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Abstract
In this paperwe presenta completepoint-basedpipelinefor the capture, displayand illustration of very large
scansof archeological artifacts.This approach wasdevelopedas part of a project involving archeologistsand
computergraphicsresearchers,workingontheDelphi “DancersColumn”. We�r stdeterminedthearcheologists'
requirementsfor interactiveviewinganddocumentaryillustration.To satisfytheseneedsweusea compactpoint-
basedstructureof theverylargedata,permittinginteractiveviewingin 3D.Thishelpsthearcheologiststo examine
andpositionthefragments.Weintroduceef�cient constructionalgorithmsfor thisstructure, allowing it to bebuilt
on limited-memoryplatforms,such as thoseavailable on the �eld. We also proposea new stylizedrendering
approach basedon an inversecylindrical projectionand2D skydomerendering. This illustrativestylehasbeen
usedas a planningtool for fragmentdocking andas a substitutefor traditional illustration in an archeological
publication.Otherusesof thesetoolsarecurrentlyunderwayin thecontext of thisproject.

1. Intr oduction

The work describedhereis a collaborative project involv-
ing archeologistsand computer-graphicsresearchers.The
project involves a speci�c study concerningthe Ancient
Greek“Dancerscolumn” monumentin Delphi (seeFig. 1).
At theoutset,thearcheologistsrequireda detailed3D scan
of themonument,theability to interactively view theresult
and a way to obtain stylized illustrations.Basedon these
discussionswe concentratedon threemaintasksin termsof
archeologicalresearch.The�rst wasproviding a tool which
wouldpermitbetterunderstandingof monumentreconstruc-
tion hypothesesin 3D. This requiredan interactive viewer
with the ability to handlethe very large datasetsinvolved.
The secondwas the preparatorystudyof �tting for differ-
ent fragments;our solutionwasthegenerationof appropri-
atenon-photorealisticillustrations,in a style which helped
in overall understanding.The �nal requirementwasto �nd
analternativefor traditionalhand-drawn illustrationsof such
complex structures.This needwas particularly important
sincesuchillustrationswill beusedaspartof anappropriate
archeologicalpublication(book).

y Florent.Duguet@sophia.inria.fr

Figure1: A recentattemptat theillustrationof theDancers
column(drawingbyJ.-Ph.XILLO, 1996).

The main technicalchallengein this work wasthe dif�-
culty implied by the sizeof the acquireddatasets,andthe
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implicationsthis hadon the choiceof storageanddisplay
algorithmswhichcanbeapplied.

The archaeologistsin this project were somewhat con-
cernedwith the resolutionof the 3D data. If the resolu-
tion of the scanneddatais too coarse,the meshedversion
of a sparseset of points results in a facetedlook whose
edgesprevent the archeologistsfrom perceiving the real-
ity they areusedto studying.They often preferthe display
of the raw data(the 3D points)without any meshingwhen
they aredenseenough,or whenthey arerenderedwith ap-
propriatestyles.The Digital MichelangeloProjectopened
a new researchdirection in this �eld [LPC� 00]. We have
followedtheir pioneeringphilosophy, andextendedthis ap-
proachasa resultof our closemulti-disciplinarycollabora-
tion. Thearcheologists'requirements,thefactthattheorigi-
nalscanneddatais in theform of points,andrecentadvances
in point-basedmethodsbothin termsof storageandrender-
ing, led usto proposea point-basedrepresentationthrough-
out thepipeline.

We will show how to organisethescanned3D pointsef-
�ciently in appropriatepacked3D spatialsubdivision struc-
tures.Two approachesarepresentedfor theconstructionof
this structure,taking into accountthe sizeof the datapro-
cessed.Wethenpresentanapplicationof thisdatastructure,
for interactive display. In additionwe proposea new styl-
ized projected2D renderingof very large datasets,based
onskydomerendering.Wewill referto theserenderings(for
examplesseeFig. 9,11,10)asdéveloppéesin whatfollows.

Computergraphicsresearchersand archeologistshave
worked hand-in-handthroughoutthis project, allowing us
to develop computergraphics(CG) solutions adaptedto
the needsof the archeologists.In the resultssectionwe
show how the interactive viewer and illustrationshave al-
readyhelpedin theprocessof archeologicalresearchin our
“DancersColumn” project.Furtheruseof theseresultsis
plannedin thenearfuture.

