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Figure 1: Reconstructed volume of a 3D scene in a sh tank with diluted milk. While in tbdlitimage (b) only the front
objects are recognizable, confocal imaging (c) partially removes the.Haging our novel descattering algorithm combined
with confocal imaging more global scattering is removed and objects atlavger distances become visible (d). The image is
sharper and features more saturated colors. In (e), the recovdpestiBicture is visualized for a different view. Images (c)-(e)
have been created by computing a confocal or descattered confdoat@dollowed by maximum intensity projection.

Abstract

In translucent objects, light paths are affected by multiple scattering, wisblluting any observation. Confocal
imaging reduces the in uence of such global illumination effects by carefodysing illumination and viewing
rays from a large aperture to a speci c location within the object volume. Jélected light paths still contain
some global scattering contributions, though. Descattering based orfi@ighency illumination serves the same
purpose. It removes the global component from observed light pathslemonstrate that confocal imaging and
descattering are orthogonal and propose a novel descattering mbtbat analyzes the light transport in a
neighborhood of light transport paths. In combination with confocal imggour descattering method achieves
optical sectioning in translucent media with higher contrast and betteruésa.

1. Introduction As can be seen in Figurgc), confocal imaging works to
In this work we propose a technique for computing cross- some extent even in translucent media where the light trans-
sectional images of translucent objects or scenes for visible port is governed by multiple scattering. Confocal imaging

wavelengths by combiningonfocal imagingand algorith- can be seen as extracting a particular region, a hypersur-
mic descattering face, from the scene's re ectance eld. Hereby, most of the
Confocal imaging €K96, WINK96, NJW97 allows for scattering that degrades the oodlit image (Fig@®)) is
computing optical sections of partialisansparentvolumes. avoided. The individual confocal samples however still con-

Arbitrary slices through the volume are assembled by focus- tain global illumination effects due to in- and out-scattering
ing the illumination and the observation rays from a large along the selected paths. The recorded photons, instead of
aperture onto individual voxels. Due to the large aperture, following the direct path given by the illumination and the
all contributions of points off the selected plane are signi- viewing ray, travel through a larger volume, the so-called
cantly blurred and darkened, and their in uence on the con- photon banangFZC93 (see Sectior3).

focal image is drastically reduced. In our approach, we per- The second component, algorithmiescatteringaims at
form synthetic aperture confocal imaginggV 04], where separating the re ections of an object observed for individ-
the aperture is sampled by a small set of cameras and projec-ual rays into the component, which is due to direct re ection
tors. Individual voxels are extracted by combining the view- and the contribution due to global illumination effects. In al-
ing and illumination rays that intersect at the voxel.
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gorithmic descattering, high frequency illumination patterns

are often appliedJKGROE|.

One of our contributions is a novel framework, where sepa-
ration is performed on similar input data, by computing the

difference of re ectance samples measured for adjacent illu-
mination samples or light paths. A qualitative analysis based
on Monte-Carlo photon simulation indicates that our ap-

al. [SCG 05] presented an adaptive algorithm that can par-
allelize the acquisition of multiple rays if they do not affect
the same camera pixels. Since translucent objects result in
rather dense re ectance elds almost no parallelization will
be achieved. Garg et alG[TLLO6] developed a technique
that determines re ectance samples of multiple illumination
rays in parallel even for dense re ectance elds. The acqui-

proach corresponds to reducing the original photon banana sition of a re ectance eld in itself does not yet provide any

to a small channel around the direct path.

means for descattering.

