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ABSTRACT

This paperpresentsa completesetupthat easesthe access
to prehistoricfeaturesin an interactive fashion. High res-
olution photographsof engraved walls arecombinedwith
manualdrawings madeby experts. To make the interac-
tion very intuitive, imagesof engravedpanelsareprojected
onto an electro-magnetictrackingboardthat is able to re-
port the positionandstateof up to threeelectronicstylus.
The usermoves a stylus to reveal augmentationsinterac-
tively by pointing directly the image. At a softwarelevel,
several problemshadto be overcome,from preciselyreg-
isteringline drawingsof theengravingsmademanuallyby
an expert onto the correspondingphotographs,to the de-
sign of a usableand fault tolerantsoftware. A complete
systemhasbeenrealizedandsuccessfullytestedwith a rel-
atively wide audience,composedin particularof children.
Thiswork demonstratestheinterestandeffectivenessof 2D
AugmentedRealityin thecontext of culturalheritage.

1. INTRODUCTION

Publicaccessto prehistoricsites,especiallyclosedoneslike
cavesis oftenrestricted: �rst someof thesesitesarehardly
accessiblewithout specialequipment,andbuilding the in-
frastructureto allow saferandeasieraccessis not always
possible. Then lighting sucha site without damagingits
featuresis oftenchallenging,sincemuralpaintingsdegrade
with light exposureandheat.Finally increasinghumanac-
tivity maycausevariationof thermalconditionsandhumid-
ity that canirreversiblydamagethe walls (for exampleby
causingthe developmentof moisture). However, thereis
a sustainedinterestamongthe public in discovering these
sites.In sucha context Virtual Reality, AugmentedReality
andMixed Reality applicationscanprove very ef�cient in
providing an experiencecloseto or evenricher thana real
visit [1].

The dataandimagesusedin our setupcomefrom the
Gargascavesin theFrenchPyreńees[2], whichcontainsome
very rarepaintingsof stencilledhandsandmany engraved

Fig. 1. A photographshowinga pieceof theincisedpanel.
Recognizingthemammothshapecanbequitedif�cult for a
nonexpertviewer.

walls representinganimals. The paintingsandengravings
areestimatedto datefrom theGravettianPeriod(fromabout
27,000to 22,000yearsago).

The engraved panelsarevery dif�cult to appreciateor
understandwithoutthehelpof anexpertoutliningeachshape
presentin a particularzone. The �gure 1 shouldconvince
the readerthatan undocumentedview of sucha wall feels
indeedvery clutteredandhardto appreciate.The fact that
multiplemeaningfulshapesoverlapin thesameregionmakes
the recognitioneven moredif�cult. That meansthat only
providing a reconstructedview (of any form) is not suf�-
cientfor presentingsuchdata.

We proposea systemthathelpsa userrecognizeshapes
interactively on an engravedpanel. This is madeby high-
lighting the shapein a high resolutionphotographof the
wall. Theseaugmentationsareupdatedin a naturalway as
theuserguessesthelocationof theengravingswith apoint-
ing device.

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



Fig. 2. IncisedpaneldrawnbyC. Barri �ere.

visitorbyprovidingacomplementaryapproachto thecave's
features,besidesof a realvisit.

Theremainingof thispaperis organisedasfollow: sec-
tion2 presentsthedatawehadathandto realizethisproject.
Section3 explainsoursolutionto theproblemof registering
thehanddrawn �gures into thephotographs.Finally section
4 detailsthehardwareandsoftwareaspectsof oursetupand
thefeedbackgatheredduringa publicsession.

2. PHOTOGRAPHS AND DRAWINGS AVAILABLE

TheGargascaveorganizationprovideduswith severaldata.
First of all, we have beenauthorizedto capturea largeset
of naturalphotographsshowingagroupof engravingsunder
differentposeandillumination conditions.Theengravings
composean incisedpanelwith a small horsehead,a large
headof a reindeer, an aurochwith its thin but very visible
horns,thensuperimposeda wholemammoth.Theplaceis
dif�cult to accessandthepanelis veryhardto readbecause
theengravingsoverlapa lot (see�gure 1).