1.1. The “Dancers Column” Project

Thedancerscolumnfrom Delphi in Greece(Fig. 1), 14 me-
tershigh, is a major artifact of Greekart sinceit is recog-
nized as the �rst acanthuscolumn ever sculptured.Seven
drumsplus thatof thedancersandthe famous“Omphalos”
completedby 3 large leavesat thebaselevel, form this tall
column.More than200 fragmentsareknown. The dancers
column hasnot yet beenpublishedas a book becauseof
its geometricalcomplexity: thesize,weightandfragility of
eachdrumandfragmentpreventany humanfrom handling
themto manuallyre-erectthemonument.Besides,theunan-
sweredquestionsaretough:whatarethecorrectrelativepo-
sitionsof the8 drumsandtheOmphalosto becoherentwith
thesupposedternaryrhythmfrom drumto drumwith grow-
ing sizeof acanthusleavesateachlevel of thecolumn?

Oneimportantobjective of our projectis thusto publish

the stateof its documentationand to disputethe proposed
hypothesis.A 3D archive couldalsobeusefulsinceDelphi
is locatedin aseismicarea.

Thearcheologistsneeddetailswith millimetric precision,
especiallyon the broken facesof fragmentsand for the
groovessincetheseareleadingcuesfor the dockingof the
variousfragments.They have beencarvedwith a millimet-
ric pattern(seeFig. 2). Thedistancebetween3D pointswas
chosensmalleror equalto 0.5 mm. This gives300 million
3D points. The dispersionerror was chosensmaller than
1 mm (standarddeviation smaller than 0.33 mm) and the
quality of registrationof the3D frameswasspeci�ed to be
smallerthan1 mm. A lower resolution,a larger dispersion
or an inferior registrationquality could notablyblur the art
of theancientartists.

Figure 2: Top: a graph indicating the sizeof the braced
grooves.Bottom:Drum2 with its grooves(seealsoFig. 9).

1.2. Userneedsof the Ar cheologists

The�nal documentationof themonumentwill taketheform
of a book[Marar]. In this kind of publication,thearcheolo-
gistshave to draw thecomponentsof thecolumnwith their
fragmentsin place.One way this is doneis to project the
cylindrical shapesof eachdrumandtheovoid shapeof the
Omphalosonto a plane,in order to get the 2D projections
for thedéveloppée.

Therepositioningof the fragmentsalsorequiresthepro-
jectedillustrationsplusinteractiveviewing anddocking:the
archeologist�rst searchesin the développée, for the possi-
blepositionsof thecurrentfragmentandthenveri�es the�t
usingthe3D archive.

c
 TheEurographicsAssociation2004.



F. Duguet& G. Drettakis& D. Girardeau-Montaut& J.-L. Martinez& F. Schmitt / Pointsfor Complex Artifacts

In whatfollowswewill show how to producealternatives
to thesemanualtechniques.It is importantto note that all
technicalchoicesweremadejointly by CG researchersand
archeologists.

2. PreviousWork

In termsof computergraphicsresearch,this work hasbeen
inspiredby previous researchin point-basedgeometryand
skydome/terrainrendering.

2.1. Points

In the last � ve years,Point-BasedGeometryhas become
a very popular3D object representationfor geometrypro-
cessingand graphics[AGP� 04]. The designof processing
and renderingtools using this geometryrepresentationis
relatively straightforward,makingsimplerenderingsystems
easyto implement.Even thoughgraphicshardwarerender-
ing pipelineshavebeendesignedfor polygons,therendering
of pointsis eveneasierthanfor polygons.

Pointshave beenusedfor renderingin variouscontexts,
andin variousforms.A pointcanbeanimpostorfor asmall
pieceof geometry[RL00], asampleof inputdata(scanning),
or somesampleof thegeometrygeneratedon the�y proce-
durally [SD01]. It might carry several typesof data,such
as the surfacenormal, color, transparency, for the surface
sampleitself. Additional datamay alsobe storedif it is an
impostorfor a largerpieceof geometry.

