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Abstract The effect of reflection and transparency is superimposed in many real world scenes, which is caused
by glass-like shiny and transparent materials. The presence of such incidental effect in a captured image has made
it difficult to apply computer vision algorithms and has lead to erroneous results. This paper presents an optimal
method for the automatic separation of reflection and transparency layers even if the scene is complicated. The
method is based on the epipolar plane image (EPI) analysis. The method is not like the conventional edge-based
EPI analysis, but instead it is an edge and line-based color analysis of EPI and it can robustly separate two
component layers. To demonstrate the effectiveness of our method, we present the results of experiments using
synthesized and real scene images including indoor and outdoor scenes, from which we successfully extracted the
reflection and transparency component layers from the input image sequences.

. rials and usually occurs in many natural scenes. The ob-
1. Introduction ) L .

served color of such a scene is a combination of the light
The presence of reflection and transparency in the same transmitted from an actual object behind the glass and a

image is caused by glass-like shiny and transparent mate- reflected object ( virtual object ) in front of the glass. This
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combination causes errors in some computer vision algo-
rithms, such as the algorithms for object tracking. In ad-
dition, this effect strongly disturbs the texture acquisition
of a real-world scene, which is a critical research area in
computer vision and computer graphics, including 3D city
modeling projects. One possible solution to this problem is
to separate the component images. Many researchers have
tried to separate the reflection component and many valu-
able methods have already been proposed. However, most
proposals have not considered for outdoor scenes. In this
paper, we propose a new method to separate the reflection
transparency layers which have been caused by an object
placed in front of glass and behind the glass, even if the
objects have a view-dependent effect such as specularity.
This method is based on the epipolar plane image (EPI)
analysis. Unlike conventional EPI analysis, which usually
analyzed the edges, we propose edge and line-based color
analysis of EPI, which can robustly detect the boundary
lines of EPI-strips. After detecting the boundary, we can
apply a separation algorithm to separate the reflection and
transparency components, even in the presence of specular-
ities. The remainder of this paper is organized as follows.
In Section 2, we discuss related work. A detailed explana-
tion of EPI based edge and color analysis is described in
Section 3. Section 4 introduces a new method to separate
the reflection and transparency components which we have
proposed. Experiments and results can be seen in Section

5. Finally, in Section 6, we offer our conclusion.
2. Related Works

There has been much research conducted to separate re-
flection and transparency layers from an input image in
various ways. Some proposed methods based on layer mo-
tion [14] [13]. Szeliski[13] proposed layer extraction tech-
nique even in the presence of reflection and transparency by
estimating layer motion based on constrained least square
method. Likewise, some other technique[14] [5] based on
motion for image enhancement and transparency separa-
tion. Schechner worked out to separate transparent lay-
ers using focus (7] [9]. Moreover, they have been proposed
to separate these real and virtual objects using an optical
property called polarization [8], [11], [10]. However, the po-
larization based separation techniques have a restriction on

one assumption: the angle of incidence. Furthermore, this

method need a polarization filter to be operate with the
camera and need to capture more than one image by ro-
tating the polarization filter for every scene and difficult to
apply real-world scenes such as urban images. On the other
hand, a number of research works using independent com-
ponent analysis [4] [2] [3] and layer information exchange [6]
have been proposed .

However, most of these works do not consider for out-
door scene and therefore their techniques are not sufficient
for practical use. In this paper, we propose a method for the
separation of reflection and transparency under a more gen-
eral condition which allows a view-dependent effect such as
specularity and depth disparity. In this method, we adopt
an EPI analysis. Originally, EPI analysis was for the acqui-
sition of 3D data from an image sequence[l]. Currently,
some research exists which utilizes EPI for color analy-
sis[12]. We also conduct a color-based approach for EPI

analysis.
3. EPI Analysis

3.1 Definition of an EPI

In this section, we explain how we create an epipolar
plane image and how we perform an EPI analysis based on
the nature and geometrical appearance of each EPI strip.
The first step is to make a spatio-temporal image volume
and slice it horizontally to acquire the EPI. The EPI vol-
ume can be constructed by taking a series of images from
a moving camera and accumulating these images along the
temporal direction, as shown in Fig. 1. The camera’s mo-
tion is restricted to constant speed and a straight path, and
so these restrictions make the analysis easy and robust. Ide-
ally, the frontal surface of any object appears as an area
mounted by two distinct parallel boundaries on the EPI.
In the rest of this paper, we call this area the EPI strip,
or strip. Since we restrict the camera movement along a
straight line and the depth d of all the objects are not the
same in the real world, all the strips do not lie in a parallel
direction. This depth difference gives a special character to
the EPI, as shown in Fig.1(bottom).

