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Abstract

In this paperwe presenta completepoint-basedpipeline for the capture, displayand illustration of very large
scansof archeol@jical artifacts. This appoac wasdevelopedas part of a projectinvolving archeolayists and
computemgraphicsreseachers, workingonthe Delphi“Dancers Column”.We r stdeterminedhearcheol@ists'

requirementdor interactiveviewing anddocumentaryllustration. To satisfytheseneedsve usea compacipoint-
basedstructue of theverylarge data,permittinginteractiveviewingin 3D. Thishelpsthearcheolaiststo examine
andpositionthefragmentsWe introduceef cient constructioralgorithmsfor this structuse, allowingit to bebuilt

on limited-memoryplatforms, sud as thoseavailable on the eld. We also proposea new stylizedrendering
approad basedon an inversecylindrical projectionand 2D skydomerendering Thisiillustrative stylehasbeen
usedas a planningtool for fragmentdoding and as a substitutefor traditional illustration in an archeolaggical

publication.Otherusesof thesetoolsare currentlyunderwayin the context of this project.

1. Intr oduction

The work describedchereis a collaboratve projectinvolv-
ing archeologistsand computergraphicsresearchersThe
project involves a speci ¢ study concerningthe Ancient
Greek“Dancerscolumn” monumentn Delphi (seeFig. 1).
At the outset,the archeologistsequireda detailed3D scan
of the monumentthe ability to interactvely view theresult
and a way to obtain stylized illustrations. Basedon these
discussionsve concentrate@dn threemaintasksin termsof
archeologicatesearchThe rst wasproviding atool which
would permitbetterunderstandingf monumenteconstruc-
tion hypothesesn 3D. This requiredan interactive viewer
with the ability to handlethe very large datasetsnvolved.
The secondwasthe preparatorystudy of tting for differ-
entfragmentsour solutionwasthe generatiorof appropri-
ate non-photorealistidllustrations,in a style which helped
in overall understandingThe nal requirementvasto nd
analternatve for traditionalhand-dravn illustrationsof such
complex structures.This needwas particularly important
sincesuchillustrationswill beusedaspartof anappropriate
archeologicapublication(book).
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Figure 1: Arecentattemptat theillustration of the Dances
column(drawingby J.-Ph.XILLO, 1996).

The main technicalchallengein this work wasthe dif -
culty implied by the size of the acquireddatasets,andthe
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implicationsthis had on the choiceof storageand display
algorithmswhich canbeapplied.

The archaeologistsn this project were somavhat con-
cernedwith the resolutionof the 3D data. If the resolu-
tion of the scanneddatais too coarsethe meshedversion
of a sparseset of points resultsin a facetedlook whose
edgesprevent the archeologistdrom perceving 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 researchdirectionin this eld [LPC 00]. We have
followed their pioneeringphilosopty, andextendedthis ap-
proachasa resultof our closemulti-disciplinarycollabora-
tion. Thearcheologiststequirementshefactthatthe origi-
nalscannediatais in theform of points,andrecentadvances
in point-basednethodsothin termsof storageandrender
ing, led usto proposea point-basedepresentatiothrough-
outthepipeline.

We will shav how to organisethe scanne®D pointsef-
ciently in appropriatepacked 3D spatialsubdvision struc-
tures.Two approachesre presentedor the constructionof
this structure taking into accountthe size of the datapro-
cessedWe thenpresentnapplicationof this datastructure,
for interactve display In additionwe proposea new styl-
ized projected2D renderingof very large datasets,based
onskydomerenderingWe will referto theserenderinggfor
examplesseeFig. 9,11,10)asdéveloppéem whatfollows.

Computergraphicsresearcherand archeologistshave
worked hand-in-hanathroughoutthis project, allowing us
to develop computergraphics(CG) solutions adaptedto
the needsof the archeologistsin the results sectionwe
shav how the interactve viewer and illustrations have al-
readyhelpedin the procesof archeologicalesearchn our
“DancersColumn” project. Furtheruse of theseresultsis
plannedn thenearfuture.

