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Abstract: This study proposes a three-dimensional size detection system for inerratic magnetic sheets according to specif-
ic size parameter requirements, such as the volume of the industrial micro magnetic sheet. Based on the noise interference
generated by the corresponding detection environment of the magnetic sheet, a hybrid filtering method for the inerratic
magnetic sheet is also proposed here, which effectively implements denoising filtering. In the image edge detection mod-
ule, the edge detection operator most suitable for detecting image edge extraction is selected, and in order to realize the
inerratic shape detection in Hough transform, the measurement function of size parameters (including the top surface ra-
dius, tilt angle of the profile and top surface, profile thickness, and volume) for the micro cylinder magnetic sheet are de-
signed and implemented. Measurement data, gathered through repeated experiments, builds a more effective detection
system for magnetic sheet size than traditional methods at the millimeter level.
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1. INTRODUCTION

Alongside the continuous development of intelligentiza-
tion and informatization technologies, detection precision
and efficiency requirements for all types of micro parts have
grown increasingly stringent. To this effect, industrial vision
detection technology has become a hot research topic [1, 2].
Detection of industrial parts generally utilizes artificial con-
tact detection, however, these methods introduce significant
errors and do not provide complete information. These prob-
lems are not only inherent to the detection method itself, but
are often attributable to human error, as well.

Currently, the most commonly utilized industrial produc-
tion size detection technology is binocular stereo vision [3,
4], which essentially mimics the human eye to achieve three-
dimensional size detection. Though manual inspection meth-
ods do typically perform better, they are disadvantaged by
complex computation, longer run time [5]. Two-dimensional
visual detecting technology [6, 7] is also commonly utilized
for size detection, but this method only detects size accord-
ing to two-dimensional parameters, so its application is sub-
ject to certain limitations.

In an effort to further improve the efficiency of machine
vision size detection, as well as meet detection precision and
efficiency standards according to three-dimensional parame-
ters, a novel method of machine vision size detection in in-
dustrial vision inspection systems is urgently needed [8, 9].
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2. METHOD OF INERRATIC MAGNETIC SHEET
THREE-DIMENSIONAL DETECTION

2.1. Camera Calibration

The Tsai two-step method was used in this study to cali-
brate the cameras [10, 11]. Standard boards were calibrated
on a checkerboard as shown in Fig. (1).

Fig. (1). Calibration checkerboard graphic.
Calibration steps were performed as follows:

(1)  Cameras and light source systems were fixed, and the
checkerboard calibration board was placed within the
scope of the camera’s view. The shooting distance
was adjusted to ensure that the number of checker-
board points was more than 6*4. The camera was
fixed, so its position remained unchangeable.

(2)  The world coordinate system of the calibration board
was set. The coordinate of the first checkerboard
point on the upper left corner of the calibration board
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served as the source point coordinate of the world co-
ordinate system, and the upper vertical area was set as
the Z-axis positive direction to dynamically bind the
world coordinate system with the pixel coordinate
system; in other words, the same results were
achieved regardless of checkerboard calibration board
movement. Based on the fact that the camera position
was unchangeable and that the three-dimensional co-
ordinate point was one of the camera’s inputting pa-
rameters, camera calibration functioned as static pa-
rameter calibration.

(3) The camera was powered on, and dedicated image
acquisition software was activated to access images of
the calibration board. The images were preprocessed
to obtain closer coordinates to the original calibration
images.

(4)  The Harris corner extraction method of pixel coordi-
nates was utilized to extract the pixel coordinate
points corresponding to world coordinate points,
forming the initial camera calibration values [12, 13].

(5)  Using the world coordinate points obtained from the
world coordinate system and the pixel coordinate
points obtained from the pixel coordinate system as
the inputting initial values, the Tsai two-step calibra-
tion procedure was performed to acquire calibration
parameters. Calibration results are shown in Table 1.

Table 1. Calibration experiment result.

