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Abstract

Thescanningof 3D geometryhasbecomea popularwayof capturingtheshapeof real-worldobjects.Transparent
objects,however, poseproblemsfor traditional scanningmethods.We presenta visible light tomographicrecon-
structionmethodfor recoveringtheshapeof transparentobjects,such asglass.Our setupis relativelysimpleto
implement,andaccountsfor refraction,which canbea signi�cant problemin visiblelight tomography.

Keywords: Hardware– Modeling,Acquisition andScanning;MethodsandApplications– Optics;Modeling –
ObjectScanning/Acquisition.

Categoriesand SubjectDescriptors(accordingto ACM CCS): I.3.3 [COMPUTER GRAPHICS]: Picture/Image
GenerationDigitizingandscanning;I.4.1[IMA GEPROCESSINGAND COMPUTERVISION]: Digitizationand
ImageCaptureImaginggeometry.

1. Intr oduction

3D scanninghasbecomea valuabletool for digitizing real-
world artifactssuchassculpturesandotherworksof art.The
mostcommonandaffordablescanningmethodswork with
visible light. Both passive lighting methods,suchasstereo,
and active lighting methods,suchas laserscanning,work
only for mostly opaque,primarily diffuse objects.Even a
relatively smallamountof translucency canreducethepre-
cision of the scan[LPC� 00], ascaninterre�ectionsarising
from somewhatspecularsurfaces.Thesepropertiesprevent
the use of current visible light methodsfor scanningthe
shapeof transparentobjects,suchasglassor plastics.How-
ever, transparentobjectsareubiquitousin modernenviron-
ments,so it is desirableto have a mechanismfor scanning
their shape.

Onepossiblesolutionis tospray-paintorotherwisecoverthe
objectwith anopaquelayer, so that traditionalvisible light
scanningmethodscan be used.However, this approachis
problematic,sincespray-paintingis consideredtoo destruc-
tive for many objects,suchasartwork. In addition,this ap-
proachintroducesthetypical artifactsthatarisein scanning
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opaqueobjects,suchasholesdueto occlusionnearcomplex
geometricdetails[LPC� 00].

Tomographicmethodsavoid theocclusionproblemandthe
needto paint theobject.They reconstructthe3D geometry
of semi-transparentobjectsfromanumberof shadow images
correspondingto differentpositionsof a sourceof electro-
magneticradiation.Tomography canbeusedif themedium
is semi-transparentto thewavelengthof electromagneticra-
diation usedfor acquisition,and if refractionis negligible.
This latter requirementtypically mandatesthe useof x-ray
radiation,asis thecasein medicalor engineeringcomputed
tomography (CT). Unfortunately, x-ray tomography relies
on expensive andbulky equipment,andcannotbe usedin
many environmentsdueto safetyconsiderations.

Recently, therehasbeenwork in thecomputergraphicscom-
munity on visible light tomography to recover gaseousob-
jects,suchas�ames [IM04,IM05]. In thiscase,refractionis
negligible.

In this paper, we presenta tomographicmethodfor recover-
ing the shapeof objectsmadeof glassor othertransparent
mediaof variousrefractive indices.We suspendthe object
in a �uid within a glasscylinder that hasbeencenteredon
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 360input images.Right: reconstructedgeometry, includingsomeleft-over support
structure that theobjectwasplacedon during acquisition.Thereconstructionis theraw outputof our method,withoutfurther
processing.

tion. Refractionsstill occurat theinterfacesbetweenair, the
�uid container, andthe �uid itself, but we devisea calibra-
tion mechanismto accountfor these.

The primary contributions of this paperare the setupfor
recovering the 3D shapeof transparentobjectsthroughto-
mography with visible light, and a calibrationmethodfor
determininglight pathswithin the �uid andobject.Our to-
mographicreconstructionmethodisavariantof algebraicre-
constructiontechniques(ART). We�rst review relatedwork,
beforewe presentthedetailsof thesetupandacquisitionin
Section3, andof the reconstructionin Section4. Section5
detailstheresults,andweconcludein Section6.

2. RelatedWork

Capturingthe appearanceof transparentobjectshasso far
predominantlybeenachievedby environmentmattingtech-
niques(e.g.[ZWCS99,WFZ02,PD03,MPZ� 02]). However,
theseareimage-basedmethods,andwe desirea full 3D re-
constructionof thegeometry.

