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The precise inspection of geometric parameters is crucial for quality control in the context
of Industry 4.0. The current technique of precise inspection depends on the operation of
professional personnel, and the measuring accuracy is restricted by the proficiency of
operators. To solve the defects, this paper proposes a precise inspection framework for the
geometric parameters of polyvinyl chloride (PVC) pipe section (G-PVC), using low-cost
visual sensors and high-precision computer vision algorithms. Firstly, a robust imaging
system was built to acquire images of a PVC pipe section under irregular illumination
changes. Next, an engineering semantic model was established to calculate G-PVC like

inner diameter, outer diameter, wall thickness, and roundness. After that, a region-of-interest
(ROI) extraction algorithm was combined with an improved edge operator to obtain the
coordinates of measured points on PVC end-face image in a stable and precise manner.
Finally, our framework was proved highly precise and robust through experiments.

1. INTRODUCTION

Polyvinyl chloride (PVC) pipes are widely applied in water
supply, underground drainage, farmland irrigation, as well as
mine and lab ventilation [1, 2], for their ease of construction,
low price, and long service life. More than 60% of the global
plastic pipe market is occupied by PVC pipes [3, 4].

The defects with the geometric parameters of PVC pipe
section (G-PVC) affect the aesthetic experience, mechanical
properties, and service life. Many factors could contribute to
G-PVC: (1) The PVC pipe section deforms under the irregular
changes of traction and extrusion speeds; (2) The variation of
pipe thickness caused by impurities in the raw material [5, 6];
(3) The pipe section flattens due to the change of extrusion
pressure.

Machine vision offers a non-contact, low-cost, and highly
flexible technique to automatically inspect the quality of G-
PVC. To reduce scrap rate and improve product quality, it is
of great significance to realize precise inspection of G-PVC
based on machine vision. By contrast, contact methods, which
use vernier calipers, plug gauges, and sleeve rulers, might
squeeze and deform the PVC end-face, and end up with a low
inspection accuracy.

With the continuous update of detection technology, many
attempts have been made to integrate new sensing
technologies into G-PVC inspection. For example, SIKORA
[7] developed a detection technology based on millimeter
waves: On the outer circumference of the target pipe, multiple
static/rotating transceivers are deployed to send and receive
modulated millimeter waves at a high frequency; Then, the
static system measures the wall thickness, inner diameter, and
outer diameter selectively. However, this technology is cost
sensitive, and only applicable to pipe end-face larger than
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120mm in diameter. Zhang et al. [8] performed non-contact
online measurement of PVC pipes with a laser diameter gauge.
Their measuring approach raises a high requirement on laser
beams. Gao et al. [9] created an ultrasonic online thickness
measurement system for PVC pipe extruders, but the detection
accuracy was hindered by the poor design of ultrasonic probe.

The detection of geometric parameters is a common task in
pipe manufacturing [10]. There are mature strategies for
geometric parameter detection, including image difference
methods [11, 12], connected domain detection [13, 14], image
segmentation [15, 16], and edge detection [17, 18]. However,
there is no approach that suits all scenarios. Different
computer vision systems and algorithms should be selected for
different tasks.

Computer vision has already been leveraged for inspection,
which is essential to the control of manufacturing quality [19,
20]. Hou et al. [21] designed a machine vision system to
inspect the size of Xuesaitong Dropping Pills (XDPs), and thus
evaluated the appearance quality of XDPs rapidly and
accurately. Li et al. [22] analyzed the gray feature of fusion
hole images (FHIs), and designed an interference rejection
algorithm for weld pool images; the geometric size was
measured in line with the edge feature of the target FHI. Song
and Wu [23] hailed geometric template matching as an ideal
method to obtain location geometries of printed board surface,
and pointed out the defects of the approach: it is difficult to
generalize, and not involved in the improvement of geometric
parameter inspection and classification. The above research
has been improved in the following aspects:

(1) Hardware improvements

To improve the accuracy of cylindrical part inspection,
Mills and Pitchford [24] obtained cylindrical part images with
high-resolution line-scan cameras. Focusing on the
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straightness inspection of seamless steel pipes, Lu et al. [25]
projected laser onto the steel pipe surface, obtained the
geometric center of each arc, and fitted it into a straight line.
Chen [26] employed chain code technology to speed up the
visual inspection of circularity of non-continuous arcs. Wang
et al. [27] designed an integrated mobile robotic system for
measuring large-scale components with complex curved
surfaces. The system, consisting of a mobile manipulator, a
fringe projection scanner, and a stereo vision system, enables
accurate noncontact three-dimensional (3D) measurements of
large-scale complex components. Jeong et al. [28] introduced
a conditionally paired generative network to generate synthetic
images of scarce defects under four different lighting
conditions, and significantly improved the accuracy of
detecting such defects.

