W) Check for updates

Received: 11 April 2023 Revised: 6 May 2023 Accepted: 8 May 2023

DOI: 10.1002/cav.2191

SPECIAL ISSUE PAPER WILEY

Vectorizing binary image boundaries with symmetric shape
detection, bisection and optimal parameterization

Zaiping Zhu® | Lihua You | Jian Jun Zhang

The National Centre for Computer
Animation, Bournemouth University,
Poole, Dorset, UK

Abstract
Binary image boundary vectorization is the process of converting raster images
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into vector images represented with a sequence of Bézier curves. Two main
factors in reconstructing parametric curves are to approximate the underlying
structure of the boundaries as much as possible while using as few curves as pos-
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Email: $5319266@bournemouth.ac.uk sible. Existing methods do not perform well when considering both of these two
main factors. In this article, we mimic the process of human vectorizing image
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tion method to find the largest number of points, which a single curve can fit.
More curves will be added if the fitting error is larger than a predefined thresh-
old. The process is repeated until all the points in the segment are fitted, thus
minimizing the number of Bézier curves. Besides, symmetric image boundaries
can be detected and used to further decrease the number of curves required.
Our method can also choose the optimal parameterization method case by case
to further reduce the fitting error. We make a comparison with both new and
classical methods and show that our method outperforms them.
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1 | INTRODUCTION

Binary image boundary vectorization is referred to the process of converting raster images represented by two-dimension
pixels to vector images represented by a sequence of reconstructed mathematical curves such as widely used Bézier curves,
which approximate the underlying structure of the pixel images. The latter representation is more compact as less stor-
age is required and it can also be scaled up or down to any scale level without introducing aliasing or losing information
compared to the former one.! Moreover, vectorization representation has many other applications, such as remoting sens-
ing,? feature recognition® and many others.* The pixel images can also be reconstructed from the vector images without
losing significant information if needed. Two main factors in reconstructing mathematical curves for image boundary
vectorization are to approximate the underlying structure of the image boundaries as much as possible while using as few
numbers of mathematical curves as possible.’
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There are some varieties in the vectorization pipelines. The pipeline used in this article is based on Reference 6
where cubic Bézier curves are used to fit the boundary of binary images. It consists of the following steps: prepro-
cessing, boundaries (contours) detection for reconstructing the Bézier curves, and corner (salient) points detection,
which are used to segment each boundary into multiple segments, each of which will be fitted by one or more Bézier
curves independently. In the fitting phase, the boundary points in a segment are first parameterized using some points
parameterization techniques and the obtained parameters are used for curve fitting. Meanwhile, break points may be
added to further break the segment into multiple subsegments if one curve is not enough to fit the whole points in the
segment.

Concerning the first three steps for boundary and corner point detection, many methods have been proposed, and
we can select a suitable one from them for our task, which will be demonstrated in Section 4. For the last three
steps, which include parameterization of segment points, fitting and breaking (if necessary), many techniques have
also been presented. In terms of parameterizing the points, some classical methods include uniform parameterization,
chord length method,” centripetal®® and hybrid!® and so forth. Each parameterization method has its pros and cons.
No method can handle all problems of curve fitting. Therefore, it is recommended to adopt these methods based on
specific problems and requirements. However, most proposed techniques for vectorizing images just choose one of the
methods (normally chord length). Besides, break points may be necessary when one curve is not accurate enough to
fit a segment. Thus, it is critical to effectively choose a minimal number of break points while tightly approximat-
ing the underlying structure of the segment points. For example, Schneider!! treats the point with maximum error
as the break point. On the contrary, the point with zero error is chosen as the break point by Pavlidis!? as he finds
“splitting the interval at points where the error is zero is preferable to splitting at points where the error estimate is
maximum.” The middle point of the segment is also used as the break point in Reference 13. But all those meth-
ods do not guarantee that each curve fits as many points as possible, thus may result in more curves needed to fit
a segment.

