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Figure1: Thecamera-basedinterface.

Abstract

Recentadvancesin mobilecomputingallow theusersto dealwith
3D interactivegraphicsonhandheldcomputers.Althoughthecom-
puting resourcesandscreenresolutionsgrow steadily, userinter-
facesfor handheldcomputersdo not changesigni�cantly. Conse-
quently, wedesignedanew 3-DOFinterfaceadaptedto thecharac-
teristicsof handheldcomputers.Thisinterfacetracksthemovement
of a target that the userholdsbehindthe screenby analyzingthe
videostreamof thehandheldcomputercamera.Thepositionof the
targetis directly inferredfrom thecolor-codesthatareprintedon it
usingan ef�cient algorithm. The userscaneasilyinteractin real-
timein amobilesetting.Thevisualizationof thedatais goodasthe
target doesnot occludethe screenand the interactiontechniques
arenot dependenton theorientationof thehandheldcomputer. We
usedtheinterfacein severaltestapplicationsfor thevisualizationof
largeimagessuchasmaps,themanipulationof 3D models,andthe
navigationin 3D scenes.Thisnew interfacefavorsthedevelopment
of 2D and3D interactiveapplicationsonhandheldcomputers.
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1 Intro duction

Recentadvancesin mobilecomputingallow theusersto dealwith
3D interactive applicationson handheldcomputerssuchas PDA
andcell phones.Theseapplicationsleadto new prospectsfor our
everydaylife. For example,a technicianwill be ableto visualize
andtomanipulateonsitethe3Dmodelof themotorhehasto repair,
anarchaeologistwill comparetheruinsof a building shesaw with
a computer-generatedreconstructiondisplayedby her PDA, or a
marketerwill makeadecisionaccordingto thestrategic datahecan
analyzethrougha correspondinggraph. Of course,video games
have taken the bene�ts of mobile computingfor a long time with
productssuchasthe famousGameBoy from Nintendo. They are
now evolving from 2D to 3D.

Several challengesgo with the developmentof handheldcomput-
ers in termsof computinghardware, real-timevisualizationtech-
niquesandalgorithms,anduserinterfaces.In this paper, we focus
on this last challenge.Even if the direct pointers(stylus)seemto
bewidely acceptedfor interactionwith PDA, we will seethatthey
arenot alwaysthebestsolution,particularlywhenvisualizationis
important. For suchsituations,we proposea new interface,based
on themovementsof a targetheldby theuserbehindthevisualiza-
tion interface,asillustratedin Figure1. Thetargetis trackedusing
thevideostreamof thecameraof thehandheldcomputer.

Comparedto desktopcomputers,handheldcomputershave several



characteristicsthat have to be taken into accountfor the develop-
mentof anadapteduserinterface:

� Limited visualization. The�rst characteristicis thereduced
size of the screenwhich is one of the main limitations of
thehandheldcomputers.Consequently, thevisualizationarea
shouldnot beoccludedby thehandof theuserin orderto fa-
vor a goodvisualization.Moreover, thedisplayof thescreen
canonly be perceived by a limited rangeof viewing angles,
i.e. whenthe useris facingthe handheldcomputer. There-
fore, interactionshouldoperatewithout having to modify the
orientationof thehandheldcomputer.

� Mobile use.Handheldcomputersaim at mobileuse.Conse-
quently, interfacesfor interactionhave to operatein realmo-
bile conditions. In particular, they shouldoperateindepen-
dently, without being connectedto an additionalcomputer,
andwithoutassumingtheuseris sitting in front of a table.

� Limited computing resources. The PDA and cell phones
have limited computerresources.Consequently, the userin-
terfaceshaveto beaslesscomputationdemandingaspossible
in orderto insurereal time interactionandto free the maxi-
mumof availableresourcesto theapplications.