The body of literatureon 3D geometryacquisitionis vast,
and originates from researchcommunitiesas diverse as
computergraphics,computervision, medicalimaging,and
physics.In thefollowing, we review someof thework most
directly relatedto ours,eitherin termsof methodology, or in
termsof intendedapplication.

3D Scanningwith Visible Light. Themostcommonlyused
3D scanningtechniquestodayarebasedon the interaction
of visible light with the object to be scanned.Thesetech-
niquescanbe roughly groupedinto two categories.Active
lighting methodssuchaslaserstripescanning[Cyb] or en-
codedlight patterns[BER76, VO90, RHHL01, HHR01] re-
quire �ne controlover the illumination. In contrast,passive
methodssuchas shapefrom stereo[SS02] or shapefrom
shading[ZTCS99,Woo80] donot.Activemethodstypically
producehigherquality results,but requirea laboratoryset-
ting andaremoreinvasive.

All of thesemethodsassumeopaqueobjects,andwork best
with mostlydiffusesurfaces.Evenrelatively minor translu-
cency canreducetheprecisionof the triangulationusedfor
�nding surfacepoints. Somerecentwork in computervi-
sionspeci�cally focusesonthereconstructionof transparent
objects[BEN03,KS05,MI05,BV99]. However, while these
methodsare of greattheoreticalvalue, they cannotat this
pointproducereconstructionsof thequality thatweachieve.
In particular, reconstructionwith thesemethodshasnotbeen
demonstratedfor shapesthat differ from their visual hull,
andtheresultingtrianglemesheshavemany holes.

Recentwork by Ihrke et al [IGM05] focuseson reconstruc-
tion of transparent�uids. Their methodcannotbe applied
to solids,sincetheobjectto bescannedneedsto becolored
with �uorescentdye.

X-ray Tomography andTomographicReconstruction.X-
ray computedtomography (seeKak andSlaney [KS01] for
anoverview) is acommontechniquein medicalimagingand
engineering,for examplein quality control of mechanical
parts.Tomography reconstructs3D volumedensitiesfrom a
sequenceof imagesrepresentingtheshadow of theobjectas
illuminatedby anx-ray sourcefrom variousdirections.To-
mography workson theassumptionthat theobjectis semi-
transparentto theradiation,or in otherwords,theradiation
alongany ray is never completelyabsorbedby thematerial.
A secondassumptionis thatthereis no refractionor scatter-
ing, and the radiationpassesstraightthroughthe material.
It is dif�cult to meettheseassumptionswith visible light,
and this is the primary reasonfor acceptingthe high cost
andoverheadof usingx-ray radiationin medicalandengi-
neeringtomography. Oneof themajorcontributionsof this
paperis a physical setupthat ful�lls theseassumptionsfor
transparentobjectsandvisible light.

Two principal approachesexist for reconstructingvolume
densitiesfrom the line integrals capturedin the shadow
images.A well known result is the Fourier Slice Theo-
rem [Bra56, KS01], which statesthat the volumedensities
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canberecoveredfrom anumberof 1D inverseFouriertrans-
formsof linesin theshadow images.TheFourierSliceThe-
oremallows for very ef�cient reconstructionof thevolume
densities.However, it is limited to the caseof parallel illu-
minationor, with modi�cations,point sources.

AlgebraicReconstructionTechniques(ART) do not require
parallel or point source illumination [GBH70, MYW99,
KS01]. Thesemethodsiteratively solve for thevolumeden-
sitiesby comparingthe absorptionof a currentestimateto
themeasuredimages,andupdatingthevolumeaccordingly.
In our work, we usea variantof ART, which we describein
detail in Section4.

Optical Tomography. The tomographicassumptionof no
refractionhaspreventedtheuseof visible light in mostsce-
narios.However, visible light tomography has beenused
successfullyto observe gaseousphenomenasuchas plas-
mas[IPD94], or, more recently, �ames [IM04, IM05]. For
theseeffects, refractionis small enoughthat it can be ne-
glectedfor ray lengthscorrespondingto the sizeof the ob-
ject.

In microscopy, theproblemof tomography in thepresenceof
refractionhasbeenresolvedby placingsamplesin a gel of
similarrefractiveindex [SAP� 02]. However, it is notobvious
how to extendthat setupto a macroscopicdomain.In this
paperwe show how refractive index compensationcan be
doneat a macroscopicscale,and how to calibratesucha
system.

