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Difference of Curvature

Kei KAWAMURA®, Member, Daisuke ISHIT'", Student Member,

SUMMARY  Scale-invariant features are widely used for image re-
trieval and shape classification. The curvature of a planar curve is a fun-
damental feature and it is geometrically invariant with respect it the coor-
dinate system. The curvature-based feature varies in position when multi-
scale analysis is performed. Therefore, it is important to recognize the scale
in order to detect the feature point. Numerous shape descriptors based on
contour shapes have been developed in the field of pattern recognition and
computer vision. A curvature scale-space (CSS) representation cannot be
applied to a contour fragment and requires the tracking of feature points.
In a gradient-based curvature computation, although the gradient compu-
tation considers the scale, the curvature is normalized with respect to not
the scale but the contour length. The scale-invariant feature transform algo-
rithm that detects feature points from an image solves similar problems by
using the difference of Gaussian (DoG). It is difficult to apply the SIFT al-
gorithm to a planar curve for feature extraction. In this paper, an automatic
scale detection method for a contour fragment is proposed. The proposed
method detects the appropriate scales and their positions on the basis of the
difference of curvature (DoC) without the tracking of feature points. To
calculate the differences, scale-normalized curvature is introduced. An ad-
vantage of the DoC algorithm is that the appropriate scale can be obtained
from a contour fragment as a local feature. It then extends the application
area. The validity of the proposed method is confirmed by experiments.
The proposed method provides the most stable and robust scales of fea-
ture points among conventional methods such as curvature scale-space and
gradient-based curvature.

key words: curvature, scale invariance, planar curve, shape description,
pattern recognition

1. Introduction

Scale-invariant features are widely used for image retrieval
and shape classification. The scale-invariant feature trans-
form (SIFT) algorithm for an image is one of the most suc-
cessful techniques in content-based image retrieval and clas-
sification [1]. The SIFT algorithm is invariant with respect
to an image’s scaling and rotation. On the other hand, shape
retrieval and classification use several features such as con-
tour, color, region, texture, and so on. These features and
descriptions are standardized in MPEG-7, also called “Mul-
timedia Content Description Interface [2]-[4].” This paper
focuses on the planar curves obtained from the contours of
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2D shapes.

The curvature of a planar curve is a fundamental fea-
ture and it is geometrically invariant with respect it the co-
ordinate system. The curvature of a continuous planar curve
is scale-independent since the differential of the curve is
uniquely determined. The curvature of a discrete planar
curve, in contrast, is scale-dependent since the differential of
the curve has one degree of freedom. For example, the dif-
ferential of a discrete planar curve is derived from the con-
volution between the curve and a derivative Gaussian func-
tion with a standard deviation. In either curve, curvature-
based feature point of multi-scale analysis varies in position.
Therefore, it is important to recognize the scale in order to
detect the feature point.

Scale detection for contour fragment extends the appli-
cation area. For example, the shape that is not the whole
is accepted as a query of CBIR. Layout of feature points
is also accepted. The meaning of the layout is that feature
points are extracted from not only a single shape but also
plural shapes, and that distance of them can be described
by the scale. For more specific situation, occlusion gener-
ally occurs in the real world. Single object boundaries are
divided by another one. In this case, not a whole but a par-
tial object boundary is obtained. Naturally, the application
is not limited to the contour fragments. When plural and
partial shapes become single shape, some feature points can
be extracted without the influence of the composition. It is
noted that a description method for feature points is out of
the scope of this paper.

Numerous shape descriptors based on contour shapes
have been developed in the field of pattern recognition and
computer vision. Initially, Witkin et al. proposed scale-
space filtering for 1D planar curves [5]. The function f(x)
of the planar curve is convolved with a Gaussian function,
where its variance o> varies from small to large. The zero-
crossings of the second derivative of each convolved func-
tion are extracted and marked in the x—o plane. The re-
sulting plane is the scale-space image of the function. Al-
though this technique is effective for structure detection of
the planar curve, tracking, describing, and comparing fea-
ture points are complex problems.

