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Abstract

Translucentobjectsposea dif�cult problemfor tradi-
tional structuredlight 3D scanningtechniques.Subsurface
scatteringcorrupts the range estimationin two ways: by
drastically reducingthe signal-to-noiseratio and by shift-
ing the intensitypeakbeneaththesurfaceto a point which
doesnot coincidewith thepoint of incidence. In this paper
weanalyzeandcompare twodescatteringmethodsin order
to obtain reliable 3D coordinatesfor translucentobjects.
By usingpolarization-differenceimaging, subsurfacescat-
tering can be �lter ed out becausemultiple scatteringran-
domizesthepolarizationdirectionof light while thesurface
re�ectancepartially keepsthepolarizationdirectionof the
illumination. Thedescatteredre�ectancecanbeusedfor re-
liable 3D reconstructionusingtraditional optical 3D scan-
ning techniques,such asstructured light. Phase-shiftingis
anothereffectivedescatteringtechniqueif the frequencyof
the projectedpattern is suf�ciently high. We demonstrate
theperformanceof thesetwo techniquesandthecombina-
tion of themonscanningreal-worldtranslucentobjects.

1. Intr oduction

For a numberof scenes,structuredlight 3D scanning
techniquesrun into the problemthat the signal observed
by the camerafor a surfacepoint is actuallynot only due
to directre�ection of theprojectedpatternbut insteadcon-
tains polluting signalsoriginating from ambientillumina-
tion, interre�ectionsfrom othersceneparts,or from subsur-
facescattering.Theseeffectsaremostprominentin translu-
cent objectswherethe directly re�ected signal is further-
more weakenedsincethe incident light is diffusedinside
the materialinsteadof beingfully re�ected at the surface.
Subsurfacescatteringcanof coursebeexcludedcompletely
if the object's surfaceis paintedbeforescanning,as it is
donefrequently. In this paper, we propose3D scanning
techniqueswhich are inherentlyrobust against subsurface
scattering.

In order to obtain reliable scansof translucentobjects
onehasto separatethe direct re�ection from the pollution
dueto multiple interre�ectionsor scattering.Oneapproach

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

to descatteringis to usethefactthatlight scatteredmultiple
timesgetsdepolarized.Projectingpolarizedlight andcom-
putingthedifferenceof imagescapturedwith apolarization
�lter at two orthogonalorientationsthusremovesmostof
the multiple scatteringcontribution [33, 22, 25, 29]. An-
othermethodfor separatingdirect from global re�ections
basedon high frequency illumination patternshasrecently
beenproposedby Nayaretal. [19].

In thesamepaperNayaret al. alsomentionthatphase-
shifting [27, 36] canperformthe separationand3D scan-
ning at thesametime. For thesereasons,our 3D scanning
approachfor translucentobjectsis basedon phase-shifting.
We demonstrateand analyzewhy descatteringbasedon
structuredlight aloneis notsuf�cient to obtainhighquality
depthmapsof heterogeneoustranslucentobjects.Our pro-
posedmethodthereforecombinesphase-shiftingwith po-
larization �ltering. The increasedperformanceis demon-
stratedandassessedonavarietyof translucentobjects.

2. Dir ectRe�ection vs. Multiple Scattering

In this sectionwe will discusstherelevanteffectsof di-
rectre�ection, multiplescatteringor interre�ectionsonpro-
jectedpolarizedor non-polarizedstructuredlight patterns.

2.1.Dir ectRe�ection

Thelight re�ectedatthesurfacetowardsthecameracon-
sistsof differentcomponents[12, 20, 11]: direct re�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) Thesubsurfacescatteringin translucentobjectscanshift
theobservedintensitypeakaway from thepoint of incidence.(c)
Opaquestructuresbeneaththesurfacepollute therangeestimate.
(d) Thesignalsof differentprojectorraysareoverlaiddueto inter-
re�ection from anothersurface.

off thesurface,subsurfacescatteringor interre�ections(see
Figure2). Thesignalwearemostinterestedin for 3D scan-
ning is thedirectly re�ected light (Figure2a). Theamount
of directly re�ected light dependson thesurfaceproperties
suchascolor, roughness,etc. which canbesummarizedin
the BRDF [20]. In addition, light that is re�ected from a
smoothsurfaceof adielectric(or insulating)materialis par-
tially polarized.Theamountof polarizationof there�ected
light canbe computedaccordingto Fresnel's formulae[1]
anddependson the materialpropertiesandthe orientation
of surfacewith regard to the incidentandre�ected ray di-
rections. A comprehensive polarizationre�ectancemodel
canbefoundin Wolff andBoult [34].