1.1. The “Dancers Column” Project

Thedancersolumnfrom Delphiin GreecgFig. 1), 14 me-
tershigh, is a major artifact of Greekart sinceit is recog-
nized asthe rst acanthuscolumn ever sculptured.Seven
drumsplusthatof the dancersandthe famous‘Omphalos”
completedby 3 large leavesat the baselevel, form this tall
column.More than 200 fragmentsare known. The dancers
column has not yet beenpublishedas a book becauseof
its geometricatomplexity: the size,weightandfragility of
eachdrum andfragmentpreventary humanfrom handling
themto manuallyre-erecthemonumentBesidestheunan-
sweredquestionsaretough:whatarethe correctrelative po-
sitionsof the 8 drumsandthe Omphalogo be coherenwith
the supposedernaryrhythm from drumto drumwith grow-
ing sizeof acanthudeavesat eachlevel of thecolumn?

Oneimportantobjective of our projectis thusto publish

the stateof its documentatiorandto disputethe proposed
hypothesisA 3D archive could alsobe usefulsinceDelphi
is locatedin a seismicarea.

Thearcheologistmeeddetailswith millimetric precision,
especiallyon the broken facesof fragmentsand for the
groovessincetheseareleadingcuesfor the dockingof the
variousfragmentsThey have beencaned with a millimet-
ric pattern(seeFig. 2). Thedistancebetweer8D pointswas
chosensmalleror equalto 0.5 mm. This gives 300 million
3D points. The dispersionerror was chosensmaller than
1 mm (standarddeviation smallerthan 0.33 mm) and the
quality of registrationof the 3D frameswasspeci ed to be
smallerthan1 mm. A lower resolution,a larger dispersion
or aninferior registrationquality could notablyblur the art
of theancientartists.

20 mm

Figure 2: Top: a graph indicating the size of the braced
grooves.Bottom:Drum 2 with its grooves(seealsoFig. 9).

1.2. User needsof the Archeologists

The nal documentatiomf themonumentwill take theform

of abook[Marar]. In this kind of publication,the archeolo-
gistshave to draw the component®f the columnwith their

fragmentsin place.Oneway this is doneis to projectthe
cylindrical shapef eachdrum andthe ovoid shapeof the
Omphalosonto a plane,in orderto getthe 2D projections
for thedéveloppée

The repositioningof the fragmentsalsorequiresthe pro-
jectedillustrationsplusinteractie viewing anddocking:the
archeologistrst searchesn the développégfor the possi-
ble positionsof the currentfragmentandthenveri es the t
usingthe 3D archie.

¢ TheEurographicsAssociation2004.
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In whatfollows we will shav how to producealternatves
to thesemanualtechniqueslt is importantto note that all
technicalchoicesweremadejointly by CG researcherand
archeologists.

2. Previous Work

In termsof computergraphicsresearchthis work hasbeen
inspiredby previous researchin point-basedyeometryand
skydomel/terrairrendering.

2.1. Points

In the last ve years,Point-BasedGeometryhas become
a very popular3D objectrepresentatioior geometrypro-
cessingand graphics[AGP 04]. The designof processing
and renderingtools using this geometryrepresentations
relatively straightforvard, makingsimplerenderingsystems
easyto implement.Even thoughgraphicshardwarerender
ing pipelineshave beendesignedor polygonstherendering
of pointsis eveneasierthanfor polygons.

Pointshave beenusedfor renderingin variouscontets,
andin variousforms.A pointcanbeanimpostorfor asmall
pieceof geometryfRLO0], asampleof inputdata(scanning),
or somesampleof the geometrygenerate@dnthe y proce-
durally [SDO1]. It might carry several typesof data,such
asthe surface normal, color, transpareng for the surface
sampleitself. Additional datamay alsobe storedif it is an
impostorfor alargerpieceof geometry

While this representationis simple, it requires a
large number of samplesto be accuratefor comple
objects. Consequentlythis quickly becomesthe draw-
back of the approach.Several papersfocusedon pack-
ing and structuring the points such that the represen-
tation storage overheadis minimal. In particulay there
have beendifferent contributionsto develop hierarchiesof
points, making the point storagemore ef cient and multi-
resolution[RLO0, BWK02, DD04).

