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Abstract

The quality of a 3D range scan should not depend on the surface
properties of the object. Most active range scanning techniques,
however, assume a diffuse re ector to allow for a robust detection
of incident light patterns. In our approach we embed the object into
a uorescent liquid. By analyzing the light rays that become visible
due to uorescence rather than analyzing their re ections off the
surface, we can detect the intersection points between the projected
laser sheet and the object surface for a wide range of different ma-
terials. For transparent objects we can even directly depict a slice
through the object in just one image by matching its refractive index Figure 1: Fluorescent Immersion Range Scanning allows us to
to the one of the embedding liquid. This enables a direct sampling capture the 3D surface of challenging materials such as this crys-
of the object geometry without the need for computational recon- tal goblet. The object is placed into a tank lled with a uorescent
struction. This way, a high-resolution 3D volume can be assembled liquid which renders an incident light sheet visible. Inside the ob-
simply by sweeping a laser plane through the object. We demon- ject, however, no uorescence takes place. The surface contour is
strate the effectiveness of our light sheet range scanning approacldetected at the line where the intensity drops.
on a set of objects manufactured from a variety of materials and
material mixes, including dark, translucent and transparent objects. . )
Levoy 1995; Nayar et al. 2006], or e.g. by exploiting other physical
CR Categories:  1.3.3 [Computer Graphics]: Picture/lmage Pproperties of light such as polarization [Chen et al. 2007].
Generation—Digitizing and scanning; In this paper, we take a different approach: Instead of analyzing the
intensity of the re ection we observe light rays as they propagate
Keywords: 3D scanning, transparent surfaces, uorescentdye  through spacéeforethey hit the surface. The intersection point
with the surface is located where the ray is interrupted, see Figure 2.
1 Motivation This holds for all kinds of surfaces except perfect mirrors.

. . . . . In order to directly observe light rays, we have to embed the ob-
The acquisition of 3-dimensional surfaces is a problem which 0c- ot into a participating medium. In fact, sparse sets of light rays
curs frequently in mechanical and optical engineering, computer Vi- haye already been used as probes for optical density measurements,
sion and many other application elds. Today's most precise meth- ¢ 4 in the context of smoke scanning [Hawkins et al. 2005; Fuchs
ods involve active illumination by means of laser beams, lines or et al. 2007]. However, media such as smoke or dilute milk exhibit
more sophisticated projection patterns. Usually, the light re ected 1 ,itipje scattering, resulting in a visible halo around the actual ray
or scattered by the surface is captured by an off-axis camera, 0 thabnq 3 signi cant decrease in perceived contrast. This is due to the
the depth information can be recovered by triangulation. fact that scattering events in these mediaadastic i.e. upon scat-

The usability of most of these methods is limited by the object ma- tering of a photon its wavelength is conserved. Therefore, photons

terial, which de nes the re ectance properties. An ideal surface ¢an pe scattered any number of times before they leave the volume
for this class of 3D scanners scatters an incoming ray of light dif- o are absorbed.

fusely into all directions so that each impinging light ray results in
a well-de ned hit point visible from any viewing direction. How-
ever, many objects and materials exhibit a re ectance that is highly
uncooperative with regard to range scanning. Complex effects such
as transparency, subsurface light transport, specular re ecrity,
interre ections between surface points pose a challenge for the de-  The phase function is almost perfectly isotropic.

sign of a general and robust system for shape acquisition. Multiple scattering is negligible due to a small overlap of the
Some of these effects have been addressed by modi ed scanning absorption and emission spectra.

systems, more robust analysis of the scanning pattern [Curless and The spectral separation of uorescence and directly re ected
light is simple using an optical long-pass lter.

Fluorescent media also scatter incoming light, but they interact
inelastically with photons, absorbing them in a particular wave-
length range and emitting photons of larger wavelength. Compared
to elastic scattering, uorescence has a number of advantages:

e-mail:{hullin,mfuchs,hpseidel,lensch}@mpi-inf.mpg.de
Ye-mail: ivoihrke@cs.ubc.ca Based on this principle of observing the attenuation along a ray in
a uorescent uid rather than detecting the direct re ection of light
from the surface, we present a 3D range scanning system that can
detect the surface of objects composed of a wide range of materi-
als. Our system enables the acquisition of dark, glossy, subsurface-
scattering or even fully transparent objects (Figures 1 and 15).

Exploring the same principle, we propose a second setup that can
perform direct volume slicing for transparent objects with a con-
stant index of refraction (Section 6). After matching the refractive
index of the uid and the object, the light rays in the volume form
straight lines. This matching has previously been used in optical
tomography approaches [Sharpe et al. 2002; Trifonov et al. 2006]
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As discussed before, specialized techniques have been developed
7l to cover different classes of uncooperative materials. Usually these

: ( , materials either exhibit a signi cantly non-lambertian re ectance

d : resulting in secondary lighting effects such as interre ections or
refraction. In the following, we review work related to refractive
(@ (b) object acquisition. For a more detailed review we refer the reader
to a recent survey article [lhrke et al. 2008].

