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ABSTRACT Ellipse detection is one of the important parts of intelligent manufacturing, and the efficient
detection of elliptical contours corresponding to hole parts is the prerequisite before performing practical
applications. Aiming at enhancing the efficiency in ellipse detection, a fast and high-precision ellipse
detection method based on the Candy’s theorem is proposed, in which the constrained simple polygon
constraint and the Candy’s theorem constraint are used to improve the efficiency of ellipse detection. The
theory of the proposed ellipse detection method is described in detail. The comparison experiments with
six popular ellipse detection methods are performed based on three public datasets, which are to verify
the ellipse detection ability of the proposed method in improving detection speed and precision. And a
small hole detection experiment is performed with the constructed experimental setup, which is to verify the
effectiveness of the proposed method to detect small holes in practical applications. The proposed method
can provide referenced methods and theories in the field of ellipse detection.

INDEX TERMS The Candy’s theorem, ellipse detection, detection speed, detection precision.

I. INTRODUCTION

Industrial robot is an essential and indispensable part of intel-
ligent manufacturing for its characteristics of high repeatabil-
ity positioning accuracy, high flexibility, and high reliability,
which can perform complex tasks with the assistance of visual
perception. Efficient detection of the elliptical contour of the
hole is the prerequisite before performing many robot appli-
cations and the realization of fast and high-precision ellipse
detection is the crucial problem that needs to be solved in
the process of robot grasp [1], robot peg-in-hole assembly [2]
and other applications [3], [4]. Currently, the popular ellipse
detection methods are mainly based on the theories of Hough
transform and edge following.

The main idea of ellipse detection based on Hough trans-
form is to construct a five-dimensional parameter space
about the ellipse through Hough transform and determine the
parameters of the ellipse through the local maximum value
of the accumulator in parameter space. It is challenging to
meet the needs of fast and high-precision ellipse detection
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with standard Hough transform. Therefore, some scholars
carried out a lot of research work on it to improve its
ability [5], [6], [7], [8]. Although these methods have differ-
ent degrees of optimization in detection speed and memory
consumption, most of them still obtain the parameters of
the ellipse through the accumulator, whose local maximum
is prone to cause detection errors due to the influence of
the environment. Therefore, sensitive accumulator parame-
ters need to be set appropriately when using these kinds of
methods.

The main idea of the ellipse detection based on edge
following is to extract the arc from the edge map first, and
then arc combinations that can form the same ellipse are
screened out through different constraint methods. Finally,
the detected ellipses are obtained by fitting and validating,
etc. For example, Mai et al. [9] proposed a hierarchical detec-
tion method to improve the detection effect of occlusion and
overlapping ellipses by using the connectivity and curvature
constraints to discriminate line segments that may form the
same elliptical arc. Chia et al. [10] proposed a method through
modeling edge connectivity by line segments, matching opti-
mal elliptical arc pairs, and screening hypothetical ellipses
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FIGURE 2. Ellipse detection method based on the Candy’s theorem.

using confidence to detect ellipses. Prasad et al. [11] pro-
posed a method that enhances the selectivity of detection by
smooth curvature, novel relationship score, and non-heuristic
saliency criteria to improve detection ability. The concept
of the directed graph is extended into ellipse detection to
improve detection efficiency. To construct the directed graph
about arcs, Meng et al. [12] utilized the constraints proposed
in [11] while Shen et al. [13] used the constraints such as
convex hull, distance, length and direction. Arc combina-
tions can be obtained for fitting by traversing the constructed
directed graph. Lu et al. [14] proposed a method that obtains
the contours by [15] to achieve high-quality ellipse detection.
Fornaciari et al. [16] proposed a method that improves detec-
tion efficiency by focusing on arcs or partial arcs rather than
edge points and selecting arcs compatible with the elliptical
shape, and the projective invariant constraint is combined
with it in [17] to improve the detection speed, whose con-
straint can efficiently sieve out arc pairs that can not form the
same ellipse. Besides, to improve the ellipse detection effect,
arcs are extracted in [18] based on edge curvature before
grouping arcs into four quadrants like [16]. The above three
methods require three arcs from different quadrants to detect
an ellipse, which could limit their capacity for incomplete
ellipse detection.

