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Abstract: Thispaperpresentsapracticableapproachfor augmentedrealityonembeddedsystems

likePDAs andsmartphones.It describesanimplementationof a completeAR-assistancesystem

for industrialmaintenance.Thegoalis to provideafuturehandbookwhichsupportsmultiplekinds

of mediadocumentslike SMIL, videoand3D augmentedreality views of complex maintenance

tasks. The main issueof the systemis its usability, aswell asits capabilityto supporta mobile

worker without overstraininghim. Theideais to startfrom theapplicationandconsiderAR asa

technologythatcanbeinvokedon-demand.Similarly, it is assumedofferingAR capabilityonstill

imagesnapshotsof the real sceneis suf�cient for many maintenanceapplications.In particular,

two approachesfor automaticscenecalibrationareused,a robustgradient-basedmarker calibra-

tion andamarkerlessapproach,whichreliesontheregistrationof a3D line-modelontotheimage.
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1 Intr oduction

AugmentedReality (AR) is consideredas an ideal technologyfor industrial maintenanceand

service. Numerousof publicationsrefer to scenarios,where the userdirectly seesvirtual in-

formationin his �eld of view demonstratingthe repairingor assemblysteps[CMGJ99][Miz01]

[BR04][KS99][Nav03]. Nevertheless,practicalapplicationsdid not appearuntil today, probably

becauseof thedif�culty of theoverall task. AR for maintenanceis highly complex andrequires

maturesolutionsin a lot of differentdomains.Evenif thetechnologyAR itself is consideredand

contentgenerationanddatamanagementis ignoredyou still have to facefundamentaldif�culties

in differentareas,including:



� Tracking:thecurrenttrackingsolutionswork in real-timeandprovidesatisfyingresultseven

without markers[VLF03][GRS
�

02][ult]. The currentlimitation residesin the useof key-

framesor perfect3D-modelsof thescene,what is dif�cult to implementin practiceandfor

large-scaleapplications.

� Hardwareequipment:thede�nition of theright hardwareconsistsof abalanceactamongro-

bustness/compactness,powerconsumptionandnecessaryprocessingpower. In thepresented

approachthe emphasisis beingput on usability, andthereforevery lightweight integrated

platformsarechosen.

� Visualizationand presentation:the presentationof information over a see-throughhead-

mounteddisplayis still not satisfyingandacceptedby the users,at leastfor longertasks.

Herealso,displaysplacedneartheeyeandnot in the�eld of view of theuserarepreferred.

At �rst in thispaper, abrief overview of therelatedwork is given,andthentheoverallsystemis

presented.After thatthetwo majorAR-componentsaredescribed,i.e. automaticimagecalibration

andinformationvisualizationon low-endplatforms.Thecreationof contentthrougha modeling

software,authoringsoftwareor othereditorsis part of the relatedprojectbut not intendedto be

discussedin thispaperbecausethefocusis seton theruntimesystemon low-enddevices.

2 RelatedWork

The�rst augmentedreality applicationson PDA reliedon client-server architectures,which deal-

locatedtheimageregistration(tracking)aswell asthe3D graphicsrenderingon remotestandard

PCs,e.g. [arp]. With the increasingcapabilityof the hardware,several standaloneapplications

appearedduringthelastyears.A mobilemarkertrackingapproachwasdevelopedin theHandheld

AugmentedRealityProject[WS06][PWLS05], which wasbasedon ARToolKit, andis currently

extendedto a fast trackingwhich runsautonomouson embeddeddevices like PDAs andsmart

phones.In thePARIS framework [GGZ
�

04] a VRML engineandspeechrecognitionhave been

provided. MobiX3D [NCB06] concentrateson supportingtheX3D standardby usinga hardware

graphicsacceleratedPDA andOpenGLES.Theintentionof thiswork which is alsothedifference

to theexisting projectsis on onehandto usea morerobustapproachof marker detectionon the

PDA andontheotherhandto simplify theinvolvementof theuser, i.e. theuserdoesnotevenneed

to placeany marker. Thatmeansa marker-lesscalibrationapproachis implementedthe�rst time

on anembeddeddevice like thePDA which canfurtherbeimprovedto a realtimetrackingin the

future.



3 Overview

3.1 Goal and BasicIdea

Theapproachconsistsof integrationof all thesystemfunctionalitieson thePDA itself. Moreover,

high-endand complex algorithmssuchas marker-lesstracking are evaluatedto work on those

limited platforms.Thetrackingis focusedto operatein environmentswith low light andcontrast.

Ourapproachintroducestheprincipleof augmentedreality on-demand,which consistsof tak-

ing a single imageof the real scenewhenneeded,andsuperposingreal-timevirtual animations

correctlyoverlaidon this singlestill image. The informationis not blendedin the �eld of view

of theuser, but canbeeasilywatchedover thedisplayof thePDA or by takinga look at thehead

worndisplayplacedbesidetheeye.