Figure 2: (a) Traditional laser range scanning: A sheet of light is
projected onto the object surface and its re ection is observed by a Interest was spawned by the photogrammetry community, with the
camera (not shown), (b) Fluorescent immersion range scanning: A goal of accurately measuring under-water objects [Hohle 1971].
sheet of light is projected onto an objectimmersed in a participating The problem is posed as bundle adjustment in the presence of a
medium. The light sheet becomes visible and its cut-off is observedsingle refracting surface bounding a medium, surrounding the ob-
by a camera (not shown), enabling triangulation of surface points. ject of interest. The refractive index is assumed to be known. The
requirement of a known refractive index can be relaxed when the
) ) . _ interface is planar [Maas 1995]. Reconstruction of the surface ge-
In contrast to tomographic reconstruction, we directly capture indi- ometry is described in [Murase 1992]. The author analyzes a dis-
vidual silhouette slices through the object as the laser sheet is onlygteq pattern at the bottom of a water tank to estimate the shape of a
visible outs?de the_object, in regions where it interacts with the u- \ater surface. Morris and Kutulakos [2005] use the same principle
orescent uid. In Figure 18, we show the captured volumes of tWo 15 geal with dynamic water surfaces exhibiting an unknown index

intricate glass objects. of refraction. The reconstruction of single refracting surfaces is a
special case of multi-interface reconstruction which has been theo-
2 Related Work retically analyzed by Kutulakos and Steger [2008]. The method is

based on ray measurements using an LCD screen mounted onto a
In this article we investigate 3D range scanning of objects with non- precision translation stage.
cooperative materials, such as refractive surfaces, objects mhade o ] ) ] ] )
materials exhibiting a signi cant specular component, light absorb- A different technique for reconstructing refractive objects or uids

ing materials such as diffusely re ecting, dark surfaces and mix- is based on inverse ray-tracing. Assuming an object's surface at a
tures thereof. certain position, an image is generated using a forward model of

light transport. The surface is then optimized such that the syn-
3D range scanning has been investigated for several decades, thehetically generated image matches the photograph as closely as
majority of approaches assuming a diffuse re ectance of the ob- possible. One example of this technique is introduced by Ihrke et
ject's surface. The literature on the subject is most commonly di- al. [2005] who reconstruct free- owing water surfaces using mea-
vided into active and passive techniques. Active light techniques surements of the optical path length inside the water column. An-
include laser range scanning, coded structured light systems andother related approach uses polarized light in conjunction with po-
time-of- ight scanners. An overview of the state of the art in active larization ray-tracing [Miyazaki and Ikeuchi 2005]. A different
light range scanners can be found in [Blais 2004]. polarization-based technique is described by Saito et al. [1999].

The furth ‘ devi f he Lamberti The authors measure the polarization state of surface highlights and
e further a surface deviates from the Lambertian re ectance as- compute surface shape from this information.

sumption, the less accurate standard 3D range scanning techniques
become [Curless and Levoy 1995; Beraldin 2004]. While coating Ben-Ezra and Nayar [2003] use a model-based approach to recon-
objects with paint or removable powder is an option, clearly there struct simple shapes such as spheres, cylinders and lens-shapes
are situations where this is not desirable. Several researchers havgased on the apparent movement of refracted feature points. Mor-
adressed the shortcomings of traditional range scanning techniquesyis and Kutulakos [2007] describe an active light technique called
extending the class of objects that can be successfully acquired byscatter trace photography that can be used to acquire the geometry
active light techniques. Curless and Levoy [1995] show that vary- of objects with dif cult material properties. The method is based

ing re ectance of the scanned surface, among other factors, resultson analysis of the materials' re ectance properties using a moving
in systematic depth errors. They propose to analyze the raw laserlight source.

range data in tilted space-time images of single scanlines to sta-

bilize the detection process. Trucco and Fisher [1994] and Chen The acquisition of object geometry in the presence of participating
et al. [2007] employ polarization-based analysis to reliably remove media, as presented by Narasimhan et al. [2005], is another eld
specular re ections and subsurface scattering effects, respigctive of research that shares certain aspects with our work. Here, the in-
Clark et al. [1997] investigate the use of a two-camera setup to dis- tention is to counteract the degradation in image quality induced
ambiguate range measurements in the case of specular surfacedy the scattering environment. However, rather than causing ob-
Most laser range scanning systems assume a single peak of lasgjectionable effects, scattering media can also be used as a tool for
illumination per scanline of the imaging sensor. Park et al. [2004; vision and measurement purposes. For instance, methods for ac-
2008] show that multiple peaks frequently occur in the case of spec- quiring 3D density distributions within heterogeneous participating
ular objects and propose methods to eliminate false measurement®r uorescent media have been presented before [Hawkins et al.
by applying local smoothness and global consistency constraints. 2005; Fuchs et al. 2007; Deusch and Dracos 2001]. In our case, w

) o ) ~ employ a homogeneous medium in order to ease the detection of
The other broad class of object acquisition techniques uses passivehe scanned object's surface.