Mokhtarian et al. introduced a curvature scale-space
(CSS) representation for 2D planar curves [6]. The para-
metric representation of a contour shape is convolved with
a Gaussian function. The zero-crossings of the curvatures
from the resulting curves are extracted and marked in the —
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o plane, where 7 is a parameter. The CSS representation is
essentially invariant with respect to rotation, uniform scal-
ing, and translation of the contour. This representation was
further extended and optimized during the MPEG-7 devel-
opment phase [3]. In the contour shape descriptor of MPEG-
7, the number of passes of a low-pass filter is nonlinearly
normalized with respect to the contour length. The scale
value is defined by the normalized value in order to guaran-
tee scale invariance. Consequently, this method cannot be
applied to a contour fragment. CSS approaches are contin-
uously improved. Zhong et al. proposed Direct Curvature
Scale Space (DCSS), which is defined as the CSS that re-
sults from convolving not the planar curve but the curvature
of it with a Gaussian kernel [7]. Awrangjeb et al. proposed
an improved CSS corner detector using not the arc-length
parameterization but the affine-length parameterization [8].
These methods are also not independent to the arc-length of
the whole shape or to the transformation of a partial shape.

Daliri et al. proposed a gradient-based curvature (GbC)
computation [9]. According to the definition of the curva-
ture for the planar curve—the rate of change in the tan-
gent vector with respect to the contour length—, the deriva-
tives of the tangent vector for the x- and y-directions should
be computed. The tangent vectors of the planar curve are
orthogonal to the gradient vectors, which are obtained by
the convolution between an intensity image and a derivative
Gaussian function. Although the gradient vectors are com-
puted at the best scales along the contour, the curvature is
normalized with respect to the contour length. The appro-
priate scales for the curvature are not detected.

Conventional shape descriptors cannot be applied to a
contour fragment, as mentioned above. Further, in the CSS
representation, the tracking of feature points is required.
The SIFT algorithm solves similar problems using the dif-
ference of Gaussian (DoG), which approximates the scale-
normalized Laplacian of Gaussian.

In this paper, an automatic scale detection method for a
contour fragment is proposed. The proposed method detects
the appropriate scales and their positions on the basis of the
difference of curvature (DoC) without the tracking of feature
points. In other words, instead of the Gaussian in the DoG,
a scale-normalized curvature is employed for the DoC. An
advantage of the DoC algorithm is that the appropriate scale
can be obtained from a contour fragment as a local feature.

The remainder of the paper is organized as follows.
Section 2 presents an overview of the CSS representation,
the SIFT algorithm, and the gradient-based curvature. Sec-
tion 3 describes the proposed automatic scale detection
method. Section 4 provides several experiments and con-
siderations. Finally, Sect. 5 presents the conclusions of this
work.

2. Conventional Methods
2.1 Curvature Scale-Space

A curvature scale-space (CSS) representation detects the
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structure of a contour shape in multi-scale analysis [2], [4].
This representation has been successfully used for image re-
trieval and classification.

To create the CSS representation of the contour shape,
N equidistant points are selected from the contour. The x-
and y-coordinates of the selected N points are grouped into
X and Y. The contour is then gradually smoothed by the
repetitive application of a low-pass filter to the X and Y.
As a result of the smoothing, concave parts of the contour
gradually flatten out, until the contour becomes convex.

A so-called CSS image can be associated with the
contour evolution process. The horizontal- and vertical-
coordinates correspond to the indices of the contour points
and the number of passes of the filter. Each horizontal line in
the CSS image corresponds to the smoothed contour result-
ing from k-passes of the filter. For each smoothed contour,
the zero-crossings of its curvature function are computed.
Curvature zero-crossing points separate concave and con-
vex parts of the contour. Each zero-crossing point is marked
on the horizontal line.

The CSS image is characterized by peaks. The coor-
dinate values of the prominent peak (X, Vess) in the CSS
image are extracted. Peaks are arranged according to ygs
value in descending order. The value of y.s is transformed
and quantized. The transformation is nonlinear and defined
by

Yo )0'6 : (1)

peak = 3.8 ( A2

where a peak is truncated into [0, 1.7].