Thegoalof this approachis to developa systemwhich doesnot dominatetheuser, but offers

supportwhenrequired.Thevisualizationof animated3D graphicson still imagesis assumedto

providesuf�cient informationto supporttheuserin many applications.Suchasystemis eventually

preferredsincetheuserdecideswhensupportis needed.

Figure1: Augmentedscene.

3.2 SystemHardware

Thehardwareshouldbeeasyto wear, i.e. it shouldhaveaverylight weightandbeextremelycom-

pact. In this implementationtheDell Axim X51v PDA waschosenmainly becauseit is equipped

with themultimediaprocessor2700gof Intel. This chip is basedon thePowerVR MBX technol-

ogyof ImaginationTechnologiesandprovides3D graphicsandvideoacceleration.

For imagecapturingtheSpecteccamerawhichhasa resolutionof 300Kpixelswasintegrated.

It is connectedoverSD-slotandprovidesamaximumframerateof 20 imagespersecond.



Thenear-the-eyedisplayhasbeendevelopedby theprojectpartnerTrivisio [ult]. It consistsof

a monocularsee-throughdisplaywith a 800x600pixel resolution.It is currentlyconnectedovera

VGA adaptorto thePDA.

3.3 Runtime System

Thesoftwaresystemshouldnotonly support3D graphicsbut many kindsof electronicdocuments.

Therefore,anopenarchitecturewasdesignedconsistingof a centralcontrollermodulethat inter-

pretsthegivenwork�o w of thetaskto becarriedoutandtriggersthecorrespondingviewers.

Figure2: Structureof theruntimesystem.

Theavailablefunctionalmodulescanbeassignedto thethreemajorcomponents:

� Interaction:Threetypesof interactionarepossible.Voicecommandsandhardwarebutton

interactionsexclusively affect thecontrollermodule,which interpretsthemitself or routes

themto thecurrentlyactiveviewermodule.Touchscreeninputasthethird possibleinterac-

tion methodis directly interpretedby theactiveviewer.

� Visualization:The systemprovidesdifferenttypesof viewersin orderto enablethe visu-

alizationof many kindsof electronicdocuments.Most importantto mentionis theVRML

viewer with underlyingAR speci�c functionalitieslike trackingandcalibration.This mod-

ule is describedin detail in section4

� Tele-consulting:Two tele-consultingmodulesareprovided,onefor a live videoandaudio

chatandanotherfor bidirectionalliveannotationof imagesof thecurrentworkingarea.



� Externalcommunication:Communicationis achievedover WLAN or 3G/UMTS.Thesys-

tem can be connectedto a databasevia SOAP interface in order to get new contentfor

manualsor even new manuals.It canalsoestablishthe connectionfor the tele-consulting

module.

4 An OpenGL-ES AugmentedReality Viewer

The augmentedreality viewer consistsof threemajor blocksaspresentedin Figure3. The �rst

block is called the 'RenderingCore' and representsa completescenegraphrenderingsystem,

which is ableto handleVRML97 structuresandanimations.It consistsof the Intel implementa-

tion of OpenGLES [ogl] for the graphicsaccelerationchip 2700gaswell asthe device speci�c

implementationfor EGL [egl]. EGL is aninterfacelayerbetweenOpenGLESandthenativeplat-

form window system,heretheDell Axim X51v, so it is possibleto renderto thehardwareframe

buffer of thisPDA.

Thenext block– the'V isionCore'– regroupsthecomputervisionfunctionalitiesaswell asAR

utilities. It is responsiblefor retrieving animageor animagestreamof aconnectedcamera(capture

module)andfor calibrationor tracking(calibrationmodule).Severalapproachesof marker-based

andmarker-lesstrackinghave beenimplementedandevaluated(seesection5). Both modulesare

linkedtogetherin thePocketAR library.

The last vertical block offers interfacesto othersystems.It enablesthe controller to access

the VRML viewer and sendcommandsto it. The typical usedfunctionalitiesare for example

' loadVRML �les', 'suspendviewer' and'sendactions'.Thosearereceivedby voiceor hardware

buttons(pause,play, next, etc.). Sincethe communicationis bi-directional,the viewer canalso

provide its currentstatelike 'end of theanimation'to thecontroller.

Figure3: Structureof theVRML viewer.

Thesethreeblocksareconnectedtogetherover thevirtual reality system'VRML97 Viewer'.

Thisoneprovidesmostof theVRML97 speci�c nodes.

