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Abstract

Thescanningof 3D geometryhashecomea popularwayof capturingtheshapeof real-worldobjects Transpaent
objects,however, poseproblemsfor traditional scanningmethods\We presenta visible light tomayraphicrecon-
structionmethodfor recovering the shapeof transpaentobjects,sut asglass.Our setupis relativelysimpleto
implementandaccountsor refraction,which canbea signi cant problemin visiblelight tomagraphy

Keywords: Hardware— Modeling, Acquisition and ScanningMethodsand Applications— Optics; Modeling—

ObjectScanning/Acquisition.

Catagories and SubjectDescriptors(accordingto ACM CCS) 1.3.3 [COMPUTER GRAPHICS]: Picture/Image
GenerationDigitizingandscanning].4.1[IMA GEPROCESSINGAND COMPUTERVISION]: Digitizationand

ImageCapturelmagingeometry.

1. Intr oduction

3D scanninghasbecomea valuabletool for digitizing real-

world artifactssuchassculpturesandotherworksof art. The

mostcommonand affordablescanningmethodswork with

visible light. Both passve lighting methodssuchasstereo,
and active lighting methods,suchas laserscanningwork

only for mostly opaque primarily diffuse objects.Even a

relatively smallamountof transluceng canreducethe pre-

cision of the scan[LPC 00], ascaninterre ectionsarising
from somevhat specularsurfaces.Thesepropertiegprevent
the use of currentvisible light methodsfor scanningthe
shapeof transparenpbjects suchasglassor plastics.How-

ever, transparenbbjectsare ubiquitousin modernerviron-

ments,soit is desirableto have a mechanisnfor scanning
theirshape.

Onepossiblesolutionis to spray-painbr otherwisecoverthe
objectwith anopaquédayer, sothattraditionalvisible light
scanningmethodscan be used.However, this approachis
problematic sincespray-paintings consideredoo destruc-
tive for mary objects,suchasartwork. In addition, this ap-
proachintroducegthetypical artifactsthatarisein scanning
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opaqueobjects suchasholesdueto occlusionnearcomple
geometriadetails[LPC 00Q].

Tomographianethodsavoid the occlusionproblemandthe

needto paintthe object. They reconstructhe 3D geometry
of semi-transparembjectsfrom anumberof shadevimages
correspondingdo differentpositionsof a sourceof electro-
magneticadiation.Tomograply canbe usedif the medium
is semi-transparerib the wavelengthof electromagnetica-

diation usedfor acquisition,andif refractionis negligible.

This latter requirementypically mandateghe useof x-ray
radiation,asis the casein medicalor engineeringcomputed
tomograply (CT). Unfortunately x-ray tomograply relies
on expensve and bulky equipment,and cannotbe usedin

mary ervironmentsdueto safetyconsiderations.

Recentlytherehasbeenwork in thecomputeigraphicscom-
munity on visible light tomograply to recover gaseousob-
jects,suchas ames[IM04,IMO05]. In this caserefractionis
negligible.

In this paperwe presentatomographianethodfor recover-
ing the shapeof objectsmadeof glassor othertransparent
mediaof variousrefractive indices.We suspendhe object
in a uid within a glasscylinder thathasbeencenteredon
a turntable.The refractive index of the uid is matchedto
be similar to that of the object,therebyminimizing refrac-
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Figure 1: Left: glassobject.Center:oneof 360inputimages.Right: reconstructedieometryincluding someeft-over support
structue that the objectwasplacedon during acquisition.Thereconstructiors the raw outputof our methodwithoutfurther

processing

tion. Refractionsstill occurattheinterfacesbetweenrair, the
uid containerandthe uid itself, but we devise a calibra-
tion mechanismo accountfor these.

The primary contrikutions of this paperare the setupfor
recovering the 3D shapeof transparenbbjectsthroughto-
mograply with visible light, and a calibration methodfor
determininglight pathswithin the uid andobject.Our to-
mographiaeconstructiomethods avariantof algebraiae-
constructiortechniquegART). We rst review relatedwork,
beforewe presenthe detailsof the setupandacquisitionin
Section3, andof thereconstructiorin Section4. Section5
detailstheresults,andwe concludein Section6.