2.2.Multiple Scattering

Theprominenteffect thatdistinguishestranslucentfrom
opaquematerialsis that somelight penetratesthe surface
and is scatteredmultiple times inside the object beforeit
�nally leavesthesurfaceat someotherlocation.Determin-
ing the3D shapeof a translucentobjectrequiresdetecting
the �rst surfaceintersectionof the incominglight ray, i.e.
to observe the puredirect re�ection (Figure2a). Unfortu-
nately, thesignalof thedirectre�ection will beratherweak
sincesomefraction of the incidentlight will penetratethe
surfaceinsteadof beingre�ected. There�ectedsignalwill
furthermorebeheavily pollutedby singleor multiple scat-

tering createdby light incidenton otherscenepoints. As
pointedout by Godin et al. [7] multiple scatteringresults
in a measurablebias in the depthestimatesincethe loca-
tion of theobservedintensitypeakis shiftedaway from the
point of incidence(Figure2b). Multiple scatteringcanbe
approximatedby adiffusionprocess[12] andleadsto asig-
ni�cant dampingof thehigh frequenciesin the incidentil-
lumination. Projectingshiftedhigh frequency patterns,the
globalcomponentwill remainthesamewhile changescan
beobserved in thedirect re�ection only. This canbeused
to remove this global effect algorithmically [19]. We will
furtherinvestigatethisapproachin Section4.

Multiple scatteringfurther in�uencesthestateof polar-
ization. While single scatteringpolarizeslight according
to the sizeandshapeof a particleandthe referenceplane
spannedby thedirectionof theincominglight andthescat-
tereddirection,multiplescatteringdueto therandomorien-
tation of particlesto somedegreedepolarizesthe incident
light [32, 26, 25]. In Section5 we make useof thedepolar-
izationpropertiesto removemultiplescatteringeffectsfrom
themeasurements.

Another important sourceof error is depictedin Fig-
ure 2c. Here,somestructurebeneaththe surfaceactually
re�ects more light thanthe direct re�ection at the surface
leadingto wrong depthestimates(compareFigures6 and
4). While light re�ectedby thosestructureskeepsthehigh
frequenciesof theincidentlight patternwe show in our ex-
perimentsthat it undergoessomedegreeof depolarization,
whichcanbeutilized.

2.3.Interr e�ections

Similar effectsareintroducedby interre�ectionsdueto
nearbysurfaces(Figure 2d). The signal of the direct re-
�ection off anarbitrarysurface(notnecessarilytranslucent)
is disturbedby theindirectre�ection from anothersurface.
Theresultingartefactsmight rangefrom asmallbiasadded
to thedepthestimateof theoriginal surface(A) to wrongly
detectingthedepthof themirror imageof theothersurface
(B).

Dependingon the re�ection propertiesof the othersur-
face(B) thehighfrequenciesof theoriginalpatternwill typ-
ically besigni�cantly reducedin theindirectre�ection; for
a glossyor diffuseBRDF, theilluminationof asinglepoint
on surface(B) will indirectly illuminatea larger region on
surface(A), herebyspreadingoutthesignal.For secondand
higherorderinterre�ectionsthe lossof high frequenciesis
evenmoreprominent.

Note, however, that interre�ectionsmight still result in
linearly polarizedlight dependingon the arrangementof
surfaces(A) and (B). As a result, polarizationis not al-
wayssuitablefor separatingthedirectcomponentfrom in-
terre�ections.