Calibration Parameter Calibration Value

Focal distance f 7.4456

Center of image(u0, v0) (785.835, 642.75)

Distortion coefficient k 0.0010

-0.9643 -0.0020 0.5002
0.0057 0.9996 -0.0285
-0.2648 0.0289 0.9639

Rotation matrix R

Translation matrix T 163.674 6.5263 -395.1371

2.2. Mixed Filtering Algorithm

Images are easily affected by environment during the
detection process, (by Gaussian noise, impulse noise, and a
small amount of relatively weak granular noise). Traditional
single filters do not successfully filter images, so this study
utilized a mixed filtering method to detect industrial cylinder
magnetic sheet images [14]. The pseudo code of this method
is as follows:

Import the initial figure AND set the specification of the
filtering template

Set the threshold of the grayscale extremum

FOR (the gray value of the first image pixel; the number of
all the image pixels; the pixel increment on rows)

{

IF the gray value is the extremum THEN
IF the extremum < the threshold d THEN
Call the median filtering function
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ELSE

Call the Gaussian filtering function

ELSE IF dips or swells by Comparing the gray value with
the surrounding pixels on the template THEN

Call the median filtering function

ELSE

DO NOTHING

}

The processed results of the cylinder magnetic sheets are
shown in Fig. (2).
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the initial image . . . .
& improving filtering
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Fig. (2). Filter pre-and-post control graphic.

2.3. Image Edge Detection and Processing

Image edge detection and processing is performed to
obtain the feature area or feature edges in images under de-
tection. The processing procedure of edge detection takes
edge information from the image to be detected and sepa-
rates it from gray value information in other images, and
applies said information to follow-up image analysis and
processing. The basic method of traditional edge detection
analyzes all pixels in the image to be detected for pixels with
gray values different from their surrounding pixels, and ana-
lyzes change rules by the first or second derivative of the
special pixels to detect image edges.

Commonly accepted rules for edge detection algorithms
include the SNR rule, position precision rule, and single edge
response rule. These three rules are the main standard for
measuring whether an edge detection operator performs suc-
cessfully or not. After images undergo edge detection in the
Sobel operator, the computation of which is relatively sim-
ple, the image edges contain complex pocking marks, and
lack clarity; compared to other edge detection operators cur-
rently in use in the industry, there is a sizeable gap in per-
formance [15]. Images processed in the Canny operator and
the Roberts operator are relatively close in quality, however,
because the calculation of the Canny operator is highly com-
plex compared to that of the Roberts operator, edge infor-
mation extracted by the Canny operator results in a small
account of loss. To this effect, comprehensively balancing all
aspects of all factors, including time and efficiency, the Rob-
erts operator was selected as the edge detection operator in
this study [16-18].

The Roberts operator calculates edge detection through a
relatively simple process. The primary advantage of the
Roberts operator lies in its ability to detect vertical edges in a
highly precise manner. In addition to highly precise edge
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position detection, the Roberts operator is sensitive to noise
[19]. For images to be detected where edges are more obvi-
ous and noise level is relatively low, the Roberts edge detec-
tion operator achieves highly effective detection. The corre-
sponding analysis formula is shown below:

clrGipl= \/(f[i,j]—f[i+ Lj+1D + (Grlivnj]-rlij+1]) (1)

In the formula (1), G[ fli,j )] is the gradient amplitude

of the edge operator and f(i,j) is the coordinate value of

the integer pixel in the target image. The concrete method is
to take the differential of the gray value of coordinates, plus
or minus 45 pixels, in the images to be detected first, then to
perform the sum operation on the results, while simultane-
ously setting a specific threshold 7 for the gradient ampli-

tude of each pixel. IfG[ f(i,j)|=T , f(i.j) is the edge

point of the result image; if G[ f(i,j)]<7, f(i.j) is not

the edge point, thus the edge detection process is complete.
The Roberts edge detection operator, Canny edge detection
operator without Gaussian filtering, and Sobel edge detection
operator were adopted in turn to extract the feature edges of
the same magnetic sheet image. The processing results are
shown in Fig. (3).