2. RelatedWork

Capturingthe appearancef transparenbbjectshasso far
predominantlybeenachieved by ervironmentmattingtech-
nigues(e.qg.[ZWCS99WFZ02 PDO3MPZ 02]). However,
theseareimage-basedhethodsandwe desirea full 3D re-
constructiorof thegeometry

The body of literatureon 3D geometryacquisitionis vast,
and originatesfrom researchcommunitiesas diverse as
computergraphics,computervision, medicalimaging,and
physics.In thefollowing, we review someof the work most
directly relatedto ours,eitherin termsof methodologyorin
termsof intendedapplication.

3D Scanningwith Visible Light. Themostcommonlyused
3D scanningtechniquedoday are basedon the interaction
of visible light with the objectto be scannedThesetech-
niquescan be roughly groupedinto two cateyories.Active
lighting methodssuchaslaserstripescanning Cyh] or en-
codedlight patterng BER76 VO90, RHHLO01, HHRO]] re-

quire ne controlover theillumination. In contrastpassive
methodssuch as shapefrom stereo[SS02 or shapefrom

shading ZTCS99Woo08( do not. Active methodgypically

producehigherquality results,but requirea laboratoryset-
ting andaremoreinvasie.

All of thesemethodsassumepagueobjects,andwork best
with mostly diffuse surfaces Evenrelatively minor translu-
ceng canreducethe precisionof the triangulationusedfor
nding surface points. Somerecentwork in computervi-
sionspeci cally focuseonthereconstructiomf transparent
objects[BENO3 KS05 MI05, BV99]. However, while these
methodsare of greattheoreticalvalue,they cannotat this
pointproducereconstructionsf thequality thatwe achieve.
In particulay reconstructionwith thesemethodshasnotbeen
demonstratedor shapeghat differ from their visual hull,
andtheresultingtrianglemesheshave mary holes.

Recentwork by lhrke et al [IGMO05] focuseson reconstruc-
tion of transparentuids. Their methodcannotbe applied
to solids,sincethe objectto be scannetheedso be colored
with uorescentdye.

X-ray Tomography and TomographicReconstruction.X-
ray computedomograply (seeKak andSlane/ [KS01] for
anoverview) is acommontechniquen medicalimagingand
engineeringfor examplein quality control of mechanical
parts.Tomograply reconstruct8D volumedensitiefrom a
sequencef imagesepresentinghe shadev of theobjectas
illuminatedby anx-ray sourcefrom variousdirections.To-
mograply works on the assumptiorthatthe objectis semi-
transparento the radiation,or in otherwords,the radiation
alongary ray is never completelyabsorbecy the material.
A secondassumptions thatthereis no refractionor scatter
ing, andthe radiationpassesstraightthroughthe material.
It is dif cult to meettheseassumptionsvith visible light,
and this is the primary reasonfor acceptingthe high cost
andoverheadof usingx-ray radiationin medicalandengi-
neeringtomograply. Oneof the major contributionsof this
paperis a physical setupthatful lls theseassumptiongor
transparenbbjectsandvisible light.

Two principal approachexist for reconstructingvolume
densitiesfrom the line integrals capturedin the shadav
images.A well known result is the Fourier Slice Theo-
rem [Bra56 KS01], which statesthat the volume densities
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canberecoveredfrom anumberof 1D inverseFouriertrans-
formsof linesin theshadev imagesThe Fourier Slice The-
oremallows for very ef cient reconstructiorof the volume
densitiesHowever, it is limited to the caseof parallelillu-

minationor, with modi cations, pointsources.

AlgebraicReconstructiomechniquegART) do not require
parallel or point sourceillumination [GBH70, MYW99,

KSO01]. Thesemethodsteratively solve for the volumeden-
sities by comparingthe absorptionof a currentestimateto

the measuredmagesandupdatingthe volumeaccordingly
In ourwork, we usea variantof ART, which we describan

detailin Section4.

Optical Tomography. The tomographicassumptiorof no
refractionhaspreventedthe useof visible light in mostsce-
narios. However, visible light tomograply has beenused
successfullyto obsere gaseougphenomenasuch as plas-
mas[IPD94], or, morerecently ames [IM04, IMO5]. For
theseeffects, refractionis small enoughthat it can be ne-
glectedfor ray lengthscorrespondindo the size of the ob-
ject.

In microscop, theproblemof tomograply in thepresencef
refractionhasbeenresoled by placingsamplesn a gel of
similarrefractveindex [SAP 02]. However, it is notobvious
how to extendthat setupto a macroscopicdomain.In this
paperwe shov how refractive index compensatiorcan be
doneat a macroscopicscale,and how to calibratesucha
system.