In recentyears,therehasalsobeenastronginterestin optical
tomography in thepresenceof strongscattering,for example
in biologicaltissue[Arr99]. However, atpresentthesemeth-
odsremainnumericallyunstable,andveryinef�cient. More-
over, they areunnecessarilycomplex for transparentobjects,
wherelight only refractsat the interfaceof two materials,
but doesnotscatter.

Visual Hull and Voxel Coloring. Tomography methods
sharea numberof characteristicswith visual hull methods
[Lau94, Pot87, MBR� 00] in termsof setupandprocessing.
However, visual hull methodsare inferior to tomography
methods,asthey canonly reproducethe visual hull, while
tomography can,up to a certainnumericalprecision,repro-
ducethetrueshape.Voxel coloring[SD97] producestighter
boundingsurfacesthanthevisualhull. However, becauseit
only works on opaqueobjects,occlusionwould prevent a
highquality reproductionof theholein Figure1.

3. Setupand Acquisition

Our acquisitionsystemconsistsof a video cameraand a
glasscylinder centeredon a turntable.The glasscylinder
acts as a containerfor a �uid. To scana transparentob-
ject,weplaceit insidethis �uid, androughlycenterit within
thecylinder. A diffusesurfaceactsasa backgroundagainst

whichwemeasureabsorptionin the�uid andthetarget(Sec-
tion 3.1). In orderto reduceexposuretimes,andhencespeed
up acquisition,thesurfaceshouldbeasbrightly illuminated
aspossible.A verypreciseuniformity of theillumination is,
however, not required.

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 property is the key
componentof our setupthat allows us to usetomographic
acquisition.However, light still refractswhile enteringand
leaving thecylinder. We calibratefor this effect by measur-
ing the distribution of rayscorrespondingto camerapixels
insidethecylinder (Section3.3).

With this setup,coloredtransparentobjectscanbescanned
by takingimagesunderdifferentorientationsof theturntable
(Section3.4). Dependingon the desiredresolutionof the
reconstruction(describedin Section4), the numberof im-
agestakenvariesbetweenseveraldozenanda few hundred.
Clear transparentobjectscan also be scanned,but this re-
quiresaddingacontrastagentto the�uid (Section3.5).

3.1. Geometryof the Setup

Figure2 shows the geometryof the setupboth asa draw-
ing and as a photograph.We usea precisionglasscylin-
der with a 15 cm inner diameteras a container. It is cen-
teredon a turntableusinga precisionstandmadefrom ABS
plastic,producedwith a rapidprototypingmachine(Strata-
sysVantage-i).Thecamerawe useis a ProsilicaEC 1350C
�re wire machinevision camerawith 1.5 MPixels,anda 25
mm c-mountlens.The cameracanbe programmedto cap-
ture12bit raw, linearlyquantized,Bayerpatternimages.As
a backdrop,we usea uniformly illuminated,diffusewhite
surface.All componentsaremountedonanopticaltable.

3.2. Refractive Index Matching

Our methodrequiresthe target object to be containedin a
�uid of roughlytherefractive index of thetarget.Minor dif-
ferencesin the refractive index do not posea problem,as
long asthey do not signi�cantly changethe path lengthof
the rayswithin the �uid andthe refractive object.We used
simulationdatasetsto determinethatadiscrepancy of up to
5-7%betweenthe�uid andthetargetis still acceptable.For
larger discrepanciesthe absorptionobserved from different
view pointsis inconsistentwith the assumedray geometry,
sothat themethoddoesnot converge.This is easyto detect
numericallyin the form of largechangesin somevoxels in
every iteration.

Thereareseveralwaysto produce�uids with theappropriate
refractive index, for examplethroughmixing different �u-
ids or preparingsolutionsof waterwith varioussalts.In our
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Figure2: Geometryof thesetup.

experiments,we usea solution of potassiumthiocyanate†

(potassiumsalt) in water, which producesa refractive index
of up to 1.5 with a solution of around80% [Bud94], and
up to about1.55with a super-saturatedsolution.Potassium
thiocyanatedoesnot reactwith glassor plastic,andis eas-
ily washedoff without leaving any residueor causingany
damageto the object.To matchthe refractive index of the
solutionto thetarget,wemanuallychangetheconcentration
of thesolutionwhile the target is suspendedin it, andvisu-
ally observe the refractionagainsta patternedbackground.
As such,knowledgeof theexactnumericalvalueof the re-
fractive index is not required.

