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Abstract—Most vision-based 3D acquisition methods including
both passive and active methods have a limitation in that cameras
must be able to observe the surface to be measured. If this is
not possible, that is to say, if the surface is occluded, most of
the methods cannot acquire the surface shape. In this paper, we
present a method that can acquire the 3D points on the occluded
surfaces. The main idea is to observe the scattering of reﬂected
light in a participating medium instead of observing only the
reﬂected light. We place the target in a participating medium,
speciﬁcally a liquid tank ﬁlled with a participating medium,
and irradiate a laser beam on it. Even if the reﬂecting point
is occluded, our method can acquire the 3D position of occluded
reﬂecting points from the scattering. Experimental results showed
that our method can measure 3D reﬂecting points on several
objects even if the objects are completely occluded.

I.

I NTRODUCTION

3D shape acquisition of objects is a major task in the
ﬁeld of computer vision, and is of use in various applications,
such as modeling for CG production, industrial design, and
cultural heritage digitization. Active illumination techniques,
including those that involve light stripes and structured light,
are widely used to acquire the 3D shape of objects for various
applications, and many commercial devices that use these
techniques have been developed.
An active illumination technique focuses a light or light
stripe onto a target object and estimates the 3D position of the
reﬂected point of the light using a stereo method. Most of these
methods are designed under the assumption that the surfaces
of targets will reﬂect light toward cameras so that stereo
correspondences can be detected. However, many real-world
objects, including mirror-like objects and black matte objects,
do not follow this assumption. Although many approaches
[1] have been proposed in the literature for measuring such
surfaces, none of these approaches can measure occluded
surfaces.
This paper proposes an approach for measuring the 3D
shape of occluded surfaces. In contrast to previous approaches,
we use the scattering of both the incident and reﬂected light in
participating media, instead of only the light reﬂected toward
the cameras.
An overview of our approach is illustrated in Figure 1. We
place a target object in a tank ﬁlled with participating media
(e.g., diluted milk) and focus a laser beam onto the surface of
the object. As the laser light passes through the media, some of
the light is scattered, and the lights reﬂected onto the surface
are also partially scattered. In this situation, the path of the
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incident laser beam and the reﬂected light, which can otherwise
not be observed in a clear air environment, can be observed as
scattered light. Using the scattered light, we estimate the 2D
position of the reﬂecting point for every image and acquire its
3D position. Because the cameras can observe the scattering
of reﬂected light even when the surfaces are occluded and the
light on the surface does not directly reach toward them, our
approach is applicable to occluded surfaces that are difﬁcult
to be acquired using previous approaches.
II.

R ELATED W ORKS

Scattering models are widely used in CG ﬁelds, and render
various participating media such as fog, smoke. Furthermore,
in the ﬁeld of computer vision, many works have focused on
scattering. One such application of scattering is haze removal,
in which scattering in the atmosphere is removed from outdoor
scene images. He et al. [2] performed haze removal and depth
acquisition simultaneously from a single image. Narasimhan
et. al. [3] developed a laser range ﬁnder and photometric stereo
that can be used in the presence of scattering.
Another works related to scattering is the measurement of
the scattering effect from images [4]. A work conducted by
Narasimhan et al. [5] involved a rich database of the scattering
properties of various kinds of objects, and Mukaigawa et al.
[6] modeled and analyzed multiple scatterings. While these
scattering models help estimate object shapes, few methods
actively use scattering for shape acquisition.
A study closely related to ours was performed by Hullin
et al. [7]. They used ﬂuorescent material for observing laser
trails and succeeded in capturing transparent objects that are
difﬁcult to measure using most vision-based methods. In their
method, scattering of laser trail is used for shape acquisition.
However, this method does not consider a case wherein surface
is occluded. Our method considers the scattering of reﬂected
lights in addition to that of the laser trail, and can be applied
to the case of occlusion. An acquisition method for scattering
objects, i.e., translucent objects, was developed by Inoshita
et al. [8]. Their method also actively uses scattering for
shape acquisition, but it does not measure occluded surfaces.
Furthermore, shape acquisition of underwater objects [9][10]
is related to our work. However, none of above these methods
can acquire the shapes of occluded surfaces.
In a few works, methods for measuring occluded surfaces
were proposed. Sen et al. [11] proposed a method for generating images from the viewpoint of a projector even when
no camera is placed at that viewpoint. While this method
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Fig. 1. Overview of our approach. Compared with (a) a traditional active laser range ﬁnder, (b) our system observes a laser trail and reﬂected light as scattering
in the participating media.