3. RelatedWork

3.1.3D Scanning

Numerous3D scanningtechniqueshavebeendeveloped
duringthe lastdecades.A long processingpipelineis nec-
essaryto obtaina complete3D modelfrom a collectionof
rangescans[14]. In this paperwe concentratejust on cap-
turingreliablerangemapsanddonotcover furtherprocess-
ing suchasregistration,merging,or smoothing.Structured
light methods(seeSalvi et al. [23] for a survey) analyzea
setof imagescapturedunderwell de�ned patternsin order
to determinethecorrespondencebetweencameraandpro-
jectorpixels for eachsurfacepoint, from which thepoint's
depthcanbecomputed.They rangefrom line sweepingal-
gorithms[4] to optimizedstripeboundarycodesthatallow
for real-timescanning[8]. Davis etal. [5] presentedacom-
monframework,spacetimestereoto unify stereo,structured
light, andlaserscanning.

While moststructuredlight approachessimply assume
to observe the undistortedmeasurementsfrom direct sur-
facere�ections thephase-shiftingalgorithmis morerobust
againstnoisecausedby global illumination effectssuchas
subsurfacescattering,aswe will explain in detail in Sec-
tion 4.

Other3D geometrycapturingapproachesincludefor ex-
amplephotometricstereo,which Magdaet al. [15] demon-
stratedfor non-diffusematerial.Photometricstereois also
suitedto obtainthegeometryof thesurface'smesostructure
which,consideringspecularre�ectionsonly, canbederived
with high �delity [3], becausespecularre�ectionsareonly
moderatelybiasedby low frequency globalilluminationef-
fects.In [13], KutulakosandStegerintroduceda light-path
triangulationtheory to capturethe 3D shapeof refractive
and specularobjects. Miyazaki and Ikeuchi [16] recon-
structedthe surfaceshapeof transparentobjectsby using
polarization.

3.2.Separationof Re�ection Components

This paperfocuseson structuredlight 3D scanningof
translucentobjectsandthemostimportantproblemhereis
to separatethedirectre�ection componentfrom any global
illumination effect. Currentseparationapproachesareei-
ther basedon polarization,which we will further discuss
in Section5, or on structured,high frequency illumina-
tion. Using imagescapturedwith a polarization�lter at
differentorientationsonecanfor exampleseparatediffuse
from specularre�ections [18, 22, 30, 31] or attemptto re-
move depolarizedglobaleffectssuchasmultiple scattering
due to participatingmedia[24, 25, 26, 29]. Making use
of structured,high frequency illumination, mostglobalef-
fectscanberemovedsinceonly directre�ection will propa-
gatehigh frequencieswhile globaleffectsdrasticallydamp
them[17, 19]. Wu andTang [35] obtaineda full separa-

tion into specular, diffuse,andsubsurfacescatteringre�ec-
tion componentsby additionallyanalyzingdirectionalde-
pendence.

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

Nayaret al. [19] have developeda simpleandef�cient
methodfor separatingdirectandglobalcomponentsof the
light re�ectedby a scene.Theapproachis basedon thein-
sightthatglobaleffectssigni�cantly damphighfrequencies
(compareSection2). Illuminating the scenewith shifted
high frequency patternsthereforewill result in high fre-
quenciesobservablein thedirectre�ection partonly.

4.1.DescatteringPropertiesof Phase­Shifting

Variouspatternshavebeenproposedby Nayaretal. [19]
to performthe separationrangingfrom checker boardand
simplestripepatternsto sinusoids.As pointedout by the
authorsshiftedsinusoidscanbeusedsimultaneouslyfor 3D
scanningsincethepatternsallow for deriving thephaseof
the sinusoidfunction. We implementedthis techniquein
our 3D scanningapproachaswell. Assumingthat theout-
put of the projectoris linear, which we establishthrough
photometriccalibration,a setof sinepatternsis generated
asL i (m; n) = 0:5cos(�m + � i ) + 0:5, where� is thefre-
quency for all patternsand� i is thephase-shiftfor eachin-
dividual pattern.Given a suf�ciently high � , the observed
intensityI re�ectedof a scenepoint at camerapixel (x; y)
will be

I i (x; y) =
1
2

[L d(x; y)cos(�( x; y) + � i ) (1)

+ L d(x; y) + L g(x; y)]:

Note that only the direct re�ection L d will dependon the
phase� of the surfacepoint while the global part L g will
not. Theobservedphase�( x; y) is correlatedto thedepth
or disparityof thesurfacepointanddependson thespeci�c
cameraandprojectorparameters.Fromasetof atleastthree
different phaseshifts, e.g. � i 2 � 2� =3; 0; 2� =3, one can
separatetheglobalandthedirectcomponentsas