� Low extensibility. A last characteristicthat hasto be taken
into accountis the low extensibility of thehandheldcomput-
ers.Thelimited connectionpossibilitiesandthelack of stan-
dardlibrariesmaketheintegrationof new I/O componentsdif-
�cult. Hence,thechallengefor new userinterfacesfor hand-
heldcomputersis to work on differentarchitectures,without
any custominstallations.

In our approach,we attemptto keepin mind thesefour primordial
constraintsof the handheldcomputers.Our aim is to provide an
interfacethatenablesthemanipulationof datasuchas3D scenes,
while assuringa goodvisualization.We focuson a very light user
interface, in termsof bulk as well as in termsof computingre-
sources.

This paperis organizedasfollows. In thenext section,we present
anddiscusssomepreviouswork. Wedescribeourinterfacein detail
in Section3, andin Section4, we show how it canbeusedfor 2D
and 3D interaction. Finally, in Section5, we concludeand give
directionsto futurework.

2 Previous work

Several techniqueshave beenproposedto interactwith handheld
computers.Somearebasedon the existing I/O possibilities,and
othersusenew hardware interfacesfor interaction. In particular,
somework hasbeenbasedonpositionandorientationsensors,and
recentwork usesvideostreamsfor interaction.

Buttons and direct pointers

The standardinput interfacesof handheldcomputersare the but-
tonsde�ning numericalkeyboards,functionkeysor cursorkeysfor
discreteinput, anddirectpointerssuchasstylusassociatedto sen-
sitive screensfor continuousinput. They �t well with many basic
interactiontaskssuchasnumericalentriesor selectionof itemsin
smallmenus,asexperiencedby Kjedskov andSkov [2002]. From
theseinput devices, Gong and Tarasewich [2004] proposeto ex-
tendthe generalHCI recommendationsof Shneiderman[1997] to
besuitedto handheldcomputers.For higherlevel interactiontasks,
advancedtechniqueshave to be used. In particular, for browsing

information,thesmallscreensizeimposestheuseof zoominguser
interfaces(ZUI) suchas[BedersonandHollan 1994] or [Igarashi
and Hinckley 2000]. The main limitation of handheldcomputer
standarddevicesis their limited degreesof freedomfor interaction
with 3D environments.Moreover, animportantdrawbackof direct
pointersis thatthey occludethescreens.As werecalledin theintro-
duction,occlusionis a critical issuewhendealingwith very small
screens.

New handheld computer interfaces

To overcomethelimitation of handheldcomputerstandarddevices,
severalnew approacheshavebeenproposedover thelastfew years.
Pierceand Mahaney [2003] presentedan opportunisticannexing
approachwheretheusersbene�t from theI/O resourcesavailableat
agivenmoment(e.g.televisionandkeyboard).Dusanetal. [2003]
integratedspeechinput for multimodal interactionwith handheld
computers. Another example is the useof wearablechord key-
boardsor isometricjoysticks[Krum etal. 2003].

Position and orientation sensors

Many interfacesarebasedon themovementsof thehandheldcom-
putersas input. The ScrollPad [Fallmanet al. 2004] is a mouse-
mountedPDA allowing thevisualizationof largedocumentswhile
scrolling it on a table. ThePeepholedisplay[Yee2003] is a com-
parableinterfacewherethe usermoves the PDA in space. It is
inspiredfrom the pioneeringinvestigationsof Fitzmaurice[1993;
1993]. Recentimplementationsof this approachusetilt sensors
[Rekimoto1996; Hinckley et al. 2000], accelerometersandcom-
passes[Rantakokko and Plomp 2003]. The problemof all these
techniquesis that the user's viewpoint to the screenchangesper-
manently, losingtheoptimalvisualizationangle.Furthermore,the
mobility is notalwaysinsured.

Cameras

Thecamerasof handheldcomputershavebeenusedfor augmented-
reality applications.For example,WagnerandSchmalstieg [2003]
usea PDA camerato recover the positionof speci�c markerspo-
sitionedin therealenvironment.Previously, RekimotoandNagao
[1995] tracked their NaviCam by meansof color-codeIDs. Cur-
rently, Rohs[Rohs2004] usesvisual codesfor several interaction
taskswith camera-equippedcell phones. Thesethreeworks are
basedon markersthathave to bepreviously �x ed in therealenvi-
ronment,limiting mobility.