To further reduce the number of curves required, we propose a method to fit a sequence of cubic Bézier curves to image
boundaries using symmetric detection, bisection and optimal parameterization. For the symmetric detection, because
Bézier curves are invariant under affine transformation, which means for axis and point-symmetric picture boundaries,
we just need to vectorize a part of the boundaries and the remaining parts can be vectorized by transforming the already
reconstructed Bézier curves. Furthermore, The bisection method we adopt works similarly to the bisection algorithm in
matching an element to the same element in an ordered list or finding the roots of a polynomial equation.'# It is simple
but very efficient and can be adopted to determine the best break point quickly. By doing so, we can further minimize the
number of Bézier curves to represent the input image boundaries. Finally, we investigate the impact of different param-
eterization methods on fitting the same segment and propose to use different parameterization methods for different
segments to reduce the fitting error or even the number of fitting curves, which is named as optimal parameterization in
this article.

2 | RELATED WORK

Based on the types of images that are to be vectorized, image vectorization techniques can roughly be classified into
several categories, which include natural images vectorization,'>!¢ pixel art vectorization,'”!® and artist-generated
image vectorization.!®?* Some methods mainly focus on region boundary vectorization,?’?*> which can also be cat-
egorized into natural images. Different types of input own different characteristics and the corresponding meth-
ods to vectorize them vary. For example, pixel art images are characterized by low resolution, which is not easy
to vectorize, and thus requires specific and dedicated methods. In this article, we focus on region boundary
vectorization.

To vectorize image region boundaries, many methods have been proposed. Most of them adopt the pipeline we demon-
strated in Section 1. Specifically, Schneider!! first locates the corner points by computing the angle between each point
and its neighbors, and then for each segment between two adjacent corner points, a cubic Bézier curve is used to fit it.
The break points are added if necessary to the place where there exists the maximum error between the fitting curve
and the original points. The process is repeated until all the subsets in each segment are fitted successfully. On the con-
trary, Pavlidis adds the break point at the place with the zero error.!? The middle point of the segment is also used as
the break point in Reference 13. But all these methods do not guarantee that the number of curves needed is as few
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as possible while keeping small fitting errors. To use as few as possible curves, people could try all possible arrange-
ments of the corner and break points and choose the best one. But the time complexity is very high especially when
the number of input points is large. To decrease time complexity, the dynamic programming technique® is adopted by
Plass and Stone, and it can reduce the time complexity to O(n?) by dividing the problems into sub-problems recursively,
but it’s still relatively expensive. Chang and Yan?* present a new optimization function and error metric to vectorize
hand-drawn images, but they mention that obtaining the minimal number of Bézier curves is not their main aim. Pal
et al.?> propose an adaptive method to detect the break point, and then the initial approximated Bézier control points
are obtained using the interpolation technique, from which the control points of the best fitting curves are found by
applying two-dimensional logarithmic and an evolutionary search algorithm. Hoshyari et al.?® adopt machine learning
techniques to vectorize semi-structured boundaries, which are usually distinctly colored and piecewise continuous. The
supervised learning technique is used to detect the corner points, which are combined with global cues that both con-
sider simplicity and continuity to output results that comply with human perception of semi-structured boundaries. Their
framework is computationally expensive when the size of the images is large and other machine-learning techniques
may give better results. Xie et al.?’ present an interactive tool to further refine the output from Image tracer?® by mainly
using the merging and splitting tool, which outperforms fully manual or automatic methods. As it is time-consuming
and experience-dependent for manual methods, and for the automatic methods, most of them output too many small
and noisy marks if the input image is complex, thus postprocessing is necessary. Besides, automatic methods may require
more curves than necessary. He et al.?? present a method to vectorize binary shape using affine scale-space, which consists
of three steps: first, at the sub-pixel level, the curvature extrema of the boundary are computed, then the control points are
detected as the curvature extrema in the affine scale space, and finally the points between adjacent control points are fitted
with cubic Bézier curve using the least square method under the condition that the fitting error is less than a predefined
accuracy.