(2) Software improvements

For automatic inspection of circuit boards, Lahajnar et al.
[29] utilized sub-pixel edge detection technology and semi-
automatic correction system to distinguish the physical
features of the circuit board in the machine vision system. Li
et al. [30] designed a real-time inspection network for
electronic components based on the matching between
effective receptive field size and anchor size in you only look
once (YOLO)v3. The network recognizes the location
geometries on the printed circuit board (PCB) based on
computer vision, despite the small size and similar appearance
of electronic components on the PCB. The above attempts
indeed improved the detection accuracy to a certain extent, but
did not achieve a high efficiency. To improve real-time
performance, Tech and Mital [31] invented an automatic
vision system based on parallel algorithms, and demonstrated
the high accuracy and fast speed of the system: it only took
1.5s for the system to detect each component.

In this paper, a hardware imaging system is synthetized with
several efficient computer vision algorithm into a precise
inspection framework for G-PVC. The main contributions are
as follows:

(1) The proposed G-PVC precision inspection system can
work flexibly on workpieces of different sizes, and facilitate
the quality control of PVC pipes.

(2) Relying on image features, our novel mathematical
model adapts well to the flexible process of G-PVC detection,
making the detection results more reliable and accurate.

(3) Efficient image segmentation and region-of-interest
(ROI) detection methods were improved to recognize the
detected feature points in the target image accurately and
efficiently.

Consequently, a G-PVC inspection prototype is built for
industrial applications. Experimental results show that our
method can obtain G-PVC images stably under irregular
changes of natural light; the proposed G-PVC mathematical
model can output precise expressions for different pipe
diameters and detection accuracies; ROI and its parameter
optimization algorithm can ensure the stable and precise
extraction of feature points, while reducing the computing load,
and thereby improve G-PVC detection efficiency; the
improved Canny algorithm can stably pinpoint PVC contours
in complex scenarios, such as background and burrs; the sum
of squares for error (SSE) of our method fell within +0.013 in
the G-PVC detection, the R-squared (RS) approached 0.995,
the accuracy was increased by 80%, and the time consumption
was reduced by 90% for the elimination of manual
intervention.

The remainder of this paper is organized as follows: Section
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2 briefly introduces the workflow of our computer vision-
based G-PVC inspection system; Section 3 establishes the
relationship between G-PVC and coordinates of feature points;
Section 4 details ROI recognition, ROI parameters
optimization, and edge detection algorithms for inner and
outer circles; Section 5 presents experimental results and
discussions; Section 6 summarizes the research findings.

2. G-PVC INSPECTION SYSTEM

Figure 1 shows the details of our G-PVC inspection system,
which mainly contains such subsystems as optical imaging,
information processing, mechanism actuator, and motion
control. Among them, the optical imaging subsystem is
composed of a charge-coupled device (CCD) camera, an
auxiliary light source, and an imaging posture adjustment
mechanism. Although backlight-based illumination can result
in obvious features, it is difficult to assist the imaging of PVC
pipe end-face with backlight, because the pipe might be
several meters and even tens of meters in length. Hence, the
coaxial light source was selected to enhance the auxiliary
imaging system. The G-PVC inspection system works under
the following principle:

Firstly, the PVC pipe is transported by the feeding device to
the preset detection position. Once the object is detected by the
position sensor, a trigger signal is sent to the CCD camera and
the auxiliary light source to generate a PVC end-face image.
Next, dynamic ROI and improved Canny operator are
combined to efficiently pinpoint the coordinates of the
measuring point in the image coordinate system. Finally, G-
PVC is inspected precisely according to the coordinates of
measuring points, the calibration parameters of the camera,
and the mapping between G-PVC and the coordinates of
measuring points.
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Figure 1. Details on G-PVC inspection system

3. G-PVC MODELING
3.1 Modeling of internal and external diameters

During quality control, G-PVC affects the mechanical



property and quality of the PVC end-face. The forming of PVC
pipes is controlled by key parameters like internal and external
diameters (Figure 2).