can be extended for measuring the occluded surface, multiple
projectors need to be placed from a non-occluded viewpoint.
In contrast, we only require a single laser beam. Most recently,
Gupta et al. [12] measured hidden shapes with ultrafast imaging systems. While they used third bounced laser beam for
shape acquisition, in this study, we employ the approach of
using scattering in participating media. As compared to [12],
our method does not need expensive equipments; we use only
consumer cameras, a laser beam unit, and a liquid tank.
III.

S YSTEM C ONFIGURATION

participating media before it reaches the object’s surface; in
other words, the laser beam is partially absorbed and scattered
by the participating media. This absorption and scattering are
modeled by Narasimham et. al. [5]. Then, the laser beam
is reﬂected on the object surface and the light reﬂection are
modeled by BRDF. Note that we do not consider subsurface
scattering on target objects.
When light travels through the participating media, it hits
small particles in the participating media, and the light is
partially scattered and absorbed.

Our system conﬁguration is shown in Figure 1 (b). The
system consists of a transparent, e.g., glass or acrylic, liquid
tank ﬁlled with a participating medium, cameras, and a laser
pointer unit. We place the target object inside the tank and
irradiate the laser beam on its surface. The cameras are placed
such that they can observe the scattering of light in the entire
tank. Note that at least two cameras must be used if the laser
beam direction is unknown. A single camera is sufﬁcient if
the direction can be known using mechanical equipment, e.g.,
a robot arm or a galvanometer mirror.

M0

(b)

Fig. 2. Observed image. (a) Image captured in room light environment, (b)
image in a darkroom conditions

An example of the input images is shown in Figure 2
(b). Although the reﬂecting point on which the laser beam
is focused is occluded, we can observe that the laser trail and
reﬂection scatter in the participating media. In this study, we
solve the problem of detecting the occluded reﬂecting point in
this image without any prior knowledge of its shape.
We model laser beam behavior in the participating media
in the following section.
IV.

L ASER B EAM IN S CATTERING M EDIA

A Laser beam radiated from a laser unit travels toward
the object’s surface. The laser beam is attenuated by the
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Let us consider a case in which a laser beam is traveling
through the participating media, as shown in Figure 3, and let
M0 be the radiant exitance of the ray. The attenuation inside a
participating medium can be modeled as M = M0 e−σd , where
d is the traveled distance and σ is the extinction coefﬁcient,
which depends on the density and material of the medium.
Thus, when the laser beam arrives at the object surface, its
irradiance is
Ei = M0 e−σdL ,
(1)
where dL is the traveled distance from the wall of the liquid
tank to the reﬂecting point.
The radiance of reﬂected light in a certain direction, say
lo , is written as, Lo (lo ) = f (li , lo )Ei , where li and f (li , lo ) is
the incidence direction and BRDF, respectively. The reﬂected
light is also scattered and absorbed by the participating media.
Let Ps be a 3D point on the direction lo . When the reﬂected
light reaches to Ps , irradiance on Ps can be given by using the
distance between Ps and the reﬂecting point, ds , as E(Ps ) =
Lo (lo ) −σds
, where θo is the reﬂection angle. The radiance of
d2 e
s
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the scattered light on position Ps is modeled as
Ls (Ps , θs ) = βE(Ps )P(g, θs ),

