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Abstract et al. [10] have demonstrated how global illumination ef-
fects can be separated from the direct illumination. Chen
We present a new 3D scanning method using modu-et al. [3] exploited this method for 3D scanning by us-
lated phase-shifting. Optical scanning of complex objects ing phase-shifting where the use of high-frequency sirtisoi
or scenes with significant global light transport, such as patterns drastically reduced the influence of the globa ill
subsurface scattering, interreflections, volumetric mrat ~ mination. The employed one-dimensional patterns (sinu-
ing, etc. is a difficult task since the direct surface reflec- soidal inz but constant iry), however, does not fully re-
tion will be mixed with the global illumination. The direct move the global effects. It gets even worse for the lower
and global components can be efficiently separated usingfrequency patterns that are required in temporal phase-
high frequency illumination which to some extend is done unwrapping [7]. For these reasons, their method was com-
in traditional phase-shifting for 3D scanning. In this pa- bined with polarization difference imaging (PDI), exploit
per we introduce the concept of modulation based sepa-ing the fact that multiply scattered light becomes depolar-
ration where a high frequency signal is multiplied on top ized. PDI on the other hand adds to the complexity of the
of other signal. The modulated signal inherits the good setup and the acquisition. Furthermore, the combinedteffec
separation properties of the high frequency signal and al- of polarized illumination and the polarization characteri
lows for removing artifacts due to global illumination. Bhi  tics of reflections at surfaces leads to a drastically weadten
technigue can be used to clean up arbitrary projected sig- signal, especially at grazing angles [1].
nals, e.g. photographs as well as the sinusoid patterns used In this paper we introduce modulation based separation,
for phase-shifting. For the modulated phase-shifting, we where the direct illumination component even of a low-
propose a two-pass separation method exploiting high fre- frequency projected signal is correctly estimated. On top
guency patterns in two-dimensions that can filter out the of the low-frequency signal we multiply a two-dimensional
global components much more completely than traditional high frequency signal. We analyze the separation perfor-
one-pass separation methods. We demonstrate the effectivanance using high-frequency patterns in 1D or 2D, demon-
ness of our approach on a couple of scenes with significantstrating that 2D separation patterns result in a much aleare
subsurface scattering and interreflections. separation. We further show that due to the non-linearity in
the separation analysis, a sequential analysis of a 2D pat-
tern once horizontally and once vertically produces an even
1. Introduction better separation. Moreover, the modulation and separatio
scheme can be exploited for general low frequency patterns,
In structured light based 3D scanning, the 3D informa- such as an ordinary photograph.
tion is obtained by triangulation after establishing the co The improved separation based on modulation with se-
respondence between the camera pixels and the sub-pixejuential analysis leads to a much better performance of 3D
locations of the illuminating projector pixels. In orderds-  scanning. The proposed algorithm is more efficient with re-

tablish this correspondence a large variety of patterns hav gard to subsurface scattering as well as interreflecticars th
been proposed [11], encoding the projector pixel locations previous methods.

The decoding algorithms then assume that the measured

camera pixels only locally depend on the projected pat- 2 Related Work

terns. This assumption is violated if global illumination

effects such as interreflections or subsurface scatterag a In this section, we briefly review the recent advances in

strong, leading to the observations of multiple overlagd si  reflection component separation and their applications to

nals. Most often these global illumination effects dampen 3D scanning of complex objects with global illumination

high frequencies in the input patterns. effects. We also review the traditional phase-shiftinghnet
By choosing appropriate high frequency patterns, Nayar ods for 3D scanning.



