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ABSTRACT. In order to make computer vision approach human vision and to improve im-
age recognition performance, which is often degraded by the existence of shadows, this pa-
per proposes a new approach for shadow detection and elimination, especially for images
captured by an in-vehicle camera. The proposed approach uses color vectors of regions
segmented in the input image without using background information. We also propose an
algorithm for automatic acquisition of the light-source color, which is required in the pro-
posed approach, using shadow detection on a white line. The experimental results show
that the success rate of shadow detection/elimination is more than 80% using the light-
source color vectors, and that of shadow detection using an automatic light-source color
acquisition method is about 70%. The processing time for shadow detection/elimination
is less than 5 ms.

Keywords: Shadow detection, Shadow elimination, In-vehicle camera, Color vector of
light source, White line

1. Introduction. Significant advancement has been made in computer vision, which
provides the technological basis for self-driving vehicles and autonomous intelligent robots.
In some specific tasks such as human face recognition, the performance of computer vision
exceeds that of humans, but in many other image-recognition tasks, computer performance
is still inferior to that of humans. Shadow detection/elimination is one of these tasks.
Shadows, which often exist in a natural scene image, generate boundaries or intensity
changes irrelevant to the real outlines of the objects, and such boundaries affect feature
extraction results and degrade object detection and recognition performance.

In order to make computer vision approach human vision, we propose a new approach of
shadow detection and elimination. Although recently some feature extraction technologies
have been shown to be robust to the existence of shadows [1], the performance of image
recognition such as environment recognition around vehicles or robots is expected to be
further improved if shadows can be explicitly detected and eliminated.

In order to detect and eliminate shadows, various approaches using background images
have been proposed [2, 3, 4, 5]. In one of them, shadows are detected using such fea-
tures as the color vector of a shadow in the color vector space, which can be found by
extrapolating the background and environmental color vectors [3]. In this approach, a
pale shadow compared with the background can be detected using the maximum allowed
color shift values and minimal and maximal luminance attenuation. Another approach
detects shadows using the lightness ratio and the differences in hue and saturation in
the HSV color space between input and background image pixels [4]. In order to apply
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these approaches to vehicle and robot vision, the background images, which are always
changing, have to be estimated and updated.

Shadow detection approaches which use no background images have also been pro-
posed [6, 7]. In these approaches, by assuming the effects of Rayleigh scattering or the
features in hue values in a shadow, an original evaluation value is defined and the pixels of
shadows are detected with threshold operation using Otsu’s method [8]. However, these
approaches were evaluated only with several images in the papers in which they were
proposed; its applicability to real images in a complicated environment is not clear.

Another approach that focuses on boundaries between shadows and non-shadows was
also proposed [9]. This approach also uses no background information and was not af-
fected by the darkness of the shadows. This is based on a visual psychological model by
which humans perceive a boundary where hue and luminance change simultaneously as
a boundary between real objects, and one where only luminance changes as a boundary
generated by a shadow. This approach is effective for shadows generated by a colorless
light source, but is not so effective for those generated by a colored light source, because,
in the latter case, a shadow affects hue values as well as luminance values. Moreover, in
this approach, real boundaries where only luminance changes such as in black and white
patterns are erroneously considered shadow boundaries.

By improving this latter approach, in this paper, we propose a new method that can
achieve shadow detection/elimination without using background image. We treat images
from an in-vehicle camera, in which the background image is always changing. Since the
shadow includes color information of the light source, this method requires information of
the light-source color before shadow detection operation. In such images, the light source
is usually sunlight, but the color of sunlight changes according to the time of day and
season. Therefore, since the sunlight color must be obtained periodically, we also propose
an automatic acquisition method to obtain the light-source color using the white lines
on the road. The proposed approach also requires a region-segmentation operation that
must be performed before shadow detection. Shadows are detected using the relationship
of color information between neighboring regions. This enables us to achieve a lower
detection error rate compared with conventional pixel-based shadow detection approaches.

The following part of this paper is organized as follows. Section 2 describes theoretical
formulation of color change on an object surface by shadow. We propose a new shadow
detection/elimination method in Section 3, and an automatic acquisition method for
determining light source color in Section 4. Experimental results are shown in Section 5,
and we discuss the experimental results in Section 6. We conclude the paper in Section 7.