sensing. A recent survey of image based 3D acquisition, covering

techniques such as structure from motion, stereo, multi-view stereoFinally, 3D shapes can be acquired by means of computerized to-
and shape from shading, is given in [Remondino and El-Hakim mography, e.g. using X-rays that do not underlie refraction. Tri-
2006]. Passive range sensing techniques have also been extendefdnov et al. [2006] transfer the CT methodology to optical wave-
to account for non-lambertian materials, see e.g. [Jin et al. 2005; lengths by immersing transparent objects in a liquid of matching
Davis et al. 2005; Zickler et al. 2002] for recent work. However, refractive index. Our volume scanning approach is inspired by this
the accuracy of the acquired object geometry varies widely and is work. However, we do not need to perform the numerical inversion
in general lower than that achievable with active light techniques. of the projection operator.
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Figure 3: Light sheetl( = 532 nnj projected into a glass cylinder
lled with dilute milk (left) and uorescent Eosin Y solution (right).
Notice the color shift, and the contrast improvement on the lower

edge of the light sheet due to the absence of multiple scattering. Figure 5: In order to compare elastic and inelastic scattering, we

present a test scene composed of an opaque checkerboard pattern

3 Making Light Rays Visible a translucent dolphin and a mirror in a 25| water tank lled with
scattering media of varying concentration. The intersection lines

Our light sheet range scanning approach is based on the visualizapetween light sheet and surfaces are marked in red.

tion of light rays propagating through space in front of the object

surface. We achieve this visualization by employing a participating

medium that, at every point in the volume, diverts a small portion of

the incident illumination towards the camera. Possible candidates

are scattering media such as smoke, dilute milk or uorescent lig-

uids, but uorescent liquids are particularly well suited for our task

of 3D scanning. In this section we compare the characteristics of

dilute milk and uorescent liquids using a test scene composed of

different materials (Figures 5 and 6).

3.1 Elastic Scattering in Dilute Milk

Scattering in milk mainly occurs due to the presence of particles
such as fat globules. They absorb, re ect and refract incomireg ph tions, multiple scattering is rather unlikely. In this case, however,

tons without altering the wavelength. Light transport in such me- . . ; AT

i sl descried by o parameters, an average phase funclhe 90 SecL Yoy (7 0 Tevchy sl e preserce of e
tion per scattering event and the mean free path of a photon in theCa turedgthrou h lonapass Iter' and normalized for print ’
medium. The single-scattering phase function is intrinsically given P 9 9p print.

by the kind of milk being used (size and shape of particles). The . . ) .

mean free path depends mainly on the scattering cross-section andnd would determine the image formation. As it turns out, we can

on the concentration of scatterers in the water, a parameter we carPet close to this case by using a uorescent dye either inside water
immediately control. or inside the refractive index matching uid.

Figure 6: (top) Test scene in dilute milk. For very low concentra-

Thus, the concentration of the participating medium inside water The term uorescence denotes a process where a photon is absorbed
determines the scattering properties of the solution, as shown inbPY an electronic system (atom, molecule, ion), which then emits a
Figure 6 (top row). For low concentrations of, e.g., dilute milk, Photon of different wavelength. The change of wavelength always
we observe light sheets that are mostly due to single scattering.Occurs towards long waveStokes shijt as required by the conser-
However, the intensity of the scattered light is very weak—much vation of energy. This results in a set of very desirable properties:
weaker than the direct surface re ections—which brings us back to Multiple scattering can almost completely be suppressed by using
traditional range scanning. Higher concentrations of the scattering @ €xcitation wavelength that is close to the long wavelength tail
agent increase the sheet's intensity, but also raise the probabilityOf the absorption spectrum (see Figure 4). Due to the loss of en-
of photons being scattered multiple times. As the concentration is €9y, & photon that takes part in one scattering event is unlikely to
increased further, multiple scattering starts dominating the image Pe scattered again, rendering the uorescent uid close to transpar-

formation, making it dif cult to locate the light sheet. ent for the emi_tted wavelength. Using an optical longpass lter,
we can conveniently separate the uorescence from surface re ec-

tions. Finally, as a side effect, the phase function is almost per-
fectly isotropic, since the excited state of the dye molecule typically
In the ideal case for our application, multiple scattering and contri- Nas @ lifetime in the order of a few nanoseconds, during which the

butions from the surface would be non-existing and single scatter- Molecule can rotate numerous times before it emits a photon into
an uncorrelated direction.

3.2 Inelastic Fluorescence Scattering

Excitation wavelength:
A=532nm 3.3 Comparison
100%

Choice of concentrationThe scattering behavior of the addi-
tive is crucial for the image quality. While it is dif cult to nd

a suitable concentration of milk, we can vary the concentra-
tion of Eosin Y over a wide range without affecting the image
contrast (Figure 6, bottom series).

Intensity. For milk, the intensity that reaches the camera de-

—— Absorption
—— Emission
— Filter transmission

50%

0%

400 500 600 700 A [nm] creases with the distance to the scattering location. This is not
Figure 4. Normalized absorption and emission spectra of Eosin Y the case for the uorescent liquid, which is totally transparent
and transmission curve of the longpass lter. Data obtained from for the uorescence emission.
[TU Graz; Thorlabs] Contrast.The same holds for the contrast (see also Figure 3).
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Figure 8: Top view on three glass cylinders intersecting a laser
plane within a uorescent liquid (sketch). Three different cases
occur: (1) Nyiass> Niquids _(2)_%Iass< Niquid » (3) gOOd _mat(_:h
(Nglass  Niiquid)- The arrow indicates the incoming light direction.