Both the solutionand the objectcanexhibit dispersion,in
which casethe refractive index canonly be matchedfor a
small rangeof wavelengths.We addressthis situationdur-
ing thereconstruction(Section 4) by recordinga raw Bayer
patternimagewith theProsilicacamera,andusingonly the
greenpixels.The otherprimariescould alsobe used,but a
Bayerpatterncontainstwice asmany greenpixelsasredor
blueones,andthusthegreenchannelof an imageprovides
moredata.During the index matchingprocess,we found it
useful to observe the refractionthrougha green�lter (Lee
�lter #58).

† Potassiumthiocyanateis a skin irritant, andtoxic if ingestedor
inhaled,socarefulhandlingis required.

The potassiumthiocyanatesolutioncanproducerefractive
indicessimilar to thoseof everydayglassor plasticobjects.
High qualityleador crystalglass,however, hasahigheropti-
caldensity. For theseobjects,differentsolutionsor mixtures
canbeused[Bud94,MM98].

3.3. GeometricCalibration

In order to run a tomographicreconstructionon the image
dataweacquire,weneedto know thelight pathcorrespond-
ing to eachpixel. Sincetherefractive index matchingelim-
inatesrefractionsat the interfaceof the targetandthe �uid,
a light pathcanbedescribedby a singleray segmentwithin
thecylinder.

We recover this ray distribution inside the cylinder with a
two-planeparameterizationstep[LH96, GGSC96]. For ev-
ery ray correspondingto a camerapixel, we measureits in-
tersectionpointwith two parallelplaneswithin thecylinder.
To this end,we usedtherapidprototypingmachineto build
a precisionplasticframethat�ts exactly insidethecylinder.
Into thisframewecanslidetwo parallel,verticalpanelswith
calibrationpatterns(seeFigure3).

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

WecreateacalibrationpatternusingtheARTagmarkersys-
tem [Fia05], which consistsof black squareswith a binary
encodedpatternontheinside.Thissystemprovedto bevery
robustunderthekind of imagedistortionscausedby refrac-
tion in the cylinder. The software that is provided for the
ARTagsystem[ART] recoversthepositionof thesquarecor-
ners,togetherwith anidenti�cation of eachcorner.

By interpolatingthis cornerinformation,we candetermine
the2D coordinatesonthepanelthatcorrespondto eachcam-
erapixel. Theinformationfrom thetwo panelscanbecom-
binedwith knowledgeaboutthe geometryandpositionof
thepanelsto determinethe3D raysegmentthatcorresponds
to eachpixel (seeFigure4).

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

c
 TheEurographicsAssociation2006.



B. Trifonov, D. Bradley, andW. Heidrich / TomographicReconstructionof TransparentObjects

Environment

Reconstruction Region

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

cylinder; the outer regions along the side are not covered
(Figure4). As a result,thereconstructionregion, thatis, the
region in which it is possibleto recover volumedensities,
is restrictedto a smallercylindrical region insidethe glass
container, marked blue in Figure4. However, it is actually
not desirableto usethe outerregionsof the cylinder, since
refractionthereis toosensitive to minorvariationsin thege-
ometry, whichcanresultin distortions.

3.4. Acquisition of ColoredObjects

Oncetheraydistribution in thecylinderhasbeencalibrated,
we canacquirecolored,transparentobjectsby placingthem
insidethe cylinder andtaking imagesfrom differentsides,
using the turntableto rotatethe cylinder andthe target in-
side.Oneof the imagesfrom sucha sequenceis shown in
thecenterof Figure1. Thecolor of theobjectprovidesthe
contrastbetweenthe �uid andthe target, which canbe re-
coveredasdifferentvolumedensities(Section4). We also
take animageof thecylinder without theobject,sothatwe
canderive per-pixel illumination values.This allows us to
computetheray absorptionfor eachpixel in eachimageof
theobject.

Dueto thedifferentdensitiesof therayson thenearandthe
far sideof thecylinder (seeFigure4), we usuallyperforma
full 360� acquisition,ratherthanonly 180� . Dependingon

thedesiredresolutionof thereconstruction,we take images
every1� � 5� , resultingin 72-360images.In eachimage,up
to approximately350,000greenpixelsof theBayerpattern
contributeto thereconstructionof largerobjects.