The CSS representation has some problems in order to
detect the appropriate scales. The peak value indicates a
scale of feature points, which is invariant with respect to the
shape size since the number of samples is constant in our
experiments. Consequently, the CSS algorithm cannot be
applied to a contour fragment. The appropriate scale is also
not detected. Further, curvature values are not used since
feature points indicate the disappearance of concave or con-
vex parts.

2.2 Laplacian of Gaussian

The scale-invariant feature transform (SIFT) algorithm ex-
tracts feature points from an image and describes features.
The detected feature points are generally located on corners
based on the gradient of intensities and they are robust to an
image rotation and scale.

In order to extract an appropriate scale, the scale-
normalized Laplacian of Gaussian (sLoG) operator is uti-
lized. Since the sLoG operator has a high computation cost,
it is approximated by the difference of Gaussian (DoG) op-
erator as follows:

G(x,y,ko) - G(x,y,0)
k-1 ’

where k is the ratio between adjacent scales and G is a 2D

Gaussian function with a standard deviation o as the scale.

sLoG ~

2
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When the value of DoG is the local maximum at o = 0 pax,
the appropriate scale is defined as o,. By downsampling
the image, the computation cost of DoG is dramatically re-
duced. An appropriate scale is used to normalize the fea-
tures. In other words, scale invariance is achieved by detect-
ing the appropriate scale.

It is difficult to apply the SIFT algorithm to a planar
curve for feature extraction. A bitmap image obtained by
rasterizing the planar curve can be applied to the SIFT ap-
proach indirectly, as described in the Sect. 2.3.

2.3 Gradient-Based Curvature

Daliri et al. proposed the use of the tangent vectors along
the contours for the computation of the curvature [9]. The
tangent vector is orthogonal to the gradient vector. L, and
L, are defined as the convolution between an image and the
derivative Gaussian function. The local scale is determined
by computing the normalized derivatives of the image as fol-
lows:

G =" L2+ 12, (3)

A= 7 4
When the value of G /2(#) is the local maximum at # = ty,x,
the best scale is defined by 27 \/fmax. When the value of
G, (1) increases monotonically, the maximum value of ¢ is
considered as the best scale. This scale can be computed
for every point of the image along the contour. The gradient
G = (G4, G,) is then computed at the best scale using a 2D
Gaussian function in x- and y-directions. Since the tangent
vector is orthogonal to the gradient vector, the tangent vector
at the best scale is defined by

T = (T, Ty) = (G, —G,). &)

The curvature « is related to the rate at which the tan-
gent vector is changing with respect to the arc length s. The
derivatives of the tangent vector for the x- and y-directions
should be computed. This can be done by using simply the
convolution of each component of the tangent vector by the
first derivative of the 1D Gaussian function.

Since different shapes have different contour lengths,
an adaptive o for the Gaussian function is utilized. Stan-
dard deviation o of the Gaussian function is related to the
contour length,

o1 = oo~ (©)
l
where [ is the contour length. According to the Daliri et al.,
lp = 200 and oy = 3 are used [9]. Having the two derivative
components of the tangent vector, the value of the curvature
can be computed as follows:

or, 2 aT, 2
[l = (as) +(§) . (7N
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Unfortunately, the gradient-based curvature cannot be
applied for a contour fragment. Although the tangent vector
appears to be invariant with respect to the scale, the cur-
vature depends on the contour length. The best scale for
the gradient computation is not the appropriate scale for the
curvature computation. The appropriate scale cannot be ob-
tained. In our experiments, the obtained curvature values
are assumed to be the scale and used for the evaluation of
the scale invariance as a matter of convenience. Further,
consideration to a structure of a coarse contour shape is also
insufficient because multi-scale analysis is not realized.

