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ABSTRACT

This paperpresentsa completesetupthat easeghe access
to prehistoricfeaturesin aninteractive fashion. High res-
olution photographof engraed walls are combinedwith
manualdrawvings madeby experts. To make the interac-
tion very intuitive,imagesof engraredpanelsareprojected
onto an electro-magneti¢racking boardthat is ableto re-
port the position and stateof up to threeelectronicstylus.
The usermoves a stylusto reveal augmentationsgnterac-
tively by pointing directly theimage. At a softwarelevel,
several problemshadto be overcome from preciselyreg-
isteringline drawings of the engrarings mademanuallyby
an expert onto the correspondingohotographsto the de-
sign of a usableand fault tolerantsoftware. A complete
systemhasbeenrealizedandsuccessfullyestedwith arel-
atively wide audiencegcomposedn particularof children.
Thiswork demonstratetheinterestandeffectivenesof 2D
AugmentedRealityin the context of culturalheritage.

1. INTRODUCTION

Publicaccesso prehistoricsites,especiallyclosedonedike
cavesis oftenrestricted rst someof thesesitesarehardly
accessiblavithout specialequipment,and building the in-
frastructureto allow saferand easieraccesss not always
possible. Then lighting sucha site without damagingits
featureds oftenchallengingsincemural paintingsdegrade
with light exposureandheat. Finally increasinghumanac-
tivity may causevariationof thermalconditionsandhumid-
ity thatcanirreversibly damagethe walls (for exampleby
causingthe developmentof moisture). However, thereis
a sustainednterestamongthe public in discovering these
sites.In sucha context Virtual Reality, AugmentedReality
andMix ed Reality applicationscan prove very ef cient in
providing an experiencecloseto or evenricherthanareal
visit [1].

The dataandimagesusedin our setupcomefrom the
Gamascavesin theFrenchPyreréeq2], whichcontainsome
very rare paintingsof stencilledhandsand mary engraed

Fig. 1. A photggraphshowinga pieceof theincisedpanel.
Recanizingthe mammottshapecanbe quitedif cult for a
nonexpertviewer

walls representinganimals. The paintingsand engraiings
areestimatedo datefrom the GravettianPeriod(from about
27,000to 22,000yearsago).

The engrared panelsarevery dif cult to appreciateor
understanavithoutthehelpof anexpertoutliningeachshape
presentin a particularzone. The gure 1 shouldcorvince
the readerthatan undocumentediew of sucha wall feels
indeedvery clutteredandhardto appreciate.The factthat
multiple meaningfukhapes®verlapin thesameaegionmakes
the recognitioneven moredif cult. That meansthat only
providing a reconstructediiew (of ary form) is not suf-
cientfor presentingsuchdata.

We proposea systenthathelpsa userrecognizeshapes
interactvely on an engrared panel. This is madeby high-
lighting the shapein a high resolutionphotographof the
wall. Theseaugmentationareupdatedn a naturalway as
theuserguessethelocationof theengraingswith a point-
ing device.

We claim that the systemactually helpstrain the eye
of thevisitor at recognizingsuchshapesamongthe clutter.
We believe sucha systemimprovesthe experienceof the



Fig. 2. Incisedpaneldrawnby C. Barriere.

visitor by providing acomplementarapproacho thecave's
featurespesidef arealvisit.

Theremainingof this paperis organisedasfollow: sec-
tion 2 presentshedatawe hadathandto realizethis project.
Section3 explainsour solutionto the problemof registering
thehanddravn gures into thephotographsFinally section
4 detailsthe hardwareandsoftwareaspect®f our setupand
thefeedbaclgatherediuringa public session.

2. PHOTOGRAPHS AND DRAWINGS AVAILABLE

TheGamgascave organizatiorprovideduswith severaldata.
First of all, we have beenauthorizedto capturea large set
of naturalphotographshawing agroupof engraiingsunder
differentposeandillumination conditions. The engraiings
composean incisedpanelwith a smallhorsehead,a large
headof a reindeey an aurochwith its thin but very visible
horns,thensuperimpose@ whole mammoth.The placeis
dif cult to accesandthe panelis very hardto readbecause
theengraiingsoverlapalot (see gure 1).