Sincewe usea high-quality glasscylinder, and sinceit is
preciselycenteredontheturntablewith acustommount,the
ray distribution we have recoveredin the previous stepis
valid for any rotationof theturntable.

3.5. Acquisition of Clear Objects

Becausethepotassiumthiocyanatesolutionis a clear�uid,
a separatewater-solubledye is requiredasa contrastagent
for scanninganobjectmadeof clearglassor similarmateri-
als.We usefood coloring(Club Houseredor blue) for this
purpose,which we chosebecauseit colorsthe�uid without
introducingnoticeablescattering.Adding thecontrastagent
reversesthesituationfrom Section3.4: now the�uid absorbs
signi�cantly, while thetargetdoesnot.

Thisnew situationintroducestheneedfor anadditionalpho-
tometriccalibrationstep.Sinceour reconstructionregion is
smallerthanthefull cylinder, asshown in Figure4, absorp-
tion occursin thering outsidethereconstructionregion (see
grey ring in Figures4 and5). We call this ring theenviron-
ment.

a b c d

Figure5: Acquisitiongeometryusinga contrastagent.

We needto compensatefor 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

Acyl = e�
Rb

a a(t)dt = e� (d� a)a

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

Fromthisequationwecandeterminethedifferentialabsorp-
tion a, sincethe lengthd � a of the ray segmentis known
from the cylinder geometryand the geometriccalibration
step.The valueof a ought to be the samefor all raysdue
to the homogeneityof the medium.However, the measure-
mentandquantizationerrorsintroducesmall variations,so
weusetheaveragevalueoverall rays.

c
 TheEurographicsAssociation2006.



B. Trifonov, D. Bradley, andW. Heidrich / TomographicReconstructionof TransparentObjects

Oncea is known, theabsorptionalongaraydueto theenvi-
ronmentis describedby therelationship

Aenv = e� (b� a)a � e� (d� c)a = e� (b� a+ d� c)a ;

in which thedistancesb� a andd � c areagainknown from
the geometriccalibrationand the choiceof reconstruction
region (Figure5).

Therestof theimageacquisitioncannow proceedasin Sec-
tion 3.4, but in the resultingimages,every pixel hasto be
scaledby 1=Aenv for that pixel, in order to compensatefor
theabsorptionof theenvironment.

Theamountof color addeddeterminesthecontrastonecan
achieve, andhencetheresolutionof featuresthatcanbere-
constructed.More color increasesthe signal-to-noiseratio,
but it alsodarkensthe measurementsdue to larger overall
absorption.As a result,oneeitherhasto usea brighterlight
or a longerexposure.For a givenlight intensityanda given
longestexposuretime,oneshoulduseasmuchcoloraspos-
sible without creatingblack pixels in the longestexposure
image.

4. TomographicReconstruction

As in x-ray tomography, the pixel valuesin our imagesare
line integralsof theabsorptionalongthecorrespondingray.
This is calledanintegral projection[KS01]. Differentmate-
rial propertiesalonga ray manifestthemselvesasdifferent
absorptionsalongraysegmentsandthusleadto differentin-
tensitiesin theintegral projectionimages.

As mentionedin Section2, thereare several ways of re-
constructingvolume densities.The Fourier Slice Theo-
rem[KS01,Bra56] statesthat the inverseFourier transform
of a scanlinein an orthographicintegral projectionimage
correspondsto a 1D slice of densitiesin the volume.This
observation allows for very ef�cient reconstructionof the
volumedensities,but it is limited to thecaseof parallelillu-
minationor, with modi�cations,point sources.

In our application,the rays in a single integral projection
image do not usually form an orthographicor projective
transformation.We thereforehave to usemoregeneral,al-
beitslower, methodssuchasAlgebraicReconstructionTech-
niques(ART) [GBH70].

4.1. Algebraic Reconstruction

Our reconstructionmethodis modeledafter the Simultane-
ousAlgebraicReconstructionTechnique(SART) of Mueller
et al. [MYW99], andworkson a voxel grid of densities.To
simplify computations,all operationsareperformedin log
space,wheretheabsorptionalonga ray is describedas

logA = �
Z c

b
a(t)dt

� � å
i

a i :

In this equation,a is thedensity, or local opacity, of a point
in thevolumeasbefore,b andc aretheentryandexit points
of therayin thereconstructionregionfrom Figure5, andthe
a i correspondto thedensitiesat uniformly spacedpointsti
alongtheray. Morespeci�cally, theti areintersectionpoints
of theraywith astackof axis-alignedslicesthroughthevol-
ume.

