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Abstract

®

CrossMark

For the meter images collected in an actual environment, there is the possibility of tilt and
rotation. This paper presents a method to calibrate the circular pointer-type meter based on
YOLOVS5s network. The convolutional neural network framework is used to detect the scale
value in the meter panel as the key point. The position information and value information of the
detected scale value are used to fit the elliptic equation of the position of the scale value with the
least square method for perspective correction and rotation correction of the meter, and the
corrected meter image is used to obtain the meter pointer reading. This paper proposes the
weighted angle method to read the meter reading. After multiple transformations, the
accumulated error of the meter image is eliminated. Finally, comparing the pointer detection
method of this paper with the traditional pointer detection method, the error of this detection
method is smaller; comparing the meter reading results before and after correction, the meter
reading error after correction is 50% less than before correction. Comparing the method in this
paper with other mainstream methods, it proves the effectiveness of the our method.

Keywords: pointer-type meter, convolutional neural network (CNN), meter correction,

angle method, least square method, pointer reading recognition

(Some figures may appear in colour only in the online journal)

1. Introduction

Pointer-type meters have the advantages of a wide range of
applications, low environmental impact and high accuracy,
so they are used in most plants [1]. However, the reading of
the pointer meter is mainly manual and some meters are in
complex environments such as high altitude, high pressure
and high radiation, so staff cannot take the reading easily,
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quickly and effectively. This has caused the problems of dif-
ficult reading, large reading error, large workload and poor
timeliness [2]. Therefore, the automatic reading of pointer-
type meters is of great importance for the development of intel-
ligent industry [3]. With the rapid development of artificial
intelligence, machine vision has become effective in attaining
industrial images and video information [4]. Accordingly, the
accuracy and efficiency of reading recognition in large-scale
industrial practice have been enhanced thanks to the applica-
tion of machine vision in industrial meter reading and other
technologies [5].

The meter reading obtained by the computer is com-
pletely different from a manual reading. The computer can
only achieve results based on its own observations, while
individuals can adapt to the results that they see. Due to the

© 2022 The Author(s). Published by IOP Publishing Ltd
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complexity and diversity of the natural environment, a meter
image captured by an industrial camera may be inclined and
rotated. This will result in a complex circumstance with sig-
nificant problems for the computer to read the pointer read-
ings from a meter image, and the solution to this problem is
imminent [6].

Thus far, many people have put forward methods for the
reading of pointer meters, which can be divided into three
categories:

1.1. Methods based on feature matchings

Lai et al realized meter scale bar recognition based on a scale
search and value inference algorithm, and further used the dis-
tance from the pointer to the adjacent scale bar to calculate
the meter reading [7]. Hou et al used the contour features of
edge detection and a template meter image for feature regis-
tration of the matched image, to obtain the perspective matrix
between the two images, and recognized the correction of the
meter [8]. Gang et al used the accelerated-KAZE algorithm to
extract the feature points of the preprocessed image and the
template image, then also applied the cosine similarity as the
index of image registration for meter detection and positioning
[9]. The method of feature registration involves a fixed meter
template, so this method is lacking in universality.

1.2. Computer vision methods

Alegria and Serra detected the position of the pointer in a
pointer meter and achieved number recognition in the digital
meter, based on early stage computer vision technology [10].
Wang et al used a structured random forest edge detec-
tion algorithm and canny edge detection algorithm, further
combined with Hough straight line detection to detect the
pointer of the meter, and completed automatic meter read-
ing recognition [5]. Wu et al accomplished the reading of a
substation meter pointer based on digital image processing
technology, and proposed an adaptive gamma image enhance-
ment algorithm based on Retinex theory to finalize the details
and colors of the image [6]. Yifan and Qi solved the pointer
shadow issue by utilizing the binary threshold determination
method based on symmetry, and proposed an improved ran-
dom sample consistency algorithm to identify the pointer [3].
Based on the centrality of the scale line of the circular meter,
Zhuo et al used Hough straight line detection to locate the scale
line, and used the maximum probability criterion to locate the
rotation center of the pointer by using the grid center of the
intersection of all the scale lines [11]. Zhu et al fit the elliptical
area of the meter panel based on particle swarm optimization,
applied the straight line extraction method to fit the pointer
straight line, and further used the span between the scale values
to determine the maximum scale value and the minimum scale
value, then lastly used the angle method to obtain the meter
reading [12]. Yuan used image processing technology and the
five-point ellipse fitting method to identify the pointer reading,
and combined the distance between the pointer and the meter
panel to reduce the reading error [13]. Xu and Xiong made
full use of the gray-scale information of the image to locate the

meter center based on the principle of energy minimization, by
using the gray-scale image difference between the meter panel
and the background image [14]. Liu recognized the pointer
of the meter based on the motion characteristics of the gray-
scale change rules of the image sequence, combined with the
fuzzy c-means and fuzzy support vector machine unsupervised
classification algorithms, and obtained the intersection cen-
ter point of the scale value straight line as the rotation cen-
ter of the pointer through Hough transformation. Finally, the
angle method was used to obtain the pointer reading of the
meter [15]. Based on the principle that the light reflected by
images of different rotations of the pointer is different, Wang
proposed the line scan method to detect the pointer of the
meter [16].