2.1. Direct/Global Components Separation usually a digital projector, projects a series of phaséeshi
he di fect ) inal sinusoid patterns into the scene and a camera records the re-
The direct reflection component is due to a single re- g ,ing image. From a sequence of shifted patterns one can

flection at the surface and is therefore directly correlated jaiact for every camera pixel the phase within one period
to the surface geometry. The global component is causedy¢ e jjlyminating sinusoid pattern. The collective phase

by multiple scattering events, such as interreflection br su information is called the moduler phase map. In order
surface scat:]ermg. The global components can seriouslyy, getermine the absolute position within the illumination
deteriorate the measurements in 3D scanning [6]. ACCU-4ter the period has to be localized. This process isctalle
r_ate 3D scanning methods for scenes with complex glqbalphase-unwrapping, for which lower frequency sinusoid pat-
light transpo_rt usually have a key component of removing ;arns are typically used [5]. An unwrapped phase map di-
or suppressing the global components. In [12], Seital rectly encodes the correspondence between the image field
presented a method for computing and removing interreflec-, the projection field. Once this correspondence is deter-

tion in photographs of real scenes. Their method is based OMined, the 3D coordinate information of the object can be
Lambertian assumption and requires a very large number of

) ; _ computed by triangulation.
images. Chert al [2] proposed an interactive photomet- Most of the advanced phased-shifting methods focus on
ric method to separate the specular reflection, one kind of

) X the different aspects of the above procedure. With the in-
direct component and to do 3D reconstruction from the es- o asingly ubiquitous availability of digital projectoasd
tlmated normal map. Their rr_1ethod can successfully dea'digital cameras, a typical setup of a phase-shifting syssem
with a class of translucent objects. Neaal. [8] presented 5 hoiactor-camera system. However, the inaccuracy inher-
a rapid acquisition method of specular and diffuse normal gyt iy the commerecial projectors introduces new problems.

maps from polarized spherical gra_dient illumination. Thei Zhang and Yau [19] proposed a new look-up-table method
method can produce high resolution 3D scans for moder-¢, . phase error compensation. Instead of trying to im-

ately translucent objects, such as human faces. Based 0B, e scanning accuracy, some researchers are contiguous|
the insight that direct and indirect scatter traces haverdif working on the scanning speed. Zhang and Yau [20] pre-
ent characteristics, Morris and Kutulakos [9] introduced a ganted a high-resolution, real-time phase-shifting netho
new 3D photography method, called scatter-trace photogra-with customized hardware. Weist al. [16] developed
phy. Their method provides new possibilities for 3D scan- a fast 3D scanning system combining stereo and phase-
ning of inhomogeneous transparent scenes. In [10] Nayarshifting. Most of the high quality or high speed phase-

et al. introduced an efficient metho.d for separatir]g direct shifting methods require an efficient phase-unwrapping
and global components by using high frequency illumina- method [5]. Zhanget al. [18] presented a multi-level qual-

tion. Their _appr_oach is based on Fhe insight th_at g_loba_ltl_igh ity guided phase-unwrapping for a real-time phase-shjftin
transport significantly dampens high frequencies in thie inc system. Huntley and Saldner [7] introduced the temporal
dent illumination patterns while the direct reflections sloe phase-unwrapping method, which is a multi-scale method

not. In the same paper, they proposed several useful highy g yery robust, especially when scanning highly discon-
frequency patterns, such as checkerboard patterns, gine Patinuous surfaces.

terns,etc They also pointed out that phase-shifting can be

used for '3D scann_ing. In [14], Talvakt al. ad_a_lpted Na—_ 3. N-Step Phase-Shifting

yar et al’s separation method to remove veiling glare in

high dynamic range imaging. They use a high frequency In the past years, many different phase-shifting algo-
mask to selectively block the light that contributes to the rithms have been developed [5, 13, 17, 19, 20, 16, 18].
veiling glare. Veeraraghaveet al. [15] presented a novel The measurement accuracy of phase-shifting is usually af-
modulation-based method for capturing light field by using fected by the noise and inaccuracy of the source and sensor,
an attenuating mask. Chenal. [3] extended Nayaet al.’s e.g imaging noise of the camera, and nonlinearity and light
idea to 3D scanning of translucent objects. Their method leakage of the projector. One of the most accurate methods
is further enhanced by using parallel/cross polarizatlan.  is based on théV-step least squares phase-shifting algo-
this paper, we also make use of Nawral's separation  rithm [19] for a projector-camera system. Sinusoid patern
and propose a modulation technique where even for a loware generated by the projector and shifted by a fact@{;of
frequency input signal the direct component can be reliably for N times as

estimated. L;(z,y) = 0.5+ 0.5cos(2m fx + 4;), Q)