While this representationis simple, it requires a
large number of samples to be accurate for complex
objects. Consequentlythis quickly becomesthe draw-
back of the approach.Several papersfocusedon pack-
ing and structuring the points such that the represen-
tation storageoverhead is minimal. In particular, there
have beendifferentcontributions to develop hierarchiesof
points,making the point storagemore ef�cient and multi-
resolution[RL00, BWK02, DD04].

2.2. Skydomeand Terrain Rendering

The stylistic renderingwe will be introducing is related
to skydomerendering.There is a large body of literature
in this domain,and it is beyond the scopeof this paper
to review this in detail. Horizon mapswere introducedby
Max [Max88], who approximatedthecomputationof shad-
ows on a bump mapby precomputinga samplingof 8 di-
rections.Much work in optimizationof this approachhas
followed, notablywork by Stewart [Ste98]which useshi-
erarchicalanalytic computationto computethe self shad-
owing of a terrain, and that by Sloan and Cohen[SC00]
which usesgraphicshardware to acceleratethe computa-
tion of bump map shadows. A graphics-hardware acceler-
atedtechniquefor skydomerenderingin archeologicalap-
plicationswaspresentedin [BCS01].

3. Overview of the entirepipeline

Our pipeline starts with the capture phase,resulting in
aligned scansof 3D points, which are then encodedef-
�ciently into a compactpoint-basedstructure.This struc-
turecanthenbeusedfor interactive 3D rendering.We also
usethis datato generate2D illustrationsusing an inverse
cylindrical projectionandskydomerendering.An additional
3D skydomerenderingmodeis alsopresented.Finally, the
archeologistsusetheresultingimagesandtoolsto helpthem
in theirwork.

3.1. Capture

A teamof 8 peopletraveled to Delphi with 2 MINOLTA
VI910 scanners.One Minolta VI910 was dedicatedto the
Dancersin order to avoid crosscalibrationdifferencebe-
tweenscanners.Theconditionsof interventionwereparticu-
larly dif�cult, sincetheMuseumof Delphi wasin complete
recastingfor the Olympic Games(Fig. 3): dustandpower
failure werethe daily enemies.For the rig requiredto scan
Drum8 (theDancers),asimple,cheapandstabledesignwas
proposedby Insighty, which usedinertial dampingto come
to restin a relatively shorttime.To evaluate"noisemotion",
several point laserswere mountednearthe scanheadand
aimedat walls located10m away in line of sight. In this
way, even subtlemotion of the scanningrig would cause
pronouncedmotionin thelaserdots.Thegroundcrew used
theselasersto determineif the rig was stablebeforeeach
scan.TheScanning,DataandRegistrationof�cers formeda
sub-teamdedicatedto eachscanner(Fig. 4). The Scanning
of�cer wasresponsiblefor thecorrectpositioningandstabil-
ity of therig andfor theorientationof thescanner. TheData
of�cer monitoredtheacquisitionof dataandhadto rapidly
checkif the datawere correctin termsof dispersion.The
Registrationof�cer registeredthe incomingframeson site,
in orderto verify thedistortionerror. If theframesweretoo
obliquewith respectto thesurfacesscanned,or if thespatial
extensionof thescannedareawastoo large,thedistortionin
the�eld of measureincreasedrapidly. In thiscase,a revised
scanwasrequested.

3.2. Data Structur esand Interacti veRendering

Weusethedatastructureof [DD04] for ourpoint-basedrep-
resentationof thedatasinceit allows�e xiblemulti-level ren-
deringwith small overhead.We usedan octreefor reasons
givenlaterin thepaper. Weadaptedthealgorithmof [DD04]
for ourpurposessinceit couldonly processsurfacesandwe
havepointsasinput.

Given the input data,we insert points and normalsinto
anoctreestructure.Thepoint positionleadsto a leaf cell in
theoctreeandthenormalis encodedby recursive triangular

y http://www.insightdigital.org/
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Figure3: Capturewasdonein relativelyharshconditions.