3.2 Edge-based EPI Analysis

If there is no transparent object in the scene, as in
Fig.2(left), we can produce an EPI as in Fig.2(right). While
object 2 can be captured for all frames, objects 1 and 3

appear for a short period in the camera view. 6;, 62, 6,
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3D spatiotemparal vol

Fig1 An EPI

in Fig.2 represent the inclination angles of EPI strips 1,
2 and 3, respectively, and we can clearly see that the in-
clination angles of the EPI strips are different, depending
on the depth of the object(fy < 63 < 82 with respect to
dy < d3 < d2). Furthermore, strip 2 is totally covered by
the other two opaque strips at the overlap areas, so we can-
not see the object if there is an object in front of it. There-
fore, the boundary edge of strip 2 cannot be connected at
the overlap area and strip 2 is divided into three separate
areas. Since these three areas are separated, we can still
understand that these three areas produce an EPI strip by
analyzing the edge parallelism and color similarity. With
such an edge-based analysis, we can retrieve the 3D infor-

mation from the EPI and the scene.

A - o o o

Camera Movin‘g-ﬁi?c:t;);
Fig 2 Appearance and nature of actual objects in the EPI

3.8 Color-based EPI Analysis

To conduct the conventional EPI analysis, we have to as-
sume that the object appearance does not change; that is,
the object appearance does not depend on the view direc-
tion and there is no reflection and transparency. However,
in reality, the color sometimes drastically changes depend-

ing on the view direction because of the superimposed re-

flection and transparency and other effects. To conduct a
further analysis with an EPI in a real-world scene, we have
to understand how color is produced on an EPI and we
must include the effects of reflection and transparency. A
color change on an EPI can be basically explained by two
reasons: one is the changes of material or color of the tar-
get objects and the other is the reflection and transparency
effect caused by the existing of glass-like object in front of
the target scene. It should be noted that we do not consider
complicated bi-directional reflectance distribution function
(BRDF) in this paper. All colors on an EPI can be ex-
plained by the combination of those two effects.

8.8.1 Reflection and Transparency on an EPI

As shown in Fig.3, a reflected object is observed as if
it exists on the opposite side of glass; therefore, the object
simply describes an EPI-strip on an EPI. However, since
glass is transparent, the observed color is a mixture of ac-
tual and reflected objects. Therefore, since the reflected ob-
Jject makes a single band, its color changes abruptly when
it intersects the EPI-strips of the actual objects and vice
versa. Note that, under such conditions, we can still dis-
tinguish each EPI-strip robustly; such distinction is usually
difficult to achieve by simple image processing techniques
such as motion tracking technique applied on the original

image sequence.

Fig 3 Appearance and nature of transparent and reflected ob-
jects in an EPI

4. Separation of Reflection and Trans-
parency

We now describe a technique to separate the two compo-
nent layers of the EPI and estimate the underlying original
colors of the overlap regions. The technique first detects the
inclination lines of the EPI-strips. EPI is then rectified by
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inclination angle of EPI-strip so that trails within strip are
vertical. Original color estimation can be done by applying
the proposed method along the vertical scan line as describe
in Sec'4.2. Once separation is achieved, the corresponding
region is labeled and excluded from further computations.

4.1 Defining Strips on an EPI

Since the camera is assumed to move linearly, each object
in the scene is bounded by two parallel lines on the EPI. As
a result, parallel line detection'by using Hough transform
is sufficient to detect the boundary lines of the EPI-strips
as shown in Fig 4(c). The inclination angle of the bound-
ary line in the EPI is directly proportional to the depth of
the object. We ordered the EPI-strips based on the inclina-
tion angle of the strips by increasing order. Generally the
reflected object is assumed far away from the camera, the
EPI-strips can be grouped into two according to their incli-
nation angle of boundary lines. The margin of two groups
is defined manually. For figure 4(a), EPI-strips those theta
values less than fifty (§ < 50) are grouped into one and the
rest are another group. Separation method is applied for

all strips of a group those having small inclination angle.

Fig4 (a) Hough transform image of (b), white rectangles repre-

sent for maximum Hough peaks. (b) The synthesize EPI.
(c) The detected boundary lines (8 < 50).