2.2. Skydomeand Terrain Rendering

The stylistic renderingwe will be introducing is related
to skydomerendering.Thereis 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 approximatedhe computatiorof shad-
ows on a bump map by precomputinga samplingof 8 di-

rections.Much work in optimizationof this approachhas
followed, notably work by Stewvart [Ste98]which useshi-

erarchicalanalytic computationto computethe self shad-
owing of a terrain, and that by Sloanand Cohen[SCO00]
which usesgraphicshardware to acceleratehe computa-
tion of bump map shadavs. A graphics-hardare acceler
atedtechniquefor skydomerenderingin archeologicabp-
plicationswaspresentedn [BCS0]].

¢ TheEurographic#ssociation2004.

3. Overview of the entire pipeline

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

3.1. Capture

A teamof 8 peopletraveled to Delphi with 2 MINOLTA

V1910 scannersOne Minolta VI910 was dedicatedo the
Dancersin orderto avoid crosscalibrationdifferencebe-
tweenscannersTheconditionsof interventionwereparticu-
larly dif cult, sincethe Museumof Delphiwasin complete
recastingfor the Olympic Games(Fig. 3): dustand power
failure werethe daily enemiesFor therig requiredto scan
Drum 8 (theDancers)asimple,cheapandstabledesignwas
proposedy Insight, which usedinertial dampingto come
to restin arelatively 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
pronouncednotionin thelaserdots. The groundcrew used
theselasersto determineif the rig was stablebeforeeach
scan.The ScanningDataandRegistrationof cers formeda
sub-teandedicatedo eachscannel(Fig. 4). The Scanning
of cer wasresponsibldor thecorrectpositioningandstabil-
ity of therig andfor theorientationof the scannerThe Data
of cer monitoredthe acquisitionof dataandhadto rapidly
checkif the datawere correctin termsof dispersion.The
Ragistrationof cer registeredthe incomingframeson site,
in orderto verify thedistortionerror. If the framesweretoo

obliquewith respecto thesurfacesscannedor if thespatial
extensionof thescannedreawastoo large, thedistortionin

the eld of measuréncreasedapidly. In this casearevised
scanwasrequested.

3.2. Data Structur esand Interacti ve Rendering

We usethedatastructureof [DD04] for our point-basedep-
resentatiorof thedatasinceit allows e xible multi-level ren-
deringwith small overhead We usedan octreefor reasons
givenlaterin the paperWe adaptedhealgorithmof [DD04]
for our purposesinceit couldonly processurfacesandwe
have pointsasinput.

Given the input data,we insert points and normalsinto
anoctreestructure The point positionleadsto aleaf cell in
the octreeandthe normalis encodedy recursve triangular

Y http://wwinsightdigital.og/
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Figure 3: Captue wasdonein relativelyharshconditions.

Figure 4: Thecapture teamat work onthesite

subdvision of theoctahedrorusing15 bits. 15 bits provided
goodyvisual results.Eachleaf cell might receve morethan
asamplepoint,in which casewe weight-areragethe current
cell normalwith the newv normal (weightsare the number
of normalinserted).Oncethe leaf level is built, we pull the
normalsfrom theleaf cellsup to theroot cell by performing
aweightedaverageof thechild cells(from 1 to 8 child cells).
We nally obtaintherepresentatiopresentedn [DD04].

Thisstructurecanthenbeusedfor e xible interactveren-
deringasdescribedn [DD04]. By choosingan appropriate
level of the structurewe canachieve goodframerates.