In recentyearstherehasalsobeenastronginterestn optical
tomograply in thepresencef strongscatteringfor example
in biologicaltissue[Arr99]. However, atpresenthesemeth-
odsremainnumericallyunstableandveryinef cient. More-
over, they areunnecessarilgomple for transparentbjects,
wherelight only refractsat the interface of two materials,
but doesnotscatter

Visual Hull and Voxel Coloring. Tomograply methods
sharea numberof characteristicsvith visual hull methods

[Lau94 Pot87 MBR 0Q] in termsof setupand processing.

However, visual hull methodsare inferior to tomograply
methodsasthey canonly reproducethe visual hull, while
tomograply can,up to a certainnumericalprecision repro-
ducethetrue shapeVoxel coloring[SD97 producegighter
boundingsurfacesthanthe visual hull. However, becauset
only works on opaqueobjects,occlusionwould prevent a
high quality reproductiorof theholein Figure1l.

3. Setupand Acquisition

Our acquisitionsystemconsistsof a video cameraand a
glasscylinder centeredon a turntable. The glasscylinder
actsas a containerfor a uid. To scana transparenbb-
ject,we placeit insidethis uid, androughlycenterit within
thecylinder. A diffusesurfaceactsasa backgroundagainst
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whichwe measurabsorptiorin the uid andthetamget(Sec-
tion 3.1). In orderto reduceexposureimes,andhencespeed
up acquisition the surfaceshouldbe asbrightly illuminated
aspossible A very preciseuniformity of theilluminationis,

however, notrequired.

The refractive index of the uid is adjustedto be similar

to that of the target (Section3.2), andrefractionwithin the
cylinder is negligible as a result. This propertyis the key

componenbf our setupthat allows us to usetomographic
acquisition.However, light still refractswhile enteringand
leaving the cylinder. We calibratefor this effect by measur

ing the distribution of rayscorrespondingo camerapixels
insidethecylinder (Section3.3).

With this setup,coloredtransparenbbjectscanbe scanned
by takingimagesunderdifferentorientationf theturntable
(Section3.4). Dependingon the desiredresolutionof the
reconstruction(describedn Section4), the numberof im-
agedakenvariesbetweerseveraldozenandafew hundred.
Clear transparenbbjectscan also be scannedput this re-
quiresaddinga contrastagentto the uid (Section3.5).

3.1. Geometry of the Setup

Figure 2 shawvs the geometryof the setupboth asa draw-

ing and as a photographWe use a precisionglasscylin-

derwith a 15 cm inner diameteras a container It is cen-
teredon aturntableusinga precisionstandmadefrom ABS

plastic,producedwith a rapid prototypingmachine(Strata-
sysVantage-i).The camerawe useis a ProsilicaEC 1350C
re wire machinevision camerawith 1.5 MPixels,anda 25
mm c-mountlens. The cameracanbe programmedo cap-
ture12 bit raw, linearly quantizedBayerpatternimages As

a backdrop,we usea uniformly illuminated, diffuse white
surface.All componentaremountedon anopticaltable.

3.2. Refractive Index Matching

Our methodrequiresthe target objectto be containedin a
uid of roughlytherefractive index of thetarget. Minor dif-
ferencesin the refractve index do not posea problem,as
long asthey do not signi cantly changethe pathlength of
the rayswithin the uid andthe refractive object.We used
simulationdatasetsto determinehata discrepang of upto
5-7%betweerthe uid andthetamgetis still acceptableFor
larger discrepancieghe absorptionobsered from different
view pointsis inconsistenwith the assumeday geometry
sothatthe methoddoesnot corverge. This is easyto detect
numericallyin the form of large changesn somevoxelsin

every iteration.

Thereareseveralwaysto produceuids with theappropriate
refractive index, for examplethroughmixing different u-
ids or preparingsolutionsof waterwith varioussalts.In our
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Figure 2: Geometryof the setup.

experiments we use a solution of potassiumthiocyanaté
(potassiumnsalt)in water which producesa refractive index
of up to 1.5 with a solution of around80% [Bud94, and
up to aboutl1.55with a supersaturatedsolution.Potassium
thiocyanatedoesnot reactwith glassor plastic,andis eas-
ily washedoff without leaving ary residueor causingary
damageto the object. To matchthe refractive index of the
solutionto thetamget,we manuallychangehe concentration
of the solutionwhile the targetis suspendeéh it, andvisu-
ally obsere the refractionagainsta patternedbackground.
As such,knowledgeof the exactnumericalvalueof there-
fractive index is notrequired.