4.2 Separation of the EPI

Considering the presence of both the reflection and
transparency components at the same image point, if we
suppose the color of the overlap area is the linear combi-
nation of two color components, the observed color of that

image point can be described as

Mc(z) = fe02*(z) + fr00"(2) 1)

where ¢ represents the type of sensor ( r, g and b), z=
{z,y} is the two-dimensional image coordinate, 2°*(z) and
02""!(z) represent the color of the actual and virtual ob-
jects, respectively. f; and f. are the factors of transparency
and reflection, respectively. Since all the boundary lines of
EPI-strips have already been observed, the decomposition
of the input EPI into reflected and transparent layers can
be done by the following algorithm. The separation is per-
formed each column of the rectified strip. Since each point
in a vertical line of EPI-strip represents for the same im-
age point of the object of each image frame, the minimum
color value along the entire line should be an original color
of that line due to the linear color combination property of

reflection and transparency . The algorithm is as follows.
Algorithm 4..1: SEPARATION(S)

comment: Separation of the EPI S

(r,c) + Size(S)
temp + GetColumn(S,1)
for i < 1 to ¢ { Orgcolor < Min(temp)

SetColumn(S, i, Orgcolor)

() (b) (c)
Fig 5 Separation of the synthesized EPI.(a) input EPI (b),(c)

separation results.

Another component image can be obtained by subtract-
ing the result image from the original EPI. The separation
results of Fig.5(a) can be seen in Fig.5(b) and (c). The

separated results show the algorithm 4..1 is good enough
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for the separation of EPI, since this EPI is produced from
the synthesized image sequence( synthesized-EPI ) and the
surface of all objects are totally plane ( no depth disparity,
e.g. . window frames of the building in the outdoor scene
). F‘uither, the estimation of minimum color is not suitable
for real-EPI because of noise and artifact. Therefore, the
histogram thresholding method is used for real-EPI separa-
tion instead of minimum color estimation. The basic task of
this method takes the pixel value of the first peak nearest to
zero inteﬁsiﬁy a.nd substitute for all ‘bixels which are bfighter
than that a.ldng the entire scan li‘ne./Fig 6 shows the three
possible patterns of histogram as an example of line-based
color aﬁalysis. For Fig6(a),(b), there is no a.mbiguity' to
select the first peak. Comparing with several experimen-
tal results, the first peak of Fig6(c) is small and it should
be neglected, because this type of peak can be occurred by
noise and artifact. After applying the separation algorithm
the EPI-strip is rectify back to the original one. Since there
remains base.color ambiguity with this algorithm, this tech-
nique cannot produce the correct color value. However, "the
result can 'bé effectively used for most computer vision al-
gorithms. Furthermore, for texture acquisition purposes,
human interaction can produce a reasonable result.
4.3 Separation of the Original Image

By using the result of the decomposition of the EPI as
described above, we can separate the original image into
two component images by two ways. The first is a straight-
forward method which applies a separation algorithm to
each EPI for all horizontal lines (we call this the iterative
method), and the second is based on color clustering. How-
ever, the iterative method is not practical because the accu-
mulation of small errors in the offset for each frame becomes
large and the processing of all EPIs is time-consuming.
Therefore, the color clustering method is preferable.

This approach first clusters the input images, and then
finds the correspondent color in the EPI for separation. The
detailed procedure is as follows.

® create sparse EPIs from the captured image sequence
and decompose the EPIs by the separation algorithm.

® get the (u,v) coordinate and the color information
(r, g, b) from the EPI for the desired input frame as an
initial point.

® perform color clustering of the original image by
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Fig 6 The possible patterns of histogram, black circles show
the thresholding results. (a) and (b) show the patterns
without noise, (¢) shows the noise included pattern.

the region-growing, which starts with an initial point and

merges neighboring pixels by using their color information

in 3D space.

e after clustering, the component image can be ex-
tracted by substituting the expected original color for the
clustered pixels, which can be obtained from the resulting
EPL