In orderto help the reading,thedrawingsmadeby the
prehistorianProfessorClaudeBarri�ere[3] werealsoat our
disposal.Figure2 shows a reprintof thosedrawings. This
�gure canbefurtherannotatedto provideameaningfulrep-
resentationanda possibleinterpretationamongseveralhy-
potheses(see�gure 3).

Weperformedseveralpreprocessingandprocessingsteps
on theseresources:

� the prehistoriandrawings have beendigitalizedand
enhanced,

� thelinesof interesthavebeensegmentedandenhanced
thanksto theannotations.Thereforeindividualdraw-
ingsof bovids,horsesandamammothcanbeused,

� thecorrespondingregion of interestinsideeachpho-
tographhasalsobeenextractedby imagecropping,

Fig. 3. Annotateddrawingswith highlightedbovids,horses,
mammothetc.

� thenon-rigidregistrationbetweentheobtainednatu-
ral imagesandthe expert drawingscanthenbe pro-
cessedasexplainedin thenext section.

3. NON-RIGID REGISTRATION

In thiswork weuseRadialBasisMappings(RBM) to regis-
tertheprehistorian'sdrawingswithin thephotographs.Since
thedatato registerarehanddrawn andsincethe3D shape
of wall is unknown, thedeformationsbetweenthedrawing
plan andthe cameraplan canonly be modelledby a non-
rigid transformation.

3.1. Radial BasisMappings

A R2 ! R Radial BasisFunction(RBF) f is de�ned by
a basisfunction f andan l + 3-vectorof coef�cients hT =
(w1; :::;wl ; l ;µ;n) andasetof l centresqk as:

f (x) = l x+ µy+ n+
l

å
k= 1

wkf (kx � qkk) (1)

It consistsof a linearpartparameterizedby (l ;µ;n) and
anon-rigidpart,asumof l weightedtermswith coef�cients
wk of the basisfunction appliedto the distanceof x and
the centresqk . One of the possiblechoicesfor the basis
functionis theThin-PlateSplinef (h) = h2log(h).

We canthenconstructa R2 ! R2 RBM m mappinga
2d point x to a point m(x) de�ned by two RBF f x and f y

sharingtheir centres:

m(x) =
� f x(x)

f y(x)

�
= Āx+ t +
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� wx
k

wy
k

�
f (kx� qkk) (2)

whereA2� 3 = (Ā2� 2 t) de�nesanaf�ne transformation
representedby2rowsof 3parameters(l x;µx;nx), (l y;µy;ny)
by generalizationof equation1. Whenthecentresare�x ed,



thewholesetof parametersis encapsulatedin an(l + 3) � 2
matrix h = (hx hy) partitionedinto a non-rigidanda rigid
partashT = (WT A).

3.2. Linear estimation fr om point correspondences

WecanestimateaRBM from nmatchedfeatures(ormanual
landmarks): x̃i $ x̃0

i . Giventhemammothimage(see�gure
1), thecorrespondenceswe usedareshown in �gures 4 and
5. Theredcrossessampleboththedrawing linesin �gure 5
andthecorrespondingvisualfeaturesin �gure 4.

Nevertheless,we do not useeachfeaturelocationasa
deformationcentre.Ourgoalis to automaticallyselect:

� the correctextent of non-rigidity that is needed(in
other words the unknown numberl of deformation
centres),

� a goodsubsetof l featureslocationsx̃i to beusedas
thedeformationcentresqk .

Suchan automaticselectioncanbe performedusinga
modelselectionapproach[4] describedin thenext section.
Giventhecorrespondencesandtheselecteddeformationcen-
tres,we minimizea least-squarestransfererrorJ :

J =
1
n

n

å
i= 1

km(x̃i) � x̃0
ik

2: (3)

We rewrite J as:
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wherethei-th row of Pn� 3 is (1; x̃i
T ) andthe(i;k)-th entry

of Kn� l is f (kx̃i � qkk).
We must also ensurethe boundaryconditions[5] and

geta linear leastsquaresproblemwith linearequalitycon-
straints.

POLS
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:

Min J
h
s:t PTW = 03� 1

(5)

We usedirect eliminationmethod[6] to reduce(by a QR
decomposition)the constraintmatrix PT to uppertriangu-
lar form. Theresultingreducedunconstrainedleastsquares
problemis solvedclassicallyby pseudo-inversing.

