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Abstract

Translucentobjectsposea dif cult problemfor tradi-
tional structuredlight 3D scanningtechniques.Subsurface
scatteringcorruptsthe range estimationin two ways: by
drastically reducingthe signal-to-noiseratio and by shift-
ing the intensitypeakbeneaththe surfaceto a point which
doesnot coincidewith the point of incidence In this paper
weanalyzeandcompae two descatteringnethodsn order
to obtain reliable 3D coodinatesfor translucentobjects.
By usingpolarization-diferenceimaging, subsurfacescat-
tering can be lter ed out becausemultiple scatteringran-
domizeghe polarizationdirectionof light while the surface
re ectancepartially keepsthe polarizationdirectionof the
illumination. Thedescattezdre ectancecanbeusedfor re-
liable 3D reconstructiorusingtraditional optical 3D scan-
ning techniques sud asstructuiedlight. Phase-shiftinds
anothereffectivedescatteringecniqueif the frequencyof
the projectedpatternis sufciently high. We demonstate
the performanceof thesetwo techniquesand the combina-
tion of themon scanningreal-worldtranslucenbbijects.

1. Intr oduction

For a numberof scenesstructuredlight 3D scanning
techniquesrun into the problemthat the signal obsered
by the camerafor a surfacepoint is actually not only due
to directre ection of the projectedpatternbut insteadcon-
tains polluting signalsoriginating from ambientillumina-
tion, interre ectionsfrom othersceneparts,or from subsur
facescattering.Theseeffectsaremostprominentin translu-
centobjectswherethe directly re ected signalis further
more wealenedsincethe incidentlight is diffusedinside
the materialinsteadof beingfully re ected at the surface.
Subsurécescatteringcanof coursebeexcludedcompletely
if the objects surfaceis paintedbeforescanning,asit is
donefrequently In this paper we propose3D scanning
techniqueswhich are inherentlyrobust against subsuréce
scattering.

In orderto obtain reliable scansof translucentobjects
onehasto separatehe directre ection from the pollution
dueto multiple interre ectionsor scatteringOneapproach

Figure 1. By combining phase-shiftingand polarization our
methodfaithfully capturesthe 3D geometryof very translucent
objectssuchasthis alabasteMenus gurine (height 19cm).

to descatterings to usethefactthatlight scatterednultiple
timesgetsdepolarizedProjectingpolarizedlight andcom-
putingthedifferenceof imagescapturedwith a polarization
Iter attwo orthogonalorientationsthus removes most of
the multiple scatteringcontritution [33, 22, 25, 29]. An-
other methodfor separatingdirect from global re ections
basedon high frequeng illumination patternshasrecently
beenproposedy Nayaretal. [19].

In the samepaperNayaret al. alsomentionthat phase-
shifting [27, 36] canperformthe separatiorand 3D scan-
ning at the sametime. For thesereasonspur 3D scanning
approactfor translucenbbjectsis basedn phase-shifting.
We demonstrateand analyzewhy descatteringoasedon
structuredight aloneis not sufcient to obtainhigh quality
depthmapsof heterogeneousanslucenbbjects.Our pro-
posedmethodthereforecombinesphase-shiftingwith po-
larization ltering. The increasedperformanceas demon-
stratedandassessedn a variety of translucenbbjects.

2.DirectRe ection vs. Multiple Scattering

In this sectionwe will discusghe relevanteffectsof di-
rectre ection, multiple scatteringor interre ectionson pro-
jectedpolarizedor non-polarizedstructuredight patterns.

2.1.DirectRe ection

Thelight re ectedatthesurfacetowardsthecameracon-
sistsof differentcomponent$12, 20, 11]: directre ection
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Figure2. Raysto considerin 3D scanning.(a) 3D geometrycan
be estimatedreliably only from the direct re ection off the sur

face.(b) The subsurlcescatteringn translucenbbjectscanshift

the obseredintensity peakaway from the point of incidence.(c)

Opaquestructuresheneaththe surfacepollute the rangeestimate.
(d) Thesignalsof differentprojectorraysareoverlaiddueto inter-

re ection from anothersurface.

off thesurface,subsurécescatteringor interre ections(see
Figure2). Thesignalwe aremostinterestedn for 3D scan-
ning is thedirectly re ected light (Figure2a). The amount
of directly re ected light depend®on the surfaceproperties
suchascolor, roughnessetc which canbe summarizedn
the BRDF [20]. In addition,light thatis re ected from a
smoothsurfaceof adielectric(or insulating)materialis par
tially polarized.Theamountof polarizationof there ected
light canbe computedaccordingto Fresnels formulae[1]
anddependon the materialpropertiesandthe orientation
of surfacewith regard to the incidentandre ected ray di-
rections. A comprehensk polarizationre ectancemodel
canbefoundin Wolff andBoult [34].