2.4. Straight Line Detection and Thickness Measurement

2.4.1. Straight Line Detection

In the rectangular coordinate system of the image space,
all lines that pass the point (x,y) can be represented by the
following formula:

a) the image after
denoising

c) sobel

Fig. (3). Edge detection algorithm processing result.
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y=px+q 2
In the above formula, (x, y) is a point in the image space,

(p.q)is a point in the parameter space, p is the slope, and ¢

is the intercept. Formula (2) can be rewritten as Formula (3)
through appropriate deformation:

g=—px+y 3)
Formula (3) is a line which passes the point (x, y) in the

parameter space. It is assumed that (xi,y[) and (xj,yj) are

two different collinear points in the image space, then the
following two formulas will be obtained according to For-
mula (3):

Yi=pXitq “4)

Y =px;+q )
Points (p,q) were plugged into the following formulas,

respectively:

q=—Xxp+tYy, (6)

q==X;p+y, (7

Formulas (6) and (7) express two different lines. It is
assumed that they intersect at the points (p’,q’), then the

points (p’,q’) correspond to the line that passes the points
(xi, y[) and the points (x Y j) in the image space. Conversely,
each point on the line which passes (xi,y[) and (xj,yj) in

the image space corresponds to a certain line in the parame-

b) canny

d) roberts
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ter space. These lines intersect at the points (p’,q") in the
(p,q) space. Therefore, the lines in the image space to be

detected can be transformed to solve the intersection point of
multiple lines in the corresponding parameter space.

The dual relationship of the dotted line in the Hough
transform reflects the collinear points in the image space as
they correspond to the intersected lines in the parameter
space, and all lines intersected at any point in the parameter
space correspond to the collinear points in the image space
[20, 21]. An instance where the Hough transform points and
lines in the image space and the parameter space are in ac-
cordance with each other is shown in [22]

When a detected line is vertical, the value of p can be
infinity. To remedy this, a following polar coordinate system
is typically adopted to express the lines in the parameter
space

p=xcos6+ysinf 96[0,180] ®)

A certain point (x,y) in the image coordinate system is
transformed to its corresponding sine curve in the ( p,O)

parameter space. At that time, the duality between points and
lines in the Hough transform is also altered to form dual
transformation between the points and the sine curves.

Under Hough transform, all collinear points in the rec-
tangle coordinate system can be transformed into the cluster
of sine curves which intersect at the same point in the polar
coordinate system, maintaining one-to-one correspondence
as shown in Fig. (4).

\/

(o] X

Fig. (4). Relation between rectangular coordinate and polar coordi-
nate.

To detect lines in the image coordinate system, the 6 and
p in the parameter coordinate space were quantified, as

shown in Fig. (4b). According to the coordinate (x, y) of the
point in the rectangle coordinate, the value of each p is cal-
culated in the range of 6, as shown in Fig. (4a). It is as-
sumed that the calculated value of p is equal to the pixel

gray value of a quantified grid or within the approximate
range, then the accumulator that corresponds to the grid adds
1. After all points in the rectangle coordinate system are
passed by Hough transform and the results are counted, the
accumulator in each grid is counted and analyzed. If there is
only one line in the image to be detected, parameter values

( p*,e*) in the rectangle coordinate system corresponding to

the accumulator form the requested line expression. If there
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is more than one line in the image to be detected, a corre-
sponding threshold is set for the statistic value of each grid.
Only within the scope of the threshold can the value be the
count value of the accumulator on the line.

If an array A(p,0) is used to record the quantified 6
and the corresponding p, then the line detection based on
Hough transform can be described as follows:

1) According to precision requirements, p and 6 are
quantified within the scope of p and 6, which are

respectively divided into m and n portions each ex-
pressed by p, and 6, .

2) The image is traversed from top to bottom and from
left to right. If the current detected point (x, y) is the
edge target point, each value of p, corresponding to
0, is calculated according to Formula (8).

3) A is accumulated according to p, and 6, , that is:

A(0,.p,)=A(8,.p,)+1 )

4) The second and third steps are performed repetitively
until all target points are processed.