3.3. 2D and 3D Skydome Rendering

The choice of the skydomealgorithm was dictatedby the
archeologicaheedsthearcheologistaippreciatehe artistic
renderingdatingbackto the 19th century(Fig. 5), because
of its expressve power dueto the high degreeof detailand
the quality of the shadavs [RDO3], evenif they know that
thisis aninterpretatiorof therealartifacts.

Theskydomealgorithmappliedonadensecloudof points
hasthe ability to provide a 19th centurylook without the
subjectve Itering of the draughtsmanAs the drumsand
theleaveshave beenrestoredduringthe rst half of the20th
century and theserestorationsare partially damagedthe

Figure5: A 19thcenturydrawingof Delphisite

Figure 6: Attemptat manualdrawing of a acanthudeaf.

archeologistdhave to drawv which partsof the elementsare
madeof presered or fracturedmarble,andwhich onesare
madeof plaster(Fig. 6). Besidessurfaceshave beencaned
usingthreedifferenttools: point, at chiselandclaw chisel
(indented) Thelatterwasusedin orderto enhancé¢he xing
of thedrumonesontheothers(the samefor the xing of the
3 big leaveson Drum 1). The drawing hasto separatéhese
differenttypesof materialsandcarvingtechniquesThis ex-
plainswhy stippling techniquesare not well suitedfor the
drawing of thesevarioustypesof data.On the contrary the
skydome algorithm provides us the very ne renderingof
thedataandallows usto perceve plasterversusmarble pre-
senedor fractured regular, pickedor indented.

To producesuchimageswe projectthe pointson acylin-
der, andstorethemin a height eld. Visually, we do asfol-
lows: we cutthecylinder vertically on aside,andwe getthe
resultingfour cornerson a rectanglewith minimal stretch-
ing of geometryTheresultis a 2D heightfunction,sampled
by points(seeFig. 7). We thusobtainanimageof heights.
We canvisualizethisheight eld in severalways:height,di-

¢ TheEurographic#Association2004.
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Figure 7: Unfoldinga cylinderto a plane

rectionalshading,skydomeshading.The rst considerghe

heightasthe luminanceof a gray-scaledmage,the second
shadeghe planewith a single directionallight source,and
the lastonelights the planewith a uniform white skydome
lighting (cloudy day). Of thesesolutions,skydomerender

ing was chosenby the archeologistssinceit provided the

bestvisualquality, andunderstanding@f local geometry

It is worth noting that développéesre not real terrains
sincetheir geometryis warpeddueto the nonlinear projec-
tion, andit thusmakesno senseo focuson their exactren-
dering.The approximateskydomerenderingprovided good
results,the local aspectof the objectbeingwell presered
onregionsof interestwhile theglobalstructuraemainswvell
understood.

3.4. Useby the archeologists

The archeologistdin our project usedboth the interactive
viewer, which allows a betterunderstandingf spatialrela-
tionshipsandthe 3D naturesof the scansandthe skydome
renderingbothasanalternatve to illustrationanda support-
mechanisnfor perceving andunderstandinghe spatialre-
lationsbetweerthefragments.

4. Packed point representation

The main dif culty in the approachs the amountof data.
Forindividualdrums thenumberof pointseasilyreache80

million, andthedataprecisionis in theorderof 1/10008" of

the size of the object.We thuswantedto work with octrees
of level 13 (2'° = 8192)to minimize the additional error
incurredby thesnappingf pointsto thecenterof aleafcell.

Simplecalculationshavsthatfor asurface about4 child per

cell arefull, leadingto approximatelyﬂgl = 89,478 485

octreecells([DDO04)). If we allow 1Gbof memory(whichis

now easilyavailableon laptops) this leavesuswith at most
11 bytespercells.We thusneedto packour datasmartly

Thestructureof our cell is asfollows:
8 bits: childhoodcode
16 bits: normal

¢ TheEurographic#ssociation2004.

