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ABSTRACT

According to the randomized circle detection (RGIjorithm, the probability that four randomly saexpl
points belong to the same circle is relatively lodfast algorithm for circle detection in this page
proposed. Three points will be randomly sampletha edge image and the fourth point is then sampled
within the margin of vertical circumscribed and dribed squares of the circle determined by three
previously sampled points, and it effectively irases the probability of four randomly sampled mint
belonging to the same circle. In judging whethegsth four points can determine a candidate circle, a
threshold is defined to reduce the calculation simécircle parameters. It affirms the candidateleifor

true circle by a fast evidence-collecting procelSgperimental results demonstrate that the proposed
algorithm is about an order of magnitude fastemtiRCD in the detection speed, and has a strong
robustness. The detection precision for circldseiser than half a pixel.
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circle is found and will be further affirmed for a

1. INTRODUCTION true circle by evidence-collecting process.

Fast and accurate detection of circles is widely Excellent performance of RHT can be showed in
applied in the fields of image processing angimple image detection, but when it comes to multi-
computer vision [1-3]. The Hough transform (HT),circle complex images, numerous accumulations of
as a basic method to detect circles, has itgseless parameters from aimless sampling will
advantages in insensitivity to noise in images andemand a huge amount of computation and storage.
easiness in parallel computing, which has attracteds a result, some improved RHT methods were
extensive research among researchers [4-6]. HT hakoposed [8-12]. Chen and Chung [13] presented a
the advantages of small storage and high speedniiethod called randomized circle detection (RCD)
the parameter space is limited to two dimension$o avoid the massive memory and computing time
When it is more than two, however, e.g. the circléequirements caused by parameter accumulation. In
with three dimensions, HT will only be RCD, four points are randomly picked from the
theoretically applicable due to the sharp incresfse edge image and the parameters of a circle can be
computing time and storage. To solve this problengalculated by any three points. If the fourth pagnt
Xu et al [7] presented the randomized Houglalso on the circle, then the circle is affirmed #or
transform (RHT), which can significantly reducetrue circle by an evidence-collecting process.
computing time and storage requirements bievertheless, slight improvement was achieved
random sampling in the edge image anavith regards to the computing time. Chung and
establishing a link-list data structure for theHuang [14] improved the computing speed of RCD
parameters. In RHT, three points are firstly pickedy only making comparative operation for the
randomly in the edge image to determine a circlpoints outside the vertical circumscribed of the
and then judge whether its parameters areandidate circle in the evidence-collecting process
approximately equal to some parameters in the linkt is, however, not so obvious. Chen et al [15pals
list. If no qualified parameters are found in tiiki  improved the computation speed by tracking edge
list, a new unit for the parameters will be definedgpoints to form a series of edge chains which ersable
and appropriately inserted into the link-list;the four randomly picked points to be from the
otherwise, the score of the qualified parametelis wisame edge chain, but the tracking edge points
be increased by one. If the resultant score is nogduced the robustness of the detection. Chung et a
smaller than a given threshold nt, then a candidafé6] made use of the multiple-evidence-based
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sampling strategy and refinement strategy to Sep 4. Set the counte€ to be 0. We put these
improve both the execution-time performance antbur points back intd® [17]. For each point irP,

the detection accuracy for RCD, but the robustnesge check whether its distance to the boundary of
of the detection was also affected as a resulh®f tthe candidate circle is not larger than the given
gradient information use. distance thresholdy,; if yes, performC=C+1

To the noticeable improvement of the computin@nd remove the point out Bf

speed of RCD and to keep the high robustness ofqep 5. If C> M i » 9O to Step 6. Otherwise,
the detection, this paper presents the method

sampling the fourth point of RCD and effectively
increase the rate of the four sample point
belonging in the same circle. Meanwhile, the3© 0 Step 2.

proposed algorithm reduce the computing times of gep 6. The candidate circle has been detected as
the circle parameters by defining a threshold valug trye circle. Resdtto be 0 and go to Step 2.

and affirm whether the candidate circle is a true
circle using fast evidence-collecting process. 3. THEBASIC IDEA OF THE PROPOSED

ALGORITHM

Pégard the candidate circle as a false one andnretu
gheseC edge points int®; perform f = f +1, and

2. RCDALGORITHM FOR CIRCLE

DETECTION . .
3.1 Method of Four Points Sampling
Let P denote the set of all edge points in the !N RCD, the random selection of four points from
image, andP| denote the number of edge pointsthe set of edge points results in the low probibili
. . o of them belonging on the same circle. In this paper

|P| is Tmnand the sampling failure counterfisThe  select three pointpy, p,, andps with the distance

number of failures that can be tolerated is assumd&tween any two of them is larger thg, and then
asT;, and the distance between any two samplinge calculate the parametet¢a, b, r) of the circle
points of the candidate circle should be largenthadetermined by these three points, the circle
T Factors such as discretization will be used t6orresponding to the parameters calculated is
judge whether the point lies on the candidate ejrcl Marked asCips The fourth pointpy(xs, ys) is then
with its distance threshol@i,. If the number of the Selected randomly within the margin of vertical
points that lie on the candidate circle is largent Circumscribed and inscribed squares ©f; in