According to ISO3126:2005, the internal and external
diameters of the PVC end-face are denoted as d and D,
respectively; the number of detection points as 2n; the number
of measured diameters as n; the coordinates of the mean center
points in internal and external diameters as (upo, vpo) and (udo,
Vdo), respectively.

As per the requirements on PVC quality control, n must be
positively proportional to D. To obtain the first measured
external diameter Dy, a straight line is drawn across point
(upot(m-2i) &m, vpo) parallel to axis v to intersect the
circumscribed circle of the PVC end-face. In this way, a series
of external diameters D1; can be generated. The first measured
external diameter D; can be established as:

Dl

(D) 1 =0.123,m 0

where, m is the division coefficient of offset &, which is
negatively correlated with the roundness of the circumscribed

circle for the target end-face. The greater the m value, the
better the calculation accuracy, and the longer the computing
time.

As shown in Figure 2(b), the k-th external diameter Dk
(k=1,2,3,...,n) can be calculated by:

*K
6 =— 2
= @
passing  point

Subsequently, ~a  straight line

2i

(ugo+%2i € *sinfy, VD0+mr; e*cosfy) is drawn with a slope of
tanfx. The series of parallel lines drawn above intersect the
circumscribed circle of the PVC pipe, producing a series of
external diameters Dy;, the k-th measured external diameter Dy
can be given by:

D, =(Dy) . »i=0123,--m (3)

max

The k-th internal diameter di of the inscribed circle of the
PVC end-face can be obtained in a similar manner.
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Figure 2. Modeling of internal and external diameters

3.2 Modeling of thickness

Let Ax and a, be the intersections of the circumscribed circle
and the straight line of the measured external diameter Dy; Bx
and by be the intersections of the inscribed circle and the
straight line of the measured external diameter Dy; A'x and a'k
be the intersections of the circumscribed circle and the straight
line of the measured internal diameter dx; B'x and b’y be the
intersections of the inscribed circle and the straight line of the
measured internal diameter di. All these intersections are
shown in Figure 3. Then, the thickness &g and Sex+x can be
respectively expressed as:

8, =[(A -3, ),(A -a, )Imin

5yn = i @)
O+ [(Bk _bk )’(Bk _bk )]mln

»
>
v

the k-th measuring
inner diameter

Figure 3. Modeling of thickness
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3.3 Modeling of roundness

Roundness is a key metric of the shape difference between
an actual circle and the ideal circle. The tolerance zone of
roundness refers to the area between two concentric circles,
whose tolerance value equals radius difference. The roundness
error can be evaluated by four types of methods, namely,
minimum region method, least squares (LS) method, smallest
circumscribed circle method, and largest inscribed circle
method [32]. The LS method stands out for its fast speed and
stable performance. The accuracy of LS is restricted by the
number of measured points: the more the points, the better the
accuracy. In quality control, this paper adopts the LS method
to calculate the roundness of PVC inner and outer circles, as
well as the roundness errors. Let (uak,vak) and (usk,vek) be the
coordinates of measuring points Ax and By at both ends of the
k-th diameter to be measured in the circumscribed circle,
respectively, with k=1,2,3,....n. Then, the LS estimate of the
ideal center (uo, vo) and the ideal radius Ry satisfies:

(U, ~Up? +(v, ~v)*=R;

(Ug, ~Up)* + (Vg ~Vp)*=R;

)

Suppose a1 =2(Uak+1-Uak), Bri=2(Vak+1-Vak), Ya=2(Waks1+
Vake1-Wak-UZAK), Ok2 =2(uk+1-uBk), Px2=2(Vpk+-vek), and
vie=2(u?Bk+1+ V2pi+1-U2k -u’pk). The center coordinates (u,vi)
can be obtained by the LS as:
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The radius R, can be obtained by LS as:

1 n
%[é\/( Uy, ~U" + (v, ~vp?

+\/( Ug, ~UD? + (v ~vD?]