2. Theoretical Formulation of Color Change on Object Surface by Shadow.

2.1. Expression by spectral irradiance, reflectance and radiosity. Light reflects
on the surface of an object and reaches the human eye, and humans can perceive the color
of the object [10]. For light that a human or a camera receives through reflection off the
surface of an object, this paper treats the spectra of light averaged over the whole surface
of the object as follows:

C(A) = L(NOM), (1)
where A is the wavelength of light, C'(\) is the spectral radiosity averaged over the object
surface, which determines the color of the object, L(\) is the averaged spectral irradiance
of the light, and O(\) is the spectral reflectance of the object surface.

Let us consider a shadow as shown in Figure 1. A shadow is defined as a dark re-
gion where the light from a source is blocked. Non-shadow regions receive light from
the surroundings as well as the source while shadow regions only receive light from the
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FIGURE 1. Spectral irradiance and radiosity

surroundings, which has a different spectral irradiance depending on the place. Since we
treat images obtained from an in-vehicle camera, the surroundings are considered to be
an open space such as on a road, and it can be assumed that no strong reflection occurs
near the shadows. Therefore, the light projecting on the shadow and non-shadow regions
reflected from the surroundings can be assumed to be of the same spectral pattern as
the light source but with decayed irradiance. The relationship between light intensities
projecting on the object is described as follows:

Ln(A) = Lo(A) + pA(N) Lo(N),

where L, (\) and Lg()\) are averaged spectral irradiances projecting on non-shadow and
shadow regions, respectively, and Lgy()) is the average spectral irradiance of the light
source. Light reflected from the surroundings can be expressed by the source light decayed
per decay constant A(A). This decay constant changes depending on the place at non-
shadow or shadow regions; this change is expressed by constants p and q.

From the above formulation, the change in the color of the object surface by a shadow

is represented as follows:

Cd()‘) = Cn()‘) - Cs()‘)
= O(A)(Ln(A) — Ls(X)
= O(N)(Lo(A) + (p — ) A(N) Lo(N))
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where C,,(\) and C,(\) are average spectral radiosities on non-shadow and shadow re-
gions, respectively, Cy()) is the difference between them, and Cy(\) is formally defined
as O(\)Lo(A), which is determined only by the light source. Constant r is the difference
between the reflection light intensities on the shadow and non-shadow regions.

2.2. Expression by color vectors. Based on the characteristics of perception in the
human visual system, light spectra can be expressed by a color vector v in the color space
using a color-matching function M:

v = MC(\). (5)

The shape and intensity of the spectrum affect the angle and length of the color vector,
respectively.

Using Equations (3) and (5), the change of the color vector by a shadow is expressed
as follows:

Vg = Vp — Vg

= vy + vy, (6)

where vy, v,,, v,, and v, are the color vectors corresponding to Cy()), Cy, (), Cs(A), and
Co(N), respectively.

On the same object surfaces, the color vectors of shadow v, are parallel. Here, we define
v as a normalized color vector of the shadow that is arbitrarily chosen from vectors v,
beforehand. Specifically, from images captured in the environment with the same Lg(\)
and A()), we can obtain v; manually or by detecting shadows with an appropriate method,
without measuring L(A), A(A), and O(A).

Regarding shadows on a different object, because O(\) is different, color vectors change
as shown in Figure 2(b); the new color vectors are defined as v/, v/, vi, and v/, and a
compensation operation is required to apply v, that was obtained in the different surface.
Since shadows in vehicle vision are generated at places such as roads, sidewalks, and road
sign regions, O()) is not so different, and it can be assumed that the difference in v is
expressed by v, . By using v, and the following transformation matrix F, vector Fv;,
that compensates for v/ is calculated, as shown in Figure 2(b). By including Fv/, the
difference in O()) is compensated as follows:

Ve | Fv, + ¥, (7)

where v/, and v are color vectors of non-shadow and shadow regions on object surfaces
different from those on which v, was calculated.