1.3. Deep learning based methods

Zuo et al constructed a convolutional neural network (CNN)
model based on region-CNN (RCNN) to classify the pointer
meter while detecting the pointer of the meter, and used the
angle method to take the reading of the meter [17]. Zhang
et al classified the meter based on Faster-CNN, and then used
image processing technology to locate the pointer to com-
plete meter correction, pointer extraction, scale repair, and
reading acquisition [18]. Lei er al classified multiple types
of meters based on Mask-RCNN, and then performed digit
recognition and pointer reading acquisition through the bin-
ary mask identified by Mask-RCNN [19]. Cai et al used vir-
tual sample generation technology to generate a variety of
meter samples, used the generated large number of samples
to train the recognition model, and finally used Hough circle
detection and other methods to take the meter readings [20].
Based on the YOLOvV4 model, Zhang and Cao used the Can-
opy algorithm and K-means++ algorithm to replace the ori-
ginal K-means algorithm, and replaced path aggregation net-
work with the feature pyramid network structure. They pro-
posed a new model to detect the positioning meter, and com-
pared the proposed method with Fast-RCNN, YOLOv4 and
the improved YOLOv4 model [21]. Lin et al implemented
an intelligent meter reading system based on the YOLOvV3
model and RK3399 microcomputer [22]. Zhang et al loc-
ated the different pointer areas in a water meter based on the
improved YOLOv4 model, established the corresponding rect-
angular coordinate system for the pointer area to realize the
pointer reading, used the combination of key point detection
and pointer coordinate system positioning to identify the meter
reading, and then compared it with Hough detection and other
methods [23]. Zhou et al extracted the scale value position in
the meter based on YOLOV3, used the five-point method to
fit the scale value ellipse, used the relationship between the
ellipse and the circle to carry out perspective correction of the
meter, further used the scale position relationship to carry out
the rotation correction of the meter, and finally used image
processing technology to obtain the meter reading [24]. Wang
et al located the meter panel area based on the Faster-RCNN
target detection algorithm, enhanced the data set using the
Poisson fusion method, and obtained readings through image
processing methods such as Hough detection [25].
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In the above studies, most of the studies did not correct
the meter image when obtaining the meter pointer reading,
but only the collected meter image was studied. Nevertheless,
in real situations, the acquired images may have perspective
transformation and rotation transformation. After the correc-
tion of the meter image, the accuracy of the pointer reading
in the second stage will be improved qualitatively. Secondly,
for the acquisition of meter readings, whether the distance
method or the angle method is used, the scale value needs
to be acquired. Nevertheless, the current method utilizes the
color difference method, template matching method and key
point detection method between the scale value and the meter
panel, and lastly needs to use image processing technology to
identify the scale value, which will have a certain impact on
the timeliness in an actual application. The use of image pro-
cessing technology should be minimized in the reading stage.
Lastly, there will be accumulated errors from the meter panel
positioning, image processing, scale acquisition, and straight
line fitting to the final reading calculation, which will also lead
to certain errors in the final reading results.

According to the above problems, in the research described
in this paper, the problems of perspective correction, rotation
correction and pointer reading recognition of circular pointer-
type meters are solved for three types of circular pointer-
type pressure gauges, namely 0-2.5 MPa, 0—-10 MPa and
0-25 MPa. Obtaining information about the position of the
scale values in the meter and the numerical information of the
scale values is the basis for meter correction and pointer read-
ing identification. Consequently, based on the YOLOv5s tar-
get detection model, this paper detects and identifies 14 scale
values between 0 MPa and 25 MPa. The least square method is
used to fit the elliptic curve equation of the scale value, and the
perspective matrix from ellipse to circle is calculated by using
the relationship between ellipse and circle. The center of the
ellipse is used as the center of rotation of the pointer, so that
the equation of the corrected scale value circle and the center
of rotation of the pointer are the same circle center, making
all the calculation processes in the same coordinate system.
We use the minimum value and maximum value of the scale
value to complete the rotation correction of the meter image,
based on the horizontal coordinate axis of the image. The scale
value coordinates detected by the target detection model are
simultaneously using the correction matrix. For the correc-
ted image, the morphological variation of the image is used
to obtain the root region of the pointer, and the mathematical
properties of the obtained connected region are used to determ-
ine the pointer linear equation and the pointer tip. The distance
method is proposed to locate the direction of the pointer tip,
and eventually the weighted angle method is used to obtain
the pointer reading, so as to further eliminate the accumulated
error in the reading recognition process.

The main contributions of this article can be summarized
as follows:

(a) This paper uses a target detection network to obtain the
scale values of the meter panel, to provide the neces-
sary information for the subsequent correction and reading
identification stages.

(b) This paper provides a perspective correction and rotation
correction method based on the scale value of the meter
panel, which completes the correction of the meter image
and solves the problem that the actual captured meter
image is skewed.

(c) In this paper, the center of the scale value circle is used as
the center of rotation of the pointer, avoiding the problem
that the center of rotation and the center of the scale value
do not share the same point.

(d) This paper provides a weighted angle method with mul-
tiple scale values to determine the meter reading to
improve the accuracy of meter reading.

The remainder of this paper is organized as follows:

Section 2 provides the relevant research ideas and
algorithmic steps. Section 3 compares the differences between
the proposed method and the traditional method and fur-
ther provides a detailed analysis of the experimental results.
Section 4 summarizes the contributions of this paper and the
shortcomings of the method, and provides an outlook for
future research.