Furthermore, based on the proposed framework, we show Seitz et al. EMKO5] presented a theory for inverse light

that confocal imaging and descattering are similar but or- transport computation based on measured re ectance elds.
thogonal concepts. Our novel descattering algorithm can They propose a cancellation operator to remove the multi-
be easily combined with confocal imaging, exploiting ex- ple scattering events from the re ectance elds, leaving the
actly the same illumination patterns for both approaches. We desired direct re ectance. This operator is computed using
demonstrate the performance of our combined approach by the inverse of the re ectance eld, which does not always
computing signi cantly improved views through scattering exist. In our framework we consider descattering as a local
uids and into translucent objects. operation applied to a small neighborhood around each en-
try of the re ectance eld; no inversion is necessary in our
2. Related Work approach.
2.1. Separation of Re ection Components
The separation of measurements into different re ection 2.2. Volumetric Reconstruction
components such as specular, diffuse, subsurface, or inter-Confocal imaging, which we will explain in more detail in
re ections has so far been addressed by a number of differ- the next section, is related to other volumetric reconstruc-
ent techniques. Using images captured with a polarization tion techniques operating in the visible light range. Tech-
Iter at different orientations, one can for example separate niques for tomographic reconstruction of transparent ob-

diffuse from specular re ectionsRJ95 TRPE96 NFB97]

or remove global illumination effects in participating me-
dia [SNN03 SK05 TS0§ since multiple scattering tends to
depolarize the incoming light.

Separation can also be performed using high frequency illu-

jects have been proposed by Sharpe et al. and Trifonov et

al. [SAP 02, TBHO€)]. In the rst step, they determine the
geometry of rays passing through the object by placing the
possibly refracting object into some liquid with the same in-
dex of refraction. They measure the absorption along rays

mination patterns, based on the observation that only direct through the object from different directions and then per-

re ections will propagate high frequencies while global ef-
fects drastically dampen them. Nayar et &lK[IGRO€]| pro-

form algorithmic reconstruction techniquesBH70. Their
technique only works for transparent objects since it is not

posed computing the difference of measurements obtained resistant to multiple scattering.

from shifted high frequency patterns. By subtracting two

measurements, the global component is removed. We com-

pare our results to this method in detail later in this paper.
Narasimhan and NayaNNSKO5 used swept line patterns
for 3D-scanning through participating media. Based on the
estimated distance they compute a "clear-air” view. They es-
timate the scattering parameters afiaglescattering model
and correct only for extinction along the illumination and
viewing ray given the estimated depth. We make use of the
geometric calibration technique proposed in this paper. In
addition, we will also use swept line patterns for acquisition.
In contrast to their method, we combine descattering with
confocal imaging recovering a volume rather than single sur-

Diffuse optical tomographyArr99] tries to perform volu-
metric reconstruction of translucent objects but considers
only the diffuse light transport. It must solve an ill-posed
inversion problem to obtain any localized information.

3. Confocal Imaging

With confocal imaging one can perform optical sectioning,

i.e. capturing images of slices through a given volumetric
object, or one can capture the full confocal volume and then
apply volume rendering techniques. In confocal imaging the
incident light and the observation rays from a large aperture
are focused to a speci c location within the obje€96].

The shallow depth of eld of a large aperture blurs the contri-

faces. Furthermore, we do not assume an explicit scattering bution of any point notin focus, and at the same time darkens
model. Rather than just accounting for extinction along a sin- it relative to the illuminated focused point, since any point
gle path, our descattering method corrects for multiple scat- out of focus will receive light only from a small fraction
tering in a photon banana by analyzing a local neighborhood of the aperture. In mostly transparent scenes the in uence
of paths. of any point out of focus in the nal image decays with

In our approach we will analyze the task of descattering wherer is the distance to the focal plane.

in the context of re ectance elds)HT 0Q]. Re ectance Sectioned slices can be generated by illuminating individual
elds can be captured by scanning over all illumination rays points (for example by scanning or by means of a spinning
as in [GLL 04] or structured light patternsS[y92. Sen et Nipkow disk [EAHO02]), or by illuminating and measuring
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Figure 2: In translucent objects a re ectance sample for
one pair of intersecting rays will always contain a direct
contribution from the scattering at the intersection point (a)
plus some contribution due to multiple scattering (b), the so-
called photon-banana HZC93. (c) For a pair of adjacent

but non-intersecting rays offset loy there will be no direct
component but approximately the same global component.
Combining both measurements, the direct component in (b)
can be estimated.