In orderto helpthe reading,the drawvings madeby the
prehistorianProfessoiClaudeBarriere[3] werealsoat our
disposal.Figure2 shaws a reprint of thosedrawings. This
gure canbefurtherannotatedo provide ameaningfulrep-
resentatioranda possibleinterpretatioramongseveral hy-
pothesegsee gure 3).

We performedsereralpreprocessingndprocessingteps
ontheseresources

the prehistoriandrawings have beendigitalized and
enhanced,

thelinesof interesthave beensggmentedandenhanced
thanksto theannotationsThereforendividual draw-
ingsof bovids, horsesanda mammothcanbeused,

the correspondingegion of interestinsideeachpho-
tographhasalsobeenextractedby imagecropping,

Fig. 3. Annotateddrawingswith highlightedbovids,horses,
mammottetc.

the non-rigidregistrationbetweerthe obtainednatu-
ral imagesandthe expert drawvings canthenbe pro-
cesseasexplainedin thenext section.

3. NON-RIGID REGISTRATION

In thiswork we useRadialBasisMappings(RBM) to regis-
tertheprehistoriansdravingswithin thephotographsSince
the datato registerarehanddravn andsincethe 3D shape
of wall is unknawvn, the deformationsbetweerthe drawing
plan andthe cameraplan canonly be modelledby a non-
rigid transformation.

3.1. Radial BasisMappings

A R?! R Radial Basis Function(RBF) f is de ned by
a basisfunctionf andan! + 3-vectorof coefcients hT =

|
() = 1x+ py+ n+ § wif (kx k) )
k=1
It consistof alinearpartparameterizedy (I ; y;n) and
anon-rigidpart,asumof | weightedtermswith coefcients
wy of the basisfunction appliedto the distanceof x and
the centresgk. One of the possiblechoicesfor the basis
functionis the Thin-PlateSplinef (h) = h2log(h).
We canthenconstructa R?! R? RBM m mappinga
2d point x to a point m(x) de ned by two RBF f* and fY
sharingtheir centres

fX(x) _ ~ o
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whereA; 3= (Kz 2 t) de nesanafne transformation
representebly 2 rowsof 3parameter§l *; %; n¥), (1 Y;w;nY)
by generalizatiorf equationl. Whenthecentresare x ed,



thewholesetof parameterss encapsulateth an(l + 3) 2
matrixh = (h* hY) partitionedinto a non-rigidandarigid
partash™ = (WT A).

3.2. Linear estimation from point correspondences

We canestimateaRBM from n matchedeaturegor manual
landmarks) X; $ xio. Giventhemammothimage(see gure
1), the correspondencese usedareshonvnin gures 4 and
5. Theredcrossesampleboththedrawing linesin gure 5
andthe correspondingisualfeaturesn gure 4.
Neverthelesswe do not useeachfeaturelocationasa
deformationcentre.Our goalis to automaticallyselect

the correctextent of non-rigidity that is needed(in
otherwords the unknovn number| of deformation
centres),

agoodsubseif | featuredocationsx; to be usedas
thedeformationcentreqk.

Suchan automaticselectioncan be performedusing a
modelselectionapproact4] describedn the next section.
Giventhecorrespondencesdtheselectedieformatiorcen-
tres,we minimize aleast-squaresansfererrorJ :

18 - ~
J= ﬁ_éllkm(xi) xk: (3)
1=
We rewrite J as:
1 ~ - 2
J=— K P h x?:::x9 T (4)

wherethei-th row of P, 3is (1;%;") andthe (i;k)-th entry
of Kp 1isf(kX qkk).

We must also ensurethe boundaryconditions[5] and
getalinearleastsquaregproblemwith linear equalitycon-
straints.

8
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We usedirect elimination method[6] to reduce(by a QR
decompositionthe constraintmatrix P to uppertriangu-
lar form. Theresultingreducedunconstainedleastsquares
problemis solvedclassicallyby pseudo-irersing.