2.2. Phase-Shifting where (x,y) is the projector coordinate. The sinusoid is
varying only in thexr dimension. The frequency is denoted
Phase-shifting [13, 17] based on sinusoid patterns hasby f. §; = %,z =1,2,..., N denote theV different phase
been used extensively in optical 3D scanning. The source shifts.



The camera records one image for each phase-shift andrequency illumination patterns. In other words, the perfo

N images in total. The resulting intensity at camera pixel
(z,y) in stepi can be expressed as follows:

Li(z,y) =1 +1 cos(®(z,y) +6;) 2
= ap(z,y) + a1 (z,y)cos(6;) + az(x,y)sin(d;),

where!  is the average intensity, the intensity amplitude,

mance of the separation is limited by the frequency of the
illumination. This highest frequency is however given by
the properties of the projector and might be reduced due to
light leakage and built-in image processing. In practice we
apply f = % as the overall highest frequency, and found
f= é with N = 8 to produce the best phase estimates.
The unit for frequency iswycles/pizel. While there are

and® the phase to be solved. Solving the set of equationspractical limits to the highest reliable frequency the ghas

given in EqQ. 2 in a least-square sense, we obtain,

B(r,y) = m(—(<yy)> 3)

where

lao(z,y) ai(z,y) az(w,y)]"= A7 (6)B(z,y,6:), (@)

N > cos(6;) > sin(d;)
A(6;) cos(;) > cos®(8;) > cos(d;)sin(6;)|, (5)
sin;) Y cos(6;)sin(8;) > sin?(d;)
and
(z,y,0 [ZI ZI cos( ZI sin(d ] (6)

Using phase-shifting for 3D scanning, one is mostly in-
terested in determining the effective phaber, y) which

shifting pattern furthermore is only of high frequency ie th
phase direction, here the direction. It does not contain
any high frequencies in thg direction and therefore has
only limited descattering performance.

4. Modulated Phase-Shifting

In this section, we will introduce the modulated phase-
shifting to improve the separation performance of tradi-
tional phase-shifting. The main idea is to modulate a high
frequency signal, that has good separation performance on
top of the low-frequency signal we might be interested in.

4.1. Modulation

In telecommunication, modulation is the process of vary-
ing a periodic waveform in order to carry another signal.
Normally, a high-frequency sinusoid waveform is used as
carrier signal. We perform modulation by multiplying an

is correlated to the disparity and therefore the depth of theinput signal L (sine waves for phase-shifting, see Eq. 1)

pixel. Additional phase-unwrapping employing lower fre-

with other shifted high frequency patterns. The process can

quency patterns is necessary to locate the period for whichbe formally expressed as

the phase is measured.

3.1. Separation Property

Following the idea presented in [10] one can exploit the

different dependency of the direct and global illumination ¢

effects on a high frequency illumination pattern to separat
these two components. Only the direct componkaptis
correlated to the amplitude teri while the global com-
ponentL, is not if and only if f is sufficiently high. Both
Lq and L, contribute to the average imade, or ag. We
computeL, and L, in the same way as in [3]:

Ly =2y\/a?+d3, and
Ly = 2ag — 21/a? + d3. (7

Since there are 3 unknownsy, a1, andas, theoretically,
3 shifts are the minimum requirement for calculating the
phase and the separation. In our experiments we apply ei-
ther 6 or 8 shifts in order to alleviate distortions due togma
ing noise, nonlinearity, vibratiorgtc

In [10], Nayaret al. pointed out that the best separation

of direct and global components is achieved with the highest

M)

Y

Eij (I, y) (8)

whereL is the modulated function to be projectedl/,, is
the modulation function in: dimension with frequency,
and N, shifts. Accordingly,),, is a modulation function

= L(z,y) M (z,y) M) (z,y),

in the y dimension with frequency, and NV, shifts. The
total number of projected images 1%, N,. The highest
frequency of the modulated signal is now given by either
f= or f, and is no longer limited by the original signal’s
frequency since a multiplication in the spatial domain cor-
responds to a convolution in the frequency domain. Thus
the modulated functior. has higher frequency than the
non-modulated functiof in both dimensions, and we can
overall obtain a better separation of the direct/global com
ponents.