Figure4: Thecapture teamat workon thesite.

subdivisionof theoctahedronusing15bits.15bitsprovided
goodvisual results.Eachleaf cell might receive morethan
asamplepoint, in whichcaseweweight-averagethecurrent
cell normal with the new normal (weightsare the number
of normalinserted).Oncethe leaf level is built, we pull the
normalsfrom theleafcellsup to therootcell by performing
aweightedaverageof thechild cells(from 1 to 8 child cells).
We �nally obtaintherepresentationpresentedin [DD04].

Thisstructurecanthenbeusedfor �e xible interactiveren-
deringasdescribedin [DD04]. By choosinganappropriate
level of thestructurewecanachievegoodframerates.

3.3. 2D and 3D SkydomeRendering

The choiceof the skydomealgorithm was dictatedby the
archeologicalneeds:thearcheologistsappreciatetheartistic
renderingdatingbackto the 19th century(Fig. 5), because
of its expressive power dueto thehigh degreeof detailand
the quality of the shadows [RD03], even if they know that
this is aninterpretationof therealartifacts.

Theskydomealgorithmappliedonadensecloudof points
hasthe ability to provide a 19th centurylook without the
subjective �ltering of the draughtsman.As the drumsand
theleaveshavebeenrestoredduringthe�rst half of the20th
century, and theserestorationsare partially damaged,the

Figure5: A 19thcenturydrawingof Delphi site.

Figure6: Attemptat manualdrawingof a acanthusleaf.

archeologistshave to draw which partsof the elementsare
madeof preservedor fracturedmarble,andwhich onesare
madeof plaster(Fig. 6). Besides,surfaceshave beencarved
usingthreedifferenttools:point, �at chiselandclaw chisel
(indented).Thelatterwasusedin orderto enhancethe�xing
of thedrumonesontheothers(thesamefor the�xing of the
3 big leaveson Drum 1). Thedrawing hasto separatethese
differenttypesof materialsandcarvingtechniques.Thisex-
plainswhy stippling techniquesarenot well suitedfor the
drawing of thesevarioustypesof data.On thecontrary, the
skydomealgorithm provides us the very �ne renderingof
thedataandallowsusto perceiveplasterversusmarble,pre-
servedor fractured,regular, pickedor indented.

To producesuchimages,weprojectthepointsonacylin-
der, andstorethemin a height�eld. Visually, we do asfol-
lows:wecut thecylinderverticallyonaside,andwegetthe
resultingfour cornerson a rectanglewith minimal stretch-
ing of geometry. Theresultis a2D heightfunction,sampled
by points(seeFig. 7). We thusobtainan imageof heights.
Wecanvisualizethisheight�eld in severalways:height,di-
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Figure7: Unfoldinga cylinderto a plane.

rectionalshading,skydomeshading.The �rst considersthe
heightasthe luminanceof a gray-scaledimage,thesecond
shadesthe planewith a singledirectionallight source,and
the last onelights theplanewith a uniform white skydome
lighting (cloudy day). Of thesesolutions,skydomerender-
ing was chosenby the archeologistssinceit provided the
bestvisualquality, andunderstandingof localgeometry.

It is worth noting that développéesare not real terrains
sincetheir geometryis warpeddueto thenonlinearprojec-
tion, andit thusmakesno senseto focuson their exactren-
dering.Theapproximateskydomerenderingprovidedgood
results,the local aspectsof theobjectbeingwell preserved
onregionsof interest,while theglobalstructureremainswell
understood.

3.4. Useby the archeologists

The archeologistsin our project usedboth the interactive
viewer, which allows a betterunderstandingof spatialrela-
tionshipsandthe3D naturesof thescans,andtheskydome
renderingbothasanalternative to illustrationandasupport-
mechanismfor perceiving andunderstandingthespatialre-
lationsbetweenthefragments.

4. Packedpoint representation

The main dif�culty in the approachis the amountof data.
For individualdrums,thenumberof pointseasilyreaches30
million, andthedataprecisionis in theorderof 1/10000th of
thesizeof theobject.We thuswantedto work with octrees
of level 13 (213 = 8192) to minimize the additionalerror
incurredby thesnappingof pointsto thecenterof a leafcell.
Simplecalculationshowsthatfor asurface,about4 child per
cell arefull, leadingto approximately414� 1

3 = 89;478;485
octreecells([DD04]). If weallow 1Gbof memory(which is
now easilyavailableon laptops),this leavesuswith at most
11bytespercells.We thusneedto packourdatasmartly.