3.3. Model selection

In this sectionwe describehow to selecta good subsetof
featuresas deformationcentres. A lot of model selection
criteriafor balancingheresidualandthedegreeof freedom
of the modelhave beenproposedn the literature. These
criteriausean accuray criterionanda penaltytermwhich

measureshe compleity of the model. Most are basedon
statisticalandinformation-theoreticriteria. Amongthem,
the mostwidely usedcriterion is the geometricAkaike's
criterion (AIC, [7]) and the minimum descriptionlength
(MDL) criterion(herewe presenthegMDL term|[8]):

Gaic J+ 2k32 (6)

J  ks?log(s?) 7)

GgmpL

wherek is the numberof degreesof freedom(d.o.f.) of
the transformation(proportionalto 1). The noiselevel s?
cannotbe simply estimatece.g. from the estimatedesidu-
als. In our casesinceinterpolationwith null residualscan
bereachedy increasinghed.o.f.,wewill usea x ednoise
level estimationbasedon the uncertaintyof manualland-
marks. We have successfullyusedthesetwo criteriain our
experimentsTheir resultsarevisually equivalent.

In orderto minimizethesenew criteria,we usedaback-
ward stepwiseselectionprinciple. We start with the full
model(eachfeaturelocationis usedasa deformationcen-
tre) andsequentiallremove a centre.At the beginningthe
criterionJ is null (no positiveresidualwith aninterpolation)
andthe compleity termis high. At eachselectionstepwe
remove the centrethat leadsto the smallestincreaseof J
criterion. The procesgerminationis simple: we stopthe
backwardstepwiseselectiorassoonasour modelselection
criterion G reaches local minima.

Figure 5 shows the selectedsubsetof featuresfor the
mammottdataset(38bluediamondmarkersselectecimong
91 redcrosses)We cannoticethattheselectedleformation
centresarecorrectlyspreadverthe mammothcurves.

At theendof theselectiorprocessve have anestimated
radial basismapping(RBM) that canbe usedto transform
the expert drawing (seethe secondpart of gure 4). At
this stagethe registeredgraphicresourcematcheghe pho-
tographpreciselyas shovn in the rightmostpart of gure
4,

Note that, even thoughthey have beendrawn by hand,
the reprintsbasedon the work of C. Barriere have proved
extremelyaccurate.

4. SETUP DESCRIPTION

The ability to registerpreciselythe photographicdatawith
theexpertdrawingsallowedusto designa completevisual-
izationsystemwhich we describen this section.The setup
shouldbeusedby anonexpertaudienceypically composed
of visitorsof theGamgascave, includingchildren,whichim-
posesconstrain®n the usability of the system.



Fig. 4. Registration processfor the mammoth

Fig. 5. Manuallandmarkg(red crossesjpndselectediefor
mationcenties(bluediamonds)

4.1. Interacti ve board

Tangibleinterfacesoften prove very suitablein a context
like the oneof thiswork. The useof aknown device for in-
teractingwith the system(herea simplestylusanda board)
oftenshorterthelearningstageandmake useramoreatease
with the system.

Our systemis composedf a tracking board, a video
projector anda standard_inux-basedPC. Thoseelements
arevery easyto setuptogetherandadaptto differentprac-
tical setupconditions,asopposedo otheraugmentedind
virtual reality systemsthat use more complex display and
interactiondevices.

The boardis ableto reportthe positionof anelectronic
stylus hold close or onto the surface (see gure 6). The
boardis alsoableto distinguishbetweerhoveringthe sty-
lus at a few centimetresabove the surfaceandpressinghe
surfacewith thetip of thestylus. Theboardtransmitsts in-
formationto the PC usinga simple RS232serialinterface.
Thesoftwareuseghestreanof positionsandreactsaccord-
ingly, updatingtheimageprojectedontothe board.

Theprojectorprovidesa directvisualfeedbaclontothe
trackingboard,sothepositionof the userinput hasto accu-

Tracking Board

q

~ Projected Area

Video Projector

Stylus coordinates
stream (RS232)

Fig. 6. Overviav of the different parts of our interactive
system.

ratelymatchtheprojectedmage.Thisrequiresacalibration
stepdescribedn thefollowing section.