Summering the above ellipse detection methods, the ellipse
detection method based on edge following is more popular
because it has superiority in balancing detection speed and
detection precision. Therefore, referring to the above-related
methods, and in order to further improve ellipse detection
speed and detection precision, the Candy’s theorem [19] is
introduced to realize ellipse detection due to its good ellipse
detection potential in this paper.
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The rest of this paper is organized as follows. In section II,
ellipse detection and experiments configuration is introduced.
In section III, the proposed method is provided in detail.
In section IV, the verification experiments are performed.
Finally, the conclusion is presented in section V.

Il. CONFIGURATION

The ellipse detection and experiments configuration are
shown in Fig. 1. Firstly, the image information of the target
is sensed by the camera. Secondly, the elliptical targets are
detected using the proposed method that uses the constrained
simple polygon constraint and the Candy’s theorem con-
straint to discriminate valid and invalid arc pairs. Finally,
the validation and analysis of the proposed method experi-
ments are performed, and the detection methods comparison
and small hole detection experiments are carried out to
study the performance of the proposed ellipse detection
method.

Ill. ELLIPSE DETECTION METHOD BASED ON THE
CANDY’S THEOREM

Fig.2 shows the flow chart of the proposed method. Firstly,
the edge of the image is obtained by a Canny edge detector
and then approximated by a series of line segments. The
arcs are extracted by applying some constraints to these
line segments. Secondly, two constraints, the constrained
simple polygon constraint and the Candy’s theorem con-
straint, are used to screen arc pairs from arcs that are
not excellent arcs or the fitted ellipse can not pass val-
idation. Thus, the combinations of arc are obtained and
fitted for validation. Finally, the detection is finished after
clustering.
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FIGURE 3. lllustration of contour constraint and arc extraction.

A. IMAGE PREPROCESSING

Firstly, the image edge is obtained by a Canny edge detector,
whose thresholds are determined by the cumulative distribu-
tion of gradient intensity [16]. Secondly, the non-parametric
Douglas-Poiker method in [20] is used to approximate the
non-branch contour to obtain a series of line segments.
Thirdly, the constraints are established to extract arcs using
the elliptical contour features of the curvature, no inflection
point, and small turning angle.

The contour constraint and arc extraction are illustrated in
Fig. 3, where gray and red squares represent the pixels of the
contour. Contours are substituted by a series of line segments
to extract arcs. In the figure, the red pixel points, called the
split points (SP) and selected by line approximation, represent
the endpoints of line segments shown as vectors. The turning
angle at a SP is the angle between two vectors adjacent
to it, whose value is limited to be less than the threshold
T,. The curvature defined as the ratio of the lengths of two
adjacent vectors is limited between 1/T¢, and T¢,. The turning
direction at a SP is the rotation direction from the previous
vector to the next vector. When the turning directions of two
adjacent SPs are inconsistent, the latter SP is referred to as an
inflection point.

As shown in Fig. 3, firstly, the vectors formed by Py, P>,
and P3 are selected to extract the arc. The turning direction
and turning angle of vectors P1P; relative to P,P3 at P>
are clockwise and 61, respectively. They satisfy the curvature
constraint but can not pass the turning angle constraint due to
01 greater than T;. Thus, P; can not serve as an initial point
of an arc. Secondly, the vectors formed by P>, P3, and Py
are selected, and both the turning angle and curvature of the
two vectors at P3 satisfy constraints. So P>, P3, and P4 are
regarded as valid points of the current extracted arc formed
by their corresponding contour. Thirdly, Ps is introduced into
the current extracted arc to judge, P5 can also be a valid point
of the arc since the vectors at P4 pass all constraints, whose
inflection constraint refers to the adjacent vectors at P3 and
P4 having the same turning direction. Fourthly, when Pg tries
to join the current extracted arc, it can be judged that Ps is
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TABLE 1. Turning direction and turning angle judgment rules.