3. Proposed Algorithm
3.1 Scale-Normalized Curvature

An automatic scale detection method, which can be applied
to a contour fragment, is proposed in order to involve the
scale invariance of the features. The curvature of the para-
metric planar curve (x(¢), y(¢)) is defined by

.o x/yr/ _ xny/
- (x/Z +yl2)3/2’

®)

where x” and x” are the first and second order derivatives of
x with respect to ¢. The derivative is calculated by a convolu-
tion between the parametric curve and the derivative Gaus-
sian function. The Gaussian function is defined by

1 r ©
expl-— ],
o2 P 202
where ¢ and o are the parameter and standard deviation.
The proposed method defines a scale as the standard

deviation. The derivative of the parametric curve depends
on the scale and it is computed by

G(t,0) =

X =X[t,0] = G'[t,0] * x[1], (10)
Yy =Yt ol =G'[t,0] = yl1], (11)

[Tk L)

where “+” is the convolution operator with respect to .

Scale-normalized curvature is realized to introduce a
scale-normalization factor. It is assumed that the curvature
operator is defined by

__ G\G} -GG,

T Greapr (2

where G’ and G” are the first and second derivatives of the
Gaussian function. This operator can be applied to paramet-
ric curves. Now, the curvature operator is simplified in order
to derive the scale-normalization factor, i.e. y[f] = constant.
In this case, the curvature operator is simply given by

_ Gl!

C = g (13)

The waveform of this operator is shown in Fig. 1. The four
regions Ag, A1, Ay, and A3 have the same area. This area
is employed as a scale-normalization criterion, i.e. this area
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remains constant whenever the scale varies. For example,
one area is calculated by

T _G(t,0) - 1
o (1+G'(t,0)2)3 VI + 2rec*

The scale-normalization factor is then defined as
V1 + 2mec®. In the following section, a scale-normalized
curvature based on Eq. (12) and its factor is used in order to
calculate the difference between the curvature values.

It should be noted that the scale-normalization factor
does not contain the contour length. The detected curva-
ture is independent of the entire shape size. The scale-
normalized curvature can then be obtained from the contour
fragment as a local feature.

A = (14)

3.2 Difference of Curvature

By using the proposed scale-normalized curvature, a scale
detection method is proposed based on the difference of
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curvature (DoC), which is an analogous to the difference
of Gaussian in the SIFT algorithm. The procedure to con-
struct the DoC is shown in Fig. 2. The initial planar curve is
convolved with the derivative Gaussian functions of chang-
ing scale parameters 0. The curvatures of them are then
calculated to obtain the set of curvature scale-space shown
in the left-hand side of Fig.2. Scale-normalized curvatures
with adjacent scales are subtracted to obtain the difference
of curvature shown in the right-hand side of Fig. 2. The ra-
tio between adjacent scales is constant so that the scale is a
geometrical progression.

The local maximum or minimum points are detected as
feature points among the DoC. The comparison points of
curvatures are shown in Fig. 3. The horizontal axis indicates
the position based on the parameter ¢, and the vertical axis
indicates the DoC. Each series corresponds to the differ-
ent scale. The point (marked by x) is compared to its eight
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Fig.1  Shape of curvature operator [10]. Fig.3 Comparing points of difference of curvature.
Scale Scale
(0]
G
3
\\\\\\)> i
y
@ H
/\ =
@]
[0}
: ] ;
D —>
© [0}
[ 0
3 5
O \/ N N\
—> 2 N—
__—r S
'_|
A
Position Position

Fig.2  The procedure to construct difference of curvature.



2002

—+— Original scale % Doubled scale

40 T T T T T T T T

30 r

20

=10

Difference of Curvature

=30

0 5 10 15 20 25 30 35 40 45
Scale ©

Fig.4  An example of the detected scales from two contours that one is
expanded to twice the other.

neighbors (marked by circles).

The feature point as the local maximum or minimum is
refined by the interpolation of the linear function. Finally, an
accurate feature point can be detected without the tracking
of feature points in the DoC. An example of the proposed
scale detection is shown in Fig. 4, where the ratio between
adjacent scales is defined as 2!/ from preliminary experi-
ments. The local maximum scales are detected from two
contours that one is expanded to twice the other. The values
of o1 and o0, are interpolated by using three adjacent points.
The value of 0, is twice of the value of oy as expected. Ad-
ditional experiments are described in Sect. 4.