multiple points at once with varying patterns. In the latter

The measurements will be affected by multiple scattering,
effectively incorporating contributions from voxels within
the resulting photon banan&4C93. The photon banana

is formed by all photon traces that nally reach the camera
pixel. It is clearly visible that the photon banana integrates
the contributions of a much larger volume than the original
direct path. At the same time, only a small fraction of the
observed intensity will depend on the re ectionvat

When the observations of different aperture samples are
combined, there is a large overlap in the photon bananas.
The voxelvis no longer singled out but instead the net effect
of the intersection of photon bananas will contribute to the
confocal image. The in uence of defocused voxels will no
longer decay with®.

3.3. Descattering for Individual Rays
Besides the direct observation of the re ectiornvaand the
extinction along the path, the reconstructed confocal image

case the confocal image is computed after decorrelating the will contain multiple scattering events. We search for a sepa-

measurements for individual voxels, which can be done us-
ing pseudo random noise pattert¥JNK96 HHAJJO] or
periodic patternsyW/NJ98 NJW97.
In the scanning con guration the illumination is directed to
a single point from an illumination apertur®{. The com-
puted confocal irradianckconf(v) observed with aperture
W, is the integral over all rays intersecting\vat

zZ Z
1)

Leont(V) = W L(w;; v; wo) dw; dwp:

3.1. Synthetic Aperture Confocal Imaging
Levoy et al. LCV 04] performed confocal imaging with a

ration into a non-local, or global, tertyy and the remaining
local, or direct componerity, which would correspond to
the observation in transparent media:

L(Wo;wi) = Lg(wWo;wi)+ Lg(Wo;wi)

@)

The key observation by Nayar et aNKGRO§ is that
the global component acts as a low-pass lIter on high-
frequencies in the incident illumination, while only the di-
rect component will keep them. Posed differently, the global
component.g will be approximately the same in the vicinity
of paths aroun@wo;w;) while the direct componerhty will

be different.

synthetic aperture setup where the large aperture is sampled-€t US assume two neighboring raysandw; + d with the
at a sparse and discrete set of directions from a set of camerag©/lowing two properties:

and projectors. In order to extract the information about a
given voxelv, one selects the pair of ragaip(v); w;(v)) that
intersects at. Given a set of camer&sand projector$ the
confocal radiance is computed as:

Leonf(M)= & & LWP(V);wi(V)):
c2Cp2P
Note, that the pair of raygnP(v);wC(v)) that intersect at
will be different for each camera/projector pair due to the
geometric setup. They are determined using the calibration
data described in Sectidhl

@)

3.2. Separation Due to Confocal Imaging

The con guration for one pair of rays is depicted in Fig-
ure 2. In a purelytransparentmedium, the light transport
will be governed by the re ection at and the extinction
along the incident light and the viewing ray (Figu2é)).
Since each camera/projector pair obsewesong a differ-
ent path, the in uence of the extinction along the paths is
averaged in the confocal image, minimizing the in uence of
voxels other than.

In the case oftranslucentmedia (Figure2(b)), the light
transport will include in- and outscattering along the path.

¢ The Eurographics Association 2008.

1. we andw; intersect atv while wy andw; + d do not. It
follows thatLy(wo;w; + d) = 0 (Figure2(c)).

2. If the scene is homogeneous in tldeneighborhood
around the patlfwo;w;) one can state that their global
component is the sameg(wo; Wi) = Lg(Wo,w; + d).

The direct component can in theory be determined as:

4

®)

Due to the duality of the light transportii56, SCG 05] the

role of viewing and illumination rays can be interchanged
such that the difference can be computed for neighboring
viewing rays as well.

The assumption of a homogeneous medium is often violated,
especially at the places of interest, where there are volumet-
ric features. In practice, we estimate the global component
more robustly by incorporating a larger neighborhood. In the
algorithm in Sectiorb we construct a smooth neighborhood
by weighted averaging.