Two-handed interaction

In ourapproach,wewereinspiredby previouswork ontwo-handed
interaction. Two-handedinteractiondemonstratedmany bene�ts
[Buxton andMyers 1986]. In particularwith 3D userinterfaces,
two-handedinteractionhasbeenusedto give the usersa kinaes-
theticreferenceframe[BalakrishnanandHinckley 1999].Theprin-
ciple is to performactionswith thedominanthandwith respectto
thenon-dominanthandcorrespondingto the referenceframe. For
example,Mine [1998] proposedseveral interactiontechniquesfor
immersivevirtual environmentsusingtwo handsin orderto bene�t
from thekinaestheticsense(proprioception).Our interfaceexploits
kinaesthesiaaswell.



3 A new camera-based interface

3.1 General description

Inspiredby the forcesandthe weaknessesof the describedprevi-
ouswork, andaccordingto the recommendationswe presentedin
theintroduction,we developeda new interfacefor interactionwith
handheldcomputers.

To favor a good visualization we optedfor a systemwherethe
screenis never occludedby the users' hand. Consequently, the
userscanconcentrateon their datawithout beingperturbedby any
physicalobject. Moreover, we particularlywantedtheusersnot to
beconstrainedto move thehandheldcomputerfor interaction,let-
ting themchooseandkeeptheoptimalviewing angleto thescreen.
In our system,the userinteractsby doing movementsbehindthe
handheldcomputer.

Mobile useis the aim of handheldcomputers.Therefore,we de-
velopeda systemthatcanbeusedeverywhereat any time,without
beingconnectedto any desktopcomputer, eventhrougha wireless
network. To overcomethe problemof low extensibility, we use
thecamerathat is moreandmoreoften integratedin thehandheld
computer, or thatcaneasilybepluggedin theCF or SD ports.The
inputsfor interactioninfer from theanalysisof theimagescoming
from thecamera.

To deal with the limited computing resources of the handheld
computers,we designeda target thatwill bedescribedin thenext
section.By simply analyzinga few pixelsof thevideostream,we
areableto quickly determinethe3D positionof thetargetwith re-
spectto thehandheldcomputer. Our algorithmrequiresvery little
CPUticks, hencefreeingthecomputingresourcesfor theapplica-
tions.

Summingup, the usersinteractwith the databy moving a target
behindthescreenasillustratedin Figure2. Thetargethasapproxi-
matelythesizeof a CD jacket. We detectthepositionof thetarget
in 3D space,which makesour interfacea 3-DOF interface. This
approachtakesbene�t from thetwo-handedinteractionandtheki-
naestheticsensedescribedabove.

Figure2: The cameraof the handheldcomputer�lms the move-
mentsof a targetbehindthescreen.

3.2 Implementation

Computervision toolkits suchasOpenCV1 or ARtoolkit2 track a
targetin realtimeonstandardPC.For example,Woodsetal. [2003]
usethe ARToolKit to emulatea 6-DOF �ying mouse. Similarly,
Hinckley [1999] developeda camera-basedmulti-DOF mousefor
poseestimationfrom a 2D grid pattern.However, theuseof such
techniquesonhandheldcomputersisnotreasonableasthey arevery
CPUdemanding.Furthermore,usinga wirelessconnectionto pro-
cessthe vision algorithmson a distantserver asdoneby Wagner
andSchmalstieg [2003] is critical sincethe responseof the user's
actiondependson theQoSof thenetwork. Moreover, sucha tech-
niqueis only possiblewhenawirelessnetwork is available.There-
fore,wedesignedanef�cient andfastalgorithmthatcanbedirectly
computedon thehandheldcomputers.

