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Abstract

Elliptical features are evident in abundance, in a wide variety of digital images. Much
of these features carry useful statistical and geometrical information that can be explored
for a broad range of real-world applications. In this paper, we propose and analyze a
novel method which is independent of the popular Hough transform or random sample
consensus approaches, to detect elliptical features in a digital image. Our method is
based upon the circle power theorem and its extension to conics. The key idea is to trans-
form an image into several power ratio histograms that record the distribution of power
ratios computed from some reference point pairs. We show that the peaks in a power
ratio histograms provide strong evidence for the existence of ellipses. Peak verification
based on the parallel chord property together with multi histogram cross validation in-
crease the confidence of an identified peak. Experiments over several synthetic as well
as natural images validate the efficacy of the proposed method in terms of its accuracy
and robustness.

1 Introduction

Object detection is a necessary intermediate stage and long-standing goal in many computer
vision paradigms. Among the simplest features treated in object detection, circles and their
perspective projections, ellipses are moderately complex and frequently encountered. Much
of them carry within themselves useful information that can be explored for a broad range
of real-world applications such as product inspection and quality control [6, 34, 44], spatial
surveying and exploration [35, 36, 37], surveillance and security [21, 45], cell segmentation
[23] and character reconstruction [38]. Industrial applications are increasingly challenging
the limits of circular and elliptical feature extraction by demanding high-resolution imagery
at full frame rate. Real-time and robust detection of ellipses (circle as well as its special case)
on images will be focus of this paper.

1.1 Related work

Current ellipse detection methods for images can be broadly divided into three categories:
voting/clustering methods, optimization methods and edge following methods. Methods in
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the first group include Hough Transform(HT) [15] and its variants [4, 8, 22, 24, 25, 27, 29,
32,40, 45], RANSAC [9, 14], fuzzy logic [12, 19], and Kalman filtering [31]. These methods
map one or sets of points to the parameter space to detect ellipses through accumulator
voting or clustering. Voting/clustering methods are robust to outliers, but in general, they are
computationally expensive due to the fact that an ellipse is specified by five parameters. And
thus voting or clustering in a five-dimension parameter space are typically required which is
the major threshold for most of voting/clustering methods.

The second group of methods, which includes least-square fitting [1, 3, 17, 26, 33], ge-
netic algorithm [23, 41], and point set registration algorithm [2], formalize ellipse detection
as an optimization problem. They fit selected data points to ellipses while optimizing a spe-
cific error metric. Although optimization methods are generally accurate and faster than
voting/clustering methods, their performance depends heavily on pre-processing steps such
as pixel segmentation or grouping. These methods are also limited by the fact that they can
fit only one primitive at a time, and in most cases, they will yield false or missing detections
when the subset contains more than 50% outliers [11]. Hence they are more suitable for a
later stage curve fitting after a subset of points corresponding to a hypothetical ellipse has
been roughly identified and separated.

The third category, edge following methods [10, 16, 18, 28, 30], explicitly exploits the
connectivity between edge pixels to detect ellipses. Local geometric information such as
tangent [16], internal angle and convexity [10, 18], curvature [28], Zernike moment [30]
are used for tracking the small segments along a potential ellipse. Edge following method
combined with HT is also proposed [7]. The main limitation with these methods is that
local geometric information is very sensitive to noise, intersection and occlusion, and a bias
estimation in a local point may propagate into the subsequent stage of the contour tracking,
resulting in an incorrect group decision. These methods, therefore, run the relative high risk
of false detection.

indeed one of the most widely used techniques for ellipse detection.Thanks to the voting
mechanism, HT-based method is less sensitive to noises, shape disconnectedness and occlu-
sions. However, it suffers meanwhile the disadvantage of massive requirements of compu-
tations and memory storage. Therefore, HT-based methods for ellipse detection presented
in literature usually involve some sort of decomposition, or alternatively, sub-sampling in
the parameter space. Decomposition methods usually work by detecting the centers first
using geometric properties of ellipses such as diameter bisection[32], parallel chord[22], or
chord-tangent[20, 43, 45]. And then the rest of three parameters are calculated employ-
ing a standard voting process or least square fitting. The Randomized Hough transform
(RHT)[27, 29, 39, 40] is a popular sub-sampling method which alleviates the problems of
standard HT using a many-to-one converging mapping, but its performance degrades as the
number of ellipses in the image increases [27].