Thestructureof ourcell is asfollows:

� 8 bits: childhoodcode
� 16bits: normal

� 32 bits: a pointerto childrencells(for nonleaf nodes),or
aweight(for leafnodes)

Thisleadsto7 bytespercell.Giventhissizerequirement,we
needtoadaptstandardsystemmemorymanagementsinceits
direct usewould be particularly inef�cient. Recall that the
data-setsbeingtreatedarevery large,andthusthatany over-
headresultsin signi�cant wastedmemory;thiscanmakethe
differencebetweenthedata�tting in memoryor not.

Thewayweproceedis to addanadditionallevel of mem-
ory management,which allocatesmemoryin large chunks,
andperformsef�cient memoryhandling.

We developedtwo algorithms:oneis optimal in termsof
size(Optimalalgorithm),andtheothercanoperatedirectly
onpointstreams(Streamingalgorithm),requiringonly asin-
gle traversalof theinputdata.

The childhoodcodecontainseight bits which describes
the occupancy (1) or vacancy (0) of the child cells. It has
beenalreadyusedin thiscontext in [BWK02]. Thebounding
boxof eachcell is notstoredsinceit canbecomputedonthe
�y during traversal.Only theboundingbox of the root cell
is required.

4.1. Optimal Algorithm

The Optimal algorithmis iterative, with onepassper level
of the�nal octree.Weinitialize it with therootcell andcon-
struct it level by level by subdividing the parentcells of a
given level l into their childrencellsof thenext level l + 1,
up to a given level L whereall cells are leaf cells without
children.

For eachgivenexisting level, we traversetheentirepoint
set.For eachinputpoint,we�nd thecorrespondingleafcell,
and set the childhoodbit of the sub-cellwhich shouldbe
createdfor thispoint in thenext level down. Wecall this the
markingpass.

Then,theoctreeis traversedto allocatetablesof children,
startingat theroot node.Giventhepreceedingmarkingop-
erationfor this level, we know thesizeof thetablesof chil-
drenrequiredfor eachleafcell. At eachleafcell, weuseour
memorymanagementlayer to allocatethe exact amountof
memoryrequiredfor thetableof children.

Our memorymanagementallocatescells by big chunks,
andreturnsa pointer to a part of the chunk,which canbe
readasa tableof cells.This leadsto a very smalloverhead
if thechunksarebig-enough(2k cells is typical).Theover-
headis thesystemsizefor tableallocationplushandlingof
chunks(12 bytesper chunk) plus the lost end of a chunk
(maximumof 7 cells per chunk).This approachthus pro-
videsnearoptimalmemoryallocation.

Onceall allocationshave beendone,the points are in-
sertedin a last pass,by traversingthe octree,and �nding
the appropriateleaf nodecorrespondingto the point being
inserted.
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4.2. StreamingAlgorithm

The secondalgorithmis not optimal in memoryallocation,
andis abit harderto implement.However, if thedatais well
arranged,it canachievegoodresults.Thealgorithmis in one
pass,with asinglefunction:Populate.A cell is populatedup
to a givenlevel. If thechild is not allocated,thecell is mod-
i�ed suchthatthechild is allocated.ThePopulateroutineis
asfollows:

Populate(point, normal, level)
if intermediate level // level is not zero

Identify sub-cell
if sub-cell exists

sub-cell->Populate (point, nor-
mal, level-1)

else
Decode child table to temp structure
Free child table
Update temp structure with new child
Reallocate bigger child table
Encode child table
sub-cell->Populate (point, nor-

mal, level-1)
end

else // we are at leaf level
InsertLeaf (point, normal)

end

Themaindifferencebetweenthetwo algorithmsis theneed
to decodeandencodeonthe�y andthereallocationsimplied
by theseoperations.

It mightappearthattheStreamingalgorithmis fasterthan
the Optimal algorithm.Most often, this is not true due to
theFree/Reallocateprocessingwhich hasto smartlyhandle
thereleaseandallocationof smallchunksof memoryof dif-
ferent size. It might also be a sourceof large memoryal-
locations,which could not be freed.For example,random
insertionis a worstcasecon�gurationsincemany child-cell
tablesof size1 would beallocated,but never actuallyfreed
from thetables.