Figure 7: Our measurement setup consists of a computer controlled

laser projector, a CCD camera and a glass tank containing a uo- Our two setups mainly differ in the arrangement of the laser pro-

rescent liquid and the object. jector with respect to the imaging sensor and in the choice of liquid
that lIs the glass tank.

Surface re ections.In the case of milk, re ections fromthe  4.1.1 Surface Scan Speci cs

surface to the camera (including subsurface light transport)

can become much brighter than the light sheet, see e.g. theFor uorescent immersion surface scanning, Section 5, we employ
dolphin in Figure 6 (top). Using a uorescent dye, a longpass plain water as a basis for the uorescent solution. The concentration
lter removes most of these contributions because of their of Eosin Y is approximately:® mg | . We position the camera
shorter wavelength. such that its optical axis is approximately aligned with the normal of

Directionality. Dilute milk scatters light anisotropically witn ~ the bounding plane of the glass tank. This way, we minimize image
strong preference on forward and backward scattering. The aberrations and achieve a relatively homogenous sampling rate in

phase function of uorescence events is close to isotropic.  the image plane. We position the laser at an angle of approximately
30 45 tothe camera's optical axis. As in traditional laser scan-

ning there is a trade-off between triangulation accuracy and occlu-
sion problems. Additionally, in our case, we want to avoid grazing
angles of the laser plane w.r.t. the front face of the glass tank. Our
setup for surface acquisition is shown in Figure 7.

4 Measurement Setup

In the following we discuss our physical measurement setup, the
choice of chemicals involved as well as the calibration of our range

scanning system. )
4.1.2 Volume Scan Speci cs

4.1 General Setup In the case of uorescentimmersion volume scanning for refractive
objects with constant index of refraction, Section 6, we match the
refractive index of the immersing liquid to that of the object before
scanning it. This measure straightens the ray paths and enables us
to directly observe volumetric slices of the object.

The setup consists of a computer-controlled laser projector, a CCD
camera and a glass tank, see Figure 7. The glass tank is lled with a
liquid mixed with uorescent dye in which we immerse the object
to be measured. The uorescent solution renders sheets of light,
projected by the laser system, visible. For our experiments, we Refractive index matching liquids are available for a wide range of
used different liquids mixed with the chemical Eosin Y, which ex- indices. However, they tend to get more and more poisonous as
hibits uorescent characteristics. The type of liquid used for sur- the refractive index increases. Trifonov et al. [2006] suggest the
face scanning, Section 5, differs from the ones employed in volume use of potassium thiocyanate to obtain a refractive index of around
scanning, Section 6. However, there are some common considera-.5, which is suf cient for most light glasses. From a saturated
tions. solution (around 80 %) the refractive indices of borosilicate glass
(n= 1:48) and quartz glass(= 1:46) can easily be matched by
gradually adding water until the refractive index of liquid and glass
is approximately equal (see Figure 8).

The intensity of emitted light depends on the concentration of the
uorescent agent. A higher concentration increases the scattering
coef cient ss of the solution, resulting in a higher uorescent emis-

sion intensity. On the other hand, the absorption of light along the Note, however, that the refractive index can only be matched per-
laser ray also increases. In order to minimize CCD noise, we nd fectly for the single wavelength of the laser. Because of the broad-
a trade-off that minimizes intensity fall-off along the illuminating band spectrum of the uorescence light, dispersion may cause a
rays while keeping exposure times at reasonable levels. slight disturbance of light rays on their way from the illuminated

. | to th th h gl truct Fi 17).
As a light source, we use a frequency doubled Nd:YAG laser plane to the camera through glass structures (see Figure 17)

(P=60mW, I = 532nm) and a computer controlled XY pair of A drawback of potassium thiocyanate is that it weakens the uo-
galvanometer scanners. Our imaging sensor is a Canon EOS 5Drescence of Eosin signi cantly. We also experimented with glyc-
equipped with a 100 mm /2.8 macro lens. In order to capture only erol, which, unlike potassium thiocyanate, is non-ionic and there-
the uorescence and lter out any re ections of laser light, we equip  fore induces less chemical stress on the dye molecules, resulting in
the lens with an optical longpass lter (Thorlabs FEL0550) with a a higher ef ciency (more emission per absorption). However, due
cut-off wavelength of ¢ = 550 nm. to the high viscosity of glycerol, heavy stirring is necessary to blend

L . it with water, which in turn produces numerous small bubbles.
The scanned object is xed onto a precisely manufactured, manual

turn-table positioned in the glass tank. By rotating and scanning the In addition to matching the refractive index of the immersing liquid
object, we acquire surface scans from different orientations, similar to the object, we change the laser - camera setup to an approximate
to traditional range scanning approaches. The single scans have t®0 setup. The laser projects sheets of light through one side of the
be merged in order to produce a full mesh. glass tank, while the camera observes the object slices through the
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Eq. (2) is linear in its 18 coef cientdgg to bsy. Thus, we obtain

one linear equation per sample party; z t) and can solve for the
polynomial's coef cients in a least squares sense. The choice to
keepf linear in its argument is motivated by the fact that in our
setup the laser sheet forms a constant angle with the boundary of
the glass tank for this variable. Therefore, the curvature of the laser

Figure 9: An example of a laser sheet being projected onto the sheet will not be affected by changes in theoordinate.

calibration target. The sheet of light intersects the planar target in
acurve. Inthe background, part of the calibration pattern is visible. ) )
The dots have a distance of 10 mm center to center. 4.3 Triangulation

The task of triangulation is to determine a 3D point from pixel po-

other. This is possible because occlusion is not going to occur for Sitions(u;v) on the image sensor and a laser shedhe rst step
transparent objects immersed in a refractive index matched liquid. ©f the calibration procedure yields a ray for each image pixel:
Tr}e o?_jects are close to invisible to the naked eye due to negligible r(u;v) = p(u;v)+ sd(u;v): ()
refraction.