Concerning the optimization methods, many techniques have been proposed. For example, least square is a widely
adopted method for minimizing an error function because of its effeteness, efficiency and simplicity. To further reduce
the fitting error, a method named reparameterization>!! is adopted to find a better distribution of parameters for each
point iteratively. This method works in some cases but may fail in some other cases because the solution obtained
using the Newton-Raphson method may only find the local optimum other than the global optimum solution,?* as
the newly updated parameters may not satisfy 0 =, <t < ... <t, = 1. These optimization methods take the deter-
mined parameters of the points as input and optimize the error function to obtain the optimal positions of the control
points of the fitting curve, which means the output results also depend on the parameter distributions of the points.
There are many techniques to choose to parameterize the points, but it’s difficult to decide which one works bet-
ter for a certain case. So, some other methods treat the parameters of the points as free variables to be optimized
rather than calculate them in one shot using a chosen parameterization method. It has also been shown that better
results can be obtained by doing s0.2>3° However, these methods that treat point parameters as free variables have
some limitations. First, it’s not easy to tune the design variables such as the search range and the number of itera-
tions, which are mostly empirical and problem-dependent. What’s more, there is no guarantee that the process would
converge.

Overall, all the aforementioned methods have both pros and cons, and they do not guarantee the number
of Bézier curves is as few as possible while keeping good fitting quality. In this article, we present a method
to vectorize image boundaries to minimize the number of Bézier curves needed while maintaining high fitting
accuracy by using both bisection and optimal parameterization and taking advantage of the affine transformation
invariant property of Bézier curves. Experimental results demonstrate our method outperforms classical and new
methods.

3 | OVERVIEW

The general pipeline is introduced in Section 1, but it cannot guarantee the minimum number of curves needed. In this
article, we adapt the general pipeline to minimize the number of curves needed while keeping a good approximation. First,
after the boundaries are extracted, some techniques are used to determine whether they are symmetric about an axis or a
point. If yes, the symmetric axis or point is stored and only a basic part of the boundaries is needed to be vectorized. What'’s
more, to determine the best break point efficiently, the bisection method is used, which can reduce the time complexity
from O(n) to O(log n). Its principle is similar to the bisection algorithm in matching an element in an ordered list. In the
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FIGURE 1 Pipeline of our proposed method. (a) Input image. (b) Extracted boundaries. (c) Symmetric detection. (d) Basic part. (e)
Corner points detection. (f) Optimal parameterization; adding break points. (g) Final result by symmetric.

parameterization phase, we choose the optimal parameterization method to further reduce the fitting error by trying all
kinds of existing methods in a brute-force way, and the speed is fast since we adopt the least square method to optimize the
fitting function error, which is a very general, efficient and effective way of minimizing a function. The adapted pipeline
of our method is shown in Figure 1.

4 | PIECEWISE FITTING WITHSYMMETRICDETECTION AND BISECTION

In order to achieve efficient fitting of piecewise Bézier curves, we first check in Section 4.1 whether an image shape is
symmetric about an axis or a point. If yes, only one symmetric region of the image will be vectorized and the vectorization
of other regions can be quickly obtained through symmetry. If the image is not symmetric, the image has to be vectorized
fully. After the symmetry of an image has been checked, we investigate the fitting of piecewise Bézier curves in Sections 4.2
and 4.3.

4.1 | Symmetric axis and point detection

In order to determine whether the boundary of a given image is symmetric about an axis or a point, we propose the
following idea. First, we determine whether the boundary is symmetric about an axis. If not, we further test whether it
is symmetric about a point. If the boundary of the image is not symmetric about both an axis and a point, the image is
treated as a regular one.

To determine whether the image boundary is symmetric about an axis or not, the boundaries are first detected using
the findContours function in the OpenCV library.>! Next, the principal component analysis technique is adopted to find
the two main axes of the boundaries. Since only the directions of the two axes are determined and they are free in their
perpendicular direction, and we need to find one point they should go through to fix both their position and direction.
We notice that a symmetric axis should go through the centric point of the boundary points, which can be calculated by
adding all the coordinates of the boundary points and dividing the sum by the number of boundary points. After obtaining
the two principal axes that go through the centric point of the image shape, as shown in Figure 2a, we then test whether
the shape is symmetric about any of these two axes. To do so, for each axis, we flip one side of the shape around the axis
and use it to compute the intersection and union with another side of the shape. If the ratio between the intersection and
union is close to one, it means that the shape is symmetric about this axis, as demonstrated in Figure 2b,c, the intersection
and union shape are almost the same. While for another axis, the ratio between the corresponding intersection and union
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Symmetry detection for the green axis

. [ Symmetry detection for the red axis
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FIGURE 2 Symmetric axes detection. (a) Boundary and principle axes. (b, d) Intersection. (c, €) Union.