In principal, all the high frequency functions proposed
in [10] for the separation can be used as modulation func-
tions, M, andM,. We use either periodic binary functions
or sinusoid functlons as the modulation functions in all our
experiments. The sinusoid modulation function is defined
in the same way a5k (see Eq. 1). The periodic binary func-
tion in z dimension is defined as

B (z,y) = [22f] mod 2. 9)



(a) (b) (c) (d)
Figure 1. Two-pass separation vs. one-pass 2D separation. Di-
rect component (a) and global component (b) from the one-pass
algorithm. Direct component (c) and global component (d) from
the two-pass separation. Note that the two-pass separation metho
working on exactly the same input data produces a much clearer
separation.

4.2. Multi-Pass Separation

In principle, a modulation in one direction is sufficient (c) (d)
to perform some (possibly limited) separation. In this gase Figure 2. An ordinary photograph (a) is projected into a scene con-
the separation into the direct and global components canf@ining a glossy surface at the bottom and a diffuse paper screen
be done using sinusoid functions and the analysis given ini" the back. (b) The projected image in the back is polluted by the

Eq. 7. One can also use a binary pattern. The separation i host image caused by the reflection from the glossy book cover.
thén (.:omputed as follows: ' %c) The direct component separated by using 1D phase-shifting,

with f, = % still contains slome artifacts. (d) The two-pass sep-
aration algorithm, withf = £ in both dimensions suppresses the
Ld(x’ y) = Imax (.’L‘, y) — Imin (x’ y)a and ghost imagge completvg]lcy. ® PP

Ly(z.y) = Imin(z,y). (10)

] book cover causing a ghost image on the white paper screen
where I,.q. (2, y) and Lin(z,y) are the maximum and i, the back. The interreflection further reduces the contras
minimum intensities of pixe{z, y) for the N, images. of the projected image. Moreover, the white paper is mod-

In order to increase the separation performance onegrately translucent and induces subsurface scatteringhwhi
should perform the modulation in both dimensions to re- reqyces the sharpness of the projection. All these global il
move global illumination in both directions. Applying the |ymination effects, interreflection and subsurface statie
modulation in 2D, one can simply apply the minimum- c5yse the degeneration of the projection (see Fig. 2(b)). In
maximum approach on th¥, N, images and then evaluate o r4er to suppress these artifacts, we first modulate thesmag
Eq. 10, as that has been proposed by Nayar etal. [10].  ysing a sinusoid function with, = % in = direction. This

It turns out, however, that a much better separation canqp separation (Fig. 2(c)) reduces the global illuminatibn e
be achieved by using sequential separation in each dimenfects, but one can still notice some remaining artifacte Th
sion. One can see theé, images for a fixed stepin zasthe  jmage in Fig. 2(d) is obtained by using two-pass separation
1D modulation of the “original” signal/; with the modu- with a sinusoid off, = % and a binary pattern witf, = é

lation patterni,,. Performing the 1D separation for every The additional second pass removes the ghost image com-
individual step inz then results inV, direct component  pjetely and improves the contrast.

imagesL?, which act as the input to the second separation
phase, this time irz. Note that we have used exactly the
same input images as before but have a two-stage filterin
where global illumination effects that might pass the first
separation are filtered out in the second pass. The improve
performance of the two-pass separation vs. the one-pass 2
minimum-maximum separation is demonstrated in Fig. 1.

This example demonstrates the effectiveness of modula-
tion and multi-pass separation in removing interreflection
%nd subsurface scattering effects even for general ingut si

als. More generally, any low frequency input signal could
Cge modulated to inherit the separation properties of thie hig
l?requency modulation function.