Lg(wo;wi) = L(wo;wi) L(wo,w;+ d); or

= L(wowi)  L(wo+ dywi):

4. Simulation
We use a Monte-Carlo photon simulator to qualitatively and
guantitatively analyze the proposed descattering approach
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Figure 4: Simulation results for varying scattering parame-
ters. (a) Lsigna=Ltotal falls off exponentially with increasing
(© (d) absorption & = 0:9,g = 0:9). A meaningful signal (above

5%) can be obtained up to an extinction coef cient of about
1:4cm L. (b) SNR for varying forward scattering coef cient
(st= 0:1cm 1.

Figure 3: (a) Simulation of photon traces from projector
rays to a camera pixel in scattering medg € 0:1, g= 0:9,

a = 0:9). (b) Multiple scattering widens the direct path into
the shape of a photon banana. (c) Neighboring illumination
rays (red and blue) result in similar photon distributions. (d)
Subtracting the averaged neighboring distributions extracts
a photon channel which closely resembles the direct path.

[HG41 model. The range of values covers most of the ma-
terials measured iNNGD 06]. As we focus at a point on
the diffuse re ector we distinguish the total enerfygnal

of photons arriving at the camera after interacting with the
diffuse re ector from the total energy carried by all photons
of Equation4. The simulated scene represents the sh tank |

setup for which real measurements are demonstrated in _SeC'Figure4(a) shows how the ratibsigna=Ltotal deCreases with
tion 7.1 Photons enter a homogeneous scattering medium jncreasings;. For an albedo ad = 0:9 and a scattering angle
in the direction of a diffuse re ector which is embedded at o g = (:9, the signal to noise ratio drops exponentially with
the center of the volume (Figur®. The volume extends s, Arounds; = 1:4 cm ! the signal will become indistin-
over 20 20 20cn?, while the diffuse target has a size  guishable from the typical noise oor of the cameras (5%).
of 2 2 2cn. The distance from the front plane of the A similar curve will be observed for the relative drop in sig-
volume to the target is ém We only consider photons that  na| with regard to the distance of the object to the projector
leave the volume at a prede ned exit point, the camera pixel. gnd camera.

Any other photon is discarded since it does not contribute to The signal-to-noise ratio furthermore depends signi cantly
the measurement. For the selected photons, we record everygn the selected average scattering cosin@iven the num-
scattering location and the energy along its trace. ber of scattering events, photons are likely to reach the dif-
fuse re ector only if the material is mostly forward scatter-
4.1. From Photon Bananas to Photon Channels ing.
In the rst experiment (Figure), we simulated three neigh-

boring incident light rays, marked red, green, and blue (c). g Analysis in the Context of Re ectance Fields

The photon banana of the central illumination ray is shown e will now analyze confocal imaging and descattering in
in (b). By subtracting the averaged contribution of red and e context of re ectance elds between pairs of cameras
blue from the green photon banana, we reduce the green 4q projectors. The re ectance eldl [DHT 00,MPDWO03
photon banana to a photon channel that encloses the originalgc 5] describes how an incident light eltl; will be re-

direct path (Figured(d)). Instead of the large volume of the
full photon banana, only the much smaller volume covered
by the photon channel will contribute to the nal descattered
image. In the confocal setting, the intersection of the tighter
photon channels is signi cantly smaller than that of photon
bananas.

While all photons within the channel might undergo multi-
ple scattering events, they have a similar net effect as simple
extinction in a transparent medium and therefore closely re-
semble the direct component.