L g =
2
3

(I 0 + I 1 + I 2) � L d and (2)

L d =
2
3

p
3(I 0 � I 2)2 + (2I 1 � I 0 � I 2)2: (3)

L g is supposedto bein low frequency andleadsto thefact
that it can be cancelledout implicitly in the leastsquare
evaluation of � . For N evenly spacedphaseshifts in
one cycle the following equationcomputesthe phaseat
pixel(x; y):

�( x; y) = tan � 1
�

�
P

I i sin(� i )P
I i cos(� i )

�
; (4)



whereall sumsareovertheN measurements,aresultwhich
hasalsobeenobserved in communicationtheorywhende-
tecting noise corruptedsignalsusing synchronousdetec-
tion [2]. At the sametime we can usethe ratio 
 of the
observedamplitudeover theobservedbiasasameasurefor
thereliability of thephaseestimation:


 =
L d

L d + L g
=

N
p

(
P

I i sin(� i ))2+ (
P

I i cos(� i ))2
P

I i
P

sin2(� i )
: (5)

4.2.Temporal Phase­Unwrapping

Using shifted patternswith a single frequency we can
detectthephasewithin oneperiodof theselectedfrequency
(� 2 [0; 2� ]). Theperiodhowever might berepeatedmul-
tiple timesover the entirescene.The problemis to locate
theabsoluteunwrappedphase	 thatuniquelyidenti�es the
pixel's phase. A numberof different methodshave been
proposedto obtain an unwrappedphasemap [6]. If the
scenecontainsdepthdiscontinuitiestheexactphaseandpe-
riod canbe obtainedby repeatingthe phaseextractionfor
multiple (lower) frequencies[9, 10]. Possibleapproaches
arechoosingfrequenciessuchthatthegreatestcommondi-
visor of the periodsis larger than the numberof columns
in theprojectorimage[28]. More robustunwrappingis ob-
tainedby creatinga seriesof frequencies� j = 0:5� j � 1

until oneperiodspansthe projectorimagewidth s result-
ing roughly in F = log2(s) frequencies [10]. Given the
unwrappedphaseat onefrequency j + 1, the unwrapping
algorithm iteratively locatesthe phaseat step j , the next
higherfrequency. Startingwith j = F � 1 and	 F = � F

onecomputesthe unwrappedphaseat the next higherfre-
quency by

	 j = � j � 2� NINT
�

� j � 2	 j +1

2�

�
; (6)

whereNINT roundsto thenearestinteger. Theunwrap-
ping itself is to someextentsimilar to decodingbinaryen-
codedstructuredlight patterns[23], but morerobust.

In our experiments(seeSection6) we usedperiodsof
8; 16; 32; 64; 128; 256; 512 and1024pixels. At the higher
frequencies(8 and16 pixels)we use8 and16 phase-shifts
to obtainthebestprecisionwhile thelower frequenciesare
only usedfor disambiguatingtheperiod(makingroughand
stablebinary decisions),thereforesix phaseshifts turned
out to be suf�cient. Overall, 60 imagesare capturedfor
eachrangescanbut thenumbercouldbefurtherreducedif
necessary.

UsingmultiplefrequenciesposestheproblemthatEqua-
tion 1 only holdsfor high frequencies.For low frequencies,
theglobalcomponentwill alsovarywith thephase-shiftand
thusthephaseanddepthestimateswill bebiased.Basedon
thescanningof theplanarblock of alabastershown in Fig-
ure6 we demonstratethis effect in Figure3aby comparing
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Figure3. Biasedphasereconstructionfor low frequency patterns.
(a) Phasepro�les of individual frequenciesfor one line on the
planaralabasterblock. (b) After polarization-differenceimaging
(Section5) even the lower frequenciesresult in correctdepthes-
timates. Notice that the curvesare tilted by the samefactor for
illustration.

thephaseestimatesfor differentfrequencies.Thelower the
frequency, the larger the deviation of the estimatedphase
for the individual frequency. A small or moderatedrift at
a low frequency hastypically only very little effect on the
combinedresult sincethe lower frequenciesare just used
for estimatingthe 2� modulo jumps. Figure4c shows an
examplewherethedeviation on a lower frequency is larger
thanoneperiodandthusintroducesamajoroffsetin the3D
scan.