2.2.Multiple Scattering

The prominenteffect thatdistinguishedranslucenfrom
opaquematerialsis that somelight penetrateshe surface
andis scatterednultiple times inside the object beforeit

nally leavesthe surfaceat someotherlocation.Determin-
ing the 3D shapeof a translucenbbjectrequiresdetecting
the rst surfaceintersectionof the incominglight ray;, i.e.

to obsenre the puredirectre ection (Figure 2a). Unfortu-
nately thesignalof thedirectre ection will beratherweak
sincesomefraction of the incidentlight will penetratehe
surfaceinsteadof beingre ected. There ected signalwill

furthermorebe hearily pollutedby singleor multiple scat-

tering createdby light incidenton other scenepoints. As
pointedout by Godin et al. [7] multiple scatteringresults
in a measurabldiasin the depthestimatesincethe loca-
tion of the obseredintensitypeakis shiftedaway from the
point of incidence(Figure 2b). Multiple scatteringcanbe
approximatedy adiffusionprocesg12] andleadsto a sig-
ni cant dampingof the high frequenciesn the incidentil-

lumination. Projectingshiftedhigh frequeny patternsthe
globalcomponentill remainthe samewhile changesan
be obseredin the directre ection only. This canbe used
to remove this global effect algorithmically[19]. We will

furtherinvesticatethis approachin Sectior4.

Multiple scatteringfurtherin uencesthe stateof polar
ization. While single scatteringpolarizeslight according
to the sizeandshapeof a particleandthe referenceplane
spannedy thedirectionof theincominglight andthe scat-
tereddirection,multiple scatteringdueto therandomorien-
tation of particlesto somedegreedepolarizeghe incident
light [32, 26, 25]. In Section5 we make useof thedepolar
izationpropertiego remove multiple scatteringeffectsfrom
themeasurements.

Another important sourceof error is depictedin Fig-
ure 2c. Here,somestructurebeneaththe surfaceactually
re ects morelight thanthe directre ection at the surface
leadingto wrong depthestimategcompareFigures6 and
4). While light re ected by thosestructureskeepsthe high
frequencie®f theincidentlight patternwe shov in our ex-
perimentghatit undegoessomedegreeof depolarization,
which canbeutilized.

2.3.Interr e ections

Similar effectsareintroducedby interre ectionsdueto
nearbysurfaces(Figure 2d). The signal of the direct re-
ection off anarbitrarysurface(notnecessarilyranslucent)
is disturbedby theindirectre ection from anothersurface.
Theresultingartefactsmightrangefrom a smallbiasadded
to the depthestimateof the original surface(A) to wrongly
detectingthe depthof the mirror imageof the othersurface
(B).

Dependingon the re ection propertiesof the othersur
face(B) thehighfrequenciesf theoriginal patternwill typ-
ically be signi cantly reducedn theindirectre ection; for
aglossyor diffuseBRDF, theillumination of a singlepoint
on surface(B) will indirectly illuminate a larger region on
surface(A), herebyspreadingutthesignal. For secondand
higherorderinterre ectionsthe lossof high frequenciess
evenmoreprominent.

Note, however, thatinterre ectionsmight still resultin
linearly polarizedlight dependingon the arrangementf
surfaces(A) and (B). As a result, polarizationis not al-
wayssuitablefor separatinghe direct componenfrom in-
terre ections.