4.3. Modulation for a General Signal 4.4, Modulated Phase-Shifting and Unwrapping

The idea of modulation based separation can be applied In the case of phase-shifting, the original pattefnare
to more general signals. We demonstrate this by projectingalready one-dimensional sinusoids that inherently perfor
an ordinary photograph into a scene inducing interreflec- 1D separation for sufficiently high frequencigs For tem-
tions. In Fig. 2, the projected image is reflected off a glossy poral phase-unwrapping [7, 3] a series of different frequen
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cies is appliede.0 1551, =73+ 356+ 195 a1’ 330 i and

%. The highest frequencies are used for estimating the
phase while the lower frequencies are required to unwrap
the phase.

In order to obtain measurements that are robust to globalf™
illumination effects we apply a modulation in thedirec- :
tion using a shifted high frequency pattern on top of the
original phase-shifting signal and then perform the twespa @) (b) (c) (d)
separation presented in the previous sections. The firsf pas Figure 3. Photographs of the experimental scenes. (a) One face
operating in they direction, only performs the direct/global  of an alabaster block. (b) One edge of an alabaster block. (c) An
separation. The second pass is then used for both filteringalabaster horse head. (d) A glossy sphere in the corner of an open
out the global component that might have survived the first notebook.
pass a}nd for determining the phase or performing the un-c 1 Alabaster Plane
wrapping.

In theory, for the low frequencies a modulatiorirand

would be necessary to remove any influence of global il- In the first example we perform 3D scanning on a planar
y y y 9 slab of highly translucent alabaster with significant subsu

lumination effects on the unwrapping. In prac'uce, SINee th face structures (Fig. 4). Performing phase-shifting with 1
low frequencies are only used to determine the period and 1

not the phase, the unwrapping turns out to be stable enouglﬁmttemS of frequency, = 5 separates out some of the

i 8
even without any modulation in all our test cases. subsurface scattering but gets corrupted by structureg clo
Modulation is therefore only applied to the high fre-

to the surface. Applying polarization difference imaging
quency signals used to estimate the phase Vit % or filters out the depolarized multiply scattered components
fo = 1—16 Since the frequencies in are high enough to

but also weakens the signal, resulting in a less biased but
. . .. slightly noisier reconstructed geometry. An even bettpr se
obtain reasonable separation performance, a modulation in_ > . : : . 4 .
X o A aration with a higher frequency signal is obtained by modu-
y is sufficient. For the 3D scans presented in this Paper we ..+ e nhase-shifting sianal by a second sinusoid inthe
applied a modulation frequency ¢f, = % with 6 shifts, g P gsig y 4

2 3 . i
leading to six times the number of images for the highest c'jlrect'lon of frquency" .6 following the apprqach out

. S . lined in the previous sections. The separated direct compo-
frequency. However, since no modulation is required for

. nent and the resulting 3D geometry is almost free of subsur-
the lower frequencies the overhead for the whole 3D scan- . .
. . e . face structures and slightly smoother than the recongruct
ning using modulated phase-shifting is quite moderate.

based on PDI.

5. Results This increase in quality comes at a small cost in the time
required for acquisition: For 1D phase-shifting, we apgplie
8 different shifts. For PDI this 8-image sequence is acguall
captured twice (16 images in total) for two different ori-