32bits: a pointerto childrencells (for nonleaf nodes)or
aweight(for leaf nodes)

Thisleadsto 7 bytespercell. Giventhis sizerequirementye
needo adaptstandargystenmemorymanagemerginceits
direct usewould be particularlyinef cient. Recallthatthe
data-setdeingtreatedarevery large,andthusthatary over
headresultsin signi cant wastednemory;this canmale the
differencebetweerthedata tting in memoryor not.

Theway we proceeds to addanadditionallevel of mem-
ory managementyhich allocatesmemoryin large chunks,
andperformsef cient memoryhandling.

We developedtwo algorithms:oneis optimalin termsof
size(Optimalalgorithm),andthe othercanoperatedirectly
onpointstreamgStreaminglgorithm),requiringonly asin-
gletraversalof theinput data.

The childhood code containseight bits which describes
the occupang (1) or vacang (0) of the child cells. It has
beenalreadyusedn thiscontet in [BWKO02]. Thebounding
box of eachcell is notstoredsinceit canbecomputednthe
y duringtraversal.Only the boundingbox of the root cell

is required.

4.1. Optimal Algorithm

The Optimal algorithmis iterative, with one passper level
of the nal octree We initialize it with therootcell andcon-
structit level by level by subdviding the parentcells of a
givenlevel | into their childrencells of the next level | + 1,
up to a given level L whereall cells are leaf cells without
children.

For eachgiven existing level, we traversethe entirepoint
set.For eachinputpoint,we nd thecorrespondindeafcell,
and set the childhoodbit of the sub-cellwhich shouldbe
createdor this pointin thenext level dowvn. We call this the
markingpass.

Then,theoctreeis traversedo allocatetablesof children,
startingat the root node.Giventhe preceedingnarkingop-
erationfor this level, we know the sizeof the tablesof chil-
drenrequiredfor eachleafcell. At eachleafcell, we useour
memorymanagemeniayer to allocatethe exactamountof
memoryrequiredfor thetableof children.

Our memorymanagemendllocatescells by big chunks,
andreturnsa pointerto a part of the chunk,which canbe
readasa tableof cells. This leadsto a very small overhead
if the chunksarebig-enough(2k cellsis typical). The over
headis the systemsizefor tableallocationplus handlingof
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 appropriatdeaf nodecorrespondingo the point being
inserted.
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4.2. StreamingAlgorithm

The secondalgorithmis not optimalin memoryallocation,
andis abit harderto implementHowever, if thedatais well
arrangedit canachieze goodresults.Thealgorithmisin one
passwith asinglefunction: PopulateA cell is populatedup
to agivenlevel. If thechild is notallocatedthecell is mod-
i ed suchthatthechild is allocated The Populateroutineis
asfollows:

Populate(point, normal, level)

if intermediate level /I level is not zero
Identify sub-cell
if  sub-cell exists

sub-cell->Populate
mal, level-1)
else
Decode child table
Free child table
Update temp structure with

(point, nor-

to temp structure

new child

Reallocate bigger child table
Encode child table
sub-cell->Populate (point, nor-
mal, level-1)
end
else /I we are at leaf level
InsertLeaf (point, normal)
end

Themaindifferencebetweerthetwo algorithmsis the need
to decodeandencodeonthe y andthereallocationsmplied
by theseoperations.

It mightappeathatthe Streamingalgorithmis fasterthan
the Optimal algorithm. Most often, this is not true due to
the Free/Reallocatprocessingvhich hasto smartlyhandle
thereleaseandallocationof smallchunksof memoryof dif-
ferentsize. It might also be a sourceof large memoryal-
locations,which could not be freed. For example,random
insertionis aworstcasecon guration sincemary child-cell
tablesof size1 would be allocated but never actuallyfreed
from thetables.

4.3. Pull Normals

The Pull algorithm is commonto the two construction
schemesinceit doesnotdo ary allocation.A weightedav-
erageof thethenormalsof thesub-cellds computedor each
cell. Theresultingnormalis thenrenormalizedandthe cu-
mulative weightof its childrenis pulledup from thesub-tree;
thisis a post-processingtep,attributing normalsto non-leaf
nodeswithout storingweight.