3. RelatedWork
3.1.3D Scanning

Numerous3D scanningechniqueiave beendeveloped
duringthelastdecadesA long processingipelineis nec-
essaryto obtaina complete3D modelfrom a collectionof
rangescang14]. In this paperwe concentratgust on cap-
turingreliablerangemapsanddo not cover furtherprocess-
ing suchasregistration,meging, or smoothing.Structured
light methods(seeSalvi et al. [23] for a suney) analyzea
setof imagescapturedunderwell de ned patternsn order
to determinethe correspondencbetweencameraandpro-
jector pixelsfor eachsurfacepoint, from which the point's
depthcanbe computed.They rangefrom line sweepincal-
gorithms[4] to optimizedstripeboundarycodesthatallow
for real-timescannind8]. Davis etal. [5] presente@dcom-
monframework, spacetimetereao unify stereostructured
light, andlaserscanning.

While moststructuredight approachesimply assume
to obsere the undistortedmeasurementom direct sur
facere ectionsthe phase-shiftinglgorithmis morerobust
againstnoisecauseddy globalillumination effectssuchas
subsurécescattering,aswe will explain in detailin Sec-
tion 4.

Other3D geometrycapturingapproachemcludefor ex-
amplephotometricstereowhich Magdaetal. [15] demon-
stratedfor non-difuse material. Photometricstereois also
suitedto obtainthe geometryof the surfaces mesostructure
which, consideringspeculare ectionsonly, canbederived
with high delity [3], becausespeculare ections areonly
moderatelybiasedby low frequeng globalillumination ef-
fects.In [13], Kutulakosand Stegerintroduceda light-path
triangulationtheoryto capturethe 3D shapeof refractve
and specularobjects. Miyazaki and Ikeuchi [16] recon-
structedthe surface shapeof transparenbbjectsby using
polarization.

3.2.Separationof Re ection Components

This paperfocuseson structuredlight 3D scanningof
translucenbbjectsandthe mostimportantproblemhereis
to separatehedirectre ection componentrom ary global
illumination effect. Currentseparatiorapproachesre ei-
ther basedon polarization,which we will further discuss
in Section5, or on structured,high frequeng illumina-
tion. Using imagescapturedwith a polarization Iter at
differentorientationsone canfor exampleseparataliffuse
from speculare ections[18, 22, 30, 31] or attemptto re-
move depolarizedjlobal effectssuchasmultiple scattering
dueto participatingmedia[24, 25, 26, 29]. Making use
of structuredhigh frequeng illumination, mostglobal ef-
fectscanberemovedsinceonly directre ection will propa-
gatehigh frequenciesvhile global effectsdrasticallydamp
them[17, 19]. Wu and Tang[35] obtaineda full separa-

tion into speculardiffuse,andsubsurécescatteringe ec-
tion componentdy additionally analyzingdirectionalde-
pendence.

4. Phase-Shiftingfor 3D Scanningand Re ec-
tion Separation

Nayaret al. [19] have developeda simple and ef cient
methodfor separatinglirectandglobal component®f the
light re ected by a scene.Theapproachs basedonthein-
sightthatglobaleffectssigni cantly damphighfrequencies
(compareSection2). llluminating the scenewith shifted
high frequeny patternsthereforewill resultin high fre-
guenciebsenablein thedirectre ection partonly.

4.1.DescatteringPropertiesof Phase-Shifting

Variouspatternshave beenproposedy Nayaretal. [19]
to performthe separatiorrangingfrom checler boardand
simple stripe patternsto sinusoids. As pointedout by the
authorsshiftedsinusoidscanbeusedsimultaneouslyor 3D
scanningsincethe patternsallow for deriving the phaseof
the sinusoidfunction. We implementecthis techniquein
our 3D scanningapproachaswell. Assumingthatthe out-
put of the projectoris linear, which we establishthrough
photometriccalibration,a setof sine patternsis generated
asLi(m;n) = 0:5cod m + ;) + 0:5 where isthefre-
queng for all patternsand ; is the phase-shiffor eachin-
dividual pattern. Given a sufciently high , the obsered
intensityl re ected of a scenepoint at camerapixel (x; y)
will be

06y = SlLatiyeos (XN + ) @
HLa(xy) + Lg(5y)I:

Note that only the directre ection L4 will dependon the
phase of the surfacepoint while the global partL 4 will
not. The obseredphase( X;y) is correlatedto the depth
or disparityof thesurfacepointanddepend®nthespeci ¢
camerandprojectorparameters-romasetof atleastthree
differentphaseshifts,e.g. ; 2 2 =3;0;2 =3, onecan
separat¢he globalandthedirectcomponentss