”» Turning .
Judgment condition direction Turning angle
|p2 - ¢1|<180 and ¢, - >0 Anticlockwise 02 - 01
|02 - ¢1/<180 and ¢, - ;<0 Clockwise -(p2-p1)
@2 - ¢1[>180 and ¢, - ;>0 Clockwise 360 - (2 - ¢1)
92 - 1[=180 and ¢, - :<0 Anticlockwise 360 + (¢2 - 91)

an inflection point using the same way. Thus, Ps is the last
valid point of the currently extracted arc. Then, the next arc is
extracted from P5. Moreover, the extracted arcs may be lines
or noises, so the arcs are deleted whose sum of the turning
angle is less than 77 or the shorter side length of the OBB
is less than T,p. The threshold T, is adaptive, and the basic
idea of acquiring its value is introduced using P7 in Fig. 3.
It consists of a fixed T and a variable T,q that varies with the
length of the vector and can be expressed as

J2

T, =T Taa =T —_—
a st + Tad st 1 ||P7P8||

ey

Besides, polar coordinates are used to represent vectors
to make arc extraction efficient. The polar coordinates of
all possible vectors and the corresponding 7T, are stored in
advance to efficiently obtain the turning angle and the turning
direction between two vectors. For example, P1P, and P,P3
are two vectors in the Cartesian coordinate system in Fig. 3,
whose corresponding polar coordinates are (71, ¢1) and (r2,
¢2). The turning direction and turning angle between them
can be obtained by the judgment rules shown in Table 1,
then combined with the corresponding pre-stored T, to extract
arcs.

B. ELLIPSE DETECTION BASED ON THE CANDY’'S
THEOREM CONSTRAINT

As shown in Fig. 2, the extracted arc whose turning angles
add up to more than T, is regarded as an excellent arc that
probably forms an ellipse independently and these arcs enter
the fitting and validating process directly. If the direct least
squares method in [14] fails to fit these arcs or the fitted
ellipses can not pass validation, the first method described
in [21] will fit again. Then, the ellipses that pass validation
are clustered using the clustering method based on distinc-
tiveness [22]. For arcs that are not excellent or the fitted
ellipse can not pass validation, the proposed two constraints
are used to screen arc pairs. The arcs that pass the above
two constraints are grouped with two, three, and four arcs for
fitting [ 14] and validating. Ellipses passing validation are also
used for clustering.

The different types of the constrained simple polygon
constraint are shown in Fig. 4, and its relevant principle is
illustrated by a polygon formed by connecting the SPs of
two arcs in anticlockwise order shown in Fig. 4(a). When
the turning direction at the SP connecting the two arcs is
clockwise, the constraint demands that the absolute value of
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the corresponding turning angle is less than Ty,). Besides, the
constraint also demands that the sum of the exterior angles
of the polygon is 360°. Here, when the turning direction at a
SP is anticlockwise, the turning angle is positive, otherwise,
negative. It can be known that the turning direction at Bél
is clockwise using the above method and the absolute value
of the corresponding turning angle ﬂ31 is less than Ty, and
the sum of the exterior angles of the polygon is 360°. Thus,
two arcs in Fig. 4(a) can pass the constraint. In Fig. 4(b),
the turning direction at the SPs connecting the two arcs are
all anticlockwise, and the sum of the exterior angles of the
polygon is 360°. So, this arc pair can pass the constraint.
As shown in Fig. 4(c), The length between SP Agl and SP
B?El is less than the length between one of the SPs B%l and
its adjacent SP B%z in its own arc. The constraint made an
error in judging this arc pair when using the above polygon
construction method. In this case, the point N obtained from
the average value of the pixels of arc B%l B%z and arc Agl
Agz is used to replace Agl and Bi-] to construct the polygon
for judgment. Then, it can be concluded that the arc pair can
pass the constraint at this time. For this type, the fitting and
validation will be directly performed if passing the constraint.
In Fig. 4(d), it can be known that the turning direction at B‘él
and B§1 are clockwise, whereas the absolute value of turning
angles ,82 and ,82 are both larger than T,). Thus, the arc pair
does not satisfy the constraint. In Fig. 4(e) and Fig. 4(f),
when the turning direction at the SPs connecting two arcs
are clockwise, the absolute value of corresponding turning
angles are more than Ty, and the sum of the exterior angles
of each polygon is not 360°. So, both two types fail to satisfy
the constraint.