In this section we describe the experimental setup and
demonstrate the effectiveness of our method in removing
sgbsurface scattering and interreflections during 3D StaMNgntations of the camera polarization filter. In the modulate
ning. We show results for both planar (a face of an al-

abaster block) or non-planar objects (an edge of an alabasteg&fjnfﬁgutgg >v<v§ a:ng?r::;ge :S;:.Jhase shifts inytieection
block and an alabaster horse head). We also show results for
a scene including high frequency interreflection (a glossy = The benefit of modulating a traditional phase-shifting
sphere in a corner). The four scenes are presented in Fig. 3pattern gets even more apparent if the original signal has
Our basic acquisition system consists of only one pro- lower frequency. In Fig. 5, the dark veins of the alabaster
jector and one camera capturing images. In the currentcause some clear marks in the reconstructed geometry when
setup, we use a Mitsubishi XD490U XGA DLP projec- applying traditional 1D phase-shifting witf). = %. Mod-
tor (with 1024x 768 pixels) and a 14-bit 1360L024-pixel ulating with a binary pattern of frequencgf, = % again
ProgRe® C14plus CCD camera. For comparison with po- brings out a much better separated direct component and
larization difference imaging enhanced phase-shiftiqg [3 an unbiased 3D shape. The effectiveness of modulated
we use two additional linear polarizers, one for the cam- phase-shifting (MPS) to obtain accurate results even for
era and the other for the projector. The camera’s responsdow frequencies is of high importance for phase-shifting
curve is recovered using the method proposed by Debeveavith temporal phase unwrapping where it brings two bene-
and Malik [4] and HDR images are taken by fusing mul- fits: Phase-maps generated with lower frequencies typicall
tiple images with different exposure times. We calibrate carry slightly less noise than those obtained from higher fr
the projector-camera system geometrically using Zhang'squencies. Furthermore, they are easier to unwrap because
method [21]. there are less ambiguous periods.



Figure 4. Separated direct components (first row) and recon-
structed 3D shapes (second row) for the alabaster slab. (a) Stan-
dard phase-shifting (PS) with, = %. (b) Polarization difference
imaging (PDI) withf, = . (c) Modulated phase-shifting (MPS)
with f, = é andf, = é The subsurface structures that are cor-
rupting the 3D reconstruction in (a) have been successfully filtered

out by both PDI and MPS.
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Figure 6. Direct components and reconstructed 3D shapes for the
edge of the alabaster block. (a) PS wjth = é is not sufficient
to remove all subsurface scattering. (b) For PP, = é the
strength of the recovered direct component is largely dependent
on the surface normal resulting in a noisy reconstruction. (c) MPS
with f, = £ and f, = & yields good results independent of the
surface orientation.

(b) face normal PDI cannot reconstruct as much of the surface

as our MPS method but the reconstructed surface is slightly

Fi'gure 5. Direct components and SD shape:fI for the alabast_er blocksmoother, indicating that in this case the MPS could not fil-
with lower frequencies. (a) PS witfi, = 5. (b) MPS with ter out subsurface structures completely.

fz = 1—16 and f, = é The subsurface structures influence the

estimated geometry from PS.

5.2. Alabaster Edge 5.4. Interreflection Scene

While in the previous example PDI and our MPS have Th rforman f the thr roach n a different
demonstrated rather similar performance we obtainedrathe Ioba? iﬁSm?nati)nCifcf)ect ies deerﬁo?g:rgti % 'ians Igi a8 '?hz
different results on the second experiment where we rotated® 9. ©

the alabaster block to capture one of its edges (Fig. 6). Dueglur?;'reaggn 'g”t;és.;Z?P;lggn;i?z;ﬂ;mﬂi ?f: %Iozzyof
to the different orientation of the normals which influence P W : : W WO pag

the polarization even of the direct reflection the measured? bOOE’ m‘?IS“V notlcte?hblesré)ear the etdge- :_'heste dIntt)erretflec-
direct component in the PDI is much darker. The noise in lons heavily corrupt the geometry estimated by stan-

the 3D reconstruction by PDl is clearly noticeable. Staddar dard phase-shiiting. The reconstruction based on PDI is so

phase-shifting still contains too much subsurface saéager noisy f[hat itis hard to determlr_1e how much of t_he Inter-
which can be removed effectively using modulation. reflections actually have been filtered out. Applying mod-

ulated phase-shifting removes most of the interreflections
and produces the most accurate 3D shape. For compari-
5.3. Alabaster Horse Head son, the 3D profiles of the edge are shown in Fig. 9. Both

A slightly better performance of the PDI approach is vis- the PS and the PDI methods suffer from the strong inter-
ible in the results we obtained for the even more translucentreflection, while the MPS method reconstructs the corner
alabaster horse head in Fig. 7. Due to its dependence on suigeometry very well.