Lg = §(|o+|1+|z) L¢ and 2
La = 20300 LPT @ To 197 O

L4 is supposedo bein low frequeny andleadsto thefact
that it canbe cancelledout implicitly in the leastsquare
evaluation of For N evenly spacedphaseshifts in

one cycle the following equationcomputesthe phaseat

pixel(x; y):

(%)= tan Ii cos()

; (4)



whereall sumsareovertheN measurements,resultwhich
hasalsobeenobseredin communicatiortheorywhende-
tecting noise corruptedsignals using synchronousdetec-
tion [2]. At the sametime we canusetheratio of the
obseredamplitudeoverthe obsenedbiasasa measurdor
thereliability of the phaseestimation:
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4.2. Temporal Phase-Unwrapping

Using shifted patternswith a single frequeng we can
detectthe phasewithin oneperiodof theselectedrequeny
( 2 [0;2 ]). Theperiodhowever might be repeatednul-
tiple timesover the entirescene.The problemis to locate
theabsoluteunwrappeghase thatuniquelyidenti es the
pixel's phase. A numberof different methodshave been
proposedto obtain an unwrappedphasemap [6]. If the
scenecontaindepthdiscontinuitiegsheexactphaseandpe-
riod canbe obtainedby repeatingthe phaseextractionfor
multiple (lower) frequencieq9, 10]. Possibleapproaches
arechoosingfrequenciesuchthatthe greatestommondi-
visor of the periodsis larger thanthe numberof columns
in the projectorimage[28]. More robustunwrappings ob-
tainedby creatinga seriesof frequencies ; = 05
until one period spansthe projectorimagewidth s result-
ing roughlyin F = log,(s) frequencies[10]. Giventhe
unwrappedohaseat onefrequeng j + 1, the unwrapping
algorithm iteratively locatesthe phaseat stepj, the next
higherfrequeng. Startingwithj = F  land ¢ =
one computeshe unwrappedphaseat the next higherfre-
queny by

2 ]+1

i= ; 2 NINT - ;
J J 2 !

(6)
whereNINT roundsto the nearestnteger. The unwrap-

ping itself is to someextentsimilar to decodingbinary en-

codedstructuredight patterng23], but morerohust.

In our experiments(seeSection6) we usedperiodsof
8;16; 32, 64; 128 256 512 and 1024 pixels. At the higher
frequencieg8 and 16 pixels) we use8 and 16 phase-shifts
to obtainthe bestprecisionwhile the lower frequenciesre
only usedfor disambiguatinghe period(makingroughand
stablebinary decisions), thereforesix phaseshifts turned
out to be sufcient. Overall, 60 imagesare capturedfor
eachrangescanbut the numbercould be furtherreducedf
necessary

Usingmultiple frequencieposegheproblemthatEqua-
tion 1 only holdsfor high frequenciesFor low frequencies,
theglobalcomponenwill alsovarywith thephase-shifand
thusthe phaseanddepthestimatesvill bebiased.Basedon
the scanningof the planarblock of alabasteshownn in Fig-
ure 6 we demonstratehis effectin Figure3aby comparing
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Figure3. Biasedphasereconstructiorfor low frequeng patterns.
(a) Phasepro les of individual frequenciesfor one line on the
planaralabasteblock. (b) After polarization-diferenceimaging
(Section5) eventhe lower frequenciesesultin correctdepthes-
timates. Notice that the curves aretilted by the samefactor for
illustration.

the phasesstimatedor differentfrequenciesThelowerthe

frequeng, the larger the deviation of the estimatedphase
for the individual frequeng. A small or moderatedrift at

alow frequeng hastypically only very little effect on the

combinedresultsincethe lower frequenciesare just used
for estimatingthe 2 modulojumps. Figure4c shaws an

examplewherethe deviation on alower frequeng is larger
thanoneperiodandthusintroducesa majoroffsetin the3D

scan.

In the next sectionwe demonstratdow reliable depth
pro les can be computedeven for low frequenciesvhen
polarizationis usedin additionto phase-shiftingo separate
outtheglobalcomponen{Figure3b andFigure4d).

5. Polarization-Differ encelmaging for Descat-
tering

As discussedn Section2 multiple scatteringdepolar
izesthe incominglight. Schechneet al. [26, 24, 25, 29]
have made extensve use of this phenomenao compute
clearpicturesthroughhazeor murky waterby taking sev-
eral polarizedimagesfrom which the depolarizedpart can
be removed afterwards. Basedon the estimatedsignalloss
inducedby the participatingmediathe authorsfurthercom-
puteroughdepthmapsof the underlyingscene.