Rearranging Eq. (2) into an implicit form
4.2 Calibration f(xyt) z=0; (4)

We calibrate our range scanning system using a two-step procedure@nd combining it with Eq. (3) we obtain a cubic polynomialsin
First, the viewing rays are calibrated using an image-based a -Solving it results in three solutions, which we insert into the ray
proach similar to [Trifonov et al. 2006]. A precisely manufactured, €duation, Eq. (3). We check the resulting points against our recon-
planar calibration target with known world coordinates is a xed to  Struction volume and discard the ones that fall outside of it.

the turntable and recorded from different orientations. This step re-

sults in a vector of 3D world coordinatés; y; z) per pixel(u;v) of 4.4 Data Acquisition

our imaging sensor, de ning mappings . . . .
The scanning process involves the sweeping of a vertical laser sheet

Ta: IR R through the acquisition volume. We start the scanning process with
the laser shedt= 0 closest to the camera and proceed towards the
back of the glass tank, i.e. with increasinthe distance between

the laser sheet and the camera increases as well. For each projected
laser sheet we take an image with the imaging sensor. The output
of this system is a stack of imagégu;Vv), which we analyze to
determine the intersection points between the object and the laser
sheet.

from image space to world space.denotes the orientation of the
calibration target andp and Tygo de ne the front and the back of
our reconstruction volume, respectively. Transforming the pixel co-
ordinateg(u; V) to world coordinates using the transformatidias

we obtain a set of 3D pointéx;y;2z) for each camera pixel. We
compute the camera rays within the glass tank by tting a three-
dimensional line, Eq. 3, to these points.

imilar i hni i th In the following, we describe a robust surface detection algorithm,
A similar image-based technique can be used in the second step e tion 5, and a volume slicing method for refractive objects, Sec-
calibrate the laser sheets inside the recording volume [Trucco andyjg, 6.

Fisher 1994]. However, since we project sheets of light into a re-
fractive medium, single rays within the sheet form different incident .
angles with the medium. This results in a deformation of the sheets, > 3D Surface Scanning

which no longer form planes in space, see Figure 9. . . . .
9 P pace, 9 Using the setup described in Section 4.1.1 we rst present a sys-

In order to intersect camera rays with the curved light sheets and tem for performing a surface range scan which operates on sarface
thus triangulate 3D points, we need an algebraic description of the that are otherwise challenging for traditional 3D scanners, namely
curved laser illumination. To compute this description, we record transparent, translucent or dark materials.

a sparsely sampled set of laser sheets projected onto the planabue to the use of uorescent Eosin Y the laser sheet is visible to

calibration target, again in different orientations. The intersection th | itt Is th h luded A
points of the laser sheet with the calibration target in the image "'€ c@meraas jong as it traveis through un-occluded space. As soon
plane are computed as described in Section 5. We denote the set ofS the incident light interacts with the surfacg, most of its energy
sampled intersection points tyh: vi:ta) i = 1""N whereN is Is absorbed by or transmitted through the object. Since the object
the npumber of detecte% 2D oi!;at,s fo’réllaser_sl’uge'éiith’ the calibra- fself ° supposed not to be uorescent, we observe a signi cant
tion t t rotated int It) We th te th it fall-off in the measured intensity along the laser sheet exactly at the
cln??h;srg?sarrg Eltee olir;nos E)r?allcl)(r)l?j coc’)sr dif;;:?p; el iﬁ pttl)wselz I{:\)nsro- intersection point with the object's surface as seen in Figure 10. Our
ot p'e p Yy applying PP~ gyyrface detection will therefore concentrate on detecting a negative
priate mappingfa: change in intensity rather than detecting a peak as in traditional
(xy;zt) =[ Ta(ua;Va);tal: (1) range scanning [Curless and Levoy 1995].

For better readability we drop the sample numbfeom the equa-
tion. Applying Eqg. (1) we obtain a number of world poirftsy; 2)
that were hit by a particular laser she¢etWe use these sampled  This drop in intensity can be observed regardless of the surface
points to interpolate this information in the whole reconstruction properties, as long as the material is not perfectly mirroring. It
volume. We modgl the beha.vlo.r of the Ilght shee’gs inside the glass is, however, superposed by a number of additional effects caused
tank as a qyadre.mc polynomial yrandt, while keeping the depen-  py global light transport. Examples of such effects are specular or
dency onxlinear: diffuse re ections of the light sheet on the object surface, as well

. _ . as volume caustics of refracted or re ected light rays (see e.qg. Fig-
FOGYit) = aoy™xc+ aay’ + agyx+ agy+ agx+ as; (2) ure 1 (middle)). In Section 5.2, we propose a method to deal with
biot2+ b1t + bjo: these effects.

