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For electrical railways, contact wires are used to ensure stable and continuous power sup-
ply to trains operating on the infrastructure. One crucial design parameter used to control
the catenary design is the vertical displacement. The traditional uplift measuring equip-
ment of catenary systems usually requires that targets are installed on the wire, and/or that
measurement devices are mounted on the support structure of catenary systems or tempo-
rary poles. These methods require track access and substantial time and manpower for
installation and measurement. Thus, a portable vision-based tracking system is proposed
to enable remote, non-contact and non-target uplift measurements of catenary systems.
The challenge in measuring the catenary displacement is to detect a linear rigid body in
a noisy background environment with a high sampling frequency. To detect the displace-
ment, a vision-based system with a novel line-tracking technique is used to achieve robust
and accurate measurement. The proposed technique is based on a coarse subset and line
search and subpixel detection. The line-tracking method is successfully employed for the
identification of the important vertical displacements of a contact wire in front of a noisy
background. The accuracy, robustness and applicability of the proposed tracking method
are demonstrated through numerical experiments, the field uplift measurement of the rail-
way catenary system and the identification of the contact wire in a diverse city
environment.
© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC
BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Railways are essential to most modern societies as they provide a fast, comfortable, energy-efficient, environmentally
friendly and reliable mode of transportation for both passengers and goods. Catenary systems are an important part of mod-
ern railways as they provide an inexpensive, clean and continuous power supply to trains operating the infrastructure. The
state of catenary systems directly affects the operation of railway systems and thereby society as a whole. One way of
improving and ensuring the reliability of catenary systems is to monitor the current state to carry out maintenance on
the system before serious faults occur [1-4].

Excessive vibration of the catenary system can cause contact loss between the contact wires and the pantograph, which
not only interrupts the power supply of trains but also causes arcing and speeds up wear [5-7]. Thus, it is important to mon-

* Corresponding author.

E-mail address: tengjiao.jiang@ntnu.no (T. Jiang).

https://doi.org/10.1016/j.ymssp.2020.106888

0888-3270/© 2020 The Author(s). Published by Elsevier Ltd.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.ymssp.2020.106888&domain=pdf
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.ymssp.2020.106888
http://creativecommons.org/licenses/by/4.0/
mailto:tengjiao.jiang@ntnu.no
https://doi.org/10.1016/j.ymssp.2020.106888
http://www.sciencedirect.com/science/journal/08883270
http://www.elsevier.com/locate/ymssp

2 T. Jiang et al./ Mechanical Systems and Signal Processing 144 (2020) 106888

itor the vibration of contact wires to control the maximum uplift. Moreover, the uplift measurement of the contact
wire is one of the most important tests to assess the maximum acceptable speed for new electric vehicles and
pantographs [8].

Researchers have developed different methods to measure the displacement response of catenary systems. Laffont et al.
[9] used three displacement sensors based on Fiber Bragg Grating (FBG) transducers to monitor the 3D displacement of the
contact wire. FBG transducers are mounted on the support structure above the contact wire, and they comprise three mobile
rods linked to springs for transmitting the displacement of the contact wire to the transducers. Vazquez et al. [10] used an
infrared screen to project the light to pass through the contact wire to a line-scan camera and measure the uplift of the con-
tact wire by the projection in images. Karwowski et al. [11] used laser measuring equipment to measure the uplift of the
contact wire. This approach requires a reflective plate installed on the contact wire with a laser displacement meter fixed
on the top support structure. Ndvik et al. [12,13] presented a newly developed wireless sensor system consisting of a tri-
axis gyroscope, a tri-axial accelerometer and a Digital Motion Processor™. This needs to be mounted on the wires to carry
out arbitrary point field measurements of the dynamic behaviour of railway catenary systems.

All of the above methods meet the resolution requirement for measurement, but they have the common problem of
requiring track access and equipment installation on the contact wire or the mounting of the measuring devices to the sup-
port structure of the catenary system or the temporary poles. This means that these devices require substantial time and
manpower to install while disrupting traffic.

For fixed long-term monitoring, these devices are capable of obtaining the required uplift data. However, inspectors still
need more portable measurement equipment that can carry out multi-point measurements more conveniently and quickly
without disrupting traffic. For field testing, portability, robustness in varying environmental conditions, low power con-
sumption and the possibility of battery operation play a primary role in the choice of the equipment [14]. Thus, it is neces-
sary to develop a complementary portable and robust device for the uplift measurement, convenient and easy to install and
use.

Photogrammetry meets these requirements, and equipment can be mounted at a distance from the railway while uplift
measurements are carried out in a non-contact way. Park et al. [8] developed a high-speed image measurement system to
measure the uplift of the contact wire. This system uses a template matching technique to track a target installed on the
contact wire for uplift measurement. Zou et al. [15,16] used a photogrammetric system with an edge detection technique
to measure the uplift of a catenary part in a laboratory. Frgseth et al. [17] used a calibrated stereo camera system to measure
the uplift of the catenary system in the field by tracking a well-defined target attached to the catenary wire. However, the
general problem, which is that the contact wire is challenging to track without the target in front of a noisy background, has
not been addressed.