In practice, the resampling or downsampling tech-
niques have some advantages for noisy contours or large
contours [1], [6]. However, the resampling technique, which
is utilized in the MPEG-7 contour shape descriptor, is not
used in the proposed method. A few adjustments to the posi-
tional difference caused by the resampling or downsampling
techniques need a high computation cost because the com-
putation of DoC should be performed at the same position
on the difference scales.

3.3 Curvature Description with the Scale Invariance

In this paper, a description method for feature points is not
specified. Since the description strongly depends on ap-
plications such as shape classification, shape retrieval, and
computer vision described in Sect. 1.

Some approaches to the shape description are sug-
gested instead. Beginning at the position of the feature
point, a series of curvature is described along the contour,
which is normalized by the appropriate scale of the feature
point. This approach is similar to the SIFT descriptor. An-
other approach is to describe the relationship between two
feature points. In this case, by using one of the two appro-
priate scales, curvature values and/or the distance between
them are normalized. Feature points are extracted from the
single shape but not limited to, i.e. arbitrary combinations
of feature points from plural shapes are permitted.

IEICE TRANS. INE. & SYST., VOL.E94-D, NO.10 OCTOBER 2011

Fig.5 Example of test shapes; key, hammer, and apple.

4. Experimental Results and Discussion
4.1 Experimental Conditions

In this paper, we use the analogy between the difference of
Gaussian on an image and the difference of curvature on a
planar curve. The validity of the proposed method is con-
firmed by two experiments. One is the scale detection sta-
bility of the varying size of shape. The other is robustness
of contour fragment.

The test sequence of shapes is a subset of MPEG-7
Core Experiment CE-Shape-1 [3]. In this paper, 70 shapes
are used. Some shapes of them are shown in Fig. 5.

Two conventional methods are compared. One is the
MPEG-7 contour shape descriptor that is based on the cur-
vature scale-space. The other is the gradient-based curvature
that is based on the intensity image of contour [9], [11]. In
the following, these conventional methods are called CSS
and GbC, whereas the proposed method is called DoC.

4.2 Scale Detection Stability

First experiment shows the scale detection stability of the
varying size of shape. In this experiment, it is expected that
detected scale value of feature point which is located at the
same position among the given varying scales is proportion
to the given scale or constant. The procedure of this exper-
iment is described. A shape is shrunk/enlarged at different
given scales in order to obtain a set of contours. A set of
appropriate scale is normalized by the given scale and/or
average scale value at the same position. Normalized scale
values become almost 1.00. Finally, the standard deviations
of the set of normalized scales are then calculated, which is
defined as the stability.

The shrinkage and enlargement are performed through
a vector representation, which is produced by the con-
ventional vectorization tool [12]. This vectorization tool
converts the contour obtained from the binary image into
smooth Bézier curves. The scale of the Bézier curve is
changed and the resulting curves are rasterized to the binary
images again. The given scale value varies from 0.1 to 10.0.

The scale values detected by the proposed method
(DoC) have following characteristics. The scale value is
proportion to the given scale while each scale at the different
position on the same shape has different value. Therefore, a
set of scale value is normalized by the given scale and by the
average from scale values among the given varying scales.
The scale value detected by CSS is independent to a given
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Fig.6  The re-normalized scales detected by the proposed method (DoC).
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Fig.7  The normalized scales detected by CSS.
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Fig.8 The re-normalized scales detected by GbC.

scale. They are normalized by the average from the scale
values among the given varying scales. The scale value de-
tected by GbC has same characteristics to the one by DoC.

The results of normalized scale value at the same posi-
tion of some feature points are shown in Figs. 6-8. The X-
and Y-axis indicate the given and detected scales which are
normalized. Each series indicates the set of feature points at
the same position from the shapes of different given scales.
The absence of points in the series implies that feature points
are not detected. Further, the standard deviations of the nor-
malized scales from 70 shapes are shown in Table 1.