5.1 Inuence of the Material

e
1
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Figure 10: Laser sheet hitting various surfaces. The intensity along
the laser line drops signi cantly when interacting with the surface.

The intersection line is clearly visible for transparent (Figure 1),

dark (a), translucent (b), and partially diffuse (c) surfaces. Note
that for the rst three cases the intensity does not increase right
at the intersection line. The die in (c) is transparent but slightly
uorescent itself, resulting in a bright pro le.

Furthermore, diffuse surfaces of high albedo exhibit a bright line

Figure 12: Scan maps generated from space-time stack. From left
to right: depth map tu;Vv) before and after segment size ltering,
world coordinate magx;y; z). Colors are normalized for print.

pears much cleaner. We therefore determine all local minima of

caused by volumetric scattering in front of the surface. This causes g that are below a threshot with sub-pixel precision, reporting

a small systematic error, as discussed in Section 7.2.3.

(@) (b)

(©) ot (d)qu

Figure 11: (a) Space-time slice for one scan line through the crys-
tal goblet. (b) Shows the detected surface in red which is nicely
aligned with the local minimum of the gradient componeantcy.

At the surface, the gradient componeqt(d) also has a minimum,
but at other places it is more corrupted by stationary features.

5.2 Detection Algorithm

It(u;v) in a space-time stack, and process them initially per cam-
era scanline. For each scanlineve obtain a slic&,(u;t) through
the space-time volume as depicted in Figure 11.

Itis instructive to look at the gradiegtwith component$gu; 9v; at)

a fractionalt value for each camera pixel. Blurring the gradient
images before the thresholding allows to trade resolution against
smoother results.

In the next step, we discard all candidate points who do not meet
the rstand third criteria with the corresponding threshajds qu

and6 T;(gu;gv) ga. In order to close some occasional gaps,

we soften this selection process by also keeping points which have
an 8-neighbor that meets the criteria.

Finally, we traverse the slice from bottom to top, and collect all rst
surface points encountered. We require the surface to be monotonic,
which is necessary for transparent objects. Otherwise it might hap-
pen that distorted features behind the rst surface are detected as
well. For nontransparent materials, however, the monotonicity con-
straint can be dropped, resulting in a higher yield of valid surface
points.

After performing this routine for each space-time slice, we obtain a
map containing &value per camera pixel (Figure 12). It might still
contain a number of patches that correspond to volume caustics due
to re ection or refraction. Since those unwanted surfaces are typi-
cally small in size, we can eliminate most of them by segmenting

Sthe depth map estimate into continuous patches and discarding or

lling up segments that contain less thap,, pixels.

The absolute threshold, denoising and segment size Iter parame-
ters have to be found to meet demands of the respective measure-

of the recorded intensity of one pixel in the space time volume. ment setup (camera resolution, measurement geometry, light sheet
ot(u;t) andgu(u;t) are shown in Figure 11(c) and (d). We compute brightness, etc.). After downscaling all camera images by 50%
the gradients on a median ltered space-time volume (kernel size (corresponding to approx. 3 megapixels), the following parameters

3 3 3). For any surface we can state the following properties:
1. The componerdy has a negative peak.
(We are looking for an intensity drop.)

2. The componerd: has a negative peak.
(It has to move if the laser sheet is moved.)

3. The 2D gradienfgy; gv) must not be perpendicular to the laser

directiont in the image.
(Mistrust features that are aligned with laser rays.)

4. (optional) The detected surface line in the slice must be
strictly monotonic.

As can be seen in Figure 11(d), the comporgentan be corrupted

performed well for our setup]a = 85 , Nmin = 1000. The optimal
choice of the thresholdg andqy depends on the observed contrast

in the space-time images. We determined them experimentally for
our setup and used the same set of parameters for all surface scans
in this paper.

The Itered depth mayi(u; V) is converted into a 3D surface mesh
using the camera calibration as described in Section 4.3.

6 Single-scan Direct Volume Capturing

In this section we describe a method for captutiragnsparentob-

by caustics and re ections that intersect with the actual edge in im- jects volumetrically, without the need for tomographic reconstruc-
age space, resulting in the vertical lines in the gradientimage. This tion. We present a technique that directly records one slice through
is not the case in thg: component, where the wanted surface ap- the volume for every laser sheet.
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input image prefiltered reference image
(a) thresholding
of green channel [
Figure 13: Capturing the mouse model (cf. Figure 18): Two slices
of the volume stack after matching the refractive index. The contour (®) I
of the mouse is clearly visible in the surrounding uorescent liquid. Sma
structure
removal
6.1 Matching the Refractive Index Jiffusion shﬂd
So far, our scanning was limited to the rst surface, where the )
light is being refracted and no longer propagates in a straight line small vert
(see Figure 8). We change our setup to the one described in Sec- — —
tion 4.1.2. By matching the refractive index of the liquid to that of fgﬁcot“gf
the object the ray direction is preserved even at interfaces between

liquid and solid, so that all intersections between a light ray and the ) o ) .
object occur along a straight line (cf. Trifonov et al. [20086]). Figure 14: The volume ltering pipeline: A binary segmentation