Startingwith anempty(i.e. zero-valued)voxel grid, theal-
gorithm proceedsiteratively by randomlyselectingone of
the sourceimages.For the selectedimage,the currentvol-
ume of densitiesis forward projectedin a stepvery simi-
lar to conventionalvolumerendering.Theresultinglog ray
absorptionsfor all pixels arecomparedto the target values
from the capturedimage.The differencefor every pixel is
thenback-projectedthroughthevolume,andall thevaluesof
all voxelsalongeachray areupdated,beforethenext image
is selected.At theendof this process,thevolumegrid con-
tainstherecoveredvolumedensities,from which theshape
of theobjectcanbeextractedasaniso-surface.

Forward Projection. The forward projectionis a volume
renderingstep,usedto computetheray absorptionsassum-
ing thecurrentestimateof thevolumedensitiesfor aspeci�c
cameraposition.The implementationof this stepis some-
whatsimilar to theshearwarpalgorithm[LL94], but modi-
�ed to take into accountthenon-uniformdistribution of the
raysandusingahigherquality reconstruction�lter .

Thevolumeis slicedperpendicularto themajorcoordinate
directionthat is mostparallel to the viewing direction,and
the slices are processedback-to-front.For eachslice and
eachray, wecomputethedistanceof therayto all voxels j in
theproximityof theray, anduseit to lookupaweightw j in a
1D lookup table.The tablecontainsprecomputedline inte-
gralsof rayspassingthrougha 3D, rotationally-symmetric
Kaiser-Bessel�lter kernel at variousdistances.Given the
weightw j , theabsorptioncausedby theraypassingthrough
thissliceis

å j w ja
(k)
j

å j w j
;

wherea (k)
j is theestimatefor thedensityof voxel j before

consideringthecurrentimage.Thedivision canalsobede-
ferreduntil all sliceshave beenprocessed,aspointedoutby
Muelleretal [MYW99].

The Kaiser-Besselfunction is a high-qualityreconstruction
kernel frequentlyusedfor tomographicpurposes[Lew90].
We usea supportradiusof two voxel spacings.The pre-
integrationapproachallows us to ef�ciently usethis high-
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quality �lter , andaccountsfor thedifferentanglesat which
theraysintersecttheslice.

We processall raysin this fashionbeforemoving on to the
next slice.After processingall sliceswe have obtainedthe
valueof logA(k) , therayabsorptionproducedby thecurrent
estimateof thevolumedensities.

Back Projection and Volume Update. In the secondstep
we updatethe volume by uniformly distributing the error
DA = logA� logA(k) alongeachray. We again do this by
processingthevolumeslice-by-slice.For eachray andeach
slice,we re-usethecontribution w j of eachvoxel to theray,
ascomputedduringtheforwardprojection.We thenupdate
thedensityof eachvoxel asfollows:

a(k+ 1)
j = a(k)

j + l
å j w jDA

å j w j
:

Theparameterl is a relaxationfactor. If it is toosmall,then
convergencewill be slow. If it is to large, thenthe method
becomesunstableandthe last imageprocessedwill have a
disproportionalimpacton the outputgeometry. In practice,
weachievegoodresultswith valuesbetween0.01and0.08.

Optimizations. We have implementedtwo optimizationsto
this basicalgorithm.First, sincethevolumeis processedin
sliceorder, andtheslicescaneitherbeparallelto thex-y or
they-z planedependingon theview, we canacceleratethe
processingby sortingthevolumeaccordingto the traversal
order. For every iteration,we �rst optimizethememorylay-
out of thevolumedatasuchthatit is bestfor traversalalong
thez-axis,andprocessall theviewsthatrequirethistraversal
directionin randomorder. Then,we rearrangethe memory
layout to optimizetraversalsalongthex direction,andpro-
cesstheremaininghalf of theimagesin randomorder.

A secondoptimization is to parallelizethe processingof
slicesfor dual processoror dual core machines.Sincethe
impactof eachslice is additive on a logarithmic scale,the
variousslicescanbeprocessedindependentlyof eachother
in boththeforwardandthebackprojection.