For the arc pairs passing constraint above, it will lead to
slow detection speed if directly fitting and validating. So, the
Candy’s theorem constraint is used to screen these arc pairs
except for type 3 to improve detection efficiency.

The principle of the Candy’s theorem is shown in Fig. 5(a),
where blue arcs are two parts of the same ellipse. In anti-
clockwise order, E and F are the starting points of the two
arcs, D and C are the ending points. Line segments EF and
DC intersect at M, and the line passing through A and M
intersects with line segments ED, CF, and arc FBC at P, Q,
and B, respectively. According to the Candy’s theorem, the
geometric relationship of line segments in Fig. 5(a) can be
expressed as

1 1 1 1
=— - — 2)
AM PM BM OM
where, AM, PM, BM, QM are the length of line segments.
Based on (2), the established constraint inequality is
1 ‘ 1 1

1
HM_W B oM

When using (3) to screen arc pairs, it is suboptimal to use
the constant E; for different lengths of line segments in arc
pairs. Thus, the proposed method gives an adaptive E;, which
can adapt arc pairs with different sizes by approximating the

<E, 3)
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FIGURE 4. The different types of the constrained simple polygon
constraint. (a) type 1. (b) type 2. (c) type 3. (d) type 4. (e) type 5. (f)type 6.
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FIGURE 5. The Candy’s theorem constraint. (a) The Candy’s theorem.
(b) Reselection of point C.

magnitude of the error.

Ty Ty 4
’(AM—T;»-PM’ ‘(BM+Th)-QMH @
where, AM, PM, BM, and QM are the length of line segments
formed by the corresponding arc pair. Ty is a threshold that
can be obtained from the threshold selection experiment.

In order to construct (3), firstly, the arc with fewer SPs
is selected as the arc where A is located. Three different
positions of points are selected as A for using this constraint
stably, whose selection strategy is illustrated in Fig. 6. The
green points are the SPs of arcs, and the blue points in
Fig. 6(a) and Fig. 6(b) are the midpoint of the arc formed by
two adjacent SPs, the blue points in Fig. 6(d) are the quarter
points of the arc. Specifically, when the ratio of the shorter
line segment to the longer one in EC and DF is less than 0.3,
the point C or F is reselected to construct (3). Fig. 5(b) shows
this special case, the endpoint C’ of shorter line segment E’C’
in E’C" and D'F’ is replaced by the midpoint C” of the arc

E, =
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FIGURE 6. Selection strategy of point A. (a) three SPs. (b) four SPs.
(c) five SPs. (d) more than five SPs.

formed by C’ and adjacent SP W’, where the arc F'B'C’ has
three SPs C’, W/, and F’. Furthermore, when more than three
SPs are on the arc F'B'C’, the SP adjacent to C’ is selected to
replace C’.

Besides, Point B is located using the binary search method.
Firstly, F and C or their alternative points are used as the
two boundary points of the initial search interval. Secondly,
the search interval can be narrowed using the upper and
lower position relationship between line AM and the midpoint
of the arc formed by interval boundary points and iterate
this process until two interval boundary points are adjacent.
Finally, the intersection of line AM and the line through the
last interval boundary points is taken as point B. Compared
with the method of traversing pixels in [11], this method
can improve the speed of determining point B. When two of
the three groups of points corresponding to A selected above
satisfy (3), the arc pair is considered to pass the Candy’s
theorem constraint.