5) The maximum value is found in the parameter plane
by comparing the element values in the array. This
identifies the corresponding line expressed by Formu-
la (1), as well as the number of collinear points. Thus,
the polar coordinate parameters corresponding to the
lines are:

[67.p" |=argmax A(6).p,).j €[0.n].i €[0.m] (10)
The final detected collinear formula is:

p"=xcosf" + ysinf” (11)
If there is more than one line in the detection plane, a

threshold can be set. If the value of A(9 s pl.) is greater than

the threshold, the points in the image space corresponding to
the curves passing the point (x,y) are considered collinear;

conversely, if the value of A(9 i pl.) is smaller, the points in

the image space corresponding to the curves passing the
point are considered isolated points.
If the quantified 6 and p are too rough, the resultant

line parameters are not accurate. Quantification must not
introduce too much complexity to calculation, however.
Therefore, this study processed the quantification of 6 and
p under precision requirements while maintaining simplici-

ty.
2.4.2. Thickness Measurement

The obtained thickness image of the cylinder magnetic
sheet to be detected underwent image preprocessing as
shown in Fig. (6).
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Y,

a) Parameter geometric sketch of the line
In the polar coordinate expression form

Fig. (5). Linear detection using Hough transform.

Fig. (6). Magnetic sheet thickness image before detection.

The image edge detection algorithm was applied to pre-
processed images to obtain feature edges as shown in Fig.
(7). As far as size parameters are concerned, as mentioned
above, there are multiple lines in an image which must be
detected. This is illustrated in Fig. (8).

Fig. (7). Magnetic sheet thickness edge image.

The two-dimensional size parameter obtained through the
thickness image mainly consists of the thickness of the mag-
netic sheet side face and the tilt angle of the top and bottom
surfaces and the side height. As shown in Fig. (8), the thick-
ness is d, and the tilt angle is a, b.
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Fig. (8). Thickness coordination analysis image.

The detection and recognition of a straight line is the
basis if follow-up detection of the thickness and tilt angle.
Because the top surface diameter of the thickness image of a
cylindrical magnetic sheet is far larger than the thickness of
the thickness image of a cylindrical magnetic sheet, each
detected line pair can be distinguished by identifying the

distribution of the statistical values of A(9 I pl.) . The statisti-

cal results of the A(Oj,pl.) values showed four peaks

throughout the line detection process — two higher, and two
lower peaks. Clearly, the higher peaks are the two long lines
of the image to be detected, (in other words, the diameter of
the magnetic sheet projected to the thickness image.) The
two lower peaks are the corresponding short lines of the side
face thickness. Only when the threshold is set accurately is

the peak near the appropriate A(Qj, pl.) value appropriate.

Multiple lines in the image can then be distinguished, thus
the detection and recognition of the straight line is fully real-
ized.
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After completing line detection and recognition tasks, it
is further necessary to measure the profile height tilt angle.
The following method was used to measure the angle be-
tween the lines.

Because the analytical expression of each line is obtained
by the Hough transform of the polar coordinate, one of the
necessary parameters for angle measurement is the tilt angle
0 of the line. To obtain the angle between the line L, and

the line L, , the parameters in the expression of the two lines

can be directly subtracted to identify absolute value; thus
identifying the angle between L, and L. . In this study,

deviation in the parallelism of the cylindrical magnetic sheet
top and bottom surfaces is negligible. As shown in Fig. (8),
the angle between L, and L, is equal to the angle between

L, and L, ;in the same method, the angle between L, and
L. is equal to the angle between L. and L, .

Certain permanent interference occurs when images to be
detected are taken at the corner between the lines, causing
vagueness at the corners. Interference is not caused by issues
with quality of the magnetic sheet. Because measuring the
thickness d directly readily results in error, it is not applica-
ble to high-precision size measurement of two-dimensional
size. To measure thickness at sufficiently high precision, a
novel method for measuring the thickness of circular mag-
netic sheets is necessary.

This study obtained thickness parameters by measuring
the distance between parallel lines to indirectly describe
thickness; line a and line b are the opposite side lines and
the values of parameters 8 and p are known. One of these

is selected as the benchmark (here the line a was selected),
then the edge images are scanned individually by row and
column, and each target pixel is calculated to determine
whether or not it is on the line b . If the pixel is on the line b
, the distance between the pixel and the line « is calculated,
effectively calculating all the vertical distances between all
target pixels on the line » and the line @ . At the end of this
process, the average value is the distance between the corre-
sponding lines of line a and line & .