In [42], a circle detector has been developed based on the circle power histogram. Ac-
cording to the circle power theorem, the edge pixels on a circle share the same circle powers
with respect to an arbitrary reference point on the image. In this paper, we extended the
circle power theorem into conics, and showed that the ratios between two conic powers cal-
culated from two arbitrary reference points always remain constant. A power ratio histogram
based ellipse detector is proposed based on the theorem of conic power of two points. our
method detects the presence of candidate ellipses by identifying signal peaks in a power ra-
tio histogram. Cross validation among multiple reference points and mid-chord validation
are further proposed to increase the robustness of the proposed method. By using geometric
properties of circles and ellipses, the proposed method levels the advantages of the voting
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and clustering methods and avoids their extensive resources consumption.

2 Theoretic Background

Circle Power of a Point Theorem: Consider a circle O and a point P in the plane where
P is not on the circle. Draw a line through P that intersects the circle in two places, then
the product of the length from P to the first point of intersection and the length from P to
the second point of intersection is constant for any choice of a line through P that intersects
the circle. This constant is called the power of point P. For example, in Figure 1(a), PX> =
PA,-PB; = PA,-PBy = --- == PA; - PB;. The theorem still holds when P is inside the circle,
or if Ay and By coincide (as is the case with X). The circle power of a point theorem can be
extended into conics as follows.

Figure 1: Extend the circle power of a point into the conic power of two points. (a) Circle

powers to a point are PX 2,PA1 -PB1,PA; - PB; or PA; - PB;, and (b) Ellipse power ratios of
. PA|-PB|  PAy-PB) PA;-PB;

two points are 0C,-0D; > 0C,-0D,° °Y 0c-0D;"

Conic Power of two Point Theorem: Consider a conic curve O and two point P and
Q in the plane where P and Q are not on the conic. Draw a pair of parallel lines through P
and Q that intersects the conic in two places respectively, then the ratio between the power
of point P to the power of point Q is constant for any choice of a set of parallel lines through
P and Q that both intersect the conic. This constant is called the power ratio of two points P
and Q. For example, in Figure 1(b),

PA| - PB; PA; - PB; PA; - PB;
QCi-0Dy  QC>-0D» QC;-0D;

The theorem still holds when P and Q are inside the
conic, or if A, and By coincide. The proof to this theorem
is given in Appendix A.

Parallel chord property of conics: The bisecting
line of any two parallel chords of a conic curve is incident
to the center of the conic curve. A graphical illustration
to the parallel chord property of elliptical curves is given
in Fig. 2, where A;B; and C;D; are two parallel chords
of the ellipse and M;N; is their bisecting line. Accord-
ing to the parallel chord property, M;N; will always pass
through the center of the given ellipse. The formal proof

(1)

Figure 2: Illustration of the Par-
allel chord property of ellipse
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to the parallel chord property can be found in Appendix
B.

3 Ellipse Detection Using Conic Power

Given an input image |, the method first identifies its edge map E using Canny’s operator [5]
or other alternatives. It then separates E into a set of disconnected components E;. These
two steps are pre-processing steps designed to obtain a refined subset of edge pixels for
further detection. For each decomposed edge map component E;, the propose detector starts
by calculating a reference triplet R = {R;,R2,R3}, and they will be used pairwise as the
reference points for conic power ratio calculation. Our method then builds three power ratio
histograms for each component. Peaks in a power ratio histogram are the strong indicators
of potential elliptic features in an image. The method detects initial set of peaks in generated
power ratio histograms using peak detection signal method. However, those initially detected
peaks are possibly accompanied with spurious pixels due to system noise and randomness,
they need to be verified and trimmed carefully before the final ellipses fitting is conducted.
The proposed method verifies the detected peaks from highest to lowest, based on a mid-
chord verification process and a cross-validation process. After the two-steps of verification,
the peaks will have high confidence level of being true ellipse indicators and will be fitted
with ellipses at the final step.