2. Overview of meter correction methods

For the recognition of meter pointer readings, this paper
is divided into two stages. First, the scale values on the
meter panel are recognized according to the YOLOVSs target
detection model, and the location information and numerical
information of the scale values are obtained. Second, meter
correction and pointer reading recognition are performed by
using the scale value information. The whole process is shown
in figure 1.

2.1. Meter panel scale detection and recognition based on
YOLOv5s

In the traditional meter pointer reading recognition method,
image processing technology is used to obtain the scale of the
meter panel and the deep learning method is used to detect
the scale position, which does not identify the scale value.
As a result, it is necessary to re-identify the detected scale in
the subsequent meter pointer reading recognition stage. The
Yolov5s network has the advantages of fast image processing,
detecting image scale value location and scale value inform-
ation, small final training weight file, and the suitability for
small devices. Therefore, this paper detects and identifies the
scale values of the meter panel based on the YOLOVS5s target
detection model to provide the necessary information for sub-
sequent meter correction and obtaining the pointer readings.
YOLOVS5 is an advanced model in the YOLO family, where
the model complexity increases in the order of YOLOVSs,
YOLOv5m, YOLOVS51 and YOLOvS5x. This paper utilizes the
smallest model in YOLOVS to detect the scale information
in the meter panel. YOLOVSs uses the original Mosaic data
enhancement method to randomly scale, crop and arrange the
training data. The adaptive anchor frame calculation method
is embedded in the calculation, and the image filling method
with small pixel value loss is used. In YOLOVSs, a cross stage
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Figure 1. Overall flow chart of meter correction and pointer reading identification.

partial (CSP) structure different from that of YOLOv4 was
used. The CSP1_X structure is applied in the BackBone net-
work, while the CSP2_X structure is applied in Neck. The
CIOU_Loss loss function is adopted in YOLOVS5s. The Back-
Bone is a feature perspective for acquiring an input image. The
Neck is used for feature fusion of the different dimensions. The
Head is used to generate the final location and category of the
target. In this paper, the YOLOVSs target detection network is
trained to detect 14 scale values in the meter panel. The detec-
tion results in this paper are illustrated in figure 2.

2.2. Meter correction

In everyday situations, the camera takes distorted pictures due
to complex shooting environments, which will result in some
deformation of the scale values, pointer positions and actual
positions in the meter. In article [10], it is pointed out that
the error of the calibrated meter image reading is lower than
the range recognizable by the human eye. The correction of
the pointer meter image directly affects the final reading of the
meter [8]. By re-identifying the meter reading from the tilt-
corrected meter image, the accuracy of the reading was sig-
nificantly improved [24]. All of the above mentioned articles
illustrate that the accuracy of meter readings can be improved
after meter correction. In order to address the errors in meter
readings due to skewed meter images, it is necessary to cal-
ibrate the meter images. The meter correction in this paper
includes perspective correction and rotation correction, and
the process is done based on the position of the scale value
of the meter panel during the target detection phase.

2.2.1. Perspective correction.  For the circular pointer-type
meter, when the camera is perpendicular to the meter panel,
the acquired image is the front view. At this time, the scale
value of the meter panel is on the circle with the rotation

Figure 2. Meter scale value detection result chart based on
YOLOVSs. (a) (0 — 2.5 MPa). (b) (0 — 10 MPa). (c) (0 — 25 MPa).

center of the pointer as the center [10]. When the camera
is shooting at a certain angle, the scale value of the meter
panel will be distorted and located on the ellipse centered
on the rotation center of the pointer. Based on the result that
the circle turns into an ellipse after the meter panel is distor-
ted, the inverse transformation can be carried out to obtain
the elliptic equation where the meter panel scale is located.
According to the relationship between the ellipse and the
circle, the perspective matrix can be obtained, and finally the
perspective of the meter panel scale value can be corrected.
In this paper, the elliptic equation of the scale value posi-
tion is fitted according to the scale value information extrac-
ted by YOLOVS5s. The extension line of the long axis and the
short axis of the ellipse is used to establish a perspective rela-
tionship with the intersection of the ellipse and the tangent
circle of the ellipse to realize the perspective correction for the
meter.

In image processing, ellipses are widely used to represent
the distribution of spatial points. At present, the ellipse fit-
ting methods commonly used include the five-point method,
Hough transform method and least square method [26].
Because the number of key points detected in the target
detection stage is unpredictable, and ellipse fitting is required
according to the detected key points, this paper utilizes the
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least square method to fit the ellipse equation where the cor-
rection value of the meter is located.
Equation (1) is the general equation of an ellipse:

Ax* +Bxy+Cy* + Dx+Ey+1=0. (1)

The least square method is used to fit the detected scale
value coordinates of the meter. A rectangular coordinate sys-
tem is established with the upper left corner of the image
as the origin, which satisfies the right-hand rule; the right side
of the origin is the positive x axis direction, and the lower side
of the origin is the positive y axis direction. The process of fit-
ting is to find the parameter groups (A,B,C,D,E) so that the
error of all detected key points in equation (1) is the smallest
even if equation (2) is the smallest:

f(AvachvE) =

i=1

(Ax} + Bxiyi+ Cy; + Dx;+ Eyi+ 1),

@)

where N represents the number of scale values detected and
(xi,y;) represents the coordinates of the i key point detected.
Figure 3 is an ellipse result diagram showing the position of
the scale value fitted by the least square method.