In our setupdepictedin Figure 5 linear polarizersare
putin front of the cameraandthe projector We thencap-
ture the phase-shifimagesequenceawice, oncewhenthe
cameras polarizeraxisis orientedparallelto the projectors
polarizeraxis, yielding Ijk, anda secondtime usingcross-
polarization,| J? . A polarizationdifferenceimage [22, 30]
is thencomputedas

S )

Theideais thatdepolarizedight will addexactly the same
contrikution to both imagesequencesndependentf the
cameras Iter orientation,andthuswill be completelyre-
movedin |; . Basedonl; we thenperformthe3D recon-
struction.



(a)scene (b) phase-shifting

(e)line scan

(c) parallelpolarization (d) PDI

Figure6. Reconstructionmesultsfor a planarsurfaceof heterogeneoualabasterFirstrow: (a) PhotographWhile the directcomponent
L4 (b) extractedusingno polarizationIters clearlycontainssomesubsurécestructureghey arepartially removedby parallelpolarization
LS (c) andnot presentafterapplyingPDI L ; (d). Secondrow: The contrastin the high frequeng inputimagesis improved by parallel
polarizationandfurtherby PDI. Third andfourthrow (magni ed region): Geometryreconstructiomesultsfor (e) line sweeping(b) phase-
shifting without polarization,(c) with parallelpolarization,and(d) with PDI. Thein uence of the subsurfcestructureson the nal 3D

geometryhasbeencompletelyremovedby PDI.

Figure6 demonstratethe effect of polarization ltering
on the quality of the 3D reconstructiorof a quite planar
block of alabaster The mostimportantdifferencebetween
3D reconstructionby phase-shiftingwithout polarization
Itering and with polarization-diferenceimaging applied
is that scatteringeventsbeneaththe surfaceare muchbet-
terremovedin the latter case.Using PDI, the contrastand
thusthesignalof theinputimagess largely improved (bot-
tom row of Figure 6). However, aswill be discussedn
theresultsection therearesomescenesvherethe PDI ap-
proach Iters outtoo muchof thedirectre ection. In these
caseasingtheimagesequencevith parallelorientationof
thepolarization lters providesagoodtrade-of betweemo
polarizationandPDI.

6. Results

In the following sectionwe assesshe descattering-a-
pabilities of phase-shiftingwith and without polarization
on a setof translucenscenesa highly translucentalmost
homogeneouslabastergurine (Figurel and7), a lled,
translucenwase(Figure4), a heterogeneouglanarslab of
alabaste(Figure6), somegrapesanda starfruit (Figure7).
Exceptfor removing spuriousbackgroundgixelsandpixels
having a too weak signal no further processingj.e. noise
removal or smoothinghasbeenappliedto theresultsin this
paper

6.1.Setup

All imagesin this papethave beenacquiredwith a 14-bit
1360 1024-pixel JenoptikProgResCFcool CCD camera
anda Mitsubishi XD490U XGA DLP Projectorwhosena-
tive resolutionis 1024 768. We performeda photometric



(@)Lgqfor =2 =8 (b)Lyfor =2 =64

(c) phase-shifting (d) PDI
Figure4. For thistranslucenvase lled with lavender therecon-
structeddirectre ection is dependenon thefrequeng of theillu-
minationpattern.(a) Most subsuréacescatterings removedusing
thehighestfrequeng. (b) At lower frequenciestructuredeneath
thesurfacecontrituteto thedirectcomponenpolluting thephase-
unwrappingresultsin (c). (d) Using PDI thein uence of subsuf
facestructuress largelyreducedandthedesiredshapés captured.
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Figure5. Oursetupfor polarization-diferencamaging(PDI). The
projectoris equippedwith a linear polarization lter at x ed ori-
entation.The cameracaptureswo imagesequencewith parallel
andwith perpendiculaprientationof the polarization Iters.

projector

\unpolarized
ligh

calibrationfor bothdevicesandcapturedHDR imageq21]
using four different exposures. The measurednaximum
simultaneouscontrastof a sine patternwith a period of 8
pixelsre ected by a graycardis 180:1(max/min).We per

formed geometriccalibrationbetweenthe cameraandthe
projector[37]. Linearpolarization lters have beenplaced
in front of the projectorandthe camerato acquirethe PDI

imagesequences.