The 3-DOF trackingof a singleblack patternon a white target is
simpleto implement.However, thesmall�eld of view of thehand-
held computercamerasmakes this techniqueinef�cient sincethe
target hasto be far from the camerato be visible while moving.
Moreover, the input imageshave to be entirely analyzed,which
signi�cantly increasescomputationtime.

In orderto favor wide movementsandto reducethenumberof op-
erationsfor tracking,a secondapproachcouldbe the useof color
scales.Hence,ax-y locationof thetargetcouldbedirectly inferred
from thecolor of thepointedpixel. Several color spacescouldbe
used,in particulartheuniform CIE Luv color space.However, the
low quality of thehandheldcomputercamerasandthevariationof
thelight conditionsin mobilesettingsmakethis techniqueinappro-
priate.

RGB color-codes

In orderto allow widemovementscloseor far to thecamera,andto
limit theissuesdueto thevariablelight conditions,our techniqueis
basedonpureRGBcolor-codes.Weusethetargetshown in Figure
3 composedof several cells separatedby red borders. The target
is a 12� 12 cm wide squaredividedinto 8� 8 = 64 cells. Eachcell
is composedof two horizontallines. The upperline relatesto the
x coordinatewhile the lower onerelatesto they coordinateof the
target. Eachof thesetwo linesis composedof a triplet of blueand
greencolors. By assigning0 to blue and1 to green,eachtriplet
correspondsto a binarycode.Consequently, in our target,the�rst
line of any cell codesthe columnnumberin the target while the
secondline codestheline number.

A pixel from the video input is de�ned by its threeRGB compo-
nents.Eachof thepixelsanalyzedby our algorithmis assignedto
oneof the threeclustersRED, GREENor BLUE accordingto the
maximumof its components.

In thegeneralcase,it is very simple(andfast)to determinewhich
locationon the target the camerais pointing to. We describethe
techniquein the following. The seedis a referencepoint that is
initially setto thecenterof the input image.Thesnapshotson the
right arepartsof theinput images.

1OpenCV: http://www.intel.com/research/mrl/research/opencv
2ARToolKit: http://www.hitl.washington.edu/artoolkit



Figure3: TheRGBtargetcomposedof binarycodecells.

From the seed,we searchfor
the bordersof the cell to the
right, to the left, to the top and
to the bottomby following the
simple rule: while the pixel is
not red,considerthenext pixel.

Once the borders of the cell
have beenidenti�ed, it is very
easyto recover the color-codes
by looking at the six pixels
highlightedon theright.

Thecolor-codesdeterminewhichcell is pointedto. In ourexample,
the �rst line of the cell hasas the binary code110, which corre-
spondsto thesixth column.Thesecondline is 010,corresponding
to thethird line.

Thelocationpointedby thecenterof thecamerahasthefollowing
x coordinateon thetarget:

xtarget = N � W + ls�
W
lr

(1)

whereN is the columnnumber, W is the width of the columnon
thetarget, ls correspondsto thenumberof pixelsbetweenleft and
seed, and l r is the numberof pixels betweenleft and right. The
ytarget coordinateis computedidentically.

Thex-y positionof thetargetwith respectto thecamerais directly
given by xtarget andytarget . The z coordinateis inferred from lr,
thenumberof pixelsbetweenleft andright. Indeed,thefartherthe
targetis from thecamera,thesmalleris thedistanceleft to right.

We have describeda techniqueto determinethepositionof thetar-
getwhentheseedbelongsto a cell. Whentheseeddoesnot, it has
to beshiftedto thenext cell asfollows.

A is the initial seed. While
the current pixel is red, go to
the next up-right pixel. Set
B. While the current pixel is
not red,go to the next up-right
pixel. SetC. Thenew seedD is
de�ned by themiddleof BC.

To make our techniquemorerobust,a last testis performedbefore
looking for the bordersof the cell. This last testdetectsthe error
thatcouldcomefrom a tilt of thetarget.

Sincethe cells aresquares,the
lengthsright-left and up-down
are supposedto be equal. If
not, we are in the situation il-
lustratedon theright.