(7

Then, the maximum radius Rm.x and minimum radius Rmin
of the circumscribed circle on the PVC end-face can be
discriminated separately as:

k=1,23,--n

R =[[AC],.[BO ]

max ?

k=1,23,--n

®)

]min’
n

where, Ax and By are the measured points on the PVC
circumscribed circle; O; is the center coordinate of the LS
circle fitted by the measuring points on the circumscribed
circle. Hence, the roundness of the circumscribed circle of the
PVC end-face can be calculated by:

R...-R

max

R

min

Pr= Q)

The roundness of the inscribed circle of the PVC end-face
can be calculated in a similar manner.

4. G-PVC INSPECTION STRATEGY
4.1 ROI localization and width determination

The results of G-PVC inspection hinges on the precise
extraction of the intersection diameters and the inner and outer
circles. This paper designs a feature point extraction algorithm
based on dynamic ROI and edge operators (Figure 4).
Specifically, a dynamic ROI of the size a (pixel) xb (pixel) is
created at the center point (upo, Vpo), where b=n*Dx is parallel
to the straight line of outer diameter Dy. To reduce the
computing load, the n value is controlled between 1.1 and 1.2,
such that the ROI must intersect with the circumscribed circle.

The dynamic ROI is close to the k-th measured diameter of
the circumscribed circle. A small ROI size helps to reduce the
computing load and improve the computing efficiency. If the
ROI size is small, however, it is possible that the ROI does not
intersect with the circumscribed circle, or the intersection
between them is unstable. For example, when a is 1 pixel, the
ROI does not intersect with the circumscribed circle (Figure
4(a)); when a is 2 pixels, the intersection might be above or
below the ROI (Figures 4(c) and (d)).

To ensure the uniqueness of the intersection, the value of a
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must be an odd number. As shown in Figure 4(e), when a is 3
pixels, the intersection remains stable, and reflects the end
point of the measured diameter. In this case, the ROI expands
with the growth of the size parameter a, and the end point of
the measured diameter can be acquired with a high anti-
interference ability and accuracy. Nevertheless, a=3 pixels
bring a large computing load and a low computing efficiency.
Through overall consideration of stability, efficiency and
accuracy of feature point extraction, this paper sets a to 3
pixels.
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Figure 4. End point of the measured diameter
4.2 Edge operator

The traditional Canny operator is an excellent tool for
contour recognition. When it comes to contour detection of
PVC end-face, the blurry edges often lead to a high error rate
of recognition, and an undesired positioning accuracy. To
improve the recognition effect, this paper replaces the original
2x2 template with a 3x3 template, so that the central pixel
gradient is completed by more pixels. Our edge detection
algorithm is as follows:

(1) Let {(i, j) be the gray value of pixel (i, j) in a digital
image; px and py be the gradients along horizontal and vertical
directions, respectively; M (i, j) and a(i, j) be the magnitude
and direction of the gradient at a point, respectively (Figure 5).



The gradient of the gray value at point (i, j) can be obtained
through first-order finite difference approximation:

o _af
X AX
o Af (10)
"y
>y
FELFD | F(i-1)) | FiLj+l)
& Faj-1) | flig) | fijrl)
Fli-1j-D)| fli+1)) | fitdj+1)

Figure 5. Gray value distribution

(2) In our improved Canny operator, the 3x3 convolution
template can be expressed as:

-1-11 -101
px = 01010 :py = '170’1 (11)
111 -101

(3) According to Figure 5, the gradients px and py at pixel (i,
j) can be respectively expressed as:

p (1, ) =[(fF(+1 j-1)-f(i-1 j1)]
Hf(+1, j)- ({1 )]

Hf(i+1 j+D) - f(i+1 j+1)]

p, (i, ) =[f (=1 j+1)— f(i— 1, j—1)]
HEQ, j+1-f @, j-)]

Hf(+1, j+1)— f(i+ 1, j—D)]

(12)
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(4) Through the reasoning above, the magnitude M(i,j) and
direction a(i, j) of the gradient satisfy:

M G, j) = {JIp, i, )Y +Ip, G, )T’
p, (i, J)
p. (0, J)

(13)

o(i, j) =arctan

5. EXPERIMENTS AND RESULTS ANALYSIS

To verify its performance, the proposed G-PVC inspection
method was compared with the approach of ultrasonic
measurement [33] on our self-designed computer vision-based
detection platform, which contains a camera (MER-050-
200GM/C, 1,024 pixelx1,280 pixel), a visual lens
(COMPUTAR, fp=6.5 mm), a customized white strip light,
and a light controller (Advantech IPC, AiMC/3202). In
addition, a software system was developed based on OpenCV
[34] for visual inspection (Figure 6(a)). The inspection
methods were implemented and evaluated on the same
platform.