— y=2x+1
— Original Bezier curve
Mirrored Bezier curve about y=2x+1

FIGURE 3 A cubic Bézier curve and its mirrored counterpart about an axis.

is much smaller than one, which means the shape is not symmetric about this axis, as shown in Figure 2d,e. By setting a
threshold, we can decide whether a shape is symmetric about an axis or not.

Given the image shape is symmetric about an axis whose equation can be expressed as ay + bx + ¢ = 0, in which a, b, ¢
are known constants. In such a case, only half of the image boundaries that lie on one side of the symmetric axis need to
be vectorized. Supposing half of the image boundaries have been fitted with one cubic Bézier curve defined by four control
points p;, p,, P5;, P, Whose coordinates are (x1,y1), (X2,2), (X3, ¥3), (X4, ¥4), respectively in the same coordinate system as
the symmetric axis. Then the boundary points lying on the other side of the symmetric axis can be vectorized by another
cubic Bézier curve, whose control can be obtained by mirroring p,, p,, p;, and p, around the symmetric axis using the
following equation: given a point coordinate (p, q) and a symmetric axis equation ay + bx + ¢ = 0, the symmetric point
(ps, gs) of the given point about the symmetric axis is shown in Equation (1).

_px@-b)-2xbx(a*xq+o) _qx(*-a)-2xax(bxqg+o)
bs= az+b? orT a?+b? ’

(€]

As demonstrated in Figure 3, for a symmetric shape, only half of the shape needs to be vectorized. So, for an
axis-symmetric image shape, we just need to keep half of the control points and three variables which represent the
symmetric line. By doing so, the number of curves can be further reduced.

To determine whether an image shape is symmetric around a point, if so, it can be observed that the centric point
of the image boundaries should be the symmetric point. In such cases, we then use the connected component labeling
technique? to segment the images into multiple regions (number = r). Because the corner points (number = n) detected
are ordered based on the quality level, there are t = g corner points correspondences for each region with other regions, as
shown in Figure 4, the corner points (xi, 1), (X2, 2), and (x3, y3) in Region 1 correspond to the corner points (xi , y’l), (x;, y’z),
and (x},y}) in Region 2, respectively. With these corresponding points, we can estimate the potential rotational angle ()
of one region with respect to its adjacent region around the symmetric point using the following equation:
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FIGURE 4 Symmetric point detection.
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where (x1,y1), (x;, y’l), e (6, 10), (xf s y;) are corresponding corner points for the two regions. This is normally an overde-

termined linear system of equations. To find the best solution, we use the pseudoinverse method. After obtaining the
potential rotating angle 8, we can rotate one region about the centric point by 8 and calculate the ratio between the inter-
section and union. By doing so, we can also reduce the number of curves needed. Lastly, if an image shape is neither
symmetric about an axis nor about a point, then it is treated as a regular image, which has to be vectorized fully.

4.2 | Cubic Bézier curve fitting

After a symmetric part of a symmetric image boundary is determined, the bisection method investigated in Section 4.3 is
used to obtain breaking points of symmetric and unsymmetric image boundaries. Then a cubic Bézier curve C(t, py, p;,
P, P5) is used to fit the points between two breaking points or between a corner point and its adjacent breaking points
where p; (i = 0, 1, 2, 3) are four unknown control points and 0 < ¢ < 1.

Assuming there are N points Py, P,, P;, ..., Py between two adjacent breaking points or between a corner point
and its adjacent breaking point and the two adjacent breaking points or a corner point and its adjacent breaking point
are denoted by Py and Py, respectively, these N + 2 points are parameterized to obtain the parametric values ¢; (i =
0,1,2, ... ,N+1).

As a cubic Bézier curve goes through its two end control points, the first point Py and the last point Py,; coincide
with the first control point p, and the last control point p,, respectively, that is, p, = Py and p; = Py4;. Only the control
points p, and p, are unknown, which can be determined by using the least squared method below.