is performed using a simple thresholding%d% of a median |-
Using a uorescent liquid, we can now observe entire slices of clear tered reference light sheet (a). As a rst denoising step, all four-
objects at once when illuminating the tank with a laser sheet. Since connected image regions smaller than 200 pixels are discarded (b).
the index of refraction is matched, the viewing rays will not bend at Shadows cast by inclusions are detected as they penetrate the space
the surface. The object overall, and in particular in front or behind to the right of the object (green box) which should be un-occluded
the laser plane, therefore is not visible at all. Since the object itself (c). After tracing them back towards the light source, the traversed
is not uorescent, only the surrounding liquid lights up while the space-time volume segments are lled by 3D diffusion. Remaining
object remains black (see Figure 13). The object's surface is locatedhorizontal features of insigni cant height are removed in the last
at the boundary between light and dark image regions. In order ltering step (d).
to capture the entire volume we sweep the laser plane through the
entire volume once.

Most of these artifacts extend to the far right side of each volume

6.2 Volume Processing slice. Any feature that is detected in the region outside the object's
o o _ bounding box is treated as a shadow region. We project all of these
Our volume acquisition pipeline is organized as follows: regions onto a shadow map. Then we trace each shadow region

back towards the laser, until its entire cross-section is lit. All pixels

1. Recording of a space-time stack by sweeping a light plane 4, ihis trace are marked as invalid.

through the volume
2. Binary segmentation After marking all possible shadow pixels they are lled using a
simple volumetric diffusion in the space-time stack of images, i.e.

3. Fll(;erlng in spatlgl a?;:i stpace-tlme domain (see Figure 14) to even across different laser sheets. The process is illustrated in Fig-
reduce noise and artifacts ure 14 (c) and (d).

4. Resampling of the Itered stack into world coordinafgsy; 7)

5. Extraction of the isosurface using Marching Cubes [Lorensen
and Cline 1987]

Some small horizontal lines that do not extend to the outside are
missed by this approach. We simply remove all horizontal features
that are less than ve pixels in height which is very small compared

Given an input stack of images, (for examplary slices see Fig- {0 any partof the real object (see Figure 14 (d)).

ure 13), we perform a binary segmentation to separate the object
from the background. A stable separation is obtained by using a
median lItered reference image in which the laser sheet does not
hit the object.

The ltering so far was performed on a space-time stack of images,
which, as the nal step, is resampled into world coordinates using
the calibration data.

The segmented slices might still contain a set of misclassi ed pixels 7 Results

which are mostly Itered out in the pipeline illustrated in Figure 14.

The following effects have to be accounted for: To demonstrate the versatility of our approach we have acquired
the surface shape of several challenging objects. Figure 15 il-

Noise. Particles in the liquid, bubbles, and other effects lead to the |ustrates the performance of our prototype uorescent immersion

presence of a "salt and pepper"-type noise which forms connectedrange scanner compared to traditional scans acquired with a com-

regions in the order of a few pixels. They can be easily removed by mercial laser range scanner (Minolta Vi910). The gure shows a

inverting all regions that are smaller than 200 pixels (Figure 14 (b)). scan from a single direction for both acquisition systems. Please
observe, that the data produced by our system is essentially un I-

Needle-shaped shadowknclusions in the glass, such as bubbles ereq except for the simple image processing operations explained
of air or particles, or regions with different refraction index will i sections 5 and 6.

cast shadows. Similarly, a slight mismatch in the refractive index
can cause such shadows, as depicted in Figure 8. We propose twd he horse model (top row) consists of two different materials. The
different approaches to detect and to remove these kinds of artifacts. rst material is a black, rough plastic, while the second one has
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photo uorescent immersion traditional
range scan range scan

@) (b)
Figure 16: For a quantitative analysis of our rst-surface scanning
method, we took a cross-section of the goblet model (red line in
(a)) and tted an ellipse against it. Given 3000 sample points (b),
we obtained an RMS error of 0.046 mm at an object diameter of
43.2mm.

Figure 15: By immersing objects into a uorescent liquid we have
acquired high quality range scans for a set of surfaces that are dif-
cult to acquire with traditional methods.

Figure 17: Slices of the glass cylinders dataset. Notice the dif-
ference in edge quality depending on the distance of the scanning

a higher albedo and is smooth. Both materials are glossy, show-Iaser sheet to the camera: near (left) and far (right).

ing signi cant surface highlights. The Minolta scanner captures the

higher albedo material quite well but has problems with the dark . . .
material. In comparison, our approach captures the details of the The bowl is a challenging object because of the numerous overlap-

surface very well and even captures the surface roughness of thePind, lens-like cylinders that focus the light, requiring very precise
dark plastic. The dolphin (middle row) consists of a translucent refractive index matching. The size of the acquired volume model

stone and is an example for a sub-surface scattering material withiS 1100 720 1400 voxels, the real world size of the object being