According to the fitted ellipse equation, and further per-
forms perspective transformation on the ellipse to convert the
fitted ellipse into a perfect circle. Perspective transformation
requires four sets of corresponding keys before and after trans-
formation, and any three keys are not collinear. Consequently,
it is necessary to find the set of key points before perspective
transformation {5, S,,S3,S4 } and the corresponding set of key
points after perspective transformation {S],S5,55,5,}.

The steps of computing the perspective transformation mat-
rix are as follows:

(a) Linear equation for calculating the long and short axes.

The geometric center (x.,y.) of the ellipse can be obtained
from equation (3):

3

_ BD—24AE
Ye = 2ac—p

. — BE=2CD
{ ¢~ 4AC-B?

The lengths of the short axis a and the long axis b of the
ellipse are obtained from equation (4):
2 2(Axf + Bxcy. +Cy(2, — 1)
T A+ CH(A— 0+ B @)
b2 — 2(Ax? + Bxeye + Oyl — 1)
A+C—+/(A—C) + B

Calculate the horizontal inclination angle 6 of the long axis
of the ellipse with equation (5):

0, B=0,A<C;
im, B=0,A>C;

0= &)
%arctan%, B+#0,A < C;
%WJr%arctanAf#C, B+#0,A> C.

b

(b) ©

Figure 3. Ellipse fitting result of meter scale value position.
(a) (0—2.5 MPa). (b) (0 — 10 MPa). (c) (0 — 25 MPa).

According to the horizontal angle of the long axis, the slope
of the linear equation kj, = arctan 6 can be obtained. The slope
of the linear equation of the short axis k, = — é Equations (6)
and (7) respectively represent the linear equations of the long
axis and the short axis of the ellipse:

y = kpx 4 ye = kpxe, (©)

y= kax + Y — kaxc. (7)

(b) Calculate the intersection of the long and short axes with
the ellipse and the circle, respectively.

The tangent equation of the ellipse is determined by the
ellipse center (x.,y.) and the long axis b, as illustrated in
equation (8):

(x—x)" +(y—ye) = b (8)

Then calculate the intersection point between the linear
equations (6) and (7) of the long axis and the short axis
and the elliptic equation (1), that is, the set of key points
{81,52,53,54} before perspective transformation. According
to the linear equations (6) and (7) of the long axis and the short
axis, calculate the intersection point with the elliptic tangent
equation (8), that is, the set of key points {S{,S},55,5,} after
perspective transformation. The intersection point set is illus-
trated in figure 4.

(c) Calculate perspective matrix based on the intersection set.

The complete form of perspective transformation is illus-
trated in equation (9):

X u ayl dadp aps u
y |=P| v |=| a1 an ax v, 9
W, w asy  dizp dsjz w

where (u,v,w) is the two-dimensional homogeneous coordin-
ate in the original image and (x,y,w’) is the two-dimensional
homogeneous coordinate after perspective transformation. Let
w =1, the two-dimensional plane coordinate (x’,y’) after
perspective transformation is calculated using the following
equation (10):

l — @wiutanvtan (10)

x! = & — auutapvtas
w’ aziu+axnv+as;
y = L =
w’ azu+anv+as;
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Figure 4. The result of the long and short axes of the ellipse where
the scale value of the meter is located, and the intersection with the
ellipse and the circle is also shown.

Substitute the four groups of key point coordinates
{81,52,83,84} and {S], 53,55, 5, } before and after perspective
transformation into equation (10) and let a33 = 1. Eight para-
meter values are obtained by solving the equation to obtain the
perspective matrix P.

The perspective corrected image of the meter image is cal-
culated according to the perspective matrix P. The perspective
correction results of the meter images are shown in figure 5.

2.2.2. Rotation correction. Perspective transformation
allows the method to obtain a full circle map of the dash-
board scale values. However, if there is an angular rotation of
the captured meter panel in the image, the subsequent imple-
mentation of the readout recognition technique can lead to
some errors. In article [24], it is pointed out that the simultan-
eous implementation of meter image perspective correction
and rotation correction is of great importance for meter read-
ing recognition. Secondly, the rotation of the meter image
causes the scale value to be shifted from the position of the
scale value in the posed meter. In the right-angle coordinate
system, the slope of different lines will be varied, and the
angle method in this paper needs to rely on the slope of the
line between the scale value and the center of rotation. In this
situation, the same scale values will be distributed almost at
the same position in the right-angle coordinate system in the
corrected meter image, so the line with the center of rotation
will be fixed, and the slope between the center of rotation and
each scale value will also be fixed. Therefore, when using
the angular method to obtain pointer readings, more accurate
readings will be obtained.

In this paper, the rotation correction of the meter panel is
identified by using the relative angle among the connecting
line between the minimum and maximum scale values of the
circular pointer-type meter with the horizontal coordinate axis,
and the identification of the scale values is done in the scale
value detection stage. The schematic diagram of rotation cor-
rection is shown in figure 6.

Figure 5. Comparison results of perspective correction of a meter
scale value. (a) Original image. (b) Scale value perspective
corrected image. (c) Results of the fusion of (a) and (b).

Figure 6. Schematic diagram of rotation correction.

The steps of rotation correction are as follows:

(a) Calculate the new scale value coordinates after perspective
transformation.