4.2. Dependence on Scattering Parameters

In a second experiment, we investigate the dependence of
the signal strength on varying scattering parameters of the
medium: extinction coef cientg; [cm 1]) and the average
scattering cosinegj represented by the Henyey-Greenstein

ected by the scene, forming an outgoing light eld, =

TL;. While the re ectance eld for arbitrary light elds is an
8D function, the re ectance eld between a single camera
and one projector is only four-dimensional. Represeniing
as a tensor, each of its entrigg, v, is the transport coef -
cient for one pair of camera and projector pixels or rays.
Figure5(b) shows a 2D slice of the re ectance eld of the is-
land scene (Figurg). The rows show always the same scan
line of the camera while a vertical projector line (a) sweeps
through the scene. The various object surfaces light up for
different projector planes, in different rows. At the same

T This is a slightly different de nition than used before, whe
L4 incorporates only photons whose traces stays within théopho
channel.
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Figure 5: (a) A single vertical line projected into the island
scene of Figurel. (b) A horizontal slice of the recorded re-
ectance eld. The opaque surfaces are clearly visible as
well as the haze due to the scattering uid.

time, multiple scattering in the surrounding uid is clearly
visible as it affects all entries in the re ectance eld.

Under oodlit illumination (see Figurel(b)), the contribu-
tion of all projector pixels, i.e. every line, integrates to the
nal image. Besides the actual surface, all entries that rep-
resent re ections by the uid do contribute to the oodlit
image. The interesting signal will be masked by the multiple
scattering.

5.1. Confocal Imaging in Re ectance Fields

In confocal imaging, focusing to a speci c voxelcorre-
sponds to selecting the single entry in the re ectance eld
that is due to the particular selection of the view and the il-
lumination ray. Extracting a volume slice means extracting
all entries on a speci c hyperplane whose geometry is de-
ned by the camera/projector con guration and the selected
volume slice.

The improved contrast in confocal images is mainly
achieved by focusing on the entries of interest, where the
viewing and the light ray do intersect, while discarding all
those entries in the re ectance eld that are just due to mul-
tiple scattering. Thus, compared to a oodlit image, in a
confocal slice most of the global effects are separated out.
However, the net re ectance recorded for a single intersect-
ing pair of viewing and illumination rays still contains some
global portion.

5.2. Descattered Confocal Imaging

As explained in the previous section, the global component
Lg will be similar for neighboring non-intersecting paths.
In re ectance elds, neighboring paths correspond to neigh-
boring entries. Thus, one can interpret descattering as a lo
cal difference operator applied to the re ectance eld of the
scene.

Since in practice the homogeneity assumption (condition
(2), Section3.3) will be violated, a good approximation is
found by averaging the difference over multiple samples in
the neighborhood of,, .,) as long as condition (1) (non-
intersecting rays) is met. We compute the averaged differ-
ence by applying a Laplacian of Gaussian (LoG) in the
neighborhood.

For simplicity, we only apply a 1D LoG kernel in the dimen-
sion of the illumination, i.e. for the camera pixels' recordings
at different illumination.

¢ The Eurographics Association 2008.

Figure 6: Our synthetic aperture confocal imaging setup
consists of three Jenoptik CFcool cameras and three Mit-
subishi 490 DLP projectors.

6. Acquisition Approach

As outlined in Sectiorb, we rst record a re ectance eld
TCP for every camera projector pdic; p) and then compute
the descattered confocal volume by applying a local LoG
kernel. In order to produce the result images we either di-
rectly render the recovered volume or extract a single slice.

6.1. Setup

Our measurement setup (Figugés similar to the one pro-
posed by Levoy et alL|CV 04]. We employ three cameras
(Jenoptic CFcool) with about 1.3 megapixel resolution and
three Mitsubishi 490 DLP projectors. The devices are placed
at a distance of 66maway from the scene. The largest angle
between the cameras and the projectors is about 65 degrees.
In order to obtain a pixel-precise alignment between a cam-
era and a projector we perform calibration as described by
Narsimhan and NayaNNSKO5. A planar calibration tar-

get with a printed checker board is placed at three differ-
ent known distances, moving it perpendicular to the cali-
bration plane. The recorded images allow for precise recov-
ery of the view-ray-to-voxel mappingc2v). Similarly, the
three projectors are calibrated using projected checkerboard
patterns, resulting in the illumination-ray-to-voxel mapping
(p2v). Assuming a rather smooth mapping we can easily
compute the inverse mappingc) and(v2p).