Both the solution and the object can exhibit dispersion,in
which casethe refractive index canonly be matchedfor a
small rangeof wavelengths We addresghis situationdur
ing thereconstructior{Section 4) by recordingaraw Bayer
patternimagewith the Prosilicacameraandusingonly the
greenpixels. The otherprimariescould alsobe used,but a
Bayerpatterncontainstwice asmary greenpixelsasred or
blue ones,andthusthe greenchannelof animageprovides
more data.During the index matchingprocesswe foundit
usefulto obsenre the refractionthrougha green lter (Lee
lter #58).

T Potassiunthiocyanateis a skin irritant, andtoxic if ingestedor
inhaled,socarefulhandlingis required.

The potassiumthiocyanatesolution can producerefractive
indicessimilar to thoseof everydayglassor plasticobjects.
High quality leador crystalglass however, hasahigheropti-
cal density For theseobjects differentsolutionsor mixtures
canbeused Bud94 MM98].

3.3. Geometric Calibration

In orderto run a tomographicreconstructioron the image
datawe acquire we needto know thelight pathcorrespond-
ing to eachpixel. Sincethe refractive index matchingelim-
inatesrefractionsat the interfaceof the targetandthe uid,
alight pathcanbedescribedy a singleray segmentwithin
thecylinder.

We recover this ray distribution inside the cylinder with a
two-planeparameterizatiostep[LH96, GGSC96. For ev-
ery ray correspondingo a camergpixel, we measuraets in-
tersectiorpointwith two parallelplaneswithin the cylinder.
To this end,we usedthe rapid prototypingmachineto build
aprecisionplasticframethat ts exactly insidethecylinder.
Into thisframewe canslidetwo parallel,verticalpanelswith
calibrationpatterngseeFigure3).

Figure 3: Images for geometric calibration. Left: front
plane Right: badk plane

We createa calibrationpatternusingthe ARTag marker sys-
tem [Fia09, which consistsof black squareswith a binary
encodedatternontheinside.This systemprovedto bevery
robustunderthekind of imagedistortionscausedy refrac-
tion in the cylinder. The software that is provided for the
ARTagsysten]ART] recoversthepositionof thesquarecor-
ners,togethewith anidenti cation of eachcorner

By interpolatingthis cornerinformation,we candetermine
the2D coordinate®nthepanelthatcorrespondo eachcam-
erapixel. Theinformationfrom the two panelscanbe com-
bined with knowledge aboutthe geometryand position of
thepanelsto determinethe 3D ray segmentthatcorresponds
to eachpixel (seeFigure4).

Due to the geometryof the panelsand light rays, the ray
distribution is recoveredonly for a subsetof the complete

¢ TheEurographicsAssociation2006.
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Environment

Reconstruction Region

Figure 4: Top: a visualizationof theray distribution recov-
ered from the calibration step.Bottom: the reconstruction
regionis a subsebf thefull cylinder

cylinder; the outer regions along the side are not covered
(Figure4). As aresult,thereconstructiomregion, thatis, the
region in which it is possibleto recover volume densities,
is restrictedto a smallercylindrical region inside the glass
containey marked blue in Figure 4. However, it is actually
not desirableto usethe outerregionsof the cylinder, since
refractionthereis too sensitve to minor variationsin thege-
ometry which canresultin distortions.

3.4. Acquisition of Colored Objects

Oncetheray distributionin the cylinder hasbeencalibrated,
we canacquirecolored transparenbbjectsby placingthem
inside the cylinder and taking imagesfrom differentsides,
usingthe turntableto rotatethe cylinder andthe tametin-

side.One of the imagesfrom sucha sequenceés shawvn in

the centerof Figure 1. The color of the objectprovidesthe
contrastbetweenthe uid andthe target, which canbe re-
coveredas differentvolume densities(Section4). We also
take animageof the cylinder without the object,sothatwe
canderive perpixel illumination values.This allows us to

computethe ray absorptiorfor eachpixel in eachimageof

theobject.