Muin (M. =Ax277 , where) is a proportional order to effectively improve the probability of the
min ’ four randomly sampled points belonging to the

same circle. In the gray area illustrated in Fig. 1
finder ideal conditions, the poipj can only exist
within the margin of the vertical circumscribed
Steps for RCD algorithm can be described asquare ABCD) and inscribed squareEfGH) of
follows: Ci23 Both the circumscribed squardBCD) and
the inscribed squareEFGH) center onO and the
side length of the former isr2while that of the

latter is+/2r . Since the digital image consists of
Sep 2. If f=T; or |[P[<Ty, . then stop; discrete pixelsps is considered on th@,; if point

otherwise, we randomly pick four pointsPs(X% Ys) and parametersC(a, b, r) meet
p, (i = 1234) and remove these four points out of\/(x4 —a)?+(y,~b)? -r

P.
_ ] selectingpy, the side lengths oABCD and EFGH
Sep 3. From these four edge points, find out

such a candidate circle that the distance betwedRould be equal t@(r +Ty,) and \/E(r —T4,)
any two of the three sampling points is larger tharespectively. Thereforgs(xs, ys) is possible to lie
Tq and the fourth point also lies on the circle, anan theC,,; only when Egs. (1)~(3) hold at the same
then a candidate circle is affirmed; go to Step 4ime.
Otherwise, return these four points ilRpperform
f=1f+1; goto Step 2.

coefficient, andr is the radius of the candidate
circle), then the candidate circle is affirmed as
true one.

Sep 1. Store all points into the se® and
initialize the failure countefrto be O.

<T4, .Therefore, while

Tl < X4 <T2 (1)

T3 < y4 <T4 (2)
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x, >T,or x,<Tory,>Tory,<T, (3) Methods to judge whether the four points can
determine a candidate circle in this paper can be
where T, =a-r-Ty, , T,=a+r+T;, , described as follows:
Ty=b-r-Ty, ; Ty =b+r+Tg, , Sep 1. Assume the four points sampledpasp,,

V2(r - Tyy)
2
\/E(rz‘sz) T, =b- \/E(rz‘sz) '

Ts=a+ v Te= » mentioned in 3.1. The distance from to the

boundary ofC,,; is marked asd,_,;, and let
i=4.

\/E(r—sz) ps, and p;; as for p,, we obtain it by the way
a——
2

T7:b+

Sep 2. If dy_q1,3>Ty3, then these four points
cannot determine a candidate circle. If
Ta2<0s 123 Tg3, g0 to Step 3; ifd,_153<Ty,, @

r candidate circle is determined py p., andps,

Sep 3. i=i-1. If i =0, then these four points
O(ab) cannot determine a candidate circle; otherwise,
exchange the coordinate valuesppéndp,, and go

to Step 4.

C123

F G Sep 4. If the distance op; to p,, p. to ps, andps

B C to p; is all larger thanTy, then calculate the
parameters of the circle determined by these three

Figure 1. The Sampling Area Of P, points, and go to Step 2; otherwise, go to Step 3.

Setm as the threshold of the failure counter 0f4 AL GORITHM DESCRIPTION
samplingP,4, and the method of selecting the fourth
point P, we propose in this paper
summarized as following:

Sepl. Leti=0. Sep 1. Store all points into the se® and
Sep 2. Select randomly from the edge points dnitialize the failure countefrto be 0.

can be procedures of algorithm in this paper can be
described as follows:

candidatep,. Sep 2. Select four different points fronP
Sep 3. If the p, satisfies the Egs. (1)~(3) at the@ccording to the method described in 3.1.

same time,_then it is a trym and stopOtherwise, Sep 3. Judge whether these four points can

performi =i+1, and go to Step 4. determine a candidate circle according to the

Step 4. If i <m, go to Step 2; otherwise, Se|ectmethoq described in 3.2. If yes, go to Step 4,
new three pointsp, pa, andps) and go to Step 1. Otherwise, go to Step S.
3.2 Find the Candidate Circle Step 4. Affirm whether the candidate circle is a

Suppose the distance of any one among the foljHe circle using the fast evidence-collecting
sampling points, e.gps, to the boundary of Gs process [12]. If yes, go to Step 6, otherwise, @o t
determined by the other three points is marked a2€P °:
ds 123 - To judge whether the four points can Qep 5. Let f=f+1. If f>T;, then stop;
determine a candidate circle, we compare th@therwise, go to Step 2.

d,_ 103 With Tgz and Ty, (the Ty is slightly larger
th;nl'lz's In this case. ifd is larger thar Sep 6. Make sure whether the number of the
@)- o= THa-123 9 4 circles detected is the same as the given on@, If s
then these four points cannot determine a candidaign stop; otherwise, remove the points lying on
circle. If the dj_ 153 , T, and Te meet thjs circle out ofP and resetf =0, and go to Step
Ty2<d4_ 103 < Ty3, We pick another one point out of 2,
these four and make the same comparisons. If sorge
distance is smaller thamy,, we confirm that the
other three points determine a candidate circlé¢ [17