In the next sectionwe demonstratehow reliable depth
pro�les can be computedeven for low frequencieswhen
polarizationis usedin additionto phase-shiftingto separate
out theglobalcomponent(Figure3bandFigure4d).

5. Polarization-Differ enceImaging for Descat-
tering

As discussedin Section2 multiple scatteringdepolar-
izes the incoming light. Schechneret al. [26, 24, 25, 29]
have madeextensive use of this phenomenato compute
clearpicturesthroughhazeor murky waterby taking sev-
eralpolarizedimagesfrom which thedepolarizedpart can
beremovedafterwards.Basedon theestimatedsignalloss
inducedby theparticipatingmediatheauthorsfurthercom-
puteroughdepthmapsof theunderlyingscene.

In our setupdepictedin Figure 5 linear polarizersare
put in front of thecameraandtheprojector. We thencap-
ture the phase-shiftimagesequencetwice, oncewhenthe
camera'spolarizeraxisis orientedparallelto theprojector's
polarizeraxis,yielding I k

j , anda secondtime usingcross-
polarization,I ?

j . A polarizationdifferenceimage [22, 30]
is thencomputedas

I �
j = jI k

j � I ?
j j: (7)

Theideais thatdepolarizedlight will addexactly thesame
contribution to both imagesequences,independentof the
camera's �lter orientation,andthuswill be completelyre-
movedin I �

j . Basedon I �
j we thenperformthe3D recon-

struction.



(a) scene (b) phase-shifting (c) parallel polarization (d) PDI

(e) line scan

Figure 6. Reconstruction results for a planar surface of heterogeneous alabaster. First row: (a) Photograph. While the direct component
Ld (b) extracted using no polarization filters clearly contains some subsurface structures they are partially removed by parallel polarization
L

‖
d

(c) and not present after applying PDI L
∆

d (d). Second row: The contrast in the high frequency input images is improved by parallel
polarization and further by PDI. Third and fourth row (magnified region): Geometry reconstruction results for (e) line sweeping, (b) phase-
shifting without polarization, (c) with parallel polarization, and (d) with PDI. The influence of the subsurface structures on the final 3D
geometry has been completely removed by PDI.

Figure 6 demonstrates the effect of polarization filtering
on the quality of the 3D reconstruction of a quite planar
block of alabaster. The most important difference between
3D reconstruction by phase-shifting without polarization
filtering and with polarization-difference imaging applied
is that scattering events beneath the surface are much bet-
ter removed in the latter case. Using PDI, the contrast and
thus the signal of the input images is largely improved (bot-
tom row of Figure 6). However, as will be discussed in
the result section, there are some scenes where the PDI ap-
proach filters out too much of the direct reflection. In these
cases using the image sequence with parallel orientation of
the polarization filters provides a good trade-off between no
polarization and PDI.

6. Results

In the following section we assess the descattering ca-
pabilities of phase-shifting with and without polarization
on a set of translucent scenes: a highly translucent, almost
homogeneous alabaster figurine (Figure 1 and 7), a filled,
translucent vase (Figure 4), a heterogeneous planar slab of
alabaster (Figure 6), some grapes and a starfruit (Figure 7).
Except for removing spurious background pixels and pixels
having a too weak signal no further processing, i.e. noise
removal or smoothing has been applied to the results in this
paper.

6.1. Setup

All images in this paper have been acquired with a 14-bit
1360×1024-pixel Jenoptik ProgRes CFcool CCD camera
and a Mitsubishi XD490U XGA DLP Projector whose na-
tive resolution is 1024×768. We performed a photometric



(a) Ld for λ = 2π/8 (b) Ld for λ = 2π/64

(c) phase-shifting (d) PDI
Figure 4. For this translucent vase filled with lavender, the recon-
structed direct reflection is dependent on the frequency of the illu-
mination pattern. (a) Most subsurface scattering is removed using
the highest frequency. (b) At lower frequencies structures beneath
the surface contribute to the direct component polluting the phase-
unwrapping results in (c). (d) Using PDI the influence of subsur-
face structures is largely reduced and the desired shape is captured.