The ellipses formed by arc pairs passing two constraints
satisfy the validation and are used for clustering directly.
Among them, the judgment condition for clustering is the
ratio of the number of inliers in the arcs to the perimeter [23]
of the fitted ellipse greater than T and the ratio is defined
as the score of ellipses. An inlier in the arc should meet the
requirements that the position must be within the closed area
formed by two ellipses whose length of semi-axis are set by
expanding and shrinking the length of the semi-axis of the
fitted ellipse by 2 pixels, respectively, and the smaller angle
between lines formed by the normal vector of an inlier to the
fitted ellipse and the corresponding gradient direction should
be less than T,. Based on arcs from the ellipse that does not
enter the clustering process but the ratio of the number of
inliers to the number of arc pixels in each of the two arcs of an
ellipse is more than T, combinations composed of three or
four arcs are generated and validated after fitting. In addition,
when an arc is repeatedly used by several detected ellipses,
only the ellipse with the highest score can be preserved.
Finally, clustering is performed to filter the repeated ellipses
with the low score and save the high one.

IV. EXPERIMENTAL RESULTS

In order to verify the feasibility and effectiveness of the
proposed method to realize fast and high-precision ellipse
detection, experiments based on three public datasets and
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three synthetic datasets are carried out. The computer used
for ellipse detection of the datasets is Intel Core i5-10400 with
16G RAM. A metal plate full of small holes is manufactured
to verify the ability of the proposed method to detect small
holes.

In the experiments, the overlap ratio of two ellipses more
than 0.8 is regarded as the same one in the real datasets,
and 0.95 in the synthetic datasets. Execution time, Pre-
cision, Recall, and F1-Measure are used to evaluate the
performance of detection methods, Precision = ¥ / €,
Recall = ¥ / U, Fl-Measure = (2*Precision*Recall) /
(Precision + Recall). Where, 2, U, ¥ is the number of
detected ellipses, real ellipses, and correctly detected ellipses,
respectively.

A. THRESHOLD SELECTION EXPERIMENT

OF ELLIPSE DETECTION

The purpose of this experiment is to test and obtain the
optimal thresholds required in the proposed method so as to
provide the guarantee for subsequent efficient ellipse detec-
tion. The thresholds that need to be determined include T,
Tos, Tsc, and Ty. Ty is the fixed part of the T, when extracting
arcs. Ty is to judge whether the arc is excellent. T, deter-
mines whether an ellipse is real or not. Ty, is used for the
Candy’s theorem constraint. In this experiment, three public
datasets, Dataset Prasad [11], Dataset Smartphone [16], and
Dataset Tableware [13] are used to test the influence of the
above thresholds on the detection.

Fig. 7 shows the influence of thresholds on the detection
performance. Fig. 7(a) shows that the greater the value of Ty,
the longer the execution time will be. When T, is greater than
50°, the F1-Measure of three datasets reaches a larger value.
Thus, Ty is set to be 50°. Fig.7(b) shows that the greater the
value of Ty, the shorter the execution time will be. When T
is 120°, the execution time and F1-Measure of three datasets
are superior. Thus, setting Tos to 120° is suitable. Fig. 7(c)
shows that the T has a negligible impact on execution time
but a significant impact on F1-Measure. The value of F1-
Measure is outstanding when T is near 0.55, so setting T to
0.55. Fig. 7(d) shows that Ty, impacts the performance of the
Candy’s theorem constraint in discriminating arc pairs. The
results show that the larger the value, the lower the constraint
effect and the longer execution time, especially the greater
impact on Dataset Tableware, and also show an impact on
F1-Measure. For balancing the F1-Measure and execution
time, the threshold is set to be 2.6 referring to experimental
results. In addition, since there is little influence of other
thresholds involved in the proposed method, the empirical
values of these thresholds are set as follows: To, = 4,
Tsh =5, Ty = 34,11 = 20°, Tiqg = 25°, T, = 9.32°,
Ty = 0.6.

In conclusion, the thresholds are set based on the exper-
imental results and the characteristics of each threshold,
which can provide effective thresholds for subsequent fast
and high-precision ellipse detection.
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FIGURE 7. Experimental results of thresholds influence on the detection.