Dealing with Inaccurate Refractive Index Matching. A
possiblesourceof reconstructionerror is inaccuratematch-
ing of opticaldensitiesbetweenthe�uid andtheobject.The
resultof sucha mismatchis a changein the paththe light
actuallytakes,which in turn changesthe lengthof thepath
andtheamountof absorptionalongit.

Oneobservationis thatthiseffect is moredramaticif theray
intersectstheobjectatanacuteangle,thanif it intersectsata
moreobliqueangle.Weusethisobservationto locally adapt
theparameterl for eachray. Speci�cally, aftereachiteration
throughthesetof images,we computethegradient�eld for
the currentdensityestimates.During forward projectionin
thesubsequentiteration,we determinethemaximumangle
betweentheray directionandthelocal gradientalonga ray.
During back projection,we multiply l with the cosineof

this angle.As a consequence,rays at acuteangleshave a
signi�cantly lower impactthanraysatobliqueangles.

5. Results

Figure1 shows the reconstructionof a coloredglassobject
from 360images,usingavoxel grid of size475� 276� 475,
correspondingto a 0.12mm voxel resolution.This objectis
particularlychallengingfor conventionalscanningmethods,
sincethesmallholein thecenteris practicallyimpossibleto
capturewith any methodbut tomography. Figure6 shows a
cut-awayview of thereconstructionthatweachievedwith 5
iterationsthroughthesetof images.

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

Theiso-surfaceextractionrelieson �nding agoodiso-value
to separatethe object from the �uid. Sincewe aredealing
with two materialsof moreor lessconstantdensity, �nding
suchan iso-valueis simple.Figure7 shows a histogramof
thedensitiesfor theobjectin Figure1. The left peakcorre-
spondsto the �uid, while the right peakcorrespondsto the
object.Theclearlyde�ned valley betweenthesepeaksrep-
resentsthelocationof theiso-value.
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Figure7: Histogramof volumedensities.

Theacquisitiontime for this datasetwasabout45 minutes,
and the reconstructiontime about90 minutes.The object
doescontainhigh-frequency noiseas can be witnessedin
Figure 1. Someof the basethat the object restedon dur-
ing acquisitionis containedin themodel.This is a common
problemwith 3D scans,and is easilyhandledin a manual
cleanupphase.
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Figure12showspiecesof aglasschesssetthatweacquired
with our method.The piecesare madeof clear glass,so
we use food coloring to provide contrast,as describedin
Section3.5. The concentrationof the food coloring canbe
chosenvery easily by visual inspection.The more color-
ing is used,thebetterintricatedetailscanbereconstructed,
sincethecontrastis higher. However, addingthefoodcolor-
ing reducestheoverall brightnessof theacquisitionimages,
suchthatlongerexposuretimesupto 8 secondsarerequired
for this dataset.This effect increasestheacquisitiontime to
about100minutesfor 360images.This couldbecountered
by usinga higher-intensitylight sourcefor illuminating the
diffusebackground.Figure 8 shows an imagefrom an ac-
quisitionsequenceof thequeenandthebishopof thechess
set.

Figure 8: Oneof 360imagesfromtheacquisitionsequence
for thequeenandthebishop.

To evaluatethe precisionof the reconstruction,onewould
ideally have ground truth geometry for comparison.We
attemptedto obtain such geometryby spray-paintingthe
chesspieces,andscanningthemwith a Cyberwarescanner.
Figure 9 shows someof the results.Theseimagesare al-
readytheresultof mergingseveralscans,andhoursof post-
processing.It is obviousthatthescanslack detailcompared
to our results,andthat they suffer from holes,wrongtopol-
ogydueto interre�ections,andotherartifacts.

Since the laserscansare not �t for ground-truthcompar-
isons,we useddigital calipersto obtainquantitative results
on precision.We measuredthe distanceof variousfeature
pointson the real object,andcomparedthosevaluesto the
distancesin thescan.We foundthat theprecisionof there-
constructionwasat leastin theorderof 0.5 mm, wherethe
sizeof agrid cell was0.12mm.

The volume resolutionusedfor theseimageswas 243�

Figure 9: 3D scansobtainedfroma Cyberware laserscan-
ner after spray-paintingthechesspieces.Despitetheobvi-
ous problems,theseresultsare a combinationof multiple
scansthatwerealignedin hoursof manualpost-processing.