(2)

where β is a scattering coefﬁcient and g is a parameter of the
Henyey-Greenstein phase function P(g, θs ), which models the
angular scattering distribution.
Until Ls (Ps , θs ) reaches an image pixel, it continues to
be attenuated by the participating medium. Given the traveled
distance from Ps to the liquid tank surface, denoted by dI , the
attenuated irradiance can be given by
Lp (Ps , θs ) = Ls (Ps , θs ) exp(−σdI )
sf (li , lo )P(g, θs )e−σ(dL +ds +dI )
=
,
d2s

(3)

where s = M0 β.
By integrating equation 3 with the view direction, we can
calculate irradiance on an image pixel as
 Pf ar
I=
Lp (Ps , θs )dPs ,
(4)
Pnear

where Pnear and Pf ar are intersections of the view line and
the walls of the liquid tank.
Note that this models is only valid under the assumption
that no multiple scattering exist. Using a participating media
with low scattering coefﬁcient σ, we avoid the effects of
multiple scattering.
V.

(a)

(b)

(c)

(d)

Fig. 4. Detection of object region and laser trail. (a) Input image, (b) region
A: binarized image from (a), (c) region B: images after applying erosion and
dilation operators, and (d) region C=A-B.

number of iterations of these operators depends on the width
of the laser in the image. The laser trail appears as a linelike shape in the image, and the erosion and dilation operators
remove the laser trail from region A, as shown in Figure 4
(c). B is subtracted from A, and the line-like region remains.
Finally, the Hough transform is applied to this region to obtain
the 2D laser trail. Subsequently, the 3D laser trail can be
easily acquired from the laser trails captured from different
viewpoints. The region of the laser trais is also masked out
because it may hinder distinguishing the scattering of reﬂected
light.

D ETECTION OF O CCLUDED REFLECTING POINTS

A. Detection of Object Region and Laser Trail

B. Estimating the Reﬂecting Point

In the images shown in Figure 2(b), we can observe an
incident laser trail as a bright line, the scattering of reﬂected
light as relatively low-intensity pixels outside the object region,
and lights multiply reﬂected on the surface. In this study,
we estimate the 3D reﬂecting point from the laser trail and
scattering of reﬂected light on the surface, and thus, our ﬁrst
step is to extract them from the images. This step consists of
(1) masking the object region that may hinder distinguishing
the scattering of reﬂected lights, (2) detecting the laser trail
on the image, and (3) reconstructing the 3D laser trail from
multiple images.

The 2D reﬂecting point in the image is located (a) on an
extended line of the laser trail and (b) inside the masked object
region. We ﬁrst select the pixels that satisfy both (a) and (b) as
reﬂecting point candidates. If a candidate pc is the target 2D
reﬂecting point, the image can be synthesized using equation 4
and pc that will ﬁt the observed image. One problem is that the
BRDF of the target object and the surface normal is unknown,
and hence the pixel intensity cannot be calculated. To solve
this problem, we focus on intensities of pixels along a line
that begins at the 2D reﬂecting point in a certain direction.
Reflected ray

For masking the object region, we employ a naive background subtraction method that uses pre-captured background
and foreground images from a bright scene, as shown in Figure
2(a). We could also have used more sophisticated methods, but
masking in our method does not need to be accurate unless the
masked region completely covers the entire object region. The
remaining process will continue to work correctly even if the
masked region contains the scattering region.
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In the contrast, the accuracy of the detection of the laser
trail strongly affects the overall accuracy of the proposed
method. As shown in Figure 2(c), the laser trail is observable
in the image, and therefore it can be extracted as follows.
First, the images are binarized, and bright region including
the laser trail, namely region A, is extracted, as shown in
Figure 4 (b). Second, we apply erosion and dilation operators
to remove the line-like shape and acquire a region B. The

P’k

P0
Fig. 5.
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p1
p0

Object surface

Viewing rays in the participating media.