Dueto thedifferentdensitiesof theraysonthe nearandthe
far sideof the cylinder (seeFigure4), we usuallyperforma
full 360 acquisition,ratherthanonly 180 . Dependingon
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the desiredresolutionof the reconstructionye take images
everyl 5 ,resultingin 72-360imagesln eachimage,up
to approximately350,000greenpixels of the Bayerpattern
contributeto thereconstructiorof largerobjects.

Sincewe usea high-quality glasscylinder, and sinceit is
preciselycenteredn theturntablewith acustommount,the
ray distribution we have recoseredin the previous stepis
valid for ary rotationof theturntable.

3.5. Acquisition of Clear Objects

Becausehe potassiunthiocyanatesolutionis a clear uid,

a separatavatersolubledye is requiredasa contrastagent
for scanninganobjectmadeof clearglassor similar materi-

als.We usefood coloring (Club Housered or blue) for this

purposewhich we chosebecausét colorsthe uid without

introducingnoticeablescattering Adding the contrastagent
reversedhesituationfrom Section3.4: now the uid absorbs
signi cantly, while thetargetdoesnot.

This new situationintroducesheneedfor anadditionalpho-
tometriccalibrationstep.Sinceour reconstructiorregion is

smallerthanthefull cylinder, asshown in Figure4, absorp-
tion occursin thering outsidethereconstructiomegion (see
grey ring in Figures4 and5). We call this ring the erviron-

ment

Figure5: Acquisitiongeometryusinga contrastagent.

We needto compensatdor the effects of this absorption.
To this end, we take a photo of the colored uid without

the target object. This way, we determinethe accumulated
absorption

Ry
Acyl - e 2 a(t)ydt — e (d aa

alongtheray for all pixelsin theimage.SeeFigure5 for an
explanationof thequantities.

Fromthis equationwe candeterminghedifferentialabsorp-
tion a, sincethelengthd a of the ray sggmentis known
from the cylinder geometryand the geometriccalibration
step.The value of a oughtto be the samefor all raysdue
to the homogeneityof the medium.However, the measure-
mentand quantizationerrorsintroducesmall variations,so
we usetheaveragevalueover all rays.
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Oncea is known, theabsorptioralongaray dueto the ervi-
ronmentis describedy therelationship

Aoy = € (b a)a e (d ca — e (b a+d c)a;

in whichthedistanced® aandd careagainknown from
the geometriccalibrationand the choice of reconstruction
region (Figureb).

Therestof theimageacquisitioncannow proceedasin Sec-
tion 3.4, but in the resultingimages,every pixel hasto be
scaledby 1=A¢yy, for that pixel, in orderto compensatéor
theabsorptiorof theervironment.

The amountof color addeddetermineghe contrastonecan
achieve, andhencethe resolutionof featureshatcanbere-

constructedMore color increaseghe signal-to-noiseratio,

but it also darkensthe measurementdueto larger overall

absorptionAs aresult,oneeitherhasto usea brighterlight

or alongerexposure For agivenlight intensityanda given
longestexposuretime, oneshoulduseasmuchcoloraspos-
sible without creatingblack pixels in the longestexposure
image.

4. Tomographic Reconstruction

As in x-ray tomograply, the pixel valuesin our imagesare
line integralsof the absorptioralongthe correspondingay.

Thisis calledanintegral projection[KS01]. Differentmate-
rial propertiesalonga ray manifestthemselesasdifferent
absorptionglongray segmentsandthusleadto differentin-

tensitiesin theintegral projectionimages.

As mentionedin Section2, there are several ways of re-
constructingvolume densities. The Fourier Slice Theo-
rem[KS01, Bra5q stateshattheinverseFouriertransform
of a scanlinein an orthographicintegral projectionimage
correspondso a 1D slice of densitiesin the volume. This
obsenration allows for very ef cient reconstructiorof the
volumedensitieshut it is limited to the caseof parallelillu-

minationor, with modi cations, point sources.

In our application,the raysin a single integral projection
image do not usually form an orthographicor projective
transformationWe thereforehave to usemore general,al-
beitslower, methodsuchasAlgebraicReconstructioech-
niques(ART) [GBH7(Q.