6.2. Planes of Light

Instead of recording a re ectance eld with individual light
rays, we sweep a plane of light through the volume gen-
erated by a line of one pixel width. Compared to the ray-
based scanning, this reduces the number of required im-
ages fromO(N2) to O(N) for N projector rows. As Mas-
selus et al. MPDWO03 demonstrated, one can approximate
are ectance eld from observations of swept horizontal and
vertical lines.

6.3. Image Acquisition

In order to maximize contrast, every projector is turned on
individually and its sweep is recorded while the two other
projectors are turned off. Because every projector emits
some black-level even for off pixels, we rst record a black
frame for every camera and every projectop. We then
sweep a single pixel line horizontally and vertically and
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Figure 7: (a) A bright illumination plane in front of the con-
sidered confocal plane will darken the image region if a sym-
metric descattering kernel is applied. (b) The one-sided ker-
nel neglects those planes, rendering a slightly brighter im-
age of the internal structures and resulting in more recov-
ered detail.

record imagesisfp and subtract the black frames. Hexds
the projector coordinate of the line.

In order to produce a confocal volume, we apply Equafion
for every voxel, extracting the re ectance eld samples for
intersecting pairs of rays. Lés;t)¢ be the projection loca-
tion of voxelv in camerac determined by the calibrate@c
map, andk be thex-coordinate ofv being projected back to
the projector image using2p. We determine the confocal
irradiance by averaging over the tri-linear interpolated re-
ectance eld entries, rstinterpolating in the camera image
and then between the selected slices with weighx b xc:

Leonf(V) = 601 é. (1 % I(Cb‘:(pc)(S;t)c"'X Ié:dl:(pe)(S;t)c
c2Cp2P

= & & T(st)%xP): (6)
c2Cp2P

In order to compute a descattered confocal image this step
is augmented by weighting the local illumination neighbor-
hood with a LoG kernel of sizek

K

Liv= 8 8 & wiTP(snsxP+K:  (7)
c2Cp2Pk= K

We chose K = 3 and w[ 33] =

f 3, 10;1;24;1; 10; 3g. The results for horizontal
and vertical sweeps are simply averaged.

Within a translucent object, for a non-coaxial camera and
projector setup there will typically be one intersection of
the ray(s;t) with every plane in the neighborhood. If there
would be a strong scattering event in front of voxellong
(s;t) the computed_q4(v) will be too small. Without loss
of generality, letx+ k, with k < 0, be the planes where
the intersection is in front of the voxal In this case,
the direct component is better approximated Lyv) =
&caclppal oWAK TOP((s1)%xP + k) with a one-sided
kernelva[O; k] = f24,2; 20; 6g. The difference is shown
in Figure?.

7. Results

Our proposed combined descattered confocal imaging
method is demonstrated in two different kinds of exper-
iments. First, we demonstrate the superior result of our

method in imaging through murky water, after which we ac-
quire a partially translucent object.

7.1. Looking through Murky Water

Computing clear images in participating media has been
addressed in quite a number of previous applications,
e.g. BNNO03. In this section we demonstrated the effect
of performing descattering on top of confocal imaging in a
sh tank lled with diluted milk and compare our results
against those obtained with descattering or confocal imag-
ing alone. We try to estimate clear-air views into the tank
for varying milk concentration. The tank has a dimension of
39 25 24cnP. We have acquired a resolution test chart
placed at a distance of @ from the front plane (see Fig-
ure 8) and show a scene with higher depth complexity in
Figurel.

We swept about 200 horizontal and 240 vertical lines from
three projectors as shown in Figudend recorded HDR im-
ages of the scene with the three cameras. The acquisition
took roughly 1 hour followed by 15 minutes of further pro-
cessing, most of which is due to 1/0.