4.4. Storage

For thestoragewe do notkeeptrackof theweight,andthus
discardthis datafrom the structure allowing a big save in
the memoryconsumptionT he outputstructurels thusmuch
smaller (approximatelya factor of 3) thanthe online con-
structionstructure. When readingthe object, the weight is

not presentandwe thusgeneratalifferentleaf cells, which
do not have the samestructuresize,allowing a muchlighter
representation.

4.5. Interacti ve 3D Rendering

For rendering,we usean approachsimilar to [DD04], but

sincethe taget platformis a desktopor laptop PC, we in-

steadtake advantageof the graphicscard. The octreeis tra-

versedand points are generatedor eachcell at the user

de ned level: the coordinatesare given by the center of

the box of the cell (computedon the y), andthe normal
is decodedas well. The userde ned level is coarserthan
thelevel of the octree,andsplatsarerenderedasimpostors
for subtreegwhich are underthe userde ned level). The
pointsandnormalsarestoredin Vertex andNormal Arrays
(OpenGLstructures)andrenderedisinggraphicshardware.
The primitive usedis GL_POINTS and a splatting radius
canbe de ned, for animpressionof densesampling,even
thoughit might resultin a more blocky appearancdJsing
a commonlevel (8 to 10) for the real-timedisplay of the
model,we canachieve very goodframerates(60to 10frame
per secondrespectiely on a PentiumlV with a GeForce 4

card).

We only renderimpostorsof the real data.We canswitch
to amoreaccuraterenderingusingall the availabledata,at
the costof interactvity. For this approachjnsteadof gen-
eratinga single arrayfor the whole data(which would not
be possiblefor very big models) we generatesmallerarrays
andrenderthoseasthey aregeneratedWe can nally render
tensof millions of pointsincore,usinggraphicsacceleration.
Thisrenderings notinteractie, but is usedto generatéigh
qualityimageg(at high resolutions).

5. Skydome Algorithm

Shadingan objectwith a light source asthoseavailableby
using OpenGLlocal shadingmodels(Point/Direction/Spot
lights), can generatehigh quality images,but somedetails
and featuresof the object are missing. Raytracingwould
be possible,but for complec light models,such as ambi-
entocclusionrendering this solutionis very expensve. To
our knowledge,an ef cient solutionfor ray tracingtensof
millions of points hasnot beenpreviously presentedAl-
thoughthis shouldbe possible,using for example Moving
LeastsSquareJABCO 03], implementationissuesarising
from the hugeamountof datacould make thesealgorithms
very slow. Also, theresultingsurfacewould be an approxi-
mationof the point setwith their normals(which arebetter
estimatedusing individual scanshotsratherthanusingthe
registeredmulti-scanpointdata).

We have thusadoptedanimage-spacdlumination algo-
rithm to tackle the compleity problem.This image-space
skydomealgorithmwill be usedfor illustration,resultingin
renderingavhich satisfythe need=f thearcheologists.

¢ TheEurographicsAssociation2004.
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5.1. Construction

For thesecomputationsywe work in imagespacewherethe
imageis a heightfunction sampledby points.Sincewe are
workingondrums we approximatehemwith cylinders.The

imagespaceis mappedon the cylinder asu; v coordinates:

alongthecylinderaxis,andin apolarangle Thepolarradius
of apointde nesits heightin theimage.We projectall the
pointsof thedrumin imagespaceandif theresolutionof the
imageis nottoo large,we have no undersamplingssuesTo
x theremainingundersamplingssueswe generatenissing
samplenthecylindrical coordinategrid asthe averageof

the non missingneighbors This techniquebehaeswell in

practiceanddoesnot changethe original data.