Use equation (10) to calculate the minimum scale value
coordinates (x;,ys) and the maximum scale value coordinates
(x.,y.) after the perspective change of the image.

(b) Calculate the slope k; of the straight line using the follow-
ing equation (11):

Vs = Ye
xs_-xe.

ki =

an

(c) Calculate the midpoint coordinates (x.,ys.) of the min-
imum and maximum scale value coordinates

— XstXe

xse - 2 (12)
j— ZS+Y€

Yse = 75

(d) Calculate the angle ¢ of the straight line with respect to the
horizontal coordinate axis where the minimum and max-
imum scale values are located:

§ = arctank;. (13)

(e) For the case where angle § only rotates the connecting line

of the minimum and maximum scale values to be paral-
lel to the horizontal coordinate axis, when the connecting
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line of the minimum and maximum scale values is above
the center of the circle where the scale values are located,
the meter panel is not horizontally rotated at this moment.
Consequently, the rotation correction angle 3 is calculated
using the following equation:

0°, Xse = Xc3 Vse < Ve
180°, Xse = Xc; Yse > Yei
—90°, Xse > Xey Yse = Ye3
90°, Xse < Xey Yse = Ye3
B= (14)
d, Xge > Xey Vse > Ve
0+ 180°, Xge < Xy Vse < Ve;
=04+ 180°,  Xge > Xc,Vse < Ve
0, Xse < X¢3Yse > Ve-

(f) Calculate rotation matrix R

cosf3 —sinfg 0
R=| sing <cosg O (15)
0 0 1

(g) Use the following equation to calculate the coordinate
point after rotation:

X
y' | =R| Y |, (16)
w// W/

where, (x’,y’) is the new coordinate point after perspective
transformation, (x’’,y’’) is the coordinate point after rotation,
and w'/ = w’ = 1. Figure 7 shows the results of the compar-
ison before and after the rotation correction.

2.3. Pointer reading identification

Meter pointer reading recognition is the ultimate goal of all of
these processes. Consequently, an effective reading recogni-
tion method will get high accuracy recognition results. For the
identification of the pointer reading, the most important thing
is to detect the position of the pointer [27]. For the detection
of the pointer, there are common methods such as the region
growth method, depth learning based detection method and
Hough straight line detection method. In this paper, a method
of pointer detection and determination of the direction of the
needle tip is proposed, and the pointer detection is completed.

The pointer of the pressure gauge has the characteristics
of a large pointer root and small needle tip, and there is a
large color difference between the color of the pointer and
the background color of the meter panel [28]. Secondly, a
half-pointer detection method is used to improve the accur-
acy and speed of pointer extraction [29]. In this paper, the root
region of the pointer in the corrected meter image is first seg-
mented using an adaptive thresholding method or a manually
set threshold. Second, the morphological method is used to

(a) (b)

Figure 7. Results of rotation correction comparison chart.
(a) Original image. (b) Rotation corrected image. (c) Results of the
fusion of (a) and (b).

(@)

Figure 8. Interpretation diagram of fitting result of pointer linear
equation. (a) Treatment results of pointer root. (b) Pointer straight
line fitting and pointer root area frame fitting results.

remove the noise of the threshold segmentation results and
extend the root region of the pointer. Finally, the center of
the segmented pointer root is determined by using the joint
region center of mass, and the linear equation of the pointer
root is obtained by using the regional linear fitting approach.
The principle explanation diagram is shown in figure 8.

Thereafter, the direction of the pointer needs to be determ-
ined. First, calculate the two intersection points P, and Pj, of
the linear equation of the pointer and the circular equation of
the key point fitting. Secondly, the O coordinate of the cen-
ter point of the pointer root area is calculated according to the
rectangle. Finally, the distance between the center point O and
the intersection points P, and P, is calculated. Where the point
Pmin farthest from the point O is the point of the pointer, then
the line connecting the center of the circle center (x.,y.) and
Prin is the linear equation of the pointer. The process inter-
pretation diagram is illustrated in figure 9.

Based on the angle method, this paper presents a weighted
angle method to calculate the corrected meter reading. The
angle method uses the line between the tip of the pointer and
the center of rotation of the pointer, the line between the left
and right scale values of the tip of the pointer and the cen-
ter of rotation of the pointer respectively, and the angle in
the middle of the three lines to determine the pointer reading.
The interpretation diagram of the angle method is illustrated
in figure 10. Utilize equation (17) to obtain the reading.

Where, « is the angle between the two scale values of the
adjacent pointer relative to the center of the circle, and -y is the
angle between the pointer straight line and the smaller scale
value relative to the center of the circle.
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Figure 10. Interpretation diagram of the angle method.

The calculation equation of the pointer reading is as
follows:

V:Pl—i-%x(Pr—Pl), (17)
where P; is the smaller scale value adjacent to the pointer
straight line, P, is the larger scale value adjacent to the pointer
straight line, and V is the final reading.