In Figure8, the performance of various algorithms is com-
pared for two different concentrations. The rst column
(a) shows the tank in oodlit illumination. In the next two
columns, we applied the descattering algorithm proposed by
Nayar et al. NKGRO§. As input the technique requires a set
of images recorded with periodic illumination pattern shifted
in phase over time. Similar global patterns have been used
even in the context of confocal imagingVNJ98 NJW97.

A simple calculation approximates the direct component
by Lg = 125(Imax Imin), Wherelmin, Imax are the mini-
mum/maximum of each pixel in the sequence, arid the
relative black-level of the projector. We have calculated the
direct component on two different input sets. In column (b),
the illumination pattern showed alternating on/off stripes of
ve pixels width, repeated over the entire projector pattern.
The shifted sequence has been captured ve times to reduce
camera noise. In column (c), the same algorithm is applied
to a synthetic input sequence generated from the re ectance
eld recorded by sweeping a single pixel line. The input pat-
terns are computed by adding the captured images according
to the previously described periodic patterns.

The next column (d) shows a single slice of the captured
synthetic aperture confocal volumeQ@V 04] as computed
using Equatior. Finally, we show our descattered confocal
image in column (e) using three cameras and three projectors
and a single camera/projector pair in (f) (c.f. Equafion

The pattern is barely visible in the oodlit con guration (a).

In (b), descattering using images acquired with a periodic
illumination pattern increases the contrast very little but in-
creases the noise signi cantly. It produces even partially in-
verted patterns. This can be explained by the fact that half
the projector pixels are on at any time. The tiny direct com-
ponent, which is due to individual light rays, can hardly be
separated from the camera noise because the added global
component of half a million illumination rays is so much
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Figure 8: Comparison for different milk concentrations in2& | water tank: (a) white frame, (b) fast separatioNKGR0§
with periodic full-frame patterns, (c) fast separation with patterns synthedien line sweeps, (d) a single confocal slice, (e)
a descattered confocal slice incorporating all cameras and projec{frs descattered slice from a single camera/projector

pair. Please zoom in for full resolution.

stronger in each input image. In the input images for col-
umn (c), the direct component is observed together with the
global component of one line only. The signal is recorded
much stronger. However, during the synthesis of the input
sequence, half of all re ectance eld entries are again com-
bined. Recovering the direct component works better for the
32 ml case but breaks down at 40l milk in 23 | water,
due to the exponential fall-off of signal-to-noise ratio with
increasing concentration (cf. Figudg

Combining the recordings from three cameras and three pro-
jectors, confocal imaging (d) succeeds in producing a much
clearer image of the resolution chart since it considers only
those entries of the re ectance eld that contain a direct con-
tribution, while the remainder of the entries is neglected. The
pattern is visible in both concentrations indicating a pre-
cise calibration. Close to the image boundary the overlap
of the swept projector volumes ends, resulting in intensity
differences. While of good quality, the confocal images are
still affected by multiple scattering. The pattern gets blurred
more with increasing milk concentration. Since the target

has a constant depth the method proposed by Narasimhan

et al. NNSKO05 would just produce a scaled version of the
confocal image.

Applying our proposed descattering algorithm (column (e))
removes the remaining global effects yielding higher con-
trast. It furthermore extracts sharper pictures of the direct
component with higher resolution than any other method.
Since only a small neighborhood is used for computing
the direct component, the contrast is signi cantly increased
compared to methods using global periodic kernels.

Note, that columns (c), (d), and (e) are computed from the
same set of camera images. Only the processing is different.
In Figure 8(e), one can furthermore observe a color shift
from 32 to 40ml in our results. This indicates that we are
indeed extracting the direct component. Increasing the con-
centration increases the out-scattering along the path. Since
milk scatters blue more strongly than red, the blue part of
the direct component is ltered out faster than the red one.
The difference between our descattered confocal imaging
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Figure 9: The maximum contrast between a white and a dark
patch in the result images of the approaches in Figdice-
creases with the scattering density (ml millei8i water).