46.5 ‘
46 pPS
455 ¢
45
445
44
435 ¢
43 ¢

42-5670 675 680 685 690 695 700 705 710
pixel coordinate (x)
Figure 9. Corner profiles of the scene in Fig. 8. Both PS and PDI
show significant artifacts due to the interreflections.
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the presented experiments and the minimum-maximum al-

Figure 7. Direct components and reconstructed 3D shapes for thedorithm on 2D patterns [10]. In the 2D minimum-maximum
alabaster horse head. (a) PS with= 1. (b) PDI with f, = L. approach, the direct component is estimated from the min-
(c) MPS withf, = § andf, = &. PDIreconstructs fewer surface imum and maximum intensity values for all measurements
points but produces a smoother surface for some parts. The appliedf each pixel, while in the two-pass method the separation
frequency for MPS is not sufficient for a perfect separation in this is performed sequentially along thyeandz directions. Al-
case. though exactly the same input images are used, our two-
pass method by exploiting the non-linearity in the analysis
results in a much clearer separation where the direct com-
ponent contains far less of the global subsurface scatterin

component.

5.6. Limitations

As demonstrated in Fig. 4 and 5 the separation per-
formance of the structured patterns depends on the high-
est frequency employed. While modulated phase-shifting
introduces a principled way of increasing the separation
performance for a low-frequency input signal, the car-
rier frequency is still limited by the projection system.
The maximum reliable frequency we could project%is
since our projector cannot project very high-frequency pat
terns accurately. The projector introduces serious attifa
(interference-like wave artifacts) when projecting chaek
board with checker size smaller than 3. In Fig. 7(c) a higher

© frequency would have been needed to completely remove
Figure 8. Strong interreflections by a glossy sphere and betweenall subsurface scattering. Even at size 3, the projected pat
the two pages of a book. We apply the same frequencies as beforeterns contains noticeable artifacts, which cause high fre-
(2) PS produces ripples in the final geometry due to the reflec- qyency noise in the result scans. Most of the presented re-
tions of the sphere. (b) The result by PDI is very noise due to the sults to a small extent suffer from this problem. It is mostly
modified po_Iari_zation_after intgrreflections. (c)_The most accurgte noticeable in Fig. 8(c), where the smooth paper surface is
reconstruction is achieved using MPS. See Fig. 9 for the profiles o S
along the red lines. polluted by small_ s_cale_ noise. This Ilm_ltatlon render_s mod-

ulated phase-shifting inferior to traditional phase-tingf

5.5. Two-Pass vs. Single-Pass 2D Separation when scanning opaque objects without global illumination
1. effects.

For the edge of the alabaster block, Fig. 1 shows the di
ference between two-pass separation (Sec. 4) we used in all



6. Conclusion

Traditional phase-shifting for profilometry usually em-
ploys sinusoid patterns where the signal varies only in one
direction. Phase-shifting is one of the most robust 3D scan-
ning techniques but the results might still be corrupted by
global illumination effects such as subsurface scatteving
interreflections. We introduced the concept of modulated
phase-shifting where the original one-dimensional patter
is multiplied by a second shifted high-frequency pattern
in the other direction. This modulation requires capturing
more images but results in significantly improved robust-
ness against pollution due to these global illumination ef-
fects.

Compared to 3D scanning techniques based on polariza-

tion difference imaging (PDI) [3] our proposed modulation

technique is less demanding with regard to the acquisition[1 I

setup. Our method clearly outperforms PDI for objects with
strongly varying surface normals as well as for scenes with
strong interreflections.

Moreover, we extended the modulation scheme to gen-[11]

eral low-frequency functions.g an ordinary photograph.
This provides a new possibility to enhance the robustness
of applications where the frequency of the original sigsal i
rather limited.
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