3.1 Constructing power ratio histograms

A power ratio histogram is the distribution of power ratios calculated from scanning an edge
map component using a set of rotational and parallel scanning lines passing through two
reference points. Conic power of two points theorem suggests that among all the power ratios
of any 4-tuple intersection points, the occurrence rate for the power ratios corresponding to
the conic curves located in the image, should be relatively high. This can be illustrated by the
synthetic example shown in Fig.3. Notice that there is a prominent peak in the power ratio
histogram constructed which is an indicator for the ellipse presented in the given image.
The two reference points can be theoret-
ically located anywhere on the image. But
practically, one may expect that the rotat-
ing scan lines intersect the potential ellipses
at as many pixels as possible. The strat-
egy of computing the reference triplet for
a component E; is as follows. (1) Calcu-
late the centroid ¢; of the component E;. (2) d MM
Construct a regular triangle around ¢;, with M
a random slanted angle and side length of  Fjoyre 3: TIllustration of the power ratio

0.08, where ¢ is the diagonal distance of  pisiogram construction given two reference
the bounding box of E;. (3) The three ver- points P and Q.

tices are then used as the reference points,
in a pairwise way to generate three power
ratio histograms for further verification.
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3.2 Peak detection and verification

Ideally, a power ratio histograms will present peaks for ellipses detection by using a simple
absolute threshold strategy. But in practice, due to quantization errors and noises, the peaks
on a power ratio histogram may be spread across the histogram and overlaid with spurious
peaks. As the example shows in Fig.3, besides the highest peak, there are also some other
spurious peaks which are irrelevant to any pattern in the image. We use the peak detection
signal method proposed in [42] to identify all the relevant peaks while filtering out spurious
ones. The idea is to apply a Gaussian filter to smooth the histogram first and then to use a
zero crossing signal to located salient peaks.

Two separate verification processes are proposed to increase the robustness of the de-
tected peak and the associated pixel sets to be fitted. The first verification process is mid-
chord verification using the parallel chord property of conics. Given a peak A, mid-chord
verification works as follows: (1) Get A’s associated pixel set in the form of 4-tuples, draw
the two parallel chords from each 4-tuple. (2) Draw the bisecting line segment (or mid-
chords) for each pair of parallel chords. (3) Do a pairwise intersection computation to find
out all the intersecting points among all the mid-chords. (4) Calculate the main center of the
intersection points, filter out all the 4-tuples whose mid-chords do not pass through the main
center within a predefined “mid-chord tolerance” €,,. In the last step, the main center C is
calculated as: .

_ Li=10i X Di
© =107 ?
where o; is the occurrence of intersection point p;. The squared occurrence term o? gives the
intersection points with more occurrences larger weights so that the main center is expected
to be located at the center of a dense cluster.

The second verification process, the cross-validation, validates each peak, from the
highest to the lowest, across the three power ratio histograms. It relate a peak from a his-
togram to the peaks in the other two and validate the associated pixels. The process works
as follows: (1) Locate the highest peak A among all unchecked peaks, get its associated
pixel set #(A). (2) Find the nucleus of A, or o(A), as a subset of @(A), which is defined
as o(A) = max{@(A) N @(Ai) N 2(A;j)}, where A, A; and A; are three peaks from different
power ratio histograms and their intersection gives the largest subset of @(A). (3) Repeat
the previous 2 steps until all the peaks have been validated.

3.3 Curve fitting and parameter estimation

After the two processes of peak validation, the pixel set $(A) associated with each verified
peak A could be a general conic, according to the conic power of two points theorem and the
parallel chord property discussed in Section 2. In this paper, we handle only ellipse and its
special case, circle. For other types of conics, we fit them as ellipses first and then use the
geometric distance error to filter out non-elliptic features.