Nevertheless, there may be a cumulative error after the mul-
tiple processing of the previous image [30]. For this problem,
this paper proposes a weighted angle method based on the
angle method to reduce the cumulative error, so as to obtain
an accurate meter pointer reading. Take the four scale val-
ues adjacent to the left and right of the pointer line, which
are Pp,P,P,,Pn, Pp <Py <P, <Pp, and the pointer
line is located between P;; and P,;. Four groups of data are
then formed, which are (P;,P,1), (Pi,Pr), (Pp,P;) and
(Pp,P,2). According to the included angle between the scale
value group and the center of the circle, each group is given
different weights in order, with the largest angle and the smal-
lest weight. The weights corresponding to the four groups of
data are 0.4, 0.25, 0.25 and 0.1 respectively, and the weighted
pointer reading is calculated as follows:

4
V= sz‘ <Plk1 + % X (P, _Plk1)> , (18)

i=1 ¢

where, W={0.4,0.25,0.25,0.1}, w; € W, (v;,«;) is the
angle value of the i data pair, ky = 1,2, k, =1, 2.

3. Experiment

In this paper, fixed rotatable surveillance cameras from real
places are used instead of special equipment dedicated to
metered shooting. The captured real images are very realistic
and high requirements are not demanded for image acquisition
methods and equipment, making the method more generaliz-
able. The acquired images include most of the backgrounds
found in the real scenes, and for a better study targeting the
meter readings, this paper uses a well segmented image of only
the meter panel from the real scenes. The acquired images are
various, with different tilt angles, rotation angles, light intens-
ity and other cases. In this paper, three different types of meter
images, four of each type for different environments, are selec-
ted to test the algorithm at different stages of the comparison
experiments and to compare with the results of recent studies.
Meter images with different illumination and different pointer
shapes are also selected for comparison with existing pointer
linear detection methods.

Image acquisition equipment: a fixed rotating camera is
commonly used. The software and hardware environment for
the experiments are: 64-bit Windows 10 operating system, 8G
RAM, Intel(R) Core(TM) i7-7500U CPU@2.70 GHz, AMD
Radeon(TM) 530 (2048 MB), Python 3.8.1, Pytorch 1.11.0
and OpenCV4.2.0.

3.1. Meter panel scale detection experiment based on
YOLOv5s

As shown in figure 2, three main types of pressure gauges
are used in this paper. There are 897 images in the experi-
mental dataset, including 641 training sets, 128 validation sets
and 128 test sets. The size of each image is 640 x 640 x 3.
The detection target in each image includes all scale values
in the dashboard. In this paper, we use the YOLOvS5s target
detection model with initial weights, which applies training
weights from the cocol28 dataset. We also set the AdamW as
our gradient descent function, the batch size is set to 16 and
epoch set to 200 as the base settings to train the scale value
detection network.

The attenuation process of training times and average loss
value is illustrated in figure 11. The iteration loss gradually
decreases with the increase of training times. When it reaches
epoch 160, the loss value gradually oscillates and the model
gradually stabilizes.

As shown in figure 12, this paper uses a confusion matrix
to describe the performance of the YOLOVS scale value detec-
tion model. TP refers to the number of samples with positive
class predicted as positive class by the model, and FP refers
to the number of samples with negative class but predicted as
positive class by the model. FN refers to the number of samples
with positive true value but predicted as negative class by the
model, and TN refers to the number of samples with negative
true value predicted as negative class by the model.
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Figure 11. Attenuation process of training times and average loss
value.
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Figure 12. Confusion matrix interpretation diagram for binary
classification.

The model trained in this paper, uses and trains the 128 test
sets and gets an average value of 99.3% for mAPQ.5. The aver-
age value of mAP0.95 reached 82.1%. As shown, the differ-
entiation of categories is very clear in the results of the con-
fusion matrix for the test set in figure 13, but there is also
some easy confusion. For example, there may be a small con-
fusion between the scale value 1 and the background, due to
the presence of short straight lines similar to the number 1 in
the background of the tick marks, numbers 10 and 15 in the
dashboard, so the model will have some bias. There is also
confusion between the scale values 5, 6 and the background,
for a similar reason to the number 1, and the number 5 and the
background are easily confused by the presence of 5 in other
scale values, such as 0.5, 15 and 25. Second, the scale value
5 and scale value 6 are more similar in the meter, both in the
rotation angle and vertical angle, so the scale value 5 and scale
value 6 are more confused in the model prediction.

However, both the mAP value and the confusion ratio are
high in the scale value detection model, so the model has an
overfitting situation. The reason for this result is that the meter
dials used in this paper occupy a larger position in the back-
ground image, and the scale value positions are basically dis-
tributed around the scale value rotation circle, and the scale
value numbers vary greatly, etc. Therefore, the scale value
detection model gets a better mAP value. Since meter correc-
tion and pointer reading identificationdepend on the accuracy
of the model for scale value detection, the improvement of the
recognition rate of the model for the scale value is ensured for
the recognition of the later pointer readings.

In order to verify that the model can cope with vari-
ous environments that may exist in the real world, this

08

06

Predicted

-04

=02

background FN o
=00

1
5
2
a
5
6
8
10
15
20
25

background FP

True

Figure 13. Visualization of the confusion matrix for the results of
the test set.

Figure 14. Meter image detection results in different environments.

paper tests the meters with various rotation angles, shoot-
ing angles and different illumination. The test results are
illustrated in figure 14. The model established in this paper
can solve the meter image under different situations in
real environments and has good robustness. The weight
file trained by the YOLOvS5s model is only 14 Mb in
size, which is suitable for small mobile devices in practical
applications.
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Figure 15. Comparison of meter correction results.

3.2. Meter correction experiment

The correction of the meter ensures the accuracy of pointer
reading recognition. In this paper, perspective correction is
realized based on the relationship between ellipse and circle,
and the rotation correction of the meter is realized using the
angle between the minimum scale value and the maximum
scale value and the horizontal coordinate axis. The image cor-
rection results of real scenes are shown in figure 15.