3.3. Model selection

In this sectionwe describehow to selecta goodsubsetof
featuresasdeformationcentres. A lot of modelselection
criteriafor balancingtheresidualandthedegreeof freedom
of the modelhave beenproposedin the literature. These
criteriauseanaccuracy criterionanda penaltytermwhich

measuresthecomplexity of themodel. Most arebasedon
statisticalandinformation-theoreticcriteria. Among them,
the most widely usedcriterion is the geometricAkaike's
criterion (AIC, [7]) and the minimum descriptionlength
(MDL) criterion(herewe presentthegMDL term[8]):

GAIC = J+ 2ks2 (6)

GgMDL = J � ks2log(s2) (7)

wherek is thenumberof degreesof freedom(d.o.f.) of
the transformation(proportionalto l ). The noiselevel s 2

cannotbesimply estimatede.g. from theestimatedresidu-
als. In our casesinceinterpolationwith null residualscan
bereachedby increasingthed.o.f.,wewill usea�x ednoise
level estimationbasedon the uncertaintyof manualland-
marks.We have successfullyusedthesetwo criteria in our
experiments.Their resultsarevisuallyequivalent.

In orderto minimizethesenew criteria,weusedaback-
ward stepwiseselectionprinciple. We start with the full
model(eachfeaturelocationis usedasa deformationcen-
tre) andsequentiallyremovea centre.At thebeginningthe
criterionJ is null (nopositiveresidualwith aninterpolation)
andthecomplexity termis high. At eachselectionstepwe
remove the centrethat leadsto the smallestincreaseof J
criterion. The processterminationis simple: we stop the
backwardstepwiseselectionassoonasourmodelselection
criterionG reachesa local minima.

Figure 5 shows the selectedsubsetof featuresfor the
mammothdataset(38bluediamondmarkersselectedamong
91redcrosses).Wecannoticethattheselecteddeformation
centresarecorrectlyspreadover themammothcurves.

At theendof theselectionprocesswehaveanestimated
radial basismapping(RBM) that canbeusedto transform
the expert drawing (seethe secondpart of �gure 4). At
this stagetheregisteredgraphicresourcematchesthepho-
tographpreciselyasshown in the rightmostpart of �gure
4.

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

4. SETUP DESCRIPTION

Theability to registerpreciselythephotographicdatawith
theexpertdrawingsallowedusto designacompletevisual-
izationsystemwhichwe describein this section.Thesetup
shouldbeusedbyanonexpertaudiencetypically composed
of visitorsof theGargascave,includingchildren,whichim-
posesconstrainson theusabilityof thesystem.



Fig. 4. Registrationprocessfor themammoth

Fig. 5. Manuallandmarks(redcrosses)andselecteddefor-
mationcentres(bluediamonds)

4.1. Interacti veboard

Tangibleinterfacesoften prove very suitablein a context
like theoneof this work. Theuseof a known device for in-
teractingwith thesystem(hereasimplestylusanda board)
oftenshortenthelearningstageandmakeusersmoreatease
with thesystem.

Our systemis composedof a tracking board,a video
projector, anda standardLinux-basedPC.Thoseelements
arevery easyto setuptogetherandadaptto differentprac-
tical setupconditions,asopposedto otheraugmentedand
virtual reality systemsthat usemorecomplex displayand
interactiondevices.

Theboardis ableto reportthepositionof anelectronic
stylus hold closeor onto the surface(see�gure 6). The
boardis alsoableto distinguishbetweenhovering thesty-
lus at a few centimetresabove thesurfaceandpressingthe
surfacewith thetip of thestylus.Theboardtransmitsits in-
formationto thePCusinga simpleRS232serialinterface.
Thesoftwareusesthestreamof positionsandreactsaccord-
ingly, updatingtheimageprojectedontotheboard.

Theprojectorprovidesadirectvisualfeedbackontothe
trackingboard,sothepositionof theuserinputhasto accu-

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

ratelymatchtheprojectedimage.Thisrequiresacalibration
stepdescribedin thefollowing section.