polarizer 

(analyzer)

scene

unpolarized

      light

polarized

    light

camera projector

Figure 5. Our setup for polarization-difference imaging (PDI). The
projector is equipped with a linear polarization filter at fixed ori-
entation. The camera captures two image sequences with parallel
and with perpendicular orientation of the polarization filters.

calibration for both devices and captured HDR images [21]
using four different exposures. The measured maximum
simultaneous contrast of a sine pattern with a period of 8
pixels reflected by a gray card is 180:1 (max/min). We per-

formed geometric calibration between the camera and the
projector [37]. Linear polarization filters have been placed
in front of the projector and the camera to acquire the PDI
image sequences.

6.2. Structured Light Results

Descattering based on phase-shifting without polariza-
tion can deal pretty well with translucent objects and clearly
removes some amount of the subsurface scattering (Fig-
ure 7), as predicted by Nayar et al. [19]. The phase-
unwrapping, however, relies on low frequency patterns
which clearly suffer from global effects (see Section 5).
Furthermore, structures beneath but close to the surface
will have some influence on the estimated direct component
which is unwanted in the context of 3D scanning (Figure 4
and 6).

Sweeping a single line is an alternative to phase-shifting
and performs surprisingly similar. As can be seen in Fig-
ure 6 even for highly translucent objects one obtains a rea-
sonable 3D scan if high quality equipment and HDR se-
quences are used. The noise in the figure indicates that the
SNR of line sweeping compared to phase-shifting is con-
siderably lower. Although line sweeping is still sensitive to
the bias introduced by subsurface scattering or subsurface
structures (Section 2) global effects are minimized by the
comparably small amount of incident light concentrated on
a small region.

6.3. Polarization Results

Polarization-difference imaging also separates the direct
from the global component very well. It faithfully re-
moves all traces of subsurface structures. At grazing an-
gles PDI however filters out too much of the direct reflec-
tion (see Figure 7). It is worthwhile to note that depend-
ing on the surface properties also some fraction of the di-
rect reflection might be depolarized. This fraction will also
be removed in the polarization difference image. For some
scenes, we actually observed a better contrast of direct vs.
global reflection in the parallel polarization setting I

‖
j pro-

ducing smoother 3D scans (see Figures 7, bottom row).
Even though parallel polarization in theory only removes
some fraction of multiple scattering effects (compare sec-
ond row in Figure 6), combining it with phase-shifting adds
the descattering capabilities of both techniques. Figure 6
further shows that parallel polarization also renders phase-
shifting slightly more robust against subsurface structures,
though not as robust as PDI. On the other hand parallel po-
larization is much easier to acquire since it requires only
half the amount of images and a fixed orientation of the fil-
ters.



(a) scene (b) no polarization (c) parallel polarization (d) PDI

Figure 7. Reconstruction results for a selection of translucent objects. For these scenes the reconstruction results of phase-shifting without
polarization (b) and with parallel polarization (c) are of comparable quality since the objects are mostly homogeneous. At grazing angles
too much signal from the direct reflection is filtered out by PDI (d) resulting in more holes and noisier depth maps.

7. Conclusion

By combining phase-shifting with polarization filtering
we introduced a robust 3D scanning technique for translu-
cent objects. A careful analysis of phase-shifting without
polarization, combined with parallel polarization and with
polarization-difference imaging has shown that some of the
shortcomings of pure phase-shifting such as its sensitivity
to subsurface structures can be overcome. Even though PDI
has the ability to robustly remove all global effects due to
subsurface scattering which otherwise renders accurate 3D
scanning a hard problem, parallel polarization sometimes
provides a better SNR resulting in less noisy range maps.
Depending on the richness of subsurface structure, the pla-
narity of the object and the sensitivity of the camera one
might choose one method over the other.

The descattering property of polarization can also be
used by other structured light techniques, such as gray code,

binary code, De Bruijn sequences etc. [23]. It would be
also interesting to exploit the hybrid method that can in-
telligently choose the right method to do reliable 3D scan-
ning for general translucent objects. We expect there will be
some further descattering based methods that can help ac-
curate and robust 3D reconstruction of translucent objects
or even general scenes including a wide range of materials.
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