N+1

ai > [Cltw. p1.Ps) — Pu]” = 06 = 1,2). (3)
Pi s

After the four control points p; (i = 0,1,2,3) of a cubic Bézier curve have been determined, the fitting quality can
be evaluated with the largest distance between the fitting curve and the input points, which can be obtained using the
following expression:
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Algorithm 1. Bisection method to determine the break point (input:: points in a segment)

//comments: In a segment, [ is the index of the left point, r is the index of right point, and m is the index of the middle
point.
lo =0, 7y =len(points)-1, L = lp, r =rp, m = (1 +1)/2
if a curve can fit the points between [, and 7, thenreturn
// no break point needed

else
while (m changes) do
m=(1+r)/2
if a curve can fit points between Iy and m then
l=m
else
r=m
end if
end while
return m as break point index
end if
Err = max{|C(t;, p;.P,) — Pi|}(i=0,1,2,3, ... ,N,N +1). 4)
4.3 | Bisection method

As we mentioned in Section 1, the bisection method is applied when one cubic Bézier curve cannot fit all the points
of a segment well. The bisection method works similarly to the bisection algorithm in matching an element to an ordered
list. The pseudocode algorithm using the bisection method to find breaking points is presented in Algorithm 1. In the
algorithm, we use [, to indicate the index of the left point and r, to indicate the index of the right point. If [, and r, are two
adjacent corner points and a cubic Bézier curve can fit all the points from [; to ry, no breaking points are added between
the two adjacent corner points [y and ry. Otherwise, we find a middle point m so that all the points from I, to m can be fitted
by a cubic Bézier curve with the following iteration algorithm below. First, we set [ = I, and r = ry. Then we calculate the
middle point m = (I + r)/2. If a cubic Bézier curve can be used to fit all the points from Iy to the middle point m, we set
I = m. Otherwise, we set r = m. Then we calculate the new middle point m = (I + r)/2 and check whether a cubic Bézier
curve can be used to fit all the points from [, to the new middle point m. A breaking point m is found by repeating the
iteration until the middle point m does not change. After the middle point m becomes a breaking point, we set [y = m
and check whether all the points from I, to 7, can be fitted by a cubic Bézier curve. If yes, no breaking points are added
between Iy and ry. Otherwise, the above iteration is used to find another braking point m. This process is repeated until
all the points from [y to ro can be fitted with cubic Bézier curves.

To demonstrate that the bisection method outperforms traditional methods in determining the suitable positions of
break points, we compare it with three other methods, which choose the break point at the middle point, the point with
the largest error, and the smallest error respectively. We set the threshold the same for all the cases, as we can see from
Figure 5b,c, more curves will be used if we add the break points at the positions with the maximum error or at the middle
point position. Besides, putting break point at the position with the minimum error may cause a failure because the
chosen position is just one point away from its near endpoint, resulting in a segment with just three points as shown in
Figure 5d, with which a Bézier curve cannot be determined. However, using the bisection method, the number of curves
is further minimized as shown in Figure 5e.

44 | Implementation detail

For a binary image whose boundary to be vectorized, the findContours in the open-source library OpenCV is used to
detect its boundary. Next, the methods investigated in Section 4.1 are implemented to find a symmetric region. After that,
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FIGURE 5 (a)Inputimages; (b) adding break points at positions with maximum error!! (six curves); (c) positions at middle point!3

(six curves); (d) at positions with minimum error;'? (e) our bisection method (four curves).

the corner points of the symmetric region for a symmetric image shape or the corner points for a regular image shape are
detected with the corner point detection method in the OpenCV library.

To use Equation (3) to conduct cubic Bézier curve fitting and Equation (4) to calculate the maximum error, the points
between two corner points or between a corner point and its adjacent point plus their two endpoints must be param-
eterized. To find the optimal parametrization method, different parameterization methods are used to obtain the point
parameterization as discussed below.

Given N + 2 points Py, P1,P;, ... , Py, Py, of a segment, we calculate the parameter ¢; associated with each point
using different parameterization methods, such as the chord length method,’ the centripetal method,®® and the hybrid
method!® among which the mathematical expressions of the centripetal method and the hybrid method respectively have
the form of Equations (5) and (6) below.

|P; — P4
han) 2 —Py|
N VIPi = Piy]

L VIP =Pl

wherei=1,2,3, ... ,N, t =0, ty41 = 1, and |.| means the distance between adjacent points.