2.5. Circle Detection and Feature Size Measurement

2.5.1. Circle Detection

For a circle with radius r and center (a,b) , the equation

of the rectangle coordinate system can be expressed as fol-
lows:

(x=a) +(y=b) =7’ (12)
The expression of the polar coordinate is:

X=x,+rcos@ (13)

y=y,+rsinf (14)

So the parameter formula of the circle in the parameter
space O-ab is:

(cz—)c)2+(l7—y)2=r2 (15)
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The expression of the polar coordinate is:
a=x—rcosf (16)
b=y—rsin@ a7

A circle in the parameter space O-ab corresponds to a
point (x, y) in the O-xy space. All concyclic points in the O-

Xy space and the corresponding circles in the O-ab space
intersect at a point — this point is the center coordinate of the
concyclic points in the O-xy space.

The above analysis demonstrates that in order to solve all
three parameters of the circle equation, a three-dimensional
grid and three-dimensional array must be established for a
point in the O-xy space corresponding to a three-dimensional
quadric surface in the O-ab space. If the surface passes a
specific grid, the value of the corresponding three-
dimensional calculation unit will add 1. The method of de-
tecting concyclic points is consistent with the method of de-
tecting collinear points, basically, but at the expense of in-
creased calculation complexity. Formula (16) was rewritten
as follows, in order to allow convenient calculation:

a=x-rcosd=r=(x—a)/cosf (18)
Therefore,

b=y-rsinf

= b=y—(x—a)sinf/cos6 (19)

= b=qtanO—xtanf+y

In the formulas (18) and (19), 6 is the gradient angle of
the current point. The mapping of the circle in the parameter
space can be obtained through Formula (19), and the pa-
rameters drop from three to two simultaneously.

According to the above principles, the concrete steps
of the circle detection algorithm based on Hough trans-
form are as follows:

1) According to precision requirements, @ and b are

quantified within the scope of @ and ?, which are re-
spectively divided into 7 and 7 portions each of
which is expressed by a; and b,.

2) The gradient, gradient direction of the original image,
and tangent value are calculated.

3) The image is traversed from top to bottom and from
left to right. If the current detected point (x, y) is the

edge target point, the gradient tangent value corre-
sponding to the current point is searched and each
value of b, that a; corresponds to is calculated ac-

cording to Formula (19).

4) A is accumulated according to a; and b,, that is:

A(aj,b,-)=A(a,-’bf)+l (20)
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5) According to the lines obtained through Formula (19)
in the parameter space, the count of the point on the
line adds 1.

6) The third and fifth steps are performed repetitively
until all target points are processed.

7 The point of maximum count in the parameter space
(the center expressed by Formulas (4-11), in other
words,) is obtained.

8) The coordinate of the circle center is defined and
plugged into Formula (12) or the circle in the image
space to obtain the radius of the circle.

2.5.2. Radius Measurement

An image of the cylinder top surface detected in our ex-
periment is shown in Fig. (9a). The camera took the images
and transmitted them to the computer, then the edge profile
images were obtained through image preprocessing as shown
in Fig. (9b). Circular detection processing for the edge pro-
file images was then performed to obtain the radius and cen-
ter of the circular part.

'

a) the image after denoising

b) the edge detection

Fig. (9). Magnetic sheet upper surface image.

According to the thickness and radius defined by Hough
transform, the miniature cylinder volume parameters can be
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obtained by the volume formula, V = hzr”.

3. EXPERIMENT RESULTS AND DATA ANALYSIS

This system provided size measurement information for
small cylinder magnetic sheets sized 2.5mm * 0.5mm. The
theoretical value of the top surface radius is 1.25mm, the
theoretical value of the side thickness is 0.5mm, the theoreti-
cal value of the tilt angle of the side height is 90, and the
theoretical value of the volume of the magnetic sheet is
2.4543mm’.