These color changes are calculated by addition/subtraction, and an opposite color space
with an orthogonal coordinate system is suitable for their calculation. The opposite color
space is used in the human visual system and consists of hue axes (red-green axis, yellow-
blue axis) and a luminance axis. We can easily convert the RGB color space obtained by
an image sensor into the opposite color space (Figure 3). Therefore, the color vector v is
expressed as follows:

v=1{ v, |, (8)

where v,, v, and v, are intensities of red/green, yellow/blue and luminance, respectively.
Since the opposite color space has three dimensions, F is a square matrix with three rows
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FIGURE 2. Relationships between color vectors of non-shadow and shadow
regions in a color space: (a) the basic concept shown in Equation (6), and
(b) compensation of ¥/ shifted by the difference of object surfaces where a
shadow is cast by Fv/,, as shown in Equation (7)

luminance /\

red/green
red

yellow/blue
(a) (b)

F1Gure 3. Color spaces: (a) RGB color space, and (b) opposite color space

and columns:

3. Shadow Detection/Elimination Method. We detect a shadow by comparing the
colors of neighboring regions obtained by region segmentation. The flowchart of shadow
detection and elimination is shown in Figure 4.

First, we perform region segmentation of the input image. In this paper, region seg-
mentation was achieved by combining edge detection and labeling. Other methods can
be used, such as the mean shift method and clustering [11, 12].
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FIGURE 4. Flowchart of shadow detection and elimination

Next, based on Equation (7), we evaluate function f(v;,v;), which is defined by the
color vectors of neighboring regions:

< v, Fv; + {’j >
Vsl Fv; + vl 7

f(vi,vj) =1— (10)
where v; and v; are color vectors of arbitrary neighboring regions. It is noticed that v
and F have to be acquired beforehand, and are affected by the spectral reflectance of the
source light and the object surface where shadows are cast, respectively. According to
Equation (7), if f(v;,v;) < €, then v; and v; are considered as v,, and v;, respectively,
where € is a threshold.

Finally, the detected shadow is eliminated by adding v, to the whole shadow region
based on Equation (6).

4. Automatic Acquisition of Color of Light Source. As described in the previous
section, it is necessary to obtain the color vector of the light source v, before performing
shadow detection and elimination operation. If we know v, and v, the color vector of the
light source can be obtained from Equation (6). In order to achieve that, the colors of the
object regions have to be known. Here, we propose an automatic acquisition technique of
the color of the light source. This technique uses white line regions that exist on most of
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FiGure 5. Flowchart of automatic acquisition of the color of the light source

all road surfaces in Japan. The flowchart of the automatic acquisition of the color of the
light source is shown in Figure 5.

First, we detect a white line region in the image obtained from an in-vehicle camera.
White line detection is relatively easy, and various techniques have been proposed. The
technique proposed here uses the region color, the position and the shape of a white line;
such characteristics are stable because they are provided by the road traffic law in Japan.
The procedure is as follows.

1. Perform region segmentation in an image obtained from an in-vehicle camera.

2. Choose white regions from segmented regions based on v;. The luminance v; of white
regions is required to be above the predefined threshold value.

3. Search vertically long regions based on the predefined aspect ratio because a white
line in an in-vehicle camera image is a vertically long and slender rectangle.

4. Identify a white line by restricting the position; that is, on the road surface and on
both sides of the lanes.
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FIGURE 6. States of white line: (a) white line only, (b) grime on a white
line, (c) gap in a white line, (d) object on a white line, (e) shadow cast
across a white line

Next, we detect the shadow region on the white line by using the relationship between
the white line and its adjacent region. We classify the condition of a white line into five
situations, as shown in Figure 6. For a white line only (Figure 6(a)) or for grime on the
white line (Figure 6(b)), the white line is not split by non-white regions with a meaningful
size although the grime may split the white line by a narrow non-white region. For a gap
in the white line (Figure 6(c)) or for an object on the white line (Figure 6(d)), the white
line is broken off. In these cases, even if the white-line region adjoins the non-white region,
these side edges are not on the same straight line. When the shadow is on the white line
(Figure 6(e)), not only shadow edges but also white line edges remain. This means that a
shadow region on the white line adjoins the white-line regions, and these edges are on the
same straight line. Using these conditions, we can detect a shadow region on the white
line. Once we detect a shadow on the white line, the color of the light source can be
obtained from the difference of colors of the shadow and the white-line regions.

5. Experiments.

5.1. Experimental conditions and evaluation method. The performances of two
operations, automatic acquisition of the light-source color and shadow detection/elimina-
tion, were evaluated. The experiments used images of the front scenes from a vehicle
captured by an in-vehicle camera.

Before the evaluation experiments for shadow detection/elimination, we performed an
experiment for acquiring F. We used test images that included road surfaces and white
lines with shadow regions, selected the shadow regions manually in the test images, and
obtained v, and vy, where v, was assumed to be acquired using shadows on the white
lines. Based on Equation (10), f(v,, vs) was calculated for all pairs of v,, and v, and the
optimum F was obtained so as to minimize the total of f(v,,v,). Here, ¥; was obtained
using v, on the white-line region.