The results of the correction angle for each figure com-
pared with the manually measured rotation angle are shown
in table 1. For the images in the experiments, the manually
measured rotation angle was compared with the correction
angle calculated by the algorithm in this paper. Comprehens-
ive experiments were conducted for various rotation condi-
tions. The algorithm in this paper produced results close to
the manually measured rotation angles.

We next verify that the corrected meter images can improve
the accuracy of meter reading. In this paper, the manual
readings are compared with the results of readings with or
without adding corrections and with or without using the
weighted angle method proposed in this paper. The accuracy
is measured by using the relational error 0 and the reference
error 7). The calculation formula is shown in equation (19):

§ = e =Veul 5 100%
[Viewe — Vest| (19)
n — uu‘e/max test X 100%

where, Vi, represents the real value read manually, Viey rep-
resents the measured value read by the algorithm in this paper,
and V.« represents the maximum scale value of the current
meter to be tested.
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Table 1. Comparison results of absolute values of meter rotation correction angle and artificial detection angle.

No. Real (°)
a 103.88
b 181.78
c 11.96
d 101.22
e 8.32
f 164.07
g 7.43
h 98.37
i 8.21
j 8.65
k 24.97
l 0.78
Avg. —

Ours (°) Error (°)
103.86 0.02
181.82 0.04

11.99 0.03
101.24 0.02
8.35 0.03
164.05 0.02
7.47 0.04
98.40 0.03
8.24 0.03
8.67 0.02
24.99 0.02
0.75 0.03
— 0.028

In this paper, for the processing of readings from differ-
ent meters, the following experiments were designed: reading
the uncorrected meter image using the angle method (A), read-
ing the meter image with only perspective correction using the
angle method (P 4+ A), reading the meter image after perspect-
ive correction and rotation correction using the angle method
(P + R + A), reading the meter image after perspective correc-
tion and rotation correction using the weighted angle method
(P + R 4+ WA), the above process is used to read all the meter
images in figure 15, and the meter reading results are shown
in table 2.

The results in table 2 show that the average error of the
uncorrected meter image readings obtained using the angle
method is the largest, compared to the 50% reduction in the
average error of the corrected meter image readings obtained
using the angle method, which indicates that the corrected
meter image improves the accuracy of the meter readings.
The average error of the corrected meter image reading results
using the weighted angle method is reduced by 75%, which
shows that the algorithm in this paper does reduce the cumu-
lative error of each process and improves the accuracy of the
meter reading results. The reason for this result is that the cor-
rected meter is on a positive circle for each scale value, so the
angle between each scale is the same and therefore the reading
error is reduced.

The average error of meter images read using the angle
method that includes perspective correction and rotation cor-
rection is 50 percent lower than the error of readings that do
not include rotation correction. This result illustrates that the
addition of the rotation correction does improve the meter
reading results. The reason for this result is that by adding
the rotation correction, the scale values are fixed at the same
position for each meter and only the position of the pointer
changes in the image, so the accuracy of the readings will
improve.

The reading error of the corrected meter image read using
the weighted angle method is 50% lower than that of the

corrected meter image read using the angle method, and this
conclusion justifies the proposed weighted angle method in
this paper. The reason for this result is that the traditional angle
method only uses the maximum scale value and the minimum
scale value to calculate the reading, but the spacing between
these two scale values is large. The weighted angle method
takes into account the four groups of scale values around the
pointer and calculates the reading separately, and the most
center weighting seeks to make each scale value produce a cer-
tain contribution to the reading.

Figure 16 more clearly depicts the meter reading results
for the different algorithms in table 2. In figure 16, the error
jumps produced by the different reading methods are larger for
meters that represent a larger range. For example, the results
for i ~ [, this is because for meters with larger scale values,
each scale value cell expresses a larger range of data, so the
reading results vary widely. However, their quoted errors are
relatively small, indicating that errors have a small impact on
such meters. As seen in figure 16, the relative error of e ~ h
is larger, which is due to the fact that in the 0 — 10 MPa
type meters, the scale values are mostly single-digit, so the
center of the individual scale values identified by the target
detection will be shifted relative to the center of the two-digit
scale values, so the error is larger than in the other two types
of meters.

It can also be observed in figure 16 that the meter reading
results without adding the rotation correction jump greatly,
the reading results using the angle method for the corrected
meter image are close to the manual reading, and the read-
ing results using the weighted angle method for the corrected
meter image are in the best agreement with the manual read-
ing results. All of the above results illustrate the effectiveness
of the algorithm in this paper. At the same time, reading the
calibrated meter image with the traditional angle method also
yields results close to the real reading, which also shows that
the accuracy of the calibrated meter image on the reading res-
ults is improved to a certain extent.
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Figure 16. Table 2 folding line graph of the reading results.

3.3. Pointer detection comparison experiment

The pointer detection is the most critical step in the process of
identifying the pointer reading of a circular pointer meter. In
this paper, the pointer tip point is determined based on the root
region of the pointer divided by the threshold. The pointer lin-
ear equation is determined from the line connecting the pointer
tip point and the center of rotation.