4.1. Algebraic Reconstruction

Our reconstructiormethodis modeledafter the Simultane-
ousAlgebraicReconstructiofechniquegSART) of Mueller

etal. [MYW99], andworks on a voxel grid of densitiesTo

simplify computationsall operationsare performedin log

spacewheretheabsorptioralongaray is describecas

z Cc
logA = . a(t)dt
3 ai

In this equationa is the density or local opacity of a point
in thevolumeasbefore,b andc aretheentryandexit points
of theray in thereconstructiomegion from Figure5, andthe
a; correspondo the densitiesat uniformly spacedointst;

alongtheray. More speci cally, thet; areintersectiorpoints
of theray with a stackof axis-alignedslicesthroughthevol-

ume.

Startingwith anempty (i.e. zero-\alued)voxel grid, the al-

gorithm proceedsteratively by randomly selectingone of

the sourceimages.For the selectedmage, the currentvol-

ume of densitiesis forward projectedin a stepvery simi-

lar to corventionalvolumerendering.Theresultinglog ray
absorptiondor all pixels arecomparedo the target values
from the capturedimage.The differencefor every pixel is

thenback-projectethroughthevolume,andall thevaluesof

all voxelsalongeachray areupdatedpeforethe next image
is selectedAt the endof this processthe volumegrid con-
tainsthe recoreredvolumedensitiesfrom which the shape
of theobjectcanbe extractedasaniso-surfce.

Forward Projection. The forward projectionis a volume
renderingstep,usedto computethe ray absorptionassum-
ing thecurrentestimateof thevolumedensitiefor aspeci ¢

cameraposition. The implementatiorof this stepis some-
whatsimilar to the sheamwarp algorithm[LL94], but modi-

ed to take into accountthe non-uniformdistribution of the

raysandusinga higherquality reconstructionlter .

The volumeis sliced perpendiculato the major coordinate
directionthatis mostparallelto the viewing direction,and
the slices are processeack-to-front.For eachslice and
eachray, we computethedistanceof therayto all voxels j in
theproximity of theray, anduseit to look upaweightw;j ina
1D lookuptable.The table containsprecomputedine inte-
gralsof rayspassingthrougha 3D, rotationally-symmetric
KaiserBessel Iter kernelat various distancesGiven the
weightwj, theabsorptiorcausedy theray passinghrough
thissliceis

& wia®
ajw;
whereaﬁk) is the estimatefor the densityof voxel j before
consideringhe currentimage.The division canalsobe de-
ferreduntil all sliceshave beenprocessedaspointedout by

Mueller etal [MYW299].

The KaiserBesselfunctionis a high-qualityreconstruction
kernelfrequentlyusedfor tomographicpurposeq Lew90].
We use a supportradius of two voxel spacings.The pre-
integration approachallows us to ef ciently usethis high-
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quality Iter, andaccountdor the differentanglesat which
theraysintersectheslice.

We processall raysin this fashionbeforemoving on to the
next slice. After processingll sliceswe have obtainedthe
valueof logA® | theray absorptiorproducechy the current
estimateof thevolumedensities.

Back Projection and Volume Update. In the secondstep
we updatethe volume by uniformly distributing the error
DA = logA logA® alongeachray. We again do this by
processinghe volumeslice-by-slice For eachray andeach
slice,we re-usethe contritutionw; of eachvoxel to theray,
ascomputedduring the forward projection.We thenupdate
thedensityof eachvoxel asfollows:

e aft s £t

i

Theparametel is arelaxationfactor If it is too small,then
corvergencewill be slow. If it is to large, thenthe method
becomesunstableandthe lastimageprocessedvill have a
disproportionaimpacton the outputgeometryIn practice,
we achieve goodresultswith valuesbetweer0.01and0.08.

Optimizations. We have implementedwo optimizationsto

this basicalgorithm.First, sincethe volumeis processedh

sliceorder andthe slicescaneitherbe parallelto thex-y or
they-z planedependingn the view, we canacceleratehe
processingdy sortingthe volumeaccordingto the traversal
order For everyiteration,we rst optimizethe memorylay-

out of thevolumedatasuchthatit is bestfor traversalalong
thez-axis,andprocessll theviewsthatrequirethistraversal
directionin randomorder Then,we rearrange¢he memory
layoutto optimizetraversalsalongthe x direction,andpro-
cesstheremaininghalf of theimagesin randomorder

A secondoptimizationis to parallelizethe processingof
slicesfor dual processorr dual core machinesSincethe
impactof eachslice is additive on a logarithmic scale,the
variousslicescanbe processeddependenthof eachother
in boththeforward andthe backprojection.