4.3. Pull Normals

The Pull algorithm is common to the two construction
schemessinceit doesnot do any allocation.A weightedav-
erageof thethenormalsof thesub-cellsis computedfor each
cell. Theresultingnormalis thenrenormalized,andthecu-
mulativeweightof its childrenispulledupfromthesub-tree;
this is apost-processingstep,attributingnormalsto non-leaf
nodeswithoutstoringweight.

4.4. Storage

For thestorage,wedonotkeeptrackof theweight,andthus
discardthis datafrom the structure,allowing a big save in
thememoryconsumptionTheoutputstructureis thusmuch
smaller(approximatelya factor of 3) than the online con-
structionstructure.Whenreadingthe object, the weight is

not present,andwe thusgeneratedifferentleaf cells,which
do not have thesamestructuresize,allowing a muchlighter
representation.

4.5. Interacti ve3D Rendering

For rendering,we usean approachsimilar to [DD04], but
sincethe target platform is a desktopor laptopPC, we in-
steadtake advantageof thegraphicscard.Theoctreeis tra-
versedand points are generatedfor eachcell at the user-
de�ned level: the coordinatesare given by the centerof
the box of the cell (computedon the �y), and the normal
is decodedas well. The user-de�ned level is coarserthan
the level of theoctree,andsplatsarerenderedasimpostors
for subtrees(which are underthe user-de�ned level). The
pointsandnormalsarestoredin Vertex andNormalArrays
(OpenGLstructures),andrenderedusinggraphicshardware.
The primitive usedis GL_POINTS, and a splattingradius
canbe de�ned, for an impressionof densesampling,even
thoughit might result in a moreblocky appearance.Using
a commonlevel (8 to 10) for the real-timedisplay of the
model,wecanachieveverygoodframerates(60to 10frame
per secondrespectively on a PentiumIV with a GeForce4
card).

We only renderimpostorsof therealdata.We canswitch
to a moreaccuraterenderingusingall theavailabledata,at
the costof interactivity. For this approach,insteadof gen-
eratinga singlearrayfor the whole data(which would not
bepossiblefor verybig models),wegeneratesmallerarrays
andrenderthoseasthey aregenerated.Wecan�nally render
tensof millions of pointsincore,usinggraphicsacceleration.
This renderingis not interactive,but is usedto generatehigh
quality images(athigh resolutions).

5. SkydomeAlgorithm

Shadinganobjectwith a light source,asthoseavailableby
usingOpenGLlocal shadingmodels(Point/Direction/Spot
lights), cangeneratehigh quality images,but somedetails
and featuresof the object are missing.Raytracingwould
be possible,but for complex light models,suchas ambi-
ent occlusionrendering,this solutionis very expensive. To
our knowledge,an ef�cient solutionfor ray tracingtensof
millions of points hasnot beenpreviously presented.Al-
thoughthis shouldbe possible,using for exampleMoving
LeastsSquares[ABCO� 03], implementationissuesarising
from thehugeamountof datacouldmake thesealgorithms
very slow. Also, the resultingsurfacewould beanapproxi-
mationof thepoint setwith their normals(which arebetter
estimatedusing individual scanshotsratherthanusingthe
registeredmulti-scanpointdata).

We have thusadoptedan image-spaceillumination algo-
rithm to tackle the complexity problem.This image-space
skydomealgorithmwill beusedfor illustration,resultingin
renderingswhichsatisfytheneedsof thearcheologists.
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5.1. Construction

For thesecomputations,we work in imagespace,wherethe
imageis a heightfunctionsampledby points.Sincewe are
workingondrums,weapproximatethemwith cylinders.The
imagespaceis mappedon the cylinder asu;v coordinates:
alongthecylinderaxis,andin apolarangle.Thepolarradius
of a point de�nes its heightin the image.We projectall the
pointsof thedrumin imagespace,andif theresolutionof the
imageis not too large,wehavenoundersamplingissues.To
�x theremainingundersamplingissues,wegeneratemissing
samplesonthecylindrical coordinatesgrid astheaverageof
the non missingneighbors.This techniquebehaveswell in
practiceanddoesnotchangetheoriginaldata.