4.2. Calibration

A key problemto solve in our context is thereprojectionof
visual information in the preciselocationof the input. In
order to do that we needto preciselymapthe tracked po-
sition of thestylusinto theapplicationscreenspace(being
projectedonto theboard). A very commonproblemwhen
usinga videoprojectoris that theshapeof the reprojected
areais subjectto variousdeformations,dueto misalignment
betweenthe projectedimageplaneandthe planarsurface
ontowhich it projects.It is well known thatsuchdeforma-
tionscanbemodeledby ahomographictransformationthat
mapsthe2dhomogeneousspaceP2 to itself [9]. In practice
this transformationis representedby a 3� 3 matrix H, so
thatapoint pB = (xB;yB) in boardcoordinatesis mappedto



Fig. 7. Transformationbetweenboard coordinatessystem
andscreencoordinatessystem.

thepoint pS = (xS;yS) in screencoordinatesthisway:

fpS = ( exS; eyS; fwS) = H:

2

4
xB
yB
1

3

5

pS = (xS;yS) = ( exS=fwS; eyS=fwS)

Thematrix representinga givenhomographyin unique
up to scalefactor, sothatit has8 degreesof freedom.Com-
puting this homographyinvolvesproviding at least4 cor-
respondencesbetweenthesourceframeandthedestination
frame. In our application,the calibrationproceduresim-
ply requiresthe operatorto click the 4 cornersof the re-
projectedarea.Thesystemis thencalibratedaslong asthe
relativepositionof theprojectorwith respectto theboardis
not changed.

Note that we do not try to compensatefor other types
of deformation,like barrelandpincushion.Insteadwe rely
on thecorrectionprovidedby thevideoprojectoritself and
assumeanimagefreeof suchdistortions.

4.3. Softwaredesign

Thesoftwarepartof thesystemis designedasa full screen
applicationthat allows the selectionof a given augmented
panel, composedof its high resolutionphotographand a
segmentedandwrappedexpertline drawing asdescribedin
section3. Thesegmentationof this layer is doneby copy-
ing thegreyscalevalueof thescanneddocumentto its alpha
channel.This way only the linesareopaqueandthedelin-
eationis naturallyanti aliased.

We designeda softwarethat 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
which is intersectedwith thealphachannelof theaugmen-
tation imagein orderto revealonly thepartdrawn over by

the user. The accuracy requiredandthus the level of dif-
�culty can easily be adaptedby changingthe size of the
virtual paintbrushusedto �ll in the footprint image. This
principle hastwo advantages:�rst it provides immediate
visual feedbackto theuserthat feelslike hedraws directly
onto the photograph. Secondit is very fault tolerantand
allowssafetrial, which is especiallysuitedto children.

Thepossibilityto trackalternativelydifferentstylus(each
onebeingassigneda uniqueID) allowedtheapplicationto
beusedin a collaborativeway. Indeed,thehighlightedfea-
turescanbedrawn with differentcolourscorrespondingto
differentstylus/users(seeleftmostphotographof �gure 9).

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

4.4. Public session

A publicsessiontookplacein lateSeptember2006in Aventig-
nan,Hautes-Pyŕeńees,France.Tensof visitorsenjoyedus-
ing our systemthatalsoprovedinterestingfor thewatching
attenders.The main limitation of our systemappearedto
comefrom the projectionprinciple: it would be betterto
projectthe imagefrom thebackof a transmissive boardin
orderto preventusersfrom castingtheirown shadow onthe
screen.Howeverthisproblemdid not impair theoverallus-
ability of thesystem.

5. CONCLUSION

We presenteda completeandusablesetupfor introducing
the public to prehistoricfeaturesin an interactive fashion.
Thiswasmadepossibleby combiningnaturalimagesof en-
gravedwalls with manualdrawingsmadeby experts.This
experimentis an effective exampleof how augmentedre-
ality applicationscanenrichand improve onediscovering
experience.

Thecombinationof averyaccurateregistration,thehigh
resolutionof the trackingboardandphotographsleadto a
very satisfyinginteractive experience.Theright lineswere
always revealedat the right location and without latency.
We arepursuingthis conclusiveexperimentby extendingit
to theotherartistictreasuresof thecavesof Gargas,suchas
thefamousstencilledhands.
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