoallow differentpartsof anenvironmentto bearrangedside-by-
sidefor comparison.As a practicalmatter, this kind of application
would bene�t from ahigh-resolutioncamerasothatthecopy-paste
can show a high level of detail. Again this type of functionality
canbe donewith a physicaldisplay. But projectionbringssome
uniqueattributes,for exampleeasysharedviewing betweenusers,
or theability to attacha copy-pasteto a �x edphysicallocationfor
continuedreference.

Figure7: At left, a controlpanel;at right, selectedtexture is cap-
turedandredisplayedelsewhere.

8 Why Projection?

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

alsohassomeuniquestrengths,andthequestionis whetherthereis
aclassof applicationsfor whichit couldprovethemostappropriate
technology. Our work is an investigationof mobile,opportunistic
projectionandwelist someof its advantages.Firstly, handheldpro-
jectionhasthepotentialto make many everydaysurfacesinto dis-
plays. Device sizeis not linked to displaysize,makingprojectors
a goodtechnologyfor a portablehandhelddisplay. Furthermore,
projectionhassomespeci�c advantageswhenmakingaugmented
reality overlays– it avoidsa context-switchbetween�x eddisplay
andphysicalscene,andavoids resolutionproblemswhenviewing
or interactingwith ascenevia asmallhandhelddisplay. Finally we
showedhow interactive projectioncanprovide a direct interaction
with physicalfeatures.

9 Future Work

� We plan to replacethecurrentvisible-light laserpointerson the
device with infra-redlasers.Thecostof thecurrentlaserpenswas
about$30 eachandthe likely costfor infra-redlasersis lessthan
doublethat.

� We would like to avoid the currentuseof physical�ducials
on the wall. One attractive option is a separateprojector that is
placedat a �x edpositionandprojectsa �x ed pattern,maybealso
IR. Thus we have a two device systemratherthan a completely
self-containeddevice, but both the projector-cameraandthe �x ed
projectorarepotentiallyvery smalldevices. As a realproductone
couldenvisagethemsnappingtogetherwhennot in use.

� Thereareseveralotherareasawaiting investigation- usingin-
teractive projectionto directly createaugmentedreality contenton
anobject;usinggestureto controlprojectedcontent;integratedpro-
jectionfrom multi-projectorsetc.

10 Conc lusion

Handheldprojectorshave thepotentialto extendtheway we think
aboutdisplay, moving beyond �x edscreensto allow opportunistic
displayon everydaysurfacesaroundus. This paperhasdescribed
our techniquefor interactingwith projecteddata, and suggested
how it cansupportnew typesof applicationthatmix physicaland
digital texture. Thereareotherwaysto achieve thesamefunction-
ality, but interactiveprojectionprovidesaverynaturalandminimal
interactionfor selectinga physicalarea. It offers a novel reversal
of the familiar desktopmetaphor- while windows systemsutilize
iconslike movablefoldersandtrash-barrels,we areborrowing fa-
miliar mouse-interactionslike selectionandcopy-pasteandshow-
ing how they supportinteractiononphysicalsurfaces.

References

BEARDSLEY, P., VANBAAR, J., AND RASKAR, R. 2004. Augmentinga
Projector-CameraDevice with LaserPointers.TR 2004/035,MERL.

OLSEN, JR., D. R., AND NIELSEN, T. 2001.Laserpointerinteraction.In
Proceedingsof theSIGCHIconferenceon Humanfactors in computing
systems, ACM Press,17±22.

RASKAR, R., AND BEARDSLEY, P. 2001..A Self-CorrectingProjector. In
IEEEComp.Soc.ConferenceonComputerVisionandPatternRecogni-
tion (CVPR'01).

SUKTHANKAR, R., STOCKTON, R., AND MULLIN, M. 2000. Automatic
keystonecorrectionfor camera-assistedpresentationinterfaces.In Proc.
Intl. Conf. MultimediaInterfaces'00.

WWW.CANESTA .COM, 2004.Canestaprojectionkeyboard.

WWW.ISENSE.COM, 2000. InterSense:ultrasound-basedtracker.

WWW.SIEMENS.COM, 2002.SiemensMini-Beamer.