(a) The influence of T. (b) The influence of Tos. (c) The influence of Tsc.
(d) The influence of T},

B. EXPERIMENTS ON THE ROBUSTNESS OF ELLIPSE
DETECTION

The purpose of this experiment is to test the robustness of
the proposed method to detect ellipses with different ori-
entations, angular coverage and lengths of semi-major axis,
and to verify the adaptability for detecting different ellipses.
Dataset Orientation, Dataset Coverage, and Dataset Scale are
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generated to test. The image size is 400 x 400 pixels, and
there is only one ellipse at the image center with axis ratio
from 0.01 to 1 with step 0.01. For the Dataset Orientation,
the length of the semi-major axis is fixed at 100 pixels, and
the orientation range is from 0° to 90° with step 1°. For the
Dataset Coverage, the length of the semi-major axis is fixed
at 100 pixels, and the coverage range is from 3° to 360° with
step 3°. For the Dataset Scale, the orientation is fixed at 0°,
and the length of the semi-major axis range is from 1 pixel to
100 pixels with step 1 pixel. Besides, the Dataset Upsampling
formed by 2 times upsampling Dataset Scale is tested.

The results on the robustness of ellipse detection based
on the above datasets are shown in Fig. 8. The horizontal
axis of each figure represents the axis ratio of the ellipses,
the black square point represents the corresponding ellipse
that fails to detect and the white square points represent a
successful detection. Fig. 8(a) shows the influence of the
orientation that when the axis ratio is greater than 0.3, the
change of the orientation will not affect detection. Fig. 8(b)
shows the influence of the angular coverage that the proposed
method can effectively detect ellipses with axis ratio greater
than 0.3 and angular coverage greater than 220°. Fig. 8(c)
shows the influence of the length of the semi-major axis that
for the same semi-major axis length, the larger the axis ratio,
the greater the possibility of successful detection, and the
shortest length of the semi-major axis of the detected ellipse
is only 5 pixels. When the axis ratio of ellipses is greater than
0.47 and the length of the semi-major axis is greater than
13 pixels, it can be detected. Fig. 8(d) shows the detection
results of Dataset Upsampling that the proposed method can
detect smaller ellipses by 2 times upsample of the image.

In conclusion, the experiment results show that the pro-
posed method can effectively detect ellipses within a certain

VOLUME 11, 2023



X. Fang et al.: Fast and High-Precision Ellipse Detection Method Based on the Candy’s Theorem

IEEE Access

I Proposed

Shen
Meng
Jia

I Fornaciari

Prasad

Tableware Smartphone

54.16
30.31
49.97
126.2

0 20 40 60 80 100 120 140
Execution time (ms)

FIGURE 9. Comparison results of detection speed.

TABLE 2. Experimental results of detection precision on prasad.

Method Precision (%) Recall (%) F1-Measure (%)
Prasad 20.86 25.70 23.02
Fornaciari 51.91 21.65 30.56
Jia 58.78 24.26 34.35
Lu 73.36 34.79 47.20
Meng 75.79 38.50 51.06
Shen 80.04 30.75 44.43
Proposed 83.96 37.91 52.23

range of orientation, angular coverage, and length of semi-
major axis, which reflects the robustness and adaptability of
the proposed ellipse detection method.

C. COMPARATIVE EXPERIMENT OF ELLIPSE DETECTION
This experiment is to verify the feasibility and effective-
ness of the proposed method for fast and high-precision
ellipse detection. Based on the three public datasets men-
tioned above, the proposed method is compared with the
methods proposed by Prasad et al. [11], Fornaciari et al. [16],
Jiaetal. [17], Lu et al. [14], Meng et al. [12], and Shen et al.
[13], respectively.

In order to verify the improvement of the proposed method
in detection speed, the methods of Fornaciari, Jia, Meng, Shen
and the proposed are implemented using C++ to compare
execution time. The source code of the above comparison
method is provided by the author. Fig. 9 shows that the
execution time of the proposed method is reduced by 5.02 ms,
0.85 ms, 0.89 ms and 2.16 ms, respectively, compared with
the other four methods in Dataset Prasad. For the Dataset
Smartphone, the execution time of the proposed method is
reduced by 8 ms, 1.35 ms, 3.21 ms and 8.41 ms, respectively.
For the Dataset Tableware, the execution time of the proposed
method is reduced by 24.68 ms, 0.83 ms, 20.49 ms, and
96.72 ms, respectively. The results show that the proposed
method is superior to the other four methods in terms of
detection speed in the same datasets, which verifies the ability
of the proposed method to achieve fast detection.
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TABLE 3. Experimental results of detection precision on smartphone.