5.1 Experiments setup

Our experiments target the PVC pipe with four different
diameters (Each of the two types of pipes has an inner diameter
and an outer diameter. In total, there are four diameters), and
test parameters like outer diameter, inner diameter, wall
thickness, roundness, etc. (Figure 6(b)). Firstly, the internal
and external parameters of the camera were calibrated by the
method of AAA proposed by Bi et al. [35]. Secondly, the
parameters of the edge operator and ROI were adjusted to
ensure the contrast of the edge features between internal and
external circles, and obtain the intersection features stably and
accurately. Thirdly, G-PVC was computed by formulas (3) (4)
and (9), according to the internal and external parameters of
the camera. Finally, the results of our approach were compared
with those of mature detection methods.

Contact measurement has long been adopted in practice to
measure the geometries of end faces. However, the measuring
accuracy is often undermined by poor contact or the
deformation induced by excessive contact force. To solve the
problem, PVC pipe with four different diameters were selected
for comparative experiments.

The actual thickness is greater than the theoretical thickness

Actual thickness

2.10

! Theoretical thickness
|
.

2.00 1= = — =

1.90
1.80
1.75

The actual thickness is less than the theoretical thickness

(a) Software interface

(b) Location of measuring points and parameters

Figure 6. G-PVC detection process
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5.2 Edge extraction performance

Figures 6 compares the edge extraction performance
between the traditional Canny operator and our improved
Canny operator. It can be observed that our method filtered out
the edge artifacts caused by auxiliary light sources better than
the traditional method. Our method also suppressed edge
defects like burrs and shadows, laying a solid basis for
accurate and stable defect inspection. On running time, the
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traditional Canny operator consumed an average of 0.0123s to
edge an object contour, while our operator took only 0.0152s.
Hence, the complexity of our contour detection strategy is
affordable. Furthermore, with the increase of a value, the
recognition results basically remained constant, while the
computing time rose from 0.0081s to 0.0292 s.

5.3 G-PVC inspection performance
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Figure 7. G-PVC inspection by different methods

For rigid round PVC pipe sections, G-PVC can be measured
by the mature ultrasonic technique. In this paper, two types of
PVC pipes are selected for inspection: Dy=20mm, 6;=2mm,;
D¢=30mm, 8p=3mm. Experiments were carried out on these
pipes to compare traditional methods with our method. The
results of different methods are shown in Figure 7.

Ultrasonic method outputted similar results as our method,
but the results of the traditional contact method deviated far
from those of other methods. The main reason is that the PVC
end-face suffers deformation or poor contact induced by the
fluctuating contact force during the inspection. That is why the
traditional contact method has a poor accuracy.

Besides, the deviation of the traditional vernier caliper
method increased with the radius of the pipe. This is because
the growing pipe diameter weakens the rigidity, which in turn
magnifies deformation and measuring error.

Meanwhile, the increase of pipe diameter widened the
relative measuring difference between our method and the
ultrasonic method, indicating that the measuring accuracy of
our method decreases with the growth in the geometric size of
the pipe section. The measuring error of our method increases,
mainly because a larger section means a broader field of view,
and a poorer imaging quality. To improve the measuring

accuracy, the camera resolution must be in line with the
diameter of the target end face.

5.4 Overall performance

The performance of our method was evaluated by SSE, root
mean square error (RMSE), and RS.

(1) The SSE was employed to evaluate the measuring error.
The smaller the SSE, the better the detection accuracy. The
SSE can be calculated by:

SSE :[zwi(xi _Xio)z] (14)

(2) The RMSE was adopted to estimate the square root of
the ratio of the SSE between the measured value and the true
value. The closer the RMSE is to 1, the greater the gap between
the two values. The inverse is also true. The RMSE can be
calculated by:

RMSE = (15)
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(3) The RS was chosen to depict the measuring accuracy.
The closer RS is to 1, the more accurate the measurement. The
RS can be calculated by:

R -1 zwi(xi _Xio)z

) Zwi(xi _;i)z (10

where, o is the weight coefficient; x; is the measured value;
Xio is the true value; X, is the mean.