The parameters ¢; (i =0,1,2,3, ... ,N,N + 1) obtained with one of the parameterization methods are introduced
into Equation (3) to obtain a linear system of equations. The matrix inverse technique is used to solve the linear sys-
tem and obtain a fitted cubic Bézier curve. The maximum error of the fitted curve is calculated with Equation (4). It
is used to evaluate different parameterization methods. The parameterization method whose fitting maximum error is
the smallest among the parameterization methods under consideration is identified as the optimal parameterization
method.

After that, the identified optimal parameterization method, the cubic Bézier curve fitting, and the bisection method
investigated in Section 4.3 are combined to obtain breaking points. This is achieved by introducing the parameters
obtained with the optimal parameterization method into Equation (3) to obtain the fitted cubic Bézier curve. The maxi-
mum error of the fitted cubic Bézier curve calculated with Equation (4) is used to add break points based on whether the
maximum error is very close to but does not exceed the predefined threshold.

The obtained corner points and breaking points divide the boundary of a regular image shape or the boundary of a
symmetric region of a symmetric image shape into the fewest number of segments. Each of the segments is fitted with a
cubic Bézier curve to obtain the optimal result of vectorizing binary image boundaries.

ti=t_1+ (5)

Iy =t

(6)

5 | RESULTS AND COMPARISON

In this section, we present the results of vectorizing image boundaries using our method and compare it with the classical
and new methods. We set the error tolerance the same for our method and the new method to make the comparison fair.
For the classic method, setting the error tolerance is not available so we keep the default setting.

First, we use some less complex image shapes to compare our method with two existing methods, that is, the clas-
sical image tracer method and the new Affine scale-space method. The fitted boundary curves are shown in Figure 6
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FIGURE 6 Results using different techniques to vectorize the boundary of less complex image shapes. First column: input image.

Second column: Image tracer.?® Third column: Affine scale-space.?? Last column: our method.
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TABLE 1 Number of curves required for our method and other methods for less complex image shapes.

Input Image tracer Affine scale-space Our method

Bird >20 15 15

Heel >20 9 7

Apple 17 13 8

Bulb 12 5 3

Ship 17 14 14

Circle like >10 10 5

Airplane >18 Not good 10

Note: The numbers in bold indicate that our method requires fewer number of curves than the other methods, which are demonstrated in Figure 6
and Figure 7.

and the number of curves needed for each of the input images shown in Figure 6 is given in Table 1. As we
can see from Figure 6 and Table 1, our proposed method outperforms the Image tracer method and the Affine
scale-space method in terms of using a minimal number of cubic Bézier curves while achieving a similar good
approximation.

To further demonstrate the effectiveness and advantages of our proposed method, we compare our method with
the Image tracer method and the Affine scale-space method on more complex and diverse image shapes and present
the comparison results in Figure 7 and Table 2. Once again, Figure 7 and Table 2 show our proposed method
outperforms the Image tracer method and the Affine scale-space method on these complex and diverse image
shapes.

The image shapes shown in Figures 6 and 7 are noise-free. For such noise-free image shapes, the above
comparisons demonstrate the advantages of our proposed method over the existing methods. We have also used
our proposed method, the Image tracer method, and the Affine scale-space method to vectorize the bound-
ary of a noisy image shape shown in Figure 8a and present the results in Figure 8b-d where Figure 8b,c
are obtained with the Image tracer method and the Affine scale-space method, respectively, and Figure 8d is
obtained with our proposed method. The fitted curves in these figures clearly indicate our proposed method
uses fewer curves and achieves better quality, which indicates that our proposed method also outperforms
the Image tracer method and the Affine scale-space method in vectorizing the boundary of the noisy image
shape.

Lastly, we investigate the impact of different parameterization methods, as shown in Figure 9b,c, each
colored curve represents a cubic Bézier curve fitted to a segment, and there are eight of them. Even
though two vectorized images using two approaches look similar, their fitting error is different, which is
demonstrated in Table 3. As we can see, the optimal parameterization should be chosen for each seg-
ment to reduce the fitting error further rather than just adopting one method for all cases as most papers
did.