These results indicate three important facts. The first
is that the proposed method detects the appropriate scales
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method (DoC).
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Fig.11  The deteced scales from a contour fragment by GbC.

from shapes of different sizes without the contour length.
The second is that the proposed method detects only fea-
ture points with correct scales. In other words, some of fea-
ture points detected by the conventional method have wrong
scale, which is away from 1.00, where the given scale val-
ues are too small. The last is that the proposed method re-
duces the standard deviation of the normalized scales by 30—
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Fig.12  Example results of the detected feature points with dotted lines and the original contour with
heavy line. Detection methods are sequentially DoC, CSS, and GbC from the left.

Fig.13  Example results of the detected feature points with dotted lines and the original contour with
heavy line for diverse shape. Detection methods are sequentially DoC, CSS, and GbC from the left.

40%. Consequently, the proposed method is the most stable
among all methods.

4.3 Robustness for Contour Fragment

Second experiment is robustness of contour fragment. Com-
paring the conventional methods, which are difficult to be
applied to contour fragment, a part of shape is dilated such
that whole contour length becomes short. In the followings,
the ratio of short length to whole length is called “fractional
length.” In addition, all methods are applied to the same
contour fragments. For some feature points, the relation be-
tween fractional length and detected scale, which are raw
data obtained by each method, are shown in Figs. 9—11.

The proposed method provides the entirely constant
scale values for each feature point. On the other hand, the
scales values detected by the conventional methods are vary-
ing. In the result of GbC method, detected scale values tend
to be proportion to the given fractions. Whenever the de-
tected scale values are normalized by one scale value in the
same contour fragment, stability is lower than one by the
proposed method.

This result indicates that the proposed method is the
most robust for the contour fragment where the feature point
is remained on the fragment.

4.4 Layout Characteristics of Detected Feature Points

An example of detected feature points for two shapes are
show in Figs. 12 and 13. In this figure, detected scale points
by three methods are drawn with dotted lines, which are su-
perimposed on the original contour with heavy line. The
radius of each circle is proportional to the detected scale,

whereas the center of each circle indicates the position of
the feature point.

These experiments indicate two trends. The one is
that the proposed method detects feature points with vary-
ing scales, compared to the CSS method. The other is that
the position of feature point does not correspond to the lo-
cation where the curvature is visually large, compared to the
GbC method. These detected scales can finally be used to
describe the scale-invariant features of shapes.

Curvature-based feature detection methods has disad-
vantage to diverse shape or a part of the smooth curve. In
other word, feature points are not defined when varying cur-
vature is monotone. An example of this is shown in Fig. 13.
There are no feature points on a part of the smooth curve by
three methods. This observation implies that the feature of
smooth curve should be characterized by other techniques.

5. Conclusion

In this paper, we propose the automatic scale detection
method for a contour fragment based on the difference of
curvature. The appropriate scales and their positions are de-
tected by analogy to the difference of Gaussian in the SIFT
algorithm. To calculate the differences, scale-normalized
curvature is introduced. Validity of the proposed method
is confirmed by the experiments. The proposed method pro-
vides the most stable scales of feature points among conven-
tional methods such as curvature scale-space and gradient-
based curvature. It is also confirmed that the proposed
method is robust to the contour fragments.

Compared to a curvature scale-space method like the
MPEG-7 contour shape descriptor, the proposed method as
a local feature has the following advantage. The tracking of
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feature points in different scales is not required. The appro-
priate scales are detected without the contour length. Fea-
ture points can then exist on the contour fragments or the
plural contours, which extends the application area.

There are many directions for further research based
on the appropriate scale detection. A feature description and
systematic testing are required for specific applications such
as contour fragment retrieval of a contour, classification, and
so on. Another direction is the analysis and definition of an
appropriate scale for visually large curvatures.

Acknowledgment

This work was supported by KAKENHI (19 - 2363).
References

[1] D.G. Lowe, “Distinctive image features from scale-invariant key-
points,” Int. J. Comput. Vis., vol.60, no.2, pp.91-110, Jan. 2004.