5.2. Illumination

For the illumination, we considerthis height �eld asa ter-
rain, andfrom eachpoint in the image,we computean ap-
proximationof the portion of visible sky. We obtain,up to
quantizationerror, the exact amountof lighting a terrain
would have with a white sky. However, in our case,there
is anotherapproximationdue to the cylindrical projection.
This techniqueis thusbiaised,but provesto beveryef�cient
for illustrationpurposes.

To computetheportionof visiblesky, wecastraysin 2D:
aroundthepoints,in a givennumberof directions(32 or 40
aretypical).We casta ray in theimagestoringthemaximal
angleof thehorizon.Thetangentof theangleis givenby the
heightdifferencedividedby thedistance- seeFig. 8.

terrain visible

sky visible
q

���
	���
�� �

q
	������
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�

Figure8: Computationof thevisibleskydomefromthehori-
zonof a 2D heightfunction.

Oncethis valueis computedfor eachdirection,we com-
putethe solid anglecorrespondingto the visible sky repre-
sentedby the slice of sphere(for a given 2D direction)cut
at the highestanglefound in that direction.This resultsin
a scalarvaluebetween0 for nothingvisible (or almostzero
for averysteephole),and2p for apointon thetopof ahill.

These illustrations give a very good impression of
the relief of the object, even for very �ne details (see
Fig. 9, 10,11).

5.3. SkydomeRendering in 3D

In the previous sectionwe have presentedan algorithmto
computeskydomerenderingof adéveloppéeconsideredasa

terrain.In thissection,wepresentanalgorithmto ef�ciently
computethe visible portion of the sky on a point cloud in
3D.Thisskydomeapproach,alsocalledAmbientOcclusion,
determinestheportionof theenvironmentvisible from each
point. The algorithmprocessesthe datafor eachquantized
directionindependently. For eachdirection,we assumethat
thepoint cloud is lit by a parallellight source.We slice the
point cloud alongthe main directionof this light direction
usingthe octreestructure.Thenwe propagatean occlusion
maskfrom sliceto slicewhichindicateswhethereachoctree
cell is transparentor not, accordingto thenumberof points
includedin it. Thereforewe are able to determineif each
octreecell of thenext sliceis lit or not.

Themainbene�t of this approachis that thepropagation
stepis only dependenton thedirectionof the light. Theoc-
clusionof a cell in themaskthusonly dependsonly on the
nearestneighborsin the light direction.Accumulatingvisi-
bility (i.e.,theinverseof occlusion)for eachdirectionresults
in thevisibleportionof sky.

Theresultsof this approachhave aliasingartifactsdueto
thecubicalshapeof theoctreecells.We have enhancedthe
techniqueto get�ner results.Theocclusionof a cell is split
into 9 parts,correspondingto differentoverlappingcon�gu-
rationsof thecell neighborsalongthe light beamdirection.
This splitting patternis identical for eachcell given a di-
rection.In this manner, the occlusionpropagation has�ner
resolution,andtheilluminationof eachpoint in theslicecell
canbe computedmorepreciselyfrom this subdivision. We
obtainresultswith substantiallybetterquality.

Performanceis not yet optimalgiventhehugeamountof
cells to be processed(about211 slicesper direction,each
containing222 cells,which is morethan8 billion for each
direction).Moreover theocclusionof a singlecell canhave
an in�uence on all the remainingslices.Thus,illumination
estimationof almosteachcell hasto becalculated.

6. Results

As mentionedearlier, thesemethodshave beendeveloped
in a closecollaborationbetweenthe computergraphicsre-
searchersandthearcheologistsof theproject.In particular,
we discussbelow the useby the archeologistsof the tools
developed,i.e., interactive renderingfor very large point
clouds,the2Ddévelopéerenderingandthe3D skydomeren-
dering.

6.1. Interacti ve rendering

The interactive rendering tool was used to examine the
placementandthe reconstructionof the differentelements.
In particular, thistool wasusedin thereassemblyof theOm-
phalosonthedancers:theinteractivemanipulationof the3D
dataof both elementsgave a precisesetup of the Ompha-
los on the capsof the 3 dancerswith respectto the higher
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Figure9: Drum2 (2D skydomerenderingof thedéveloppée) usedin theinitial search phasefor dockingpositions.

and lower mortises.This �ne positioninghad never been
achieved beforeand it con�rms the archeologicalhypoth-
esis.A snapshotfrom the3D viewer is shown in Fig. 12.