The softness of PVC and the ultrasonic error make it
difficult to detect the true size of PVC pipes with the existing
methods. To verify the correctness of our model and algorithm,
five types of steel pipes (Do=20mm, 6¢=2mm, n=16;
Do=40mm, J&¢;=3mm, n=24; D¢=60mm, 06o=4mm, n=32;
D¢=80mm, 6;=6mm, n=48; Dp=100mm, 5p=6mm, n=72) were
selected as the test workpieces. The number n increases with
the measuring diameter of the workpiece.

During the experiments, three-coordinate measuring
machines (DAISY 564L precision: 0.0026mm) was utilized to
measure each workpiece, and the measured value was
approximated as the true value. The traditional ultrasonic
measurement method and our method were separately

introduced to measure the internal diameter, external diameter,
wall thickness, and roundness of PVC. The measured results
were evaluated by formulas (14)-(16). The evaluation
parameters are given in Table 1. The following conclusions
can be drawn:

(1) The SSE and RMSE fell within +0.013 and +0.026,
respectively, a sign of a very small gap between the measured
results of our method and the true value. The RS approximated
0.995, reflecting the high measuring accuracy of our method.

(2) With the growth of pipe diameter, SSE and RMSE
increased, while the RS declined. That is, as the pipe diameter
increased, the inspection became less accurate, and the error
continued to increase. The main reason is that, the growing
diameter of the PVC pipe reduces the pixel density in the
image of PVC end-face. Thus, the positioning error of each
measured point increases, and the G-PVC error of our method
grows. To overcome the defect, the resolution of the camera
needs to be enhanced, so as to keep the imaging pixel density
of the PVC end-face unchanged. Then, the positioning error of
the coordinates of each measurement point will no longer
increase with pipe diameter. In this way, it is possible to
measure large-diameter PVC accurately.

Table 1. Evaluation indices of different methods

Parameters Metrics

Ultrasonic method (Pipe diameter, mm)

Our method (Pipe diameter, mm)

20 40 60 80 20 40 60 80

External diameter RMSE 2.863 2.881 2.891 2.932 2.982 3.354 3.563 4.023
Rs 0.9962 0.9963 0.9961 0.9958 0.9952 0.9943  0.9936  0.9912

Internal diameter RMSE 3.151 3.171 3.163 3.203 4.214 4.561 4.782 4.821
Rs 0.9952 0.9943 0.9958 0.9963 0.9922 0.9913  0.9899  0.9882

Thickness RMSE 3.863 3.877 3.872 3.965 5.199 5.311 5.629 5.873

Rs 0.9912 0.9913 0.9942 0.9932 0.9898 0.9883  0.9872  0.9865

External roundness RMSE 3.231 3.256 3.342 3.381 3.420 3.612 3.842 3.981
Rs 0.9942 0.9945 0.9951 0.9949 0.9931 0.9919  0.9902  0.9897

Internal roundness RMSE 3.318 3.498 3.392 3.419 3.685 3.802 3.925 3.996
Rs 0.9921 0.9936 0.9948 0.9944 0.9881 0.9879  0.9862  0.9855

6. CONCLUSIONS

This paper proposes a flexible precision inspection system
for G-PVC based on computer vision. The system can image
G-PVC stably under irregular changes of natural light. Our
mathematical model of the PVC pipe was developed against
image features, providing a precise expression of G-PVC
under different pipe diameters and different detection
accuracies. Moreover, ROI and its parameter optimization
algorithm were leveraged to eliminate interferences like
background and glitches. By controlling the computing load,
the authors realized stable and accurate extraction of feature
points, and achieved efficient detection of G-PVC. Further, the
improved Canny algorithm was adopted to extract the contours
of PVC pipe end-face, such that the PVC contours could be
recognized accurately and stably, in spite of background and
burrs. Owing to the above innovations, our G-PVC inspection
method achieve high performance and efficiency on steel
pipes. Experimental results demonstrate the high flexibility of
our method: the accuracy was increased by 80% and the
running time was reduced by 90% in G-PVC inspection,
thanks to the eliminating of manual intervention (the SSE was
maintained within +0.013, and RS approximated 0.995). No
parameter was measured incorrectly by our method throughout
the inspection process. The future research will study the
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efficient and precise inspection of G-PVC with large diameters
(greater than 200mm).
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