0 5

approach and only applying local descattering becomes ob-
vious when comparing Figur&(e) with (f) which is much
more noisy.

The achieved contrast of the various methods for different
milk concentrations is plotted in Figuf As expected, the
signal drops exponentially with increasing concentration, as
also predicted by the simulations (c.f. Figuke Descatter-

ing with large kernels and pure confocal imaging consis-
tently produce a smaller contrast, rendering the image un-
recognizable much earlier than with our descattered confo-
cal imaging technique.

Island Scene

While the previous scene consisted of a single plane at xed
depth, the second experiment captures a scene with some
depth complexity (Figurd). It touches the front of the sh
tank and has a depth of approximatel$ 8m

We have captured the full confocal and descattered confocal
volume to recover the volumetric 3D structure of the scene
as can be seen in the offset view in Figdfe). We render
orthographic views of the scene using maximum intensity
projection and increase the reconstructed intensity linearly
with depth in order to counteract the extinction.

Compared to pure confocal imaging our descattered confo-
cal imaging technique can look much deeper into the vol-
ume. The pirate on the right and the palm tree in the back are
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7.3. Limitations

As indicated in Figurel the performance of active light vo-

lumetric acquisition methods, such as ours, with regard to
(a) (b) contrast or penetration depth will be limited in principle by
the scattering density;, since the ratio of the direct to the
global contribution will decrease exponentially. A low noise
camera and a high-contrast projector can help increasing the
maximum recoverable depth.
Increasing the number of aperture samples can further help
both increasing the contrast, as well as minimizing the alias-
ing artifacts which are currently visible in the island scene
when solid surfaces come out of focus.
U] )] () So far, our calibration assumes a constant index of refraction
in order to predict the intersection of viewing and illumina-
tion rays. As can be seen in the bulb example, the internal
structures appear slightly distorted due to refraction.

(© (d) (e)

Figure 10: Confocal (middle row) and descattered confo-
cal images (bottom row) of an energy saving light bulb with
frosted coating (a). In (b), the coating has been removed for
demonstration. The depth discrimination for a single con-
focal slice (c) increases using descattering (f). (d) and (9) 8. Conclusion

show the full integrated volume, from which in (e) and (h) The performance of confocal imaging in translucent media
the front slices have been removed. can be signi cantly improved by combining it with our novel
descattering procedure based on a local descattering kernel.
The same input data is used for both steps. While confocal
imaging reduces the effect of multiple scattering by select-
ing individual light paths, our descattering operator further
removes global effects from the selected paths by analyzing
the vicinity of paths: The photon banana corresponding to
a confocal sample is effectively reduced to photon channels

recovered. As for the resolution chart, our results are sharper
and the colors are more saturated.

In the offset view one can observe some artifacts around
depth discontinuities where the assumption of a homoge-
neous medium around the path is violated. For rather bright
objects such as the ag, the silhouette is partially extruded

in depth due to sma_ll errors in the camera calibration and the around the direct path.

low aperture sampl_lng rate. L . For descattering, we have so far applied a local LoG kernel
The ground plane is not rendered white in the confocal im- .

b le of vol i h b 4n the illumination domain only. In the future, one might ob-
ages because a coupie of volume slices have Deen removeQ;, oyen petter descattering by computing spatially varying
from the front in order to exclude any contribution from the

. deconvolution of the volume around the confocal entries in
sh tank's front glass. the re ectance eld, or by further investigating the duality of
light transport.

Our approach for combined descattering and confocal imag-
ing currently operates at macroscopic scales. Using a con-
focal microscope, or by augmenting a light eld micro-
scope LNA 06] by a light eld projector, migration to mi-
croscopic scales should be straight forward.

7.2. Looking into Translucent Objects

We further investigate the internal structure of a light bulb
with frosted coating (Figur&0). Here, partially translucent
layers are separated by air.
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