The general conic curve F(a,x) = 0 can be approached by minimizing the sum of squared
algebraic distances Dy (a) = YV, F(a,x;)* of the curve to the N data point x;(i = 1,--- ,N)
in the pixel set in $(A). Here we adopted the ellipse-specific fitting method proposed in
[17] so that all data will always return an ellipse. This is achieved by minimizing the above
algebraic distance D4 (a) subject to the constraint 4ac —b* = 1.

Let the ellipse associated with $(A) be E and its algebraic coefficient obtained above be
a=[abcde f]". The geometric parameters {x.,y.,A,B, 8} of E are the center (x.,Y.), the
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major and minor axes (A, B) and the orientation angle 6, can they can all be calculated based
on [33].

Non-elliptic features can then be filtered out if the number of points locating on the fitted
ellipse is too few. Let the set of pixels located on a fitted ellipse [E be Ng. Then for a true
ellipse on an image, the ratio between the size of Ny to the “mean radius” (A + B)/2 of the
fitted ellipse should be larger than a pre-defined “existing rate threshold” R,, i.e., % >R..

The number of pixels located on the obtained ellipse Ng can be computed based on the
estimated geometric distance from an pixel x; in $(A) to the fitted E. Le.,

| |dist(x;,¢) — rel

Ng = [{x; <eg, x € 3(N)}, 3)

g
where c is the center of the ellipse with coordinate (x.,y.), ry is the directional radius of the
ellipse in the direction of cx;and g is a predefined “locating threshold”. ry is calculated as
follows.

B 1Y " Ye _ 2 : 2
o =tan " x 0, rg= \/(acosa) + (bsin) (€))

4 Experimental evaluation

The proposed algorithm has been tested through a series of experiments. All of them per-
formed on an Intel CPU Core 17-3667U 2GHz processor with 4GB RAM. These experiments
mainly address tasks such as: (1)Accuracy of ellipse location and shape discrimination on
various images. (2) Multiple ellipse and circle detection capability. (3) Robustness under
certain amount of imperfections such as deformations, occlusions, or noise.

Here are the parameter settings in our experiments: the number of the scanning lines N
is related to the pixel size of the input image. For an image of m x n pixels, N; is set as
m+n. Note that the resolution of a power ratio histogram is set to 1 for simplicity. The
peak denoising parameter o is set to 3.3321. The selection of this parameter ¢ is based
on the length estimation 1.1107n of digital line segments suggested in [13]. The mid-chord
tolerance &, is set as 2.2214 for the same reason. The last two parameters: the existing
rate threshold R, and the locating threshold & are two voting parameters which controls the
errors a fitted ellipse can be tolerant for a point set. We set R, as 1 in out experiments and &
is set as 10% empirically.

Test on synthetic images: The first experiments are conducted on a number of synthetic
images of various sizes. Each image has been generated by drawing some randomly located
ellipses. Those ellipses are possibly intersected with some other shapes or intersected to
each other. Fig.4 gives three examples. The “synth1” image in Fig.4(a) contains two ellipses
with different sizes and orientation. The two ellipses have been correctly detected. The
special case circle detection capability is shown in Fig. 4(b). This “synth2” image consists
of several intersected geometric shapes. The circle and the ellipse in it have been located
precisely, demonstrating that the proposed ellipse detection method is capable of handling
circles. The third testing example “synth3” (Fig. 4(c)) contains two intersected and overlaid
ellipses, one of them is incomplete, and the proposed method has the capability to locate
them separately as in one component.