Figure10: Anotherexampleof a développéeonDrum6 and
7.Noticetherenderingartifactsresultingfromincorrectreg-
istration (center).

6.2. Useof the développéeillustration

The 2D skydomerendereddéveloppéehasbeenusedas a
planningtool for dockingandfor illustration.

Thefragment"Drum 1" is devastated:thedockingof frag-
mentsis thus impossibledue to the degreeof ruin of the
block.On thecontrary, Drum 2 (Fig. 2) hasbeenconserved
to a largeextent.WethusprocessedDrum2 to createguide-
linesusedfor thedockingof thefragmentsof Drum 1. The
axisof Drum2 hasbeencomputedby leastsquare�tting on
the 12 million pointscorrespondingto the leadingcylinder

followed by the sculptors,and the guiding lines of the 48
groovesweremodeledparallelto theaxis.

The développéeof Drum 2, shown in Fig. 9 wasusedto
searchfor the possiblepositionsof Drum 1 blocks.Then,
referringto theguidingskeletonof Drum 2, we docked the
cloudof pointsof eachfragmentof Drum1.

As mentionedearlier, skydomerenderingis usedas an
alternative to traditionaldrawing for illustrationpurposes,to
beusedin theforthcomingbookon themonument[Marar].
One interestingusageof this stylizedrenderingis also the
factthatwecanidentify registrationerrors,dueto noticeable
renderingartifacts(centreof Fig. 10,andalsoin thecentral
grooveof Fig. 9).

Wealsoshow thedéveloppéeof theOmphalosin Fig. 11.
Note that thearcheologistsin this projectconsiderthis ele-
mentto beimpossibleto draw usingtraditionalmethods.

6.3. 3D Skydomerendering

The�nal tool we have providedis theproductionof 3D im-
agesusingskydomerenderingof the visible portion of the
sky. We show two examples,one for the Omphalosalone
Fig. 13, andonefor theOmphalosplacedon thedancersin
Fig. 12.

7. Conclusions

In this paper we have presenteda completepoint-based
pipelinefor thecapture,displayandillustrationof very large
scans.Thisspeci�c projectof theDelphi “DancersColumn”
hasinvolvedaclosecollaborationbetweenarcheologistsand
computergraphicsresearchers.Archeologistsspeci�ed two
main requirementsfor this work: the possibility to interac-
tively view in 3D the point dataresultingfrom very large
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Figure11: TheOmphalosrenderingwith the2D skydomeapproach (développée).

scans,andthe ability to createstylized2D drawings asan
alternative to traditionalillustration.

To achieve thesegoalsweuseaverycompactrepresenta-
tion of thedata.Wedescribedhow to constructthisstructure
usingout-of-coreandstreamingtechniques.Themainmem-
ory requirementsfor theconstructionof thestructuresis thus
limited andcanbeperformedon small,standardcon�gura-
tions (suchas thoseavailable on the �eld when scanning
for example).We use the renderingapproachof [DD04],
which, thanksto its �e xibility , allows interactive viewing of
the compacteddata,despitethe overwhelmingsize of the
scans.

We have also presenteda new stylized rendering for
archeologicalfragmentsinspiredfrom traditional dévelop-
péesin archeology. It unfoldsthe fragmentsusinga cylin-
drical projectionandthenperformsa skydomerenderingon
the resulting2D height-�eld. A relatedtechniquewasalso
presentedfor skydomerenderingin 3D.

Thetechniquespresentedhave beenusedsuccessfullyby
thearcheologistsin our project.In particularthe interactive
3D renderinghelpsin theunderstandingof the3D structure
of the fragmentsandasa tool for their �ne-positioning, the
développéewasusedasa planningtool in the preparation
phasefor dockingof fragmentsandalso as a replacement
for traditionalarcheologicalillustration.

Otherusesof thesetools arecurrentlyunderway in the
context of this project,to improve the illustrationandinter-
activeviewing.
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