In the experiments for light-source color vector acquisition using white lines, 40 images
were used where shadows were on the white-line region. This set of images was the same
as that used for obtaining F. We defined the evaluation value 7, as follows:

ThH
Sy 11
" = TP ¥ FN, (11)

where TP, and F'N; are the number of pixels of shadow regions on the white line with
successful detection and that with failed detection, respectively.

The accuracy of shadow region detection was evaluated based on the successful shadow-
detection rate. Ground-truth data were obtained by manually discriminating shadow and
non-shadow regions. The test data were 88 consecutive images, and 1 was defined as
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TABLE 1. Methods for evaluation experiments of shadow detection

Vs F
(1] wsing shadon on the road | 29t 15
2) USingalslltlZ?;?;?C&?S‘;ﬁﬁ?& line not used
9 s o e it |

follows:
TP,

- TP, + FN;
where T P; and F'N; are the number of pixels of shadow regions with successful detection
and failed detection, respectively.

Although there are some paved road surfaces, if values of O()) on roads are not so
different, the shadows on a road surface should be able to be detected accurately even
with v, obtained on a different road surface instead of using F. However, because it
is difficult to detect shadows on a road without v,, we proposed an automatic shadow
detection method on a white line using boundary features, as shown in Section 4. Thus,
we performed experiments under three methods as shown in Table 1, where the same set
of images was used to obtain v,. In order to compare our approach with conventional
ones, we implemented the approaches proposed in Refs. [6] and [7], and applied them to
the same test images.

In the shadow elimination experiment, we used the same images as in the shadow
detection experiment, and calculated the elimination rate by counting the number of
images in which the shadow regions were eliminated by a region-segmentation processing
after shadow elimination.

7 (12)

5.2. Experimental results. The experimental results for distribution of v, are shown
in Figure 7, which was used for obtaining F. The color vectors v, for shadows on white
lines and those for shadows on roads are on different straight lines. It was found from
these results that the compensation by Fv,, shown in Figure 2(b) is feasible. We obtained
F as follows, and used it in the experiments for the performance evaluation of shadow
detection.

[—16.000000 —61.298388 113.933105 1
F = | —8.000000 8.912572 68.822290 (13)
{ 32.000000 —35.558340 —275.262606J

A shadow detection result on a road including a white line is shown in Figure 8. Fig-
ure 8(b) shows the segmentation result, and the shadow region on the white line in
Figure 8(c) is indicated by the gray region. Figure 8(d) shows shadow regions including
a shadow on the white line detected based on the light-source color obtained using the
automatic acquisition method. Another shadow detection result on a road with the same
parameters as those used in Figure 8 is shown in Figure 9. The successfully detected
shadow region is shown in Figure 9(c).

The rates of successful shadow detection are shown in Table 2. From this table, both
shadows on the roads in method (1) and those on surfaces other than roads in method
(2) were successfully detected. This means that the orientations of all measured v, on
roads were nearly the same, and those on surfaces other than roads were also the same,
which corresponds to the results shown in Figure 7. It is also seen from Table 2 that
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TABLE 2. Successful detection rates in shadow detection experiments

target method (1) | method (2) | method (3) | Ref. [6] | Ref. [7]
shadows on roads 89.2% 0.0% 86.1% 92.9% | 93.4%

shadows on surfaces 0.0% 81.6% 77.2% 37.4% | 56.5%
other than roads

all shadows 63.2% 23.8% 83.4% 77.6% | 83.2%

0.5+

luminance
o
|

-05+

@® Vson the white line
@® Vson the road

e gpproximate straight line of @

«— approximate straight line of @

F1GUureg 7. Distribution of v, used for obtaining F

shadows on surfaces other than roads in method (1) and those on roads in method (2)
cannot be detected, but 80% of all shadows can be detected in method (3). This proves
the effectiveness of F. Table 2 also shows the success rates in the conventional methods
proposed in Refs. [6] and [7]. The obtained results are compared and discussed in the
next section.

Shadow elimination results are shown in Figures 10 and 11. The region segmentation
results using these results are shown in (d) in each figure.