Let us consider the following case. There are 3D points P0 ,
P1 and Pk along a line, and P0 is the 3D reﬂecting point. The
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distances between P0 and P1 , P0 and Pk are ds1 and kds1 ,
respectively, and these points are projected onto pixels, p0 , p1 ,
and pk . For simplicity, we assume that the view lines that pass
though p0 , p1 , and pk are parallel; in other words, the camera
projection model is orthogonal or orthogonal-like. Under this
assumption, the ratio between the distance from p0 to p1 and
from p0 to pk is |p1 − p0 | : |pk − p0 | = 1 : k.

This error function depends on the pivot pixel and therefore
we select a pivot that minimizes Errψ,i . Summing the minimized error over all directions, we deﬁne the unlikelihood of
a reﬂecting point candidate as

min Errψ,i (pc ).
(12)
Err(pc ) =

When the traveled distance from Pk to the camera, dIk ,
compares with that from P1 to the camera, dI1 , it is (k −
1)ds1 cos θs shorter than that from P1 , i.e., dIk = dI1 − (k −
1)ds1 cos θs From equation 3, the scattering on P1 and Pk that
contribute to the intensities of pixels p1 and pk can be written
as

We calculate this Err(pc ) for all candidates and ﬁnd the
candidate that minimizes Err(pc ) as the 2D reﬂecting point.

Lp (P1 ) = te−σds1
and

(5)

Lp (Pk ) = t/k 2 · e−σ(kds1 −(k−1)ds1 cos θs ) ,

(6)

where,
t=

sf (li , lo )P(g, θs )e−σ(dL +dI )
d2s1

i

pϕ
n
pϕ
i
ϕ
p1
pc

Surface Point Candidates

(7)
Fig. 6. Reﬂecting point candidates. The likelihood of pc is calculated from
the pixels on the red lines.

The ratio of Lp (Pk ) to Lp (P1 ),
Lp (Pk )
1
= 2 e−σ((k−1)(1−cos θs )ds1 )
Lp (P1 )
k

ψ

(8)

L (P )

can be approximated as Lpp (Pk1 ) ≈ 1/k 2 for small values of σ
and ds1 . These equations can be applicable for other directions,
e.g., {P0 , P1 , Pk } and {P0 , P1 , Pk } in Figure 5.
By integrating equations 5 and 6 with the view direction, the irradiance
of pixels p1 and pk can be calculated

as
s and I(pk ) =
 I(p1 ) = Lp(P1 )dP1 = Lp (P1)ds1 dθ
Lp (Pk )dPk = Lp (Pk )kds1 dθs = 1/k 2 Lp (P1 )kds1 dθs ,
respectively. The ratio of two pixel intensities, p1 and pk , can
be approximated as

1/k 2 Lp (P1 )kds1 dθs
I(pk )

= 1/k.
(9)
≈
I(p1 )
Lp (P1 )ds1 dθs

Once the 3D laser beam and the 2D reﬂecting point are
detected, we can easily calculate the 3D reﬂection point by
calculating the intersection between 3D laser trail and the ray
which corresponds to the 2D reﬂecting point pc . Note that, for
3D laser beam trail has already be known, 2D reﬂecting points
on single image is enough for calculating 3D reﬂecting point.
VI.

E XPERIMENTS

A. Implementation

Laser Unit

Black Matte Sheet

Note that the unknown BRDF and surface normal are cancelled
out when the ratio is used.
This ratio can be used to calculate the likelihood of a reﬂecting point candidate. Let pc be a reﬂecting point candidate.
We draw lines radiating in several directions and extract a set
ψ
of pixels Lψ (pc ) = {pψ
1 , . . . , pn } which are located within
the non-object region, as shown in Figure 6. Using pψ
i as the
pivot pixel, we calculate the pixel intensity of the other pixels
of Lψ (pc ) as
ψ
I  (pψ
(10)
j ) = I(pi )/kj ,
I(pφi )

is the observed intensity of pixel pψ
i and kj is the
distance from pc to pi and pc to pj . Subsequently,

where
ratio of the
the error function can be deﬁned as

 ψ
Errψ,i (pc ) = medj |I(pψ
j ) − I (pj )|.