Themainadvantageis thelevel of abstractionandeasycon�gurationof theviewerandoverall



system. By meansof XML, VRML andSMIL �les, completeandhighly complex application

scenarioscanbedesigned.The�rst oneis calledthe'ProcessInformationFile' (PIF); it includesa

descriptionof thetasksandis interpretedby thecontroller. TheSMIL �les connectthemultimedia

contentandtheVRML-�le speci�esthe3D graphicsanimations.All these�les arebeingcreated

or editedvia theauthoringtools[MWE
�

05].

5 Model Registration

5.1 Approach

Two imagecalibrationapproacheswereimplemented.The�rst oneusesmarkersplacedontothe

objectto beaugmented.Themarker alreadyexists,or hasto beplacedat a well-known position

by theuserbeforestartingtheapplication.The secondapproachrelieson an image-basedCAD

modelregistrationpresentedin [WVS05].

5.2 With markers

Marker-basedtrackingis a classicaltopic of augmentedreality [KB99][ZFN02]. The emphasis

hereis puton therobustnessof themarkerdetection(seeTable1) andtheprecisionof thecompu-

tationof thecamerapose.

Themarkerdetectionis achievedovergradientcomputationin theimage,andnotwith thresh-

olding techniques.A thinningalgorithmenablesto de�ne thecontoursin the images,which are

then�ltered in orderto keeponly quadrilateralforms. Thosearethenidenti�ed over the binary

codethey contain.

The3D-geometrycon�gurationof themarkersis thenanalysedandthecorrespondingcamera

posealgorithmis applied.Theanalysisis doneby meansof aneigenvaluedecomposition,which

providesessentialinformationabouttheplanarityandorientationof themarkers.

After the linear posecomputation,a non-linearoptimizationis usedin order to improve the

accuracy of theregistration.

5.3 Without markers

For marker-lessimagecalibrationa line modelof the target objectin the sceneis utilized in the

wayof theapproachpresentedin [WVS05].

The line model is createddirectly from the CAD modelwhich is mostof the time available

in VRML-format. Sinceneithertexturenor photometricinformationis available,the line model

is generatedby taking its original geometryonly. Thereforewe computethe gradientof the 3D

modelgeometry, andde�ne straightlinesoutof the3D (gradient)contours.



(a) (b)

Table1: PDA screenshots(controlunit): (a)smallmarker in brightenvironment,(b) smallmarker

in aquitedarkenvironment.

The line model is then projectedonto the imageplane(Table 2(a)). Samplepoints on the

projectedlines areusedto de�ne perpendicularlines throughthe points (Table2(b)). Gradient

maximaarethensearchedalongtheselinesin theimage.

Two userinteractionshave beenmadeavailablefor the userto performthe calibration. The

�rst solutionusesa still imagetaken asa snapshotof the scene.The usermovesthe 3D model

interactively with the PDA-pen and brings it in approximatesuperpositionwith the real object

in the image. This �rst positionandorientationof the model is usedto initialize the line-based

registrationalgorithmwhichcomputesaprecisepose.

(a) (b) (c)

Table2: PDA screenshots(control unit): (a) uncalibratedimagewith line model,(b) calibrated

line modelwith searchlines,(c) imagewith augmentation,here:theline modelitself.

In the secondapproacha live video streamwith a �x ed positionof the 3D objectmodel is

considered.TheuserthenmovesthePDA to theroughlycorrespondingposition/orientationand

takesasnapshotof thescene.The�ne registrationoccursautomatically.

Thosetwo approachescanalsobecombinedin awaytheusersetstheapproximateposeof the

modelheneedsto seethework stepanimationandthenalignsthecameraimagebehindthemodel

andstartsthecalibrationalgorithm.



In orderto movethe3D model,aninteractionby PDA penonthetouchscreenis implemented.

The screenis divided into threeregions like shown in Figure4 which are responsibleto trans-

late(x/y-axis), 'zoom' (z-axistranslation)androtatetheviewpoint of thescenegrapharoundthe

model. Thereforethepenhasto be placedin oneof thoseregionsandthenbedraggedover the

screen.Thisdirectlyaffectstheviewpointof thescenegraph.

Figure4: Screenregionsfor userinteraction.

6 Results

Thepresentedsystemwastestedwith two differentprototypeswhereofthe�rst oneis a software-

basedsolutionandthesecondoneis hardwarebased.

For the�rst prototypetheFujitsuSiemensPocket Loox 720wasusedastargetplatform. The

SD-slotcameraHP photosmartmobilecamerawaschoosedto capturethe images.For rendering

– asthePocket Loox hasno multimediaacceleratorlike theAxim X51v – thesoftwarerenderer

Klimt [WS06] wasintegrated. The resultsfor this set-upwerenot very satisfyingbecauseof a

renderingframerateof 3-5 fps with 15.000polygonsanda resolutionof 320x 240 pixels. The

cameraitself providednotmorethan10 fps.