The success rate of shadow detection on a white line, 7,,, was 87.5%. Figure 12 shows
a misdetection result, where a part of the white line was misdetected as a shadow. This
error was caused by misdetection of the white-line region due to the luminance change by
a stain on the white line. However, improved white-line detection techniques have already
been established, and misdetection of white lines can be avoided using such established
techniques.

6. Discussion. The proposed approach has nearly the same rate of successful detection
for total shadow regions as the conventional approaches, as shown in Table 2. In addition,
for shadows on surfaces other than roads, the proposed approach has a much better detec-
tion rate. One example of shadow detection results is shown in Figure 13, where method
(3) successfully detected only shadow regions, whereas the conventional approaches de-
tected a paved surfaced road and trees. This is due to the difference of types of color
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FIGURE 8. Shadow detection result on a white line: (a) input image, (b)
region segmentation result, (c) detection result of a shadow on the white
line, (d) shadow detection result using light-source color obtained using the
proposed automatic acquisition technique

©

FIGURE 9. Shadow detection result: (a) input image, (b) region segmen-
tation result, (¢) shadow detection result

information and the targeted regions used in the proposed and conventional approaches.
The conventional approaches used two types of color information in a pixel for shadow
detection: hue and luminance were used in Ref. [6], and saturation and luminance were
used in Ref. [7]. On the other hand, the proposed approach uses three types of color
information and the relationship of color vectors between neighboring regions instead of
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FI1GURE 10. Shadow elimination result (1): (a) input image, (b) region
segmentation result, (c) shadow elimination result, (d) region segmentation
result using the shadow elimination result

FIGURE 11. Shadow elimination result (2): (a) input image, (b) region
segmentation result, (¢) shadow elimination result, (d) region segmentation
result using the shadow elimination result

pixels. Thus, the proposed approach uses more information and leads to a decrease in the
rate of failed detection.

The proposed approach detects shadows by comparing the angle between the color
vectors of neighboring regions with a predefined threshold value, as described in Section 3.
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FIGURE 12. Misdetection result of shadows on a white line: (a) input
image, (b) region segmentation result, (c) detection result of a shadow on
the white line, (d) shadow detection result using light-source color obtained
using the proposed automatic acquisition technique

(d)

FI1GURE 13. Comparison result of shadow detection: (a) input image, (b)
result of method (3), (¢) result in HSV of Ref. [6], (d) result of Ref. [7]

However, such evaluation based on only one item often leads to misdetection due to noise.
In order to improve the performance, new evaluation items for detection are required. For
example, as the white-line contours shown in Figure 6(e), we could use the fact that the
object contours remain even when shadows are cast.
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In shadow elimination experiments, we were able to remove all the shadow regions
from the segmented regions after shadow elimination. The proposed approach introduces
almost no effects of shadows to the post-processing, as shown in Figure 10(c). However,
the boundary contours of the shadows remain in some experimental results, as shown in
Figure 11(c). This is due to gradual changes of the intensity at the boundaries of shadows
depending on the surroundings and the shielding objects, which are leaves of trees lining a
street in this case. Since leaves at branches of trees have less density at the periphery than
at the center, more light penetrates at the periphery and the boundary of the shadow is
brighter. Because of such local color changes, some shadow regions cannot be segmented.
This problem could be solved by improving the region segmentation method. In shadow
elimination processing, since the same value was added to the whole shadow region in this
experiment, the boundaries of the shadows became brighter. This can be improved by
modifying the addition value depending on the color vector change in the shadow region.

7. Conclusion. We proposed a shadow detection/elimination approach that uses color
vectors of regions segmented in the input image without using background information. It
was verified from experimental results that automatic light-source color acquisition using
shadow detection on a white line and shadow detection/elimination were successfully
achieved. The success rate of shadow detection/elimination was more than 80% using
light-source color vectors, and that of shadow detection using automatic light-source color
acquisition was about 70%. The processing time for shadow detection/elimination was
less than 5 ms.

Since the performance of the proposed approach strongly depends on that of image
region segmentation, segmentation methods more suitable to this approach should also
be developed. In the future we will apply our method to more complicated shadow
patterns such as that made by sunlight filtering through tree leaves.

We mainly assumed vehicular environments such as road surfaces in this paper, but as
long as the assumed conditions are satisfied, the proposed approach can also be valid. In
future works, we will apply the proposed approach to images in other environments by
setting F appropriately. Possible applications of our shadow detection/elimination are
in satellite/aerial photographs and autonomous moving robot vision, where obtaining an
accurate background image is difficult.
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