248� 243.Someproblemsin thereconstructionarevisible
nearthebottomof theobjects,wherewe separatedtwo ob-
jectsscannedatthesametime.Air bubblesin theglasscause
dentsin someof themodelshigherup, especiallywhenthe
bubbleis closeto thesurface.Theseartifactsaresimilar to
problemswith metalobjectssuchas inlays in medicalCT
scans.Sometomographicreconstructionmethodscandeal
with this issue,but our implementationof SART currently
ignoresit.

Anotherartifact can be seenat the top of the king, where
the crossis disconnectedfrom the body. This separationis
becausethe crosshadpreviously broken off, andhadto be
gluedbackon.Theseamis visiblein thesourceimages(Fig-
ure10), andaffectsthereconstruction.This kind of artifact
canbe reducedby thresholdingraysthat aretoo dark,and
not using them for reconstruction.In this case,the recon-
structionwill havemissinggeometrywheretheproblemoc-
curs.In thecaseof coloredglassacquisition,ignoringdark
raysresultsin areconstructionof thevisualhull of theprob-
lemregion.

Anotherexampleis shown in Figure11. With a reconstruc-
tion volumeof 243� 344� 243anda �nal surfaceof 1:06
million polygons,this jar is our largestdataset.The high
quality of the reconstructionbecomesobviouswhenzoom-
ing in on thethreadat thetopof thejar.

Discussion.We believe the resultspresentedin this paper
arevery promising.The physical setupandcalibrationare
quitesimple,andhencecanbereproducedeasily. Therecon-
structedgeometryshowssomeartifacts,asdescribedabove.
This is thecasefor practicallyeveryscanningmethod.How-
ever, we believe thattheseartifactscaneasilybecleanedup
with standardprocedures.A big advantageof tomographic
methodsis that theresultingtrianglemeshis an iso-surface
of a density�eld, andhenceclosed,watertight,andmani-
fold. In addition,webelieve thattheartifactscanbereduced
or eliminatedalgorithmicallyin thereconstructionstep.We
considerthis futurework.
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Figure10: In thereconstruction(left), thecrossof thekingis
separatedfromthebodydueto a fracturein theglass(right).
Theproblemis reducedby not usingraysthat are too dark
(bottom).

Figure 11: A glassjar (right), its reconstruction(left), and
a detail imageof thethreadat thetop (center).

Due to the dimensionsof our prototypesetup,the recon-
struction region is currently relatively small: about 8 cm
in diameter. Thesedimensionswere chosenbecauseglass
cylindersarenot readily availableat larger diametersthan
about15cm,andwewereinitially concernedabouttheopti-
calqualityof thecylinder. However, basedonourexperience
with the calibrationmethod,we believe that a clearplastic
containercouldeasilybeusedinstead,in which casethere-
constructionregion could be increasedby a factorof 10 or
moreatacomparablecost.

In the future we would alsolike to further improve the ro-
bustnessundermismatchedrefractive indices.Ideally, one
would be able to dispensewith the �uid completely. More
realistically, we hopeto replacethe potassiumthiocyanate
solutionwith plainwater, andaddcolorasacontrastagent.

6. Conclusions

In this paper, we introduceda methodfor tomographicre-
constructionof transparentobjectsby placing them into a
�uid of a roughlyequalindex of refraction,andcalibrating
theray-distribution in this medium,asseenfrom anobserv-
ing camera.

Theaccuracy of thereconstructedgeometryis comparableto
commercialmethodsfor acquiringopaqueobjects.Similar
to thosemethods,somehigh-frequency noiseis visible in
the results,but several very effective methodsareavailable
for eliminatingthisnoiseasapostprocess.

At 45-100minutesandanadditional60minutesof software
processing,theacquisitiontimesarequitereasonable,espe-
cially consideringthat the result is alreadya closed,mani-
fold surface,sothatany additionalpost-processingis simpli-
�ed comparedto otherobjectacquisitionmethods.For these
reasons,webelieve thattheproposedmethodis a viableap-
proachfor acquiringtransparentobjects.
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Figure12: Piecesof a chesssetandtheir reconstructions.Weshowrawdatafromthemarchingcubesalgorithmwithoutfurther
processing. Seetext for a description.
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