5.2. lllumination

For the illumination, we considerthis height eld asater
rain, andfrom eachpoint in the image,we computean ap-
proximationof the portion of visible sky. We obtain,up to
guantizationerror, the exact amountof lighting a terrain
would have with a white sky. However, in our case,there
is anotherapproximationdue to the cylindrical projection.
Thistechniquds thusbiaised but provesto bevery ef cient

for illustration purposes.

To computethe portionof visible sky, we castraysin 2D:
aroundthe points,in a givennumberof directions(32 or 40
aretypical). We castaray in theimagestoringthe maximal
angleof thehorizon.Thetangenof theangleis givenby the
heightdifferencedivided by thedistance seeFig. 8.

AR

q
P

Figure 8: Computatiorof thevisible skydomeromthehori-
zonof a 2D heightfunction.

Oncethis valueis computedor eachdirection,we com-
putethe solid anglecorrespondindo the visible sky repre-
sentedby the slice of sphere(for a given 2D direction) cut
at the highestanglefound in that direction. This resultsin
a scalarvaluebetweerD for nothingvisible (or almostzero
for avery steephole),and2p for apoint on thetop of a hill.

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. SkydomeRenderingin 3D

In the previous sectionwe have presentedan algorithmto
computeskydomerenderingof adéveloppéeonsideredsa

¢ TheEurographic#ssociation2004.

terrain.In this sectionwe presentinalgorithmto ef ciently
computethe visible portion of the sky on a point cloud in
3D. ThisskydomeapproachalsocalledAmbientOcclusion,
determinegheportionof the ervironmentvisible from each
point. The algorithm processeshe datafor eachquantized
directionindependentlyfor eachdirection,we assumehat
the point cloudis lit by a parallellight source We slice the
point cloud alongthe main direction of this light direction
usingthe octreestructure. Thenwe propagte an occlusion
maskfrom sliceto slicewhichindicatesvhethereachoctree
cell is transparenbr not, accordingto the numberof points
includedin it. Thereforewe are able to determineif each
octreecell of the next sliceis lit or not.

Themainbene t of this approachs thatthe propagtion
stepis only dependenon the directionof thelight. The oc-
clusionof a cell in the maskthusonly dependsnly on the
nearesneighborsin the light direction. Accumulatingvisi-
bility (i.e.,theinverseof occlusion)for eachdirectionresults
in thevisible portionof sky.

Theresultsof this approachave aliasingartifactsdueto
the cubicalshapeof the octreecells. We have enhancedhe
techniqueto get ner results.The occlusionof a cell is split
into 9 parts,correspondingo differentoverlappingcon gu-
rationsof the cell neighborsalongthe light beamdirection.
This splitting patternis identical for eachcell given a di-
rection.In this manney the occlusionpropagtion has ner
resolutionandtheillumination of eachpointin theslicecell
canbe computedmore preciselyfrom this subdvision. We
obtainresultswith substantiallybetterquality.

Performanceés not yet optimal giventhe hugeamountof
cellsto be processec(aboutZ11 slicesper direction, each
containingZ22 cells, which is morethan 8 billion for each
direction).Moreover the occlusionof a singlecell canhave
anin uence on all the remainingslices.Thus,illumination
estimationof almosteachcell hasto becalculated.

6. Results

As mentionedearlier thesemethodshave beendeveloped
in a closecollaborationbetweenthe computergraphicsre-
searchergandthe archeologist®f the project.In particulay
we discussbelav the useby the archeologist®f the tools
developed,i.e., interactve renderingfor very large point
clouds the2D dévelopéeenderingandthe3D skydomeren-
dering.

6.1. Interacti ve rendering

The interactve renderingtool was usedto examine the
placementndthe reconstructiorof the differentelements.
In particular thistool wasusedin thereassemblpf theOm-
phalosonthedancerstheinteractive manipulatiorof the3D
dataof both elementgyave a precisesetup of the Ompha-
los on the capsof the 3 dancerswith respectto the higher
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Figure 9: Drum 2 (2D skydomerenderingof the déweloppéé usedin theinitial seach phasefor doding positions.

and lower mortises.This ne positioning had never been
achieved beforeandit con rms the archeologicahypoth-
esis.A snapshofrom the 3D vieweris shovn in Fig. 12.