[2] M. Bober, “Mpeg-7 visual shape descriptors,” IEEE Trans. Circuits
Syst. Video Technol., vol.11, no.6, pp.716=719, June 2001.

[3] L. Latecki, R. Lakamper, and T. Eckhardt, “Shape descriptors for

non-rigid shapes with a single closed contour,” Computer Vision and

Pattern Recognition, 2000. Proc. IEEE Conference, vol.1, pp.424—

429, 2000.

ISO/IEC JTC1/SC29/WG11, “ISO/IEC 15938-3: Information tech-

nology - Multimedia content description interface - Part 3: Visual,”

2002.

[5] A.P. Witkin, “Scale space filtering,” Proc. 8th International Joint
Conference on Artificial Intelligence, pp.1019-1022, 1983.

[6] F. Mokhtarian and A. Mackworth, “A theory of multiscale,
curvature-based shape representation for planar curves,” IEEE
Trans. Pattern Anal. Mach. Intell., vol.14, no.8, pp.789-805, Aug.
1992.

[7] B. Zhong and W. Liao, “Direct curvature scale space: Theory and
corner detection,” IEEE Trans. Pattern Anal. Mach. Intell., vol.29,
no.3, pp.508-512, March 2007.

[8] M. Awrangjeb and G. Lu, “An improved curvature scale-space cor-
ner detector and a robust corner matching approach for transformed
image identification,” IEEE Trans. Image Process., vol.17, no.12,
pp.2425-2441, Dec. 2008.

[9] M.R. Daliri and V. Torre, “Classification of silhouettes using contour
fragments,” Comput. Vis. Image Underst., vol.113, no.9, pp.1017—
1025, 2009.

[10] K. Kawamura, D. Ishii, and H. Watanabe, “Automatic scale detec-
tion based on difference of curvature,” 2009 International Workshop
on Advanced Image Technology (IWAIT 2009), Jan. 2009.

[11] W. Vanzella, F. Pellegrino, and V. Torre, “Self-adaptive regulariza-
tion,” IEEE Trans. Pattern Anal. Mach. Intell., vol.26, no.6, pp.804—
809, June 2004.

[12] P. Selinger, “Potrace: A polygon-based tracing algorithm,” Potrace
(online), http://potrace.sourceforge.net/potrace.pdf (2009-07-01),
2003.

[4

—

2005

Kei Kawamura  received his B.E. and M.Sc.
degrees in Global Information and Telecommu-
nication Studies from Waseda University, Japan,
in 2004 and 2005, respectively. He joined KDDI
in 2010. He is currently engaged in the re-
search and development of video coding system
at KDDI R&D Laboratories, Inc. He is a mem-
ber of IEEE, and IPSJ.

Daisuke Ishii received his B.Sc. degree
from Faculty of Science, Tokyo University of
Science, Japan, in 2006 and the M.Sc. degree
from Global Information and Telecommunica-
tion Studies, Waseda University, Japan, in 2008.
He is currently a Ph.D. student at the Gradu-
ate School of Global Information and Telecom-
munication Studies, Waseda University, Japan.
His research interest includes usability of image
viewing.

Hiroshi Watanabe received his B.E., M.E.,
and Ph.D. degrees from Hokkaido University,
Japan, in 1980, 1982, and 1985, respectively. He
joined Nippon Telegraph and Telephone Corpo-
ration (NTT) in 1985 and was engaged in the
research and development of image and video
coding systems at NTT Human Interface Labs.
(Later NTT Cyber Space Labs.) until 2000.
He has been involved with the development as
JPEG and MPEG standards under JTC 1/SC 29.
In 2000, he moved to Waseda University, where
he is currently working as a Professor at the Graduate School of Global In-
formation and Telecommunication Studies. His research interests include
image and video processing, video coding, and multimedia distribution. He
is a member of a steering committee of PCSJ. He is a member of IEEE,
IPSJ, ITE, and IIEEJ.