Document [5, 11, 24] and others use Hough straight line
detection to obtain the straight line equation of the left and
right edges of the pointer, and determine the straight line
equation of the pointer according to the intersection point of
the straight line of the pointer edge at the pointer tip and the
center of the meter. Zhou et al detected the first half section
of the pointer tip using the YOLOVS target detection network,
and determined the pointer straight line equation according to
the corner of the detection frame [29]. The experimental res-
ults of the pointer detection are shown in figure 17.

In figure 17, for the results of Hough straight line detec-
tion, the straight line detection will detect both the pointer’s
shadow and the pointer’s edge straight line for meters with
pointer shadow in the same threshold processing results, such
as h, i and j in figure 17, leading to a large error in the
final pointer straight line fitting results. In Hough detection,
there may be multiple straight lines detected at the edges of
the pointer, such as a, b, ¢ and g in figure 17. After aver-
aging the detected straight lines, the fitted pointer straight line
equation will be biased towards the direction where most of
the detected straight lines are. The method of using the marker
detection network is to detect the position of the first half of

the pointer. For extreme cases, as illustrated in g, A, 7, and j,
the detected pointer point is not on the corner of the rectan-
gular box, which will have a large error in the fitting of the
pointer linear equation. In this paper, the pointer straight line
is first fitted using the root region of the pointer, which is used
to determine the location of the pointer tip point. Finally, the
pointer tip and the center of rotation of the pointer are used
to determine the pointer line equation. This allows the pointer
linear equation to always pass over the center of rotation, as
a way to reduce the error in the pointer detection and final
meter reading. As can be seen from figure 17, the pointer lin-
ear equation is well fitted in this paper for various complex
environments.

3.4. Comparison experiments

In order to verify the rationality of the proposed algorithm,
existing research methods are selected for comparison exper-
iments in this paper. Yifan and Qi [3] used an improved
RANSAC algorithm to detect the meter pointer, eliminate the
pointer shadow, and then the 0 scale value and pointer angle to
obtain the meter reading. Gao et al [31] designed a HOG/mul-
ticlass SVM digit classifier, detected the meter scale values,
used the progressive probabilistic Hough transform (PPHT)
algorithm to obtain the meter pointer, and finally used the
angle method to obtain the reading of the car dashboard. Zhou
et al [24] first used perspective correction and rotation cor-
rection for the meter panel, then used Hough linear detection
to determine the pointer position, and finally used the angle
method to determine the meter readings. In this paper, for
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Figure 17. Comparison results of pointer detection.

all the meter images in figure 15, a comparison experiment
was completed using the method described above. The results
obtained by all algorithms were compared with manual read-
ings, and the time consumed by all algorithms to complete a
meter reading was also compared. The results of all compar-
isons are shown in table 3.

The comparison results in table 3 show that the average
error of the reading results of the algorithm in this paper is
lower than the average error of other algorithms. The meter
images processed by Zhou et al and the algorithm in this paper
are corrected meters, so the reading errors are lower than those
of Ma et al from this result, thus it is known that the correc-
ted meter image can reduce the error of the meter reading. The
error of Zhou et al average meter reading results is higher than
that of the algorithm proposed by Gao et al, because in the Gao
et al method, the angle between the left and right adjacent scale
values of the pointer is used, and the distance between the scale
values is smaller, while Zhou et al uses the angle between the

maximum and minimum scale values of the pointer, and the
distance between the scale values is larger, so the error of the
latter is greater. In contrast, the weighted angle method used
in this paper combines the weighting of the reading results of
several scale values in the vicinity of the pointer to obtain the
meter readings, thus reducing the error due to the large dis-
tance of the referenced scale values. Its final reading result
has a high degree of accuracy compared with several other
algorithms, which confirms the effectiveness of the algorithm
in this paper.

The duration of 1 m reading for the algorithm in this paper
is 1.5 s, which meets the real-time meter reading requirement.
Secondly, Gao et al uses the PPHT algorithm to eliminate the
shadow background around the pointer in the meter. For d, f, h
and /, there is less noise in the meter image results after using
threshold segmentation and edge detection, so the readout time
is shorter. Finally, the time required for each stage of this paper
is shown in table 4.
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Table 4. Time consumption per processing step.

Target Perspective Rotational Pointer
Process  detection correction correction detection Readings
Time (ms) 534 782 9 243 3

4. Conclusion

Through experimental comparison, the corrected pointer-type
meter image provides a powerful guarantee for decreasing the
error of meter pointer reading recognition, and it is of great
significance for pointer reading recognition. For the short-
comings of traditional meter correction methods, this paper
recommends a method based on CNN for meter image cor-
rection. Using the position information and value information
of the scale value detected based on CNN, perspective cor-
rection and rotation correction of the meter are realized by
using the least square method and the position of the min-
imum and maximum scale values. Based on the angle method,
the weighted angle method is proposed to read the pointer
readings, to solve the accumulated errors caused by multiple
image transformations. This paper also uses the comparison
method of adding different image processing stages to com-
pare with manual readings to verify the effectiveness of the
algorithm in this paper. Finally, this paper is compared with
recent experimental results, and it is concluded that the read-
ing results obtained from the corrected meter images have very
small errors and are of practical value for applications in real
environments.

The drawbacks of the algorithm in this paper are that the
meter correction time is long and somewhat dependent on the
meter characteristics during correction. Therefore, in future
work, consideration can be given to reducing the reliance
on meter characteristics during meter correction and meter
readings.
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