In this particularcase,we shift
the seedto the middle of the
longestsegmentbetweenright-
left andup-down. Applying this
heuristic allows to deal with
small tilts, which is enough
from ourexperience.

The techniquedescribedhereoperateswell. Theusersareableto
performwide and�ne displacementsof the target, far or closeto
the camera.Thesedisplacementsareprocessedby our algorithm
andprovide x, y, andz coordinatesfor eachframe. Thesecoordi-
natesareabsolutesincethey donotdependonthepreviousrecords.
Whenarecordis toofar from theaverageof the3 previousrecords,
it is consideredasanerrorandnot takeninto account.

3.3 Technical considerations

For the �rst tests,we usea PocketPCToshibae800PDA with a
400MHzXScaleARM CPU.With sucha PDA thex, y, andz co-
ordinatescanbeestimatedin lessthanonequarterof millisecond.
Consequently, our approachallows a real-timeinteractionandcan
beusedwithoutpenalizingtheapplication.Thanksto its ef�ciency,
our interfacecouldbeusedwith smallerCPUsuchascell phones.

We usethe CompactFlashFlyCAM camerawith a resolutionof
160� 120 pixels. As noticedin [Wagnerand Schmalstieg 2003],
thiscamerais notableto delivermorethan7-8 imagesperseconds,
which constitutesthemainbottlenecktoday. However, we assume
thatmoreandmoreef�cient integratedcameraswill equipthePDA
andthe cell phones,andthat the video streamswill be easilyex-
ploitable.

Oncefolded,thetargetcanbeput in thecoverof thePDA.

For the3D applicationswearegoingto describein next section,we
useklimt3, anOpenGL—ESimplementationfor PocketPC.

3klimt: http://studierstube.org/klimt



4 Applications

Many applicationscan bene�t from our interface,for the visual-
izationof largedocuments(e.g. maps,picturesandwebpages)or
for interactionwith 3D environments.In thefollowing, we present
sometestapplicationswehavedeveloped.

4.1 Pan and zoom

The visualizationof large documentssuchas mapsis a dif�cult
task when dealinghandheldcomputers. Our 3-DOF interfaceis
particularlywell adaptedto sucha tasksincetheusersareableto
directly controlpanandzoom,without occludingthescreen.They
just have to bring the target closerin order to focuson a speci�c
location. They bring it fartherfor generalviews. The two-handed
interactionandthe kinaestheticreferenceframeallow an ef�cient
interactionastheusersbene�t from a spatialfeedbackin addition
to thevisual feedback.Figure4 illustratestheuseof our interface
for thevisualizationof a largemap.

Figure4: Largemapvisualization.

4.2 3D interaction

The following interactiontechniquesshow how our interfacecan
contributeto thedevelopmentof 3D applicationsonhandheldcom-
puters.Theseinteractiontechniquesrelateto manipulation,naviga-
tion, selection,andsystemcontrol.

Manipulation

Our interfaceprovides3-DOFthatcaneasilybeattachedeitherto
the translationsor to the rotationsof a 3D objectaccordingto the
pressedbutton. Themappingbetweenthe translationsof both the
held target andthe manipulatedobjectis direct. It givesthe users
thefeelingto directlyhold theobject.Consequently, usersareable
to translatetheobjectsin 3D spacewithout any dif�culties. Rotat-
ing anobjectis lessdirectastheuser's translationsaremappedto
the rotationsof the object. However, all the userswho testedthe
systemimmediatelyunderstoodthe techniquewithout any expla-
nations,becausethe semanticlink betweenthe users'actionsand
theresultingactionson thescreenoperateswell. Themappingbe-
tweenthe movementof the target andthe rotationof the objectis
illustratedin Figure5.

Figure5: Mappingbetweenthe target movementsandthe object
rotations.