Method Precision (%) Recall (%) F1-Measure (%)
Prasad 5.43 41.41 9.60
Fornaciari 27.16 55.26 36.42
Jia 33.92 52.36 41.17
Lu 54.77 66.93 60.24
Meng 67.87 63.85 65.79
Shen 64.88 59.98 62.33
Proposed 74.37 46.67 57.36

TABLE 4. Experimental results of detection precision on tableware.

Method Precision (%) Recall (%) F1-Measure (%)
Prasad 20.84 25.70 23.02
Fornaciari 20.72 58.17 30.56
Jia 30.80 57.59 40.14
Lu 46.55 51.17 48.75
Meng 53.15 57.39 55.19
Shen 57.95 56.03 56.97
Proposed 67.05 57.00 61.62

In order to verify the improvement of the proposed method
in the detection precision, the comparison experiments are
performed between the methods mentioned above. The com-
parative results on three datasets are shown in Table 2, Table 3
and Table 4, respectively. The results show that the ellipse
detection precision of the proposed method on three datasets
is 83.96%, 74.37%, and 67.05%, respectively, which are
higher than the other six methods. Moreover, the F1-Measure
of the proposed method on three datasets is 52.23%, 57.36%,
and 61.62%, respectively. The F1-Measure of the proposed
method is superior to others except that the F1-Measure of
the proposed method on the Dataset Smartphone is slightly
low. This is mainly due to the suboptimal performance of the
proposed method in detecting complex images composed of
the cluttered bicycles in the Dataset Smartphone. In addition,
the recall of the proposed method on three datasets also
has good performance. The results show that the proposed
method can achieve high-precision detection.

In order to show the effects of the ellipse detection more
intuitively, Table 5 gives a part of images of the detec-
tion result in this experiment, which includes images of the
handle, hollow porous ball, planet image, traffic sign, road
sign, and wooden plate. The green lines indicate the detected
ellipses. The image of the handle shows that the method of Lu,
Meng, Shen and the proposed can detect the apparent ellipse
contour. The method of Prasad can not detect all ellipses
and takes some small contours as ellipses incorrectly, and
the detection results of the other two methods are not good
enough. The image of the hollow porous ball shows that all
methods can detect 6 different colors of the ball. Besides,
the methods of Prasad and the proposed can also detect
ellipses formed by small holes, which reflects the ability
of the proposed method to detect small ellipses. The planet
image shows that the methods of Meng, Shen and the pro-
posed method can detect all 7 ellipses corresponding to the
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TABLE 5. A part of images of the detection results.

Name Prasad Fornaciari Jia

Lu Meng Shen Proposed

Handle

Hollow
porous
ball

Planet
image

Traffic
sign

Road
sign

Wooden
plate

contours of the planet, and other methods fail to detect all
ellipses effectively. The image of the traffic sign shows that
all methods detect the elliptical contour of the sign. However,
the method of Prasad also takes part of the contours of the
tree as ellipses and the methods of Fornaciari and Jia have
the problem of repeated detection. The proposed method also
detects a small size traffic sign in a corner. The image of the
road sign shows the method of Lu, Meng and the proposed
can detect two street signs. The image of the wooden plate
shows that all methods except for the method of Prasad
detect the elliptical contours of 9 round wooden plates. The
proposed method also detects the elliptical contours of some
fruits, which reflects the ability to detect small ellipses too.
Although the method of Prasad also can detect some fruits,
there is a relatively apparent incorrect detection. In summary,
the results shown in Table 5 reflect the ellipse detection ability
of the methods tested above intuitively, which shows that the
detection effect of the proposed method is better than others.
It not only has the ability to detect large ellipses but also has
a strong ability to detect small ones.