(11)

We use the median as the error function because the observed
pixel values may contain outliers that occur when the reﬂected
light hits a small particle (e.g., dust in the medium or a scratch
on the liquid tank surface).

Water Purifier

Nikon D7000

Fig. 7. System implementation. Left: A liquid tank ﬁlled with diluted milk
and a laser unit. Right: DSLR camera mounted 4m away from the walls of
the liquid tank

Our measurement system, shown in Figure 7, consists of
a 60cm × 60cm × 60cm liquid tank with 9 mm thick crystal
clear acrylic walls, two DSLR cameras (Canon D7000 with
zoom lenses, 4948 × 3280 pixels) and a 5 mW green laser
module (φ = 1mm). To avoid reﬂection of light on the
liquid tank surfaces, we covered the background wall of the
liquid tank with black matte sheets. We used 1 ml of milk
diluted in 180 L water as the participating medium. Referring
the discussion and result of Narasimhan’s method [5], it is
σ = 1.23 × 10−4 (1/mm) and g = 0.714 in our experiment
setup, thus multiple scattering light could be ignored.
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Because we assumed an orthogonal projection model, the
cameras were placed at a distance of 4 m from the water
tank. To reduce the effect of refraction, we placed the cameras
orthogonal to the wall of liquid tank.
B. Experimental Results
First, in order to evaluate the accuracy of reﬂecting point
estimation by comparing with ground truth, we used a nonoccluded surface as the target objects. We used a white plate
whose size was 170mm × 210mm, shown in Figure 8(a), as
a target object. The plate was placed in the liquid tank as
shown in Figure 8(b)-(c), and the laser beam was projected
onto 12 points whose positions are indicated by yellow arrows
in Figure 8(a). We detected the brightest point on the image
and used its position as ground truth of the 2D reﬂection points.
We masked the images manually, and thus simulated a
situation in which the reﬂecting points were occluded. The
white region in Figure 8(d) is a masked (occluded) region. In
all our experiments, we used HDR [13] images for detecting
reﬂecting points. Images taken with seven different exposures,
from 1s to 30s, were used to create the HDR images.

demonstrates that our model properly models the scattering
and indicates the location of the reﬂecting points.
VII.

In this study, we developed a new method to measure the
3D position of occluded surfaces. Our method only requires
simple devices, such as DSLR cameras, a pointing laser, and a
liquid tank, and can estimate the position of occluded points.
We utilized the scattering of reﬂected lights in the participating
media to measure the occluded points. Even when the reﬂected
lights were occluded, we could still observe their scattering in
most cases, and therefore, it was shown that our method is
effective for occluded objects.
A drawback of our method is that it can measure only
a single point from one-shot images. Multiple laser beams
or structured lights may be used to overcome this drawback,
but a more complex observation model than that used in our
approach is additionally required. In our future works, we will
extend our method to a multiple-laser environment.
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Fig. 8. Experimental results with a white plate. (a) The white plate and 12 reﬂecting points to be measured, (b) image under indoor lights, (c) image under
darkroom conditions, (d) manually masked region indicated by white region. (e) detected 2D points. (f) acquired 3D points.
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Fig. 9. Experimental results with a metal spoon and CD-R. (a) CD-R to be measured, (b) image in room lighting. Bottom half of the tank wall is covered with
sheets. (c) and (f) input images, (d) and (e) reconstructed 3D points of the spoon’s bowl. (g) reconstructed 3D points of the CD-R (h) 3D points of the CD-R
from horizontal view.
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Fig. 10. Observed pixel intensity I(pψ
j ). (a) Pixel intensity map. Note that the pixel intensities are displayed as a log scale and converted using a color chart.
(b) and (e) correspond to black lines in (a), (c) and (f) correspond to blue lines that pass through the correct reﬂection point, (d) and (g) correspond to magenta
lines. Observed pixel intensity and ﬁtted 1/k curve are represented by blue and red lines, respectively.
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