5. Experiments

We performed several experiments to test the effective-

ness of our method. In the following two experiments, we
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used a synthesized image sequence and a real image cap-

tured in our laboratory and outdoor scenes.
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Fig 7 The example histograms of scanned lines, black circles

show the thresholding results. (a) and (b) show non-
existing and existing depth disparity on scanned line of
(c). (d) The thresholding result of scanned line of (e).
5.1 Synthesized images
The image sequences used to test our method have been
created by using CG software. As a target object, we con-
structed a model room which has a front wall covered by
glass to create a reflected image of the objects placed in
front of the glass wall, as well as transparent images of the
objects placed inside the room. We assumed that the fac-
tors of reflection and transparency for all captured frames
are constant, and the camera motion follows a straight path
that produces regularly sampled images for creating the EPI

volume. Some histogram thresholding results can be seen

-2

(d) (e) (0
Fig 8 Result of the EPI analysis. (a),(b) Input EPI with view-
dependent effect. (c),(d),(e),(f) Separation results

(a) (®) ()

Fig9 The separation of synthesized images. First column shows

the input synthesized images. Separation results can be

seen in the second and third columns.

in Fig 7. Fig 7(a) and (b) show the histogram threshold-
ing results of two scanned lines from Fig 7(c). In Fig 7(b),
the first peak is not small as noise and it should be the
selected peak of that line. However, it is neglected. Be-
cause, the thresholding algorithm is not only consider for
the noise but also consider for such type of peak, which
has been caused by depth disparity. The original color es-

timation for this type of histogram has been performed by
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comparing with the thresholding results of successive lines.
The selected result proved that the proposed method can
overcome the existing of small depth disparities on the sur-
face of the objects. For figure 7(d), the method selects the
third peak because the second( red ) peak was already la-
beled in the previous calculation. Fig.8 is the result of EPI
analysis. The EPI was successfully separated into compo-
nent images can be seen in second and third columns. The
first row shows that the proposed method can separate two
layers even in the presence of specularities in both real and
actual objects. However, in Fig.8(c), we can observe small
artifacts on EPI strips which are caused by color saturation
on the synthesized image. To avoid such artifacts, using a
high dynamic range image is a practical solution.

Fig 9 shows the separation results of original images.
The left column of Fig.9 shows an arbitrary frame of three
input image sequences, and the recovered transparency and
reflection component images are shown in the middle and
right columns.

5.2 Real Images

Fig 10 The scene of the real image capturing process.

(2) (b)
Fig 11 Separation of the real EPI.(a) input EPI (b),(c) separa-

tion results.

(c)

‘We have conducted several tests on real images captured
using Sony three-CCD(640x480) digital camera. The mo-
torized stage has been used to control the linear movement
of the eamera as shown in Fig.10. Fig.11 shows the input
EPI and separation result of real image sequence. The orig-
inal images and their separation results are presented in the
Fig.12.

In Fig.11, we can see that the input EPI is success-
fully separated into component images. However, for the
separation of original images, we can observe some arti-
facts in Fig.12(e) and (f).
be considered as: the object has weak specularity on it

Main reason for this error can

and such view-dependent effects produce color differences
in the final result. In addition, we based the method on
the assumption which is the color combination of reflection
and transparency is linear. As a result, although the pro-
posed method can extract two component layers even in the
present of view-dependent effect, the subtracted layer can
be affected by some noise or artifact. Therefore, in order
to produce a better result without such artifacts, we need
further research for color separation method and to reduce
assumption for more reliable with natural scene. We have
also conducted outdoor image sequences captured by a car-
mounted video camera. Fig.13(top) shows the input image
and the separation results can be seen in Fig.13(middle and
bottom). The color of Fig.13(bottom) is enhanced to make
it easier to see. In this case, we used only three sparse EPIs
to recover the result images, because the structure of com-
ponent layers is simple. More EPIs are required to separate

complicated scene.
6. Conclusion

In this paper, we proposed a new EPI analysis based on a
color analysis, since the conventional EPI analysis does not
consider the view-dependent effects of reflection and trans-
parency, which usually exist in real-world scenes. Our pro-
posed method completely assumes these complicated effects
and successfully analyzes them. By using our EPI analy-
sis, a scene consisting of glass-like objects which produce
both a transparent and reflective effect could be robustly
separated into component images. Furthermore, most of
our separation method could be performed automatically.
Since, many computer vision algorithms usually fail to han-

dle the complicated scene images, our technique can provide
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Fig 12 The separation of real images. First row shows the in-

put real images. Separation results can be seen in the
second and third rows.

a practical solution by separating the image into component

images. For city modeling purposes, since many buildings

are typically covered with glass windows and it is difficult to

retrieve textures of good quality, our technique can provide

a practical solution.
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