some crystal structure beneath the surface. Again, the commercial92 MM This results in a voxel resolution of abo@®mm in each
scanner fails to provide a dense depth map, whereas our result re_ol|r_nen5|on. However, the ove_arall_ resolution a_chleved in practice is
veals signi cant detail. In this example, however, we observe small & I|ttleflower.hAs can be seen in Figure 18 (C)’,f'” the back of ﬂ;]e vol-
holes in the ns of the dolphin which cannot be attributed to occlu-  Ume (from the camera’s viewpoint) some artifacts appear. They re-
sion alone. The reason is an overly aggressive thresholding duringSult from the differing wavelength of the laser illumination and the
the construction of the depth map where pixels with a low gradient 19t emitted by Eosin Y. As discussed in Section 4.1.2, the refrac-
componenty, are removed. The lines on the ns are thus classi ed tive index matching is only accurate for one particular wavelength.
as stationary features. Our third example (bottom row) is a transpar- V& have to match the refractive indices for the wavelength of the
ent die with diffuse, white dots. Actually, the object's transparent illuminating laser light to ensure planar light sheets Whl|.e scanning
part is uorescent as well, but the material's extinction coef cient the volume, and to suppress edge shadows (see Section 6). This,
happens to be high enough that all uorescent emission is limited to NOWeVer, results in a slight mismatch of the refractive index for the
the surface. The Minolta scanner can only capture the diffuse, white I9ht emitted via uorescence, giving rise to minor artifacts in the
part of the surface, while our method produces a dense depth magP@ck of the scanned volume. A comparison of slice images from
for both material types. However, due to the uorescence of the different positions in the scanning volume is shown in Figure 17,

material, a conventional laser scanner equipped with a green lasef!lustrating the effect. The gap that is visible in the bowl in Fig-
would probably be able to capture the full surface of this object. U'® 18(d) is caused by the fact that this part of the bowl was outside

The crystal goblet, Figure 1, is completely transparent and exhibits j[he calibrated volume. We missed it because the bowl is not visible

signi cant refraction due to its faceted surface. Nevertheless, the in the refractive index matched liquid without the illumination of
depth map recovered by our method (Figure 12) has only a few mi- the laser sheet.

nor holes and is virtually free of noise. Using only 6 scans from The second object, a hand-made mouse, has intricate detail and a
different directions, almost the entire outer surface of the goblet complicated surface topology. Its length is approximately 40 mm

can be reconstructed with high accuracy. By simple superposition gnq the acquired volume has a size of 50800 500 voxels, re-
of the individual calibrated scans and without the need for advanced gyting in a similar effective resolution as in the previous example.

mesh alignment methods, we achieve a low noise level in the order
of 0.05% of the overall object size (Figure 16). The ltered volumes can be visualized with traditional volume ren-
dering techniques producing the x-ray images in Figure 18(b). Af-
The volume slicing technique presented in Section 6 is geared to-ter downsampling the data by a factor of 0.5 in all dimensions, we
wards capturing transparent objects. We demonstrate its effective-extract the isosurface to generate surface models (c) which we ren-
ness on two objects. The rstis a bowl of quartz glass(1:46) der using a glass shader in a synthetic environment in (d). For quan-
with a set of quartz glass cylinders of 10 mm diameter. Our other titative analysis, we extracted two of the glass cylinders, one close
glass object is a mouse gurine, made from borosilicate glass to the camera and the other further away, and tted analytical mod-
(n= 1:48). Figure 18 shows the results of the two volume scans. els against them. Given 11500 samples on each cylinder, we ob-
Both objects were scanned with a potassium thiocyanate solutiontained a RMS error of 0.037 mm for the near and 0.285 mm for the
as refractive index matching liquid. far cylinder.
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7.1 Comparison to Existing Methods capture with traditional 3D range scanning techniques. Examples
. . Lo . of such surfaces are dark, translucent or even transpareatesrf
While there have been many previous methods specializing on in- The key idea of both the proposed surface and volume scan tech-
dividual types of materials, e.g. for glossy [Chen et al. 2006; Park piques is to place the object into a tank lled with a uorescent
and Kak 2008], (inhomogeneous) transparent [Morris and Kutu- yid. Rather than detecting peak intensities as in structured light
lakos 2007] or translucent scenes [Chen et al. 2007], only Mor- scanning, the object's surface will appear as a drop of intensity.
ris and Kutulakos [2007] attempted the acquisition of objects with Thjs detection method is quite robust to the surface re ection prop-

face scanning method is on par with existing standard techniquesyyith rather simple acquisition effort.

for diffuse objects.

. ) . o Using the uorescent uid, light rays can be made visible without
Comparing our volume scanning procedure with existing methods the disturbing effects of multiple scattering. Visualizing light rays
such as CT or MRIis problematic, since our algorithm is tailored to - this way might inspire other novel acquisition methods, for example
recovering a binary density volume. However, given the compara- fo visualizing and capturing re ection properties of materials.
tively small acquisition and reconstruction effort of our method and

the high resolution it provides, we believe that for objects made of

clear, homogeneous materials our method is an attractive alternativéACknowledgements

to existing techniques.
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photograph X-ray rendering of Marching Cubes rendering in
of real object (a) recovered volume (b) output mesh (c) virtuairenment (d)

Figure 18: The volume acquisition method enables the acquisition of an entire volumefmparent objects with a constant refractive
index. The scan can be performed in one sweep with negligible postsginge We present volume renderings of the acquired data sets (b),
extract the isosurface (c) and render the surface model in a synthefiorment (d).
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