Thesecondprototypewhichis thecurrentsetupconsistsof thetargetPDA Dell Axim X51vand

theSpectecSD 300K camera,which providesup to 20 framespersecond.Dueto the integrated

multimediaaccelerator2700gof Intel, thesoftwarerendererwasreplacedby animplementationof

OpenGLESandthescenegraphsystem/ VRML97 viewerwasadaptedaccordingly. A rendering

speedof 20framespersecondfor sceneswith 22.000polygonswithoutusingtextureswasreached

by this setup.Furthermorethis framerateis evenpossibleusingVGA resolution,which is 640x

480pixels.

The processof calibratingimagesis not intendedto be real-timebecausethe focus in this

systemis to provide a robustcalibrationwhich workswith low contrast,low light andevensmall



regions on the imagewherethe marker is shown. This is appliedby adaptationof the image

histogramandthegradientbasedapproachof marker linesextraction.Themarker detectionwith

additionalposecalculationlastsaboutonesecondbut it is very reliablein low light scenariosas

canbeseenin Table1(b). Furthermorethe limit of themarker sizein the imageareais 13 pixels

wherethemarker canbedetectedandidenti�ed.

The otherapproachof marker-lesscalibrationby using the line trackingbasedalgorithm is

morecomputingintensive andlastsabout3-5 seconds,dependingmainly on thenumberof lines

in theline modelandthediscrepancy of themodelandobjectposein theimage.Thecontrolunit

line modelshown in Table2 consistsof about120 lines. Themaximumdivergencebetweenthe

line modelandthe imageto computea successfulcalibrationdependson differentparametersof

theline trackerwhicharemainly:

� Lengthof perpendicularlinesto thelinesof theline model,wheremultiplegradientmaxima

aresearched.By usingtoo shortlines,thepossibilityof �nding no solutionis given.Other-

wise,lineswhich aretoo long couldresultin anincorrectsolutionbecausewronggradients

arefoundin theimage.

� Thresholdfor �nding gradientmaximain theimage.

� Numberof sampleson thelinesof theline modelwhich representthenumberof perpendic-

ular searchlines. More searchlinesrespectively resultin morecomputingefford which can

leadto a slowdown of theprocess.Lesssearchlinesresultin a lossof accuracy or evenput

a solutionat risk. About tensearchlinesperline in themodelareappropriate.

� Numberof levels of the imagepyramid over the original image. An imagepyramid con-

sistsof several imageswith the samecontentbut with differentresolutions.Gradientsare

searchedin eachlevel of thepyramid. Two levelsaresuf�cient in this casebecauseof the

small imagesizeprovidedby thecamera.

Additionally, thesuccessof a calibrationdependson thedegreeof rotationof the line model

comparedto theimage.Table2 show anexampleof a typicaldiscrepancy betweenline-modeland

realobjectwhich leadsto acorrectposeestimation.

7 Conclusion

In thiswork whichis still in progress,anapplicationwaspresentedwhichis suitablefor realindus-

trial maintenancescenariosandutilizesaugmentedrealityasaneasyto useon-demandtechnology.

It runsasastandaloneapplicationon anembeddeddevice likePDAs.



A scenegraphsystemwasdevelopedto obtaina viewer which is ableto usestandardized3D

scenedescriptiondatadueto thecompatibility to VRML97. Basedon theOpenGLESinterface

it is alsoindependentof thegraphicsaccelerationapproacheswhetherit is hardwareor software

based.

Moreover, a new areaof mobileAR wasenteredby implementinga marker-lessline tracking

approachwhich wasprovento work asa staticcalibrationmethod.Also a well established�eld

in theresearchfor embeddeddevices– themarker-basedtracking– waspickedup de�ning a dif-

ferentgoal,therobustnessof themarkerdetectioninsteadof its real-timecapabilityespeciallyfor

applicationslike theextendedhandbookin theindustrial�eld with tracking-hostileenvironments.

8 Futur eWork

Theupcomingresearchwill mainly concentrateon improving thecomputingperformanceof the

calibrationapproachesby adaptingthealgorithmsto theneedsof embeddeddevices. Dueto the

missing�oating pointunit of theintegratedXscaleprocessorsomelimitationsof calculationsarise,

becauseonehasto use�x edpoint arithmeticwhich is moreef�cient but lessaccurate.It is also

plannedto evaluateand integrateothermarker-lessapproacheslike usingKLT featuretracking

[ST94]. Theprojectcontainingthework describedhereis still in progresssoaftertheintegration

of the coretechnologylike fast renderingandef�cient androbust calibrationmethodsthe main

taskwill beputtingthetechnologyaltogetherandproviding auser-friendly applicationwhich can

beeasilyusedby a mobileworker. Thereforeseveralusertestswill beaccomplishedin thenext

period.
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