6.2.Structur ed Light Results

Descatteringbasedon phase-shiftingvithout polariza-
tion candealprettywell with translucenbbjectsandclearly
removes someamountof the subsuréce scattering(Fig-
ure 7), as predictedby Nayar et al. [19]. The phase-
unwrapping, however, relies on low frequeng patterns
which clearly suffer from global effects (see Section5).
Furthermore,structuresbeneathbut close to the surface
will have somein uence ontheestimatedlirectcomponent
whichis unwantedin the contet of 3D scanning(Figure4
and6).

Sweeping singleline is analternatve to phase-shifting
and performssurprisinglysimilar. As canbe seenin Fig-
ure 6 evenfor highly translucenbbjectsoneobtainsarea-
sonable3D scanif high quality equipmentand HDR se-
guencesareused. The noisein the gure indicatesthatthe
SNR of line sweepingcomparedo phase-shiftings con-
siderablylower. Althoughline sweepings still sensitve to
the biasintroducedby subsurécescatteringor subsuréce
structureqSection2) global effects are minimized by the
comparablysmallamountof incidentlight concentratedn
asmallregion.

6.3.Polarization Results

Polarization-diferencemagingalsoseparatethedirect
from the global componentvery well. It faithfully re-
moves all tracesof subsurlcestructures. At grazingan-
glesPDI however Iters outtoo muchof the directre ec-
tion (seeFigure 7). It is worthwhile to note that depend-
ing on the surfacepropertiesalso somefraction of the di-
rectre ection might be depolarizedThis fractionwill also
beremovedin the polarizationdifferenceimage. For some
sceneswe actuallyobsened a bettercontrastof directvs.
globalre ection in the parallelpolarizationsettingl jk pro-
ducing smoother3D scans(seeFigures7, bottom row).
Even thoughparallel polarizationin theory only removes
somefraction of multiple scatteringeffects (comparesec-
ondrow in Figure6), combiningit with phase-shiftingdds
the descatteringcapabilitiesof both techniques.Figure 6
further shaws that parallelpolarizationalsorendersphase-
shifting slightly morerobust againstsubsurécestructures,
thoughnotasrobustasPDI. Onthe otherhandparallelpo-
larization is much easierto acquiresinceit requiresonly
half theamountof imagesanda x edorientationof the I-
ters.



(a)scene (b) no polarization

(c) parallelpolarization (d) PDI

Figure7. Reconstructiomesultsfor a selectionof translucenbbjects.For thesesceneshereconstructiomesultsof phase-shiftingvithout
polarization(b) andwith parallelpolarization(c) areof comparablejuality sincethe objectsaremostlyhomogeneousAt grazingangles
too muchsignalfrom thedirectre ection is Itered outby PDI (d) resultingin moreholesandnoisierdepthmaps.

7.Conclusion

By combiningphase-shiftingwith polarization ltering
we introduceda robust 3D scanningtechniquefor translu-
centobjects. A carefulanalysisof phase-shiftingvithout
polarization,combinedwith parallelpolarizationandwith
polarization-diferencemaginghasshavn thatsomeof the
shortcomingsf pure phase-shiftingsuchasits sensitvity
to subsurécestructurecanbeovercome EventhoughPDI
hasthe ability to robustly remove all global effectsdueto
subsurécescatteringwvhich otherwiserendersaccurate3D
scanninga hard problem, parallel polarizationsometimes
provides a better SNR resultingin lessnoisy rangemaps.
Dependingon therichnessof subsurlcestructure thepla-
narity of the objectandthe sensitvity of the cameraone
might chooseonemethodover the other

The descatteringproperty of polarizationcan also be
usedby otherstructuredight techniquessuchasgraycode,

binary code, De Bruijn sequencegtc [23]. It would be
also interestingto exploit the hybrid methodthat canin-
telligently choosethe right methodto do reliable 3D scan-
ningfor generatranslucenbbjects.We expecttherewill be
somefurther descatterindpasedmethodsthat canhelp ac-
curateandrobust 3D reconstructiorof translucenbbjects
or evengenerakcenesncludingawide rangeof materials.
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