Dealing with Inaccurate Refractive Index Matching. A
possiblesourceof reconstructiorerroris inaccuratematch-
ing of opticaldensitiedetweerthe uid andtheobject.The
resultof sucha mismatchis a changein the paththe light
actuallytakes,which in turn changeghe lengthof the path
andtheamountof absorptioralongit.

Oneobsenationis thatthis effectis moredramaticf theray
intersectd¢heobjectatanacuteangle thanif it intersectata
moreobliqgueangle We usethis obsenationto locally adapt
theparametel for eachray. Speci cally, aftereachiteration
throughthe setof imageswe computethe gradienteld for
the currentdensityestimatesDuring forward projectionin
the subsequeniteration,we determinethe maximumangle
betweertheray directionandthelocal gradientalongaray.
During back projection,we multiply | with the cosineof
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this angle.As a consequenceaays at acuteangleshave a
signi cantly lowerimpactthanraysatobliqueangles.

5. Results

Figure 1 shaws the reconstructiorof a coloredglassobject
from 360imagesusingavoxel grid of size475 276 475,

correspondingo a 0.12mm voxel resolution.This objectis

particularlychallengingfor conventionalscanningmethods,
sincethesmallholein thecenteris practicallyimpossibleto

capturewith ary methodbut tomograply. Figure6 showvs a

cut-avay view of thereconstructionthatwe achieredwith 5

iterationsthroughthe setof images.

Figure 6: Cut-awayview of the reconstructechole on the
objectfromFigure 1.

Theiso-surbiceextractionrelieson nding agoodiso-value
to separatehe objectfrom the uid. Sincewe aredealing
with two materialsof moreor lessconstandensity nding

suchaniso-valueis simple.Figure 7 shaws a histogramof
the densitiesfor the objectin Figure 1. Theleft peakcorre-
spondgo the uid, while theright peakcorrespondso the
object. The clearly de ned valley betweernthesepeaksrep-
resentghelocationof theiso-value.

Histogram of Reconstructed Volume Densities
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300000 | I
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Figure 7: Histogram of volumedensities.

The acquisitiontime for this datasetvasabout45 minutes,
and the reconstructiortime about90 minutes.The object
doescontain high-frequeng noise as can be witnessedin

Figure 1. Someof the basethat the object restedon dur-

ing acquisitionis containedn the model. Thisis acommon
problemwith 3D scansandis easilyhandledin a manual
cleanupphase.
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Figure12 shows piecesof a glasschesssetthatwe acquired
with our method. The piecesare madeof clear glass,so
we usefood coloring to provide contrast,as describedin
Section3.5. The concentratiorof the food coloring canbe
chosenvery easily by visual inspection.The more color
ing is used the betterintricatedetailscanbe reconstructed,
sincethe contrasts higher However, addingthefood color
ing reduceghe overall brightnesof theacquisitionimages,
suchthatlongerexposuretimesupto 8 secondsrerequired
for this datasetThis effectincreaseshe acquisitiontime to
about100 minutesfor 360images.This couldbe countered
by usinga higherintensitylight sourcefor illuminating the
diffuse backgroundFigure 8 showvs animagefrom an ac-
quisitionsequencef the queenandthe bishopof the chess
set.

Figure 8: Oneof 360imagesfromthe acquisitionsequence
for thequeerandthebishop.

To evaluatethe precisionof the reconstructionpne would

ideally have ground truth geometryfor comparison.We

attemptedto obtain such geometryby spray-paintingthe

chesspiecesandscanninghemwith a Cyberwarescanner
Figure 9 shavs someof the results. Theseimagesare al-

readytheresultof meiging severalscansandhoursof post-
processinglt is obviousthatthe scandack detailcompared
to our results,andthatthey suffer from holes,wrongtopol-

ogy dueto interre ections,andotherartifacts.

Sincethe laserscansare not t for ground-truthcompar
isons,we useddigital calipersto obtainquantitatve results
on precision.We measuredhe distanceof variousfeature
pointson the real object,and comparedhosevaluesto the
distancesn the scan.We foundthatthe precisionof there-
constructiorwasat leastin the orderof 0.5 mm, wherethe
sizeof agrid cellwas0.12mm.