Figure 10: Anotherexampleof a développéeon Drum6 and
7.Noticetherenderingartifactsresultingfromincorrectreg-
istration (center).

6.2. Useof the déweloppédllustration

The 2D skydomerendereddéveloppédasbeenusedas a
planningtool for dockingandfor illustration.

Thefragment'Drum 1" is devastatedthedockingof frag-
mentsis thus impossibledue to the degree of ruin of the
block. Onthe contrary Drum 2 (Fig. 2) hasbeenconsered
to alarge extent.We thusprocessedrum 2 to createguide-
lines usedfor the dockingof the fragmentsof Drum 1. The
axisof Drum 2 hasbeencomputedy leastsquaretting on
the 12 million pointscorrespondingo the leadingcylinder

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

The développéef Drum 2, shavn in Fig. 9 wasusedto
searchfor the possiblepositionsof Drum 1 blocks. Then,
referringto the guiding skeletonof Drum 2, we docked the
cloudof pointsof eachfragmentof Drum 1.

As mentionedearlier skydomerenderingis usedas an
alternatve to traditionaldrawing for illustrationpurposesto
beusedin theforthcomingbookonthe monument[Marar].
Oneinterestingusageof this stylized renderingis alsothe
factthatwe canidentify registrationerrors,dueto noticeable
renderingartifacts(centreof Fig. 10, andalsoin the central
groove of Fig. 9).

We alsoshaw thedéveloppéef the Omphalosn Fig. 11.
Note thatthe archeologistsn this projectconsiderthis ele-
mentto beimpossibleto draw usingtraditionalmethods.

6.3. 3D Skydomerendering

The nal tool we have providedis the productionof 3D im-
agesusing skydomerenderingof the visible portion of the
sky. We shaov two examples,one for the Omphalosalone
Fig. 13, andonefor the Omphalosplacedon the dancersn
Fig. 12.

7. Conclusions

In this paperwe have presenteda completepoint-based
pipelinefor the capturedisplayandillustrationof verylarge
scansThisspeci c projectof the Delphi“DancersColumn”
hasinvolvedaclosecollaboratiorbetweerarcheologistand
computergraphicsresearcherdArcheologistsspeci ed two
main requirementdor this work: the possibility to interac-
tively view in 3D the point dataresultingfrom very large

¢ TheEurographic#Association2004.
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Figure 11: TheOmphalogenderingwith the 2D skydomeappmoach (déeloppéé.

scansandthe ability to createstylized 2D drawings asan
alternatve to traditionalillustration.

To achiere thesegoalswe usea very compactepresenta-
tion of thedata.We describedhow to constructhis structure
usingout-of-coreandstreamingechniquesThemainmem-
ory requirementgor theconstructiorof thestructuress thus
limited andcanbe performedon small, standardcon gura-
tions (suchas thoseavailable on the eld when scanning
for example). We use the renderingapproachof [DD04],
which, thanksto its e xibility, allows interactie viewing of
the compacteddata, despitethe overwhelmingsize of the
scans.

We have also presenteda new stylized rendering for
archeologicafragmentsinspiredfrom traditional dévelop-
péesin archeologylt unfoldsthe fragmentsusinga cylin-
drical projectionandthenperformsa skydomerenderingon
the resulting2D height- eld. A relatedtechniquewasalso
presentedor skydomerenderingn 3D.

Thetechniquepresentedhave beenusedsuccessfullyby
the archeologistsn our project.In particularthe interactve
3D renderinghelpsin the understandingf the 3D structure
of thefragmentsandasatool for their ne-positioning, the
développéavas usedas a planningtool in the preparation
phasefor docking of fragmentsand also as a replacement
for traditionalarcheologicaillustration.

Otherusesof thesetools are currently underway in the
contet of this project,to improve theillustrationandinter
active viewing.
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