Test on hand-sketched images: One of the main characteristics that our method confers
is the capability to detect elliptical shapes deformed to a certain degree. This can be shown
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7
(a) (b) (c)

Figure 4: Experiment on some synthetic images. (a) , (b) and (c) show the original synthetic
images named as “synth1”,“synth2” and “synth3” images, and their corresponding detected
ellipses (or circles), as overlays on the original images.

when processing images such as those in Fig. 5. We can say that the system performance is
adequate to both as it discriminates the hand-sketched ellipses and circles from other shapes
and determines the best approximation for the desired elliptical or circular features.

o000 ¥ ¥

Figure 5: Experiment on hand-sketched images. (a) Sketchl image and its ellipse detection
result. (b) Sketch2 image and its corresponding ellipse detection result.

The observed robustness and flexibility of our method is due to the fact that the proposed
method incorporates an imperfection tolerant mechanism through a smoothing and denoising
step in a peak detection and verification process. The denoising step filters out some local
deviations, while the peak verification step removes system errors linked to randomness and
therefore, our method can efficiently handle imperfect and noisy ellipses while avoiding false
positives.

Test on real life images: This experiment tests the efficacy of the proposed method on
real-life images in which perfect ellipses (circles) are rarely found. Figure 6 shows seven
representative examples from a number of test images. Among them, the “tea cup” image
and the “manhole cover” image contain only a singe ellipse in each. The “glasses” image
comprises two equal size ellipses while the traffic sign image comprises a set of multiple
large and small ellipses. The “coin” image is a real-life image with multiple circles in it. The
last two images, the “motorcycle” and the “big Ben” image are two examples with complex
background and foreground. In all cases, it can be shown that the proposed method has been
able to detect the ellipse’s parameters correctly and the detection time is reasonably low for
medium sized images (typically around 1-4s). We summarize our experimental results in
Table 1.

From Table 1, it is also evident that the execution time of the proposed ellipse detector
is dependent on the image size, the edge map size |E| and the number of components f. in
it. Generally speaking, for a image of size m x n pixels, around m + n rays are necessary
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to be shot when constructing a power ratio histogram. For each power ratio histogram, it
takes around O(‘ﬁﬂ) time to validate pixel-ray correspondence and a worst case 0((%)4)
time complexity to construct a power ratio histogram. For the total 3§, power histograms, it

requires the cross-validation and mid-chord verification for all the k detected peaks, taking
2

time in a worst case complexity of O(klgk + k'?—z‘) where k is dependent on the number of

ellipses in the image.

Figure 6: Test on real-life images: columns are tea cup, manhole cover, glasses, traffic sign,
coin, motorcycle and big Ben images, and rows are the original inputs, the detected ellipses
and circles overlaid on the input images. Note that all ellipses are rendered as blue while
circle are rendered as red, and all images are scaled down to fit the page size.

Limitation: The proposed
method has its limitation when Table 1: Experimental results after applying the pro-
handling ellipses with significant posed ellipse detector to images in Fig. 4, 5 and 6.

occlusion, of severe incomplete- Image properties |E| 8.0 [ T(ms)
ness or discontinuity, or of very Name Size

small size; and it also relies on synthl 412 x 425 | 3268 2 1768
a good result of edge detection. synth2 512 x 512 | 4539 2 2002
For examples, several ellipses in synth3 500 %398 | 1055 1 674
the manhole cover in Fig.6 are sketchl 512x512 | 3482 | 2 1320
not detected due to their small sketch?2 512 %512 | 2809 1 1368
size or missing in edge detection. tea cup 512 x434 | 2121 1 1506
The occluded ellipses in the mo-  manhole cover | 266 x 200 | 1097 | 1 978
torcycle image and the discontin- glasses 448 % 326 | 4255 2 1584
uous ellipses in the big Ben ex- traffic sign | 543 x 486 | 3935 | 4 | 3258
ample are missed for detection. coin 423 %354 | 5575 4 1513
When the ellipse is in those situ- motorcycle | 576 x360 | 8763 | 2 | 5508
ations, our method may not work big Ben 390 x 384 | 13428 1 4230
well since the chance of collecting

enough intersection 4-tuples pix- “|E|: The size of edge map after applying the edge detector.

b4.: The number of components in E.