EXPERIMENTAL RESULTS

Many experiments have been carried out to
validate the high speed and resolution of the
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proposed algorithm. Here two of them are
illustrated, compared with RHT, RCD, and PRCD
[14]. In the first experiment, the values Af Ty,
andn; are set to be 0.7, 0.5, and 2 when applying
RHT, respectively. When applying RCD or PRCD,
the values of,, Ty, andTy, are set to be 0.7, 6, and
0.5, respectively. And the values OfTg;, T2, Taas
andm are set to be 0.7, 6, 0.5, 0.75, and 20 when

applying the proposed algorithm, respectively. In --_:j::
the second experiment, all the values of parameters R S
are the same as the first one except that all the (b) Theimage with 1 241 noises

values of are set to be 0.6. For fair competition,
each algorithm will be stopped when the number of
detected circles is equal to the given one. Theee t
experiments are performed on a Pentiurd.66
GHz and memory 512 MB computer using C++
language.

Refer to Ref. [13]. The first experiment is tested
on the synthetic images that are created by adding
noise to a 256x256 original image. The original
synthetic image with 1 034 points is shown in Fig. SR
2(a), which consists of seven circles with différen (c) Theimage with 2 171 noises

radii. In order to test the robustness, we randomly
add different levels of noise to the original image
Here, the levels range from 30% (310 noises) to

210% (2 171 noises). The resulting images with 1

241 and 2 171 noises are shown in Fig. 2(b) and

Fig. 2(c), respectively. The execution time require

in each algorithm is obtained from the average of

50 simulations and illustrated in table 1. Thesg fo

algorithms can correctly detect the seven cirates t @

each synthetic image. The detected results are

shown in Fig. 2(d) and table 2 with the proposed : : i
algorithm used in Fig. 2(c). (d) The detected circles with the proposed algorithm

Figure 2: The experiment on the synthetic images

Q Table 1: Time Performance Comparison
Noise The proposed
ratio/% RHT/s RCD/s PRCDI/s algorithm/s

0 0.0050  0.0056  0.0044 0.0009
30 00337 00591  0.0513 0.0059

60 03241 03178  0.2734 0.0309

@ 90 11159 11794  1.0134 0.0950
120 29181 39959  3.4037 0.3009

() The original image 150  11.1306 9.7959 8.2109 0.7519

180 27.0338 17.2028 14.2044 1.4009
210 49.7947 34.2716 27.9622 2.1362
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Table 2 : The Detected Results With The Proposed 6. CONCLUSION
Algorithm Used In Fig. 2(C) (Unit: Pixel)
J]Zecﬁgﬁecf:ri:: J]Zecﬁrccl‘;”s:z nghe circle radius As the probability of four randomly sampled
No. points belonging to the same circle in RCD is
Detected Real Detected Real Detected Real . .
result  data result data result data relatively low, this paper has presented a fast
1 19317 193 519 52 3727 37 _algorithm for circle _d_etection, which effectively
> 8904 80 13500 135 4607 a4 NCTEases the probability of four randomly sampled
' ' : points belonging to the same circle. When judging
3 18115 181 21122 211 3107 31  whether a candidate circle can be determined by the
4 5277 53  49.05 49 2180 22 four points, we have reduced the number of
5 5925 59 185.97 186 23.03 23 cf?lcufllatligns of thﬁ cri]rcleﬁparamieters by definilmﬁ t
threshold Ty, which effectively improves the
6  34.19 34 3909 39 1493 15 : . :
detecting speed. Besides, this method possesses the
7

126.03 126 16475 165 1006 10  gimjlar advantages to RCD, such as strong
robustness and low demand for memory.

The second experiment is carried out on &xperimental results demonstrate that the proposed

140x140 real image that is shown in Fig. 3(a)algorithm is about an order of magnitude fastentha

These four algorithms can correctly detect the folRCD in detection speed while the detection

circles. As to the edge image including 1 688 mintprecision for circles is better than half a pixel.

in Fig. 3(b), the average execution time of 50 )

simulations is 9.2372 s, 5.5212 s, 4.6619 s, a:ﬁjln order to get the more precise parameters

0.9503 s, corresponding to RHT, RCD, PRCD an etected, the method can be further optimized by
the proposed algorithm, respectively. The detectd@!lowing the below: using the least square circle

circles with the proposed algorithm are shown ifiting method to fit the edge points lying on the
Fig. 3(c). circle whenever a true circle is detected in ottder

improve the detection accuracy of the circle
parameters. The least-squares circle fitting method
‘ O can be found in the literature [1&esides, the

novelty in the proposed algorithm can be applied in

other improved algorithms [15, 16] to effectively

improve the detection speed, which is thus of
) potential application value. Further study will be
carried on the combination aspects between RHT

and the random sampling method of RCD.
(A) The Criginal Image
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