Navigation

The 3-DOF provided by the interfacecould be usedto �rst con-
trol thetranslationsof thecamera,andthenits rotations.However,
we preferredto implementa techniqueto directly �y into the 3D
sceneby usingtheforward-backward DOF to control theforward-
backward velocity in thesceneandthe2 otherDOF to modify the
yaw andpitch angles. Hence,by controlling 3 DOF at the same
time, usersareable to easilynavigate in large 3D scenes.To go
to the left, they move thetarget to the left. To go up, they move it
up. Finally, to go slower, they just have to bring the target closer.
Onceagain, thevisualizationis notalteredastheuserpermanently
seesthe whole screenover the bestorientation. Figure 6 shows
anexampleof sucha 3D navigation in a height�eld createdusing
AutoMNT [Pouderouxetal. 2004].

Selection and system control

Severalinteractiontechniquescanbeusedto select3D objects.For
example,a techniquecould be to usethe target asa butter�y net,
or to extendtheclassical2D box selectionto 3D space.Therefore,
userswould beableto selectgroupsof objectsby locking themup
into 3D selectionareas.Thisapproachis usedby Encarnac¸ãoet al.
[1999]with their translucentsketchpad.

Thecontrolof theapplicationis a realproblemwhendealingwith
handheldcomputers.Effectively, the small sizeof the screenfor-
bidstheuseof largepopupmenus,asclassicallydoneon standard
screens.Therefore,new userinterfaceshave to befound. We pro-
poseto usetreemapsthat hierarchicallyre�ne to selectthe menu
items.Thelevel of hierarchy is controlledby thezDOFwhile thex
andy DOF enableto navigateover theitemsfor a givenlevel. For
example,we canimaginethat at the �rst level (whenthe target is
far from thecamera)� ve itemsdivide thetreemap:”�le”, ”edit”...
By bringingcloserthe target in the ”�le” section,eightnew items
appear, andso on. After a small moment,usersknow wherethe



Figure6: Height�eld navigation.

itemsareonthetargetallowing themto quickly controlthesystem.
For example,theitem”saveas”will beon thetop left of thetarget.

5 Conclusions and future work

Numericaldatahave beenvisualizedon computermonitorsfor a
long time. Today, handheldcomputersalsoallow mobile visual-
izationwhich leadsto many prospectsin our everydaylife. How-
ever, the intrinsic characteristicsof the handheldcomputersmake
usthink aboutnew userinterfaces.

Theclassicalinput devicesof thehandheldcomputer(buttonsand
direct pointers)can be very ef�cient for somebasic interaction
tasks.However, they becomeobsoletefor thevisualizationand/or
3D applications. That's why we developeda new 3-DOF inter-
facefor interactionwith handheldcomputers.This interfaceaims
at favoringagoodvisualizationatany time, in realmobilesettings,
with real low computingresources.Our interfacebasedon a sim-
ple video streamanalysisworks well and the userswho testedit
werereally enthusiastic.They particularlylike to permanentlysee
thewholescreenwhennavigatingin 2D mapsor 3D environments.
Moreover, they reallyenjoyedthesmoothnessof the3D trajectories
they wereableto control.

Thenext stepof our researchprojectwill consistin evaluatingthe
interface.In particular, wewill asksubjectsto performagiventask
with our interfaceandwith a 2D direct pointer. For example,the
taskcould be a 3D dockingtaskor 3D labyrinth navigation task.
Our interfacehasalsobeenimplementedon a standardPCusinga
web-cam.It canbealow-costalternative to classical3D interfaces.
We have to evaluatethebene�t of this approachfor suchenviron-
ments.

In this paper, we presenteda new interfacefor 2D and3D mobile

applications.Fartherthantheseapplications,we think that this in-
terfacehasa greatpotentialfor informationvisualization(InfoVis)
applicationssuchasthevisualizationof largegraphs.Similar to the
applicationfor thevisualizationof picturesthatwehavepresented,
InfoVisapplicationswouldbene�t fromtwo-handedinteractionand
kinaestheticreferenceframefor anef�cient interaction.Many In-
foVis techniques,suchasFisheye,couldbeused.We arecurrently
focusingon thesetechniques.
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