els for peak detection is relatively ¢T- The execution fime in ms

reduced.
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5 Conclusion

This paper has presented an algorithm for elliptical shapes detection independent of the con-
ventional Hough transform principles, or the RANSAC-based sampling and validation strat-
egy. Based on the basic power theorem of circles and its extension to conics, the proposed
method transforms the edge pixels on an image into power ratio histograms which denote the
distribution of ratios between pairwise distance powers among all intersection points along
different scan lines. Using the peaks in the power ratios histograms, the method can signif-
icantly reduce the search space for potential ellipses and improves detection accuracy. The
mid-chord validation and cross validation further ensure the robustness of the method. It has
been shown that the presented method is capable of detecting ellipses accurately in synthetic
images and it can also reliably detect multiple circles and ellipses in hand-drawn or real-life
images, even when the features are visible but present slight occlusions or discontinuities.
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APPENDIX A Proof of the conic power of two points
theorem

a general conic can be represented as an implicit second order polynomial:
F(a,x)=a-x=ax’+bxy+cy* +dx+ey+f=0 ®)

wherea=[abcde f]T andx =[x’ xy y?> x y 1]7. F(a,xp) is called the “algebraic distance”
of a point P(x),y,) to the conic F(a,x) = 0. A line passing through point P(x,,y,) with an
angle o has the following parametric representation:

R ®
Substitute x in Eq. (13) with the above, we get:
a(x, +tcosa)? +b(x, +tcosa)(y, +tsina)+
c(yp +tsina)? +d(x, +tcosa) +e(y, +tsina) + f =0, @
ie.
(acos* o+ beosasina + csin*)t* + (2ax,cos 0 + bepsina + by ,cos o+ ®

2cypsino +dcosa + esina+ )t + axf, +bxpy, + cyf, +dxp+ey,+f=0
Consequently, the power of point P with respect to the conic is:

axt +bxpy, +cyy +dx, +ey, + f _ F(a,xp)
acos? o+ bcosousino + csin? o acos? o+ bcososinol + csin? o

PA-PB=tt)=
©))
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where #; and 1, are the two roots of Eq. (16). Similarly,

axg +bxgyg + ey +dxg ey +f F(a,xq)

— (10)
acos? o+ bcosousinol + csin? o acos? o+ bcosousino + csin? o

0C-QD =

Combining Eq. 9 and Eq. 10, we have,
PA-PB  F(a,xp)
0oC-0D F(a,xq)

The algebraic distances of point P and Q are constant, therefore the ratio between two powers
always remains constant.

APPENDIX B Proof of the parallel chord property

Let AB and CD be two arbitrary parallel chords with end points A,B,C,D on the conic
F(a,x) = 0. The midpoints of the two chords are M and N respectively. Without losing
generality, we can assume that the two parallel chords AB an CD are horizontal which are
defined by the intersection segments of two horizontal lines y = y; and y = y, with the conic
section F'(a,x) = 0 (this assumption is valid since the ellipse can have arbitrary orientation).
Then, the point A and B satisfy:

{ ax? + (byy +d)x+cyt +ey1 + f =0

Y=y (an

_béil_d ,¥1)- Similarly,

Solving (9) for A and B yields the coordinates of mid point M : (
the point C and D satisfy:

{ ax® + (by +d)x+cy; +eya+f =0

Y=y (12

and the coordinates of mid point N are ( 47;?;[1 ,y2). The slope of line MN is then written

as,

—2a

Sun = T (13)

The center coordinates (x.,y.) of a conic F(a,x) = 0 are [33]:

_ 2cd — be _ 2ae — bd

= 14
e b2—4ac7yc b? —4dac’ (14)
The slope of the line MO is,
o ey s
MO = 5 — viad —
R

Hence, the three points M, N an O are collinear. This means line MN is incident to the center.
The above expression (20) — (24) are valid for any orientation of the xy-coordinate system
relative to the conic section. Therefore, in general cases, parallel chord property holds for all
chord directions.
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