To confirm that the proposed detection system meets
basic functional industrial detection requirements, as well as
size measurement precision requirements for miniature cyl-
inder magnetic sheets, the stability of the system’s detection
accuracy was also carefully analyzed. In this study, the
standard cylinder magnetic sheet was detected 10 times re-
peatedly, and the average error and the standard deviation of
the measured values were used to weigh the stability and
detection precision of the results. Formula (21) is the calcu-
lation formula for average error and standard deviation. ¥
was the average error, X is the standard value to be detected,

x, is the value measured for each iteration, X is the meas-

ured average value, and n is the measured number of itera-
tions. Experiment data is presented in Table 2.

f= 1308 o= 23 (x-%) @21)
nig nig

All the results of the repetitive experiment are shown in
Table 2, including the height left tilt angle, height right tilt
angle, top surface radius, volume of the magnetic sheet, and
running time of the entire detection system. Corresponding
average error and standard deviation were also calculated
according to the obtained data to analyze the accuracy and
stability of the detection system.

Tilt angle information was included in effort to minimize
(or eliminate) error in volume detection that results from

Table 2. Cylinder magnetic sheet measurement result.

Number of height Left Height Right Top Surface Profile Magnetic Sheet Detection
Detected Parts Tilt Angle () Tilt Angle () Radius (mm) Thickness (mm) Volume(mm®) Time (ms)

1 90.023 89.974 1.24997 0.50102 2.4591 40.986

2 90.018 89.981 1.24985 0.50174 2.4623 40.966

3 90.089 89.975 1.25101 0.50168 2.4666 41.089

4 90.039 90.009 1.25077 0.49817 2.4484 40.934

5 89.985 89.972 1.25124 0.49849 24518 41.061

6 90.021 90.014 1.24973 0.49802 2.4436 40.998

7 89.992 89.946 1.25082 0.50116 2.4633 40.923

8 90.026 89.988 1.25009 0.50222 2.4656 41.035

9 89.987 89.974 1.25131 0.49815 2.4504 40.929

10 90.011 90.012 1.25102 0.49775 2.4472 41.015

average error 0.0176 0.0225 0.00671 0.01734 0.0071 --
standard deviation 0.0186637 0.0172506 0.00059 0.001759 0.00804 0.05348
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value distribution.

distorted magnetic sheets. In Fig. (10), the left side shows the
distribution diagram of the left tilt angle detection results,
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with average error of 0.017° , the right side’s average error is
0.022° , and both average values are close to the theoretical
values. The standard deviation confirms that the real value
fluctuates above and below the standard value of the tilt an-
gle. Average detection precision is about 0.02°, suggesting
favorable detection stability in the proposed system.
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Fig. (12). Magnetic sheet volume result value and processing time
distribution.

All two-dimensional parameters of the size detection
system in this study (the top surface radius and the thickness
of the side) are described in Fig. (11). A distribution diagram
of the detection results of the magnetic sheet top surface ra-
dius is on the left, with average error of 0.00067mm, and on
the right is the detection results of the corresponding dia-
gram, with average error of 0.01734mm; the average error of
two-dimensional size detection is 0.00702mm. Standard de-
viation confirms that the resultant values of the top surface
radius and thickness of the side fluctuate within a small
range, and that the repetitive detection efficiency of the two-
dimensional size parameters is effective.

Fig. (12) shows the data distribution diagram of the re-
sults for the entire running time of the system, including vol-
ume and size parameters of the cylinder magnetic sheet. The
precision of the magnetic sheet volume detection was
0.007mm’. The above table shows that whenever the corre-
sponding standard deviation of parameters to be detected
was smaller, the scope of detection values was reasonable
and lacking any obvious fluctuation. In other words, the pro-
posed detection system runs smoothly with high repeatability
and stability.
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CONCLUSION

Notably, the run time of the detection system proposed in
this study is better than that of the traditional binocular ste-
reo vision detecting system. The run time of just volume
parameter detection for the inerratic cylinder magnetic sheet
was around 41ms. To research three-dimensional volume
detection on a magnetic sheet with the same specification,
binocular stereo vision detecting technology usually requires
hundreds of milliseconds. The method proposed in this study
retains the detection precision of three-dimensional size pa-
rameters while still allowing efficient run time.

That said, due to limited time and the experimental con-
ditions, further research on precision and detection speed is
required in order to ensure that the inerratic cylinder magnet-
ic sheet detection technology proposed in this study meets
industrial production needs in practice.
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