D. EXPERIMENT OF SMALL HOLE DETECTION

This experiment is to verify the effectiveness of the proposed
method to detect small holes. The constructed experimental
setup for small hole detection is shown in Fig. 10. A porous
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metal plate with various size holes is used as a testing object
for small hole detection, and the diameter of the holes on the
metal plate covers 3 mm to 10 mm with a step of 1 mm.
And one camera fixed at the end of the CRS5 robot is used
to capture image information of the target metal plate. In this
experiment, 100 images of the target metal plate are captured
by the camera from different views by controlling the motion
of the robot, and then, the ellipse detection methods proposed
by Fornaciari, Jia, Lu, Meng, Shen and this paper are used to
test the ability of small hole detection through processing the
100 images, respectively.

Fig. 11 shows one of the comparison experimental results
of small hole detection, which indicates that there is a sig-
nificant difference in the detection ability of different ellipse
detection methods for small holes mentioned above, and the
proposed method has the best small hole detection ability than
the comparative methods.

Fig. 12 shows the comparison experimental results of small
hole detection by using 100 captured images at a resolution
of 3840 x 2160 pixels. The experimental results indicate
that when the perimeter [23] of the ellipses corresponding to
the holes is less than 105 pixels, the proposed method out-
performs other ellipse detection methods in detecting small
holes. When the perimeter of the ellipses corresponding to
the holes is less than 45 pixels, the proposed method still has

VOLUME 11, 2023



X. Fang et al.: Fast and High-Precision Ellipse Detection Method Based on the Candy’s Theorem

IEEE Access
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Ellipse detection software

FIGURE 11. One comparison result of the small hole detection.
(a) Fornaciari. (b) Jia. (c) Lu. (d) Meng. (e) Shen. (f) Proposed.

a strong detection ability, and the average number of detected
small holes per image is about 8. The experimental results
verify the strong ability of the proposed method to detect
small holes.

In summary, the proposed ellipse detection method pos-
sesses advantages in small hole detection, which mainly
benefits from that an arc is directly fitted and validated in
the proposed method when its turning angles add up to more
than a certain value. However, when the perimeter of ellipses
corresponding to the holes is larger than 105 pixels, the
number of the detected holes is slightly down to the second
highest. This is primarily due to the greater possibility of

VOLUME 11, 2023

I
O
I

I Fornaciari [ ]Jia [ |Lu
[ Meng [ Shen [ Proposed

— — [ ) [ w ©w N
IS 9 S G S [y S
1 1 1 1 1 1 1

The average number of detected holes per image
1

o
I

<45 45-65 65-85 85-105  105-125 =125
The perimeter of ellipses corresponding to the holes (pixel)

FIGURE 12. Comparison experimental results of small hole detection.

fragmentation of contours of larger holes and strict con-
straints. The proposed detection method performs relatively
well on these simulated factory environment images without
adjusting related thresholds carefully. This feature of the
proposed method enables it to be efficiently and conveniently
used in manufacturing applications.

V. CONCLUSION

In this paper, the ellipse detection method based on the
Candy’s theorem is proposed to improve ellipse detection
speed and precision. The principle of the constrained sim-
ple polygon constraint method and the Candy’s theorem
constraint method are described in detail. The optimal thresh-
old selection experiments are performed with three public
datasets of Prasad, Smartphone, and Tableware. Based on
three synthetic datasets, the ellipse detection robustness
experiments verify the robustness and adaptability of the
proposed method. The comparison experiments with six pop-
ular ellipse detection methods of Prasad, Fornaciari, Jia, Lu,
Meng and Shen are performed, which show that the ellipse
detection speed of the proposed method is superior to the
method of Jia, Fornaciari, Meng and Shen, and the ellipse
detection precision corresponding to the three datasets are
83.96%, 74.37%, and 67.05%, respectively, which are better
than the compared methods. Besides, the small hole detection
experiment shows the proposed method has a good ability
to detect small holes. The proposed method can adapt to the
need for fast and high-precision ellipse detection and provide
information support for positioning parts with small holes in
intelligent manufacturing. The proposed method is about to
combine with the tracking method to detect holes in parts
in a fast and high-precision way within the following work,
which guides a robot to complete the peg-in-hole assembly
application in dynamic and unstructured environments.
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