4.2. Calibration

A key problemto solvein our context is thereprojectionof
visual informationin the preciselocation of the input. In
orderto do that we needto preciselymapthe tracked po-
sition of the stylusinto the applicationscreerspace(being
projectedonto the board). A very commonproblemwhen
usinga video projectoris that the shapeof the reprojected
areais subjecto variousdeformationsgueto misalignment
betweenthe projectedimage planeandthe planarsurface
ontowhichit projects.lt is well known that suchdeforma-
tionscanbe modeledby a homographidransformatiorthat
mapsthe 2d homogeneouspaceP; toitself[9]. In practice
this transformations representethy a3 3 matrix H, so
thatapoint pg = (Xg;ys) in boardcoordinatess mappedo
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Fig. 7. Transformationbetweerboard coorinatessystem
andscreencoordinatessystem.

thepoint ps = (Xs;ys) in screercoordinateshis way:

2 3
XB

Ps= (5 ¥ Ws) = H:4ygd
1

Ps= (Xs;Ys) = (&=ivs; B=tvs)

The matrix representing. givenhomographyn unique
upto scalefactor, sothatit has8 degreesof freedom.Com-
puting this homographyinvolves providing at least4 cor
respondencesetweerthe sourceframeandthe destination
frame. In our application,the calibration proceduresim-
ply requiresthe operatorto click the 4 cornersof the re-
projectedarea.The systemis thencalibratedaslong asthe
relative positionof theprojectorwith respecto theboardis
notchanged.

Note thatwe do not try to compensatdor othertypes
of deformation ik e barrelandpincushion.Insteadwe rely
on the correctionprovided by the video projectoritself and
assumeanimagefreeof suchdistortions.

4.3. Softwaredesign

The softwarepartof the systemis designedasafull screen
applicationthat allows the selectionof a given augmented
panel, composedof its high resolutionphotographand a
segmentedandwrappedexpertline drawing asdescribedn
section3. The sggmentationof this layeris doneby copy-
ing thegreyscalevalueof thescannedlocumento its alpha
channel.This way only the lines areopaqueandthe delin-
eationis naturallyanti aliased.

We designeda software that combinesin real-timethe
two layersbasedon userinput (see gure 8 for a synthetic
diagramof this process). The streamof stylus positions
comingfrom the boardis usedto updatea footprint mask
whichis intersectedvith the alphachannelof theaugmen-
tationimagein orderto reveal only the partdravn over by

the user The accurag requiredandthusthe level of dif-
culty can easily be adaptedby changingthe size of the
virtual paintbrushusedto Il in the footprintimage. This
principle hastwo adwantages: rst it providesimmediate
visual feedbacko the userthatfeelslik e he draws directly
onto the photograph. Secondit is very fault tolerantand
allows safetrial, whichis especiallysuitedto children.

Thepossibilityto trackalternatvely differentstylus(each
onebeingassigned uniquelD) allowedthe applicationto
be usedin a collaboratve way. Indeed the highlightedfea-
turescanbe drawvn with differentcolourscorrespondingo
differentstylus/usergseeleftmostphotographof gure 9).

The software was easily build thanksto the powerful
open-sourc&Ul toolkit Gtk+ [10].

4.4. Public session

A publicsessioriookplacein late Septembe2006in Aventig-
nan,Hautes-Py&rées France.Tensof visitors enjoyed us-
ing our systenthatalsoprovedinterestingfor thewatching
attenders.The main limitation of our systemappearedo
comefrom the projectionprinciple: it would be betterto
projecttheimagefrom the backof a transmissie boardin
orderto preventusersfrom castingtheir own shadev onthe
screenHoweverthis problemdid notimpairthe overall us-
ability of thesystem.

5. CONCLUSION

We presentedh completeand usablesetupfor introducing
the public to prehistoricfeaturesin aninteractive fashion.
Thiswasmadepossibleby combiningnaturalimagesof en-
gravedwalls with manualdrawings madeby experts. This
experimentis an effective exampleof how augmentede-
ality applicationscanenrichandimprove one discovering
experience.

Thecombinatiorof averyaccurateegistration thehigh
resolutionof the trackingboardandphotographdeadto a
very satisfyinginteractive experience.Theright lineswere
always revealedat the right location and without lateng.
We arepursuingthis conclusie experimentby extendingit
to theotherartistictreasuresf the cavesof Galgas,suchas
thefamousstencilledhands.
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