The volume resolutionusedfor theseimageswas 243

Figure 9: 3D scansobtainedfroma Cyberwae laserscan-
ner after spray-paintingthe chesspieces.Despitethe obvi-
ous problems,theseresultsare a combinationof multiple
scanghatwere alignedin hours of manualpost-pocessing

248 243.Someproblemsin the reconstructiorarevisible
nearthe bottomof the objects,wherewe separatedwo ob-
jectsscannedtthesameime. Air bubblesin theglasscause
dentsin someof the modelshigherup, especiallywhenthe
bubbleis closeto the surface.Theseartifactsare similar to
problemswith metal objectssuchasinlaysin medicalCT
scans.Sometomographicreconstructiormethodscan deal
with this issue,but our implementationof SART currently
ignoresit.

Another artifact can be seenat the top of the king, where
the crossis disconnectedrom the body This separatioris
becausehe crosshad previously broken off, andhadto be
gluedbackon. Thesearmis visiblein thesourcamagedFig-
ure 10), andaffectsthe reconstructionThis kind of artifact
canbe reducedby thresholdingraysthat aretoo dark, and
not using them for reconstructionin this case,the recon-
structionwill have missinggeometrywherethe problemoc-
curs.In the caseof coloredglassacquisition,ignoring dark
raysresultsin areconstructiorof thevisualhull of the prob-
lemregion.

Anotherexampleis shavn in Figure 11. With areconstruc-
tion volumeof 243 344 243anda nal surfaceof 1:06

million polygons,this jar is our largestdataset.The high

quality of the reconstructiorbecomeshbvious whenzoom-

ing in onthethreadatthetop of thejar.

Discussion.We believe the resultspresentedn this paper
are very promising.The physical setupand calibrationare
quitesimple,andhencecanbereproduceaasily Therecon-
structedgeometryshavs someartifacts,asdescribedabove.
Thisis thecasdor practicallyevery scanningnethod How-
ever, we believe thattheseartifactscaneasilybe cleanedup
with standardproceduresA big advantageof tomographic
methodss thatthe resultingtriangle meshis aniso-surfice
of a density eld, andhenceclosed,watertight,and mani-
fold. In addition,we believe thattheartifactscanbereduced
or eliminatedalgorithmicallyin the reconstructiorstep.We
considetthis futurework.

¢ TheEurographicsAssociation2006.
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Figure10: In thereconstructior{left), thecrossof thekingis
sepaatedfromthebodydueto a fracturein theglass(right).
The problemis reducedby not usingraysthat are too dark
(bottom).

Figure 11: A glassjar (right), its reconstructior(left), and
a detailimage of thethreadat thetop (center).

Due to the dimensionsof our prototypesetup,the recon-
struction region is currently relatively small: about8 cm

in diameter Thesedimensionswere chosenbecauseglass
cylinders are not readily available at larger diametersthan

aboutl5cm,andwe wereinitially concernediboutthe opti-

calquality of thecylinder. However, basedn ourexperience
with the calibrationmethod,we believe that a clearplastic
containercould easilybe usedinsteadjn which casethere-

constructiorregion could be increasedy a factorof 10 or

moreatacomparableost.

In the future we would alsolik e to furtherimprove the ro-
bustnesaunder mismatchedefractive indices.|deally, one
would be ableto dispensewith the uid completely More
realistically we hopeto replacethe potassiunthiocyanate
solutionwith plain water andaddcolor asa contrastagent.

¢ TheEurographic#Association2006.

6. Conclusions

In this paper we introduceda methodfor tomographicre-
constructionof transparenbbjectsby placingtheminto a
uid of aroughlyequalindex of refraction,andcalibrating
theray-distribution in this medium,asseenfrom anobserv-
ing camera.

Theaccurag of thereconstructedeometnjs comparabléo
commercialmethodsfor acquiringopaqueobjects.Similar
to thosemethods somehigh-frequeng noiseis visible in
the results,but several very effective methodsare available
for eliminatingthis noiseasa postprocess.

At 45-100minutesandanadditional60 minutesof software
processingthe acquisitiontimesarequitereasonablegspe-
cially consideringthatthe resultis alreadya closed,mani-
fold surface sothatary additionalpost-processinig simpli-

ed comparedo otherobjectacquisitionmethodsFor these
reasonsye believe thatthe proposednethodis a viable ap-
proachfor acquiringtransparentbjects.
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Figure 12: Piecesof a chesssetandtheir reconstructionsie showraw datafromthemarching cubesalgorithmwithoutfurther
processingSeetext for a description.
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