Using a small number of curves while keeping tight approximation, that is, high accuracy in converting
binary image boundaries into vector representations has many impacts. It has been acknowledged that pre-
senting images as a list of mathematical curves can compress data to provide a more compact representa-
tion and reduce data storage, increase data transmission speed, and achieve faster processing to raise computa-
tional efficiency.! The proposed method obviously reduces the number of cubic Bézier curves to further max-
imize its impact on these applications. Fitting quality quantified by fitting errors plays an important role in
representing original image boundaries accurately. Due to its importance, existing vectorization methods mainly
focus on accuracy during the conversion from raster images to vector images.>> The proposed method has
smaller fitting errors than existing methods, demonstrating its advantage in accurately representing original image
boundaries.
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FIGURE 7 Results using different techniques to vectorize the boundary of more complex image shapes. First column: Input image.
Second column: Image tracer.?® Third column: Affine scale-space.?? Last column: our method.
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TABLE 2 Number of curves required for our method and other methods for more complex image shapes.

Input Image tracer Affine scale-space Our method
Man 44 29 28

Flower >126 126 6

Wolves >55 55 40

New bird >36 36 26

Star >52 52 48

Tree >142 Not good (too smooth) 142

Note: The numbers in bold indicate that our method requires fewer number of curves than the other methods, which are demonstrated in Figure 6 and Figure 7.

(@ (b) () (d)

FIGURE 8 (a)Input noise images; (b) image tracer; (c) affine scale-space; (d) our method.

G
(@ (b) (c)

FIGURE 9 (a)Inputimages, (b) traditional parameterization method, (c) our optimal parameterization method.

TABLE 3 Comparison between one parameterization and optimal parameterization methods.

Segment No. Traditional Our optimal
1 1.168 1.168 (chord)
2 1.144 1.054 (uniform)
3 1.484 1.484 (chord)
4 1.468 1.410 (uniform)
5 1.482 1.482 (chord)
6 1.416 1.416 (chord)
7 1.456 1.456 (chord)
8 1.337 1.222 (centri)

Note: The values in bold indicate that using the optimal parameterization method achieves smaller errors than using one parameterization method, which is
also demonstrated in Figure 9.
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6 | CONCLUSIONS AND DISCUSSION

In this article, we propose a method which incorporates symmetric image shape detection, bisection, and optimal param-
eterization to vectorize image boundaries, aiming to minimize the number of Bézier curves needed while keeping good
approximation. We take advantage of the affine transformation invariant property of Bézier curves and present a method
for detecting a symmetric axis or point for an image shape if it exists, which can further reduce the number of curves
required. Besides, we apply the bisection method to add suitable break points in an efficient way. Lastly, we also find
different parameterization methods for each segment that can be adopted to further reduce the fitting error or even the
number of curves.

However, there are some topics which can be investigated in the future to extend the applicability and further improve
the performance of the proposed method. These topics are briefly discussed below.

This article uses the corner point detection method in the open-source library OpenCV to find corner points. It
is simple but requires adjusting the parameters for different inputs. To tackle the problem of this method, a more
suitable corner point detection method could be introduced to avoid parameter adjustment. Corner point detection
has been extensively investigated in existing research studies, and various corner point detection methods have been
developed. Recently, Zhang et al. made a comprehensive evaluation of state-of-the-art corner point detection meth-
ods and identified several corner point detection methods with top performance.?* In our following work, we will
evaluate these identified methods and implement a more suitable corner point detection method to avoid parameter
adjustment.

Quite a number of noise-free image shapes and a noisy image shape have been used to compare our proposed
method with the existing methods. All of them demonstrate the advantages of our proposed method over the exist-
ing methods. In our following work, we will make more comparisons with more noisy image shapes to demon-
strate the good applicability of our proposed method in vectorizing the boundary of both noise-free and nosy image
shapes.

The affine transformation includes scaling, translation, rotation, reflection, and shearing. This article only investigates
how to take advantage of rotation and reflection properties to improve image boundary vectorization. Other properties
such as shearing could be further investigated, which requires developing other techniques to find such patterns. We
believe the deep learning technique is a potential tool, which deserves further research.
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