The digital image correlation (DIC) technique [18-21] is the most common image processing technique used to measure
full-field displacements. Non-contact measurement by DIC has been carried out in, for example, experimental mechanics
[22,23], biomechanics [24,25], civil engineering [26,27], mechanical engineering [28-33], additive manufacturing [34,35]
and aerospace engineering [36-38]. However, for the uplift measurement of a railway catenary wire in front of a noisy back-
ground, DIC does not work very well due to loss of correlation caused by the noisy background. The current paper presents a
vision-based tracking system for remote, non-contact and non-target uplift measurement of the contact wire. The challenge
to detect a linear rigid body motion in front of a noisy background environment with subpixel accuracy has been addressed
by a novel line-tracking technique. In this work, components of the vision-based tracking system are first described. Next,
the principles of the line-tracking technique are described in detail. The proposed technique uses two different subpixel
detection methods to handle different working conditions to increase applicability. Finally, the accuracy, robustness and
applicability of the line-tracking method are demonstrated through numerical experiments, the field uplift measurement
of the railway catenary system and the identification of the contact wire in a diverse city environment. Open-source code
of the proposed line-tracking technique has been published in [47]. The technique can also be modified to be applied to iden-
tify and track linear objects in other fields, such as lane line detection and tracking [39], linear welded seams detection [40],
or power line detection and inspection [41,42].

2. Tracking problem in front of a noisy background

The railway catenary system is a power supply system, the task of which is to continuously transmit electricity through
the pantograph-catenary interaction to power trains. The main structural parts of the catenary system are a contact wire, a
messenger wire and droppers (occasionally also including a stitch wire) [12], all shown in Fig. 1. The contact wire moves on
the panhead from side to side as the train goes along the track, as shown in Fig. 2. If there is an additional small horizontal
motion from the vibration of the wire, this will be negligible for the interaction between the pantograph and contact wire.
Therefore, the uplift measurement is more important than the horizontal displacement measurement.

The vision-based tracking system, used to perform the measurements, is set next to the railway and is perpendicular to
the contact wire in the horizontal plane (3 = 0). A schematic overview of the uplift measurement and the vision-based track-
ing system is given in Fig. 3. The system consists of a high-speed area scan camera (Basler ACA2000-165 pm), a fixed-focal
optical lens (the focal length of the lens can be changed according to the actual condition), a trigger, a laptop and a laser
range finder (Leica DISTO™ D8). The entire system is powered by the laptop battery/power supply. A laser range finder is
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Fig. 1. Main structural components of a railway catenary system. Photo: Petter Navik/NTNU.

used to measure the horizontal distance Ly from the system to the catenary wire and the tilt angle o of the optical axis, which
are important parameters for camera calibration. The tilt angle o is small but usually not equal to 0 in the field measurement.

Under ideal conditions, the background of the image taken by the camera is uniform, as shown in Fig. 4(a). In general,
however, the background of the image consists of a nonuniform or noisy background that makes it challenging to identify
and track the contact wire, as shown in Fig. 4(b). In simple approaches to track the contact wire in front of a noisy back-
ground, the tracking algorithm may lose the tracking or mistake, for instance, a tree branch for the contact wire and disrupt
the performance of the measurement system. Therefore, it is necessary to impose restrictions on the search for the contact
wire tracking. A novel line-tracking technique has been proposed to track the contact wire in front of a noisy background
while avoiding the above issue.

3. Line-tracking technique for tracking contact wire in a noisy background

For the purpose of successfully tracking the contact wire in a noisy background, a novel line-tracking technique is pro-
posed. There are three main features of this specific tracking problem that will be used to establish a robust line-tracking
algorithm.

A. The contact wire is assumed to be a straight line in all images.

B. The contact wire has a similar intensity magnitude along the wire in monochrome images, and there is generally a
sufficient intensity difference between the wire and the background.

C. The contact wire crosses the image from left to right.

Regarding point A, the most common span lengths of contact wires range from 40 to 60 m, where the contact wire is pre-
stressed and suspended by droppers. Vibration measurements require only a short segment (1 m or shorter), rendering the
final cropped segment of the contact wire in the images a straight line. Regarding point B, the similar intensity magnitude
along the wire in monochrome images means that the intensity value of the contact wire in the images is usually stable, and
parts along the wire stay at similar intensity values. For 8-bit images, the intensity ranges from 0 to 255, with 0 meaning
black, and 255 meaning white. For most background scenes, there is generally a sufficient intensity difference between
the background and the contact wire. For scenes where this is not the case, e.g., tunnel or metro railway systems, artificial
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Fig. 2. Stagger of the contact wire.
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Fig. 3. The main components of the vision-based tracking system. (a) A schematic overview of the uplift measurement of a railway catenary system. (b) The
vision-based tracking system.

Contact wire

Fig. 4. Different backgrounds for the contact wire tracking. (a) Uniform background. (b) Noisy background. Photo: Petter Navik/NTNU.

lighting may be necessary to successfully track the contact wire. Finally, regarding point C, every measurement setup aims to
have the contact wire centred and close to horizontal in the images. Thus, the contact wire always crosses the image from left
to right. In certain situations, the camera view is momentarily obstructed during measurements. In these cases, line tracking
may still be possible if horizontal sections of the image that are not obstructed are cropped from the original image and used
in the line-tracking algorithm.

Based on these three main configuration points, an algorithm for detecting and tracking linear objects in front of a noisy
background is proposed. The line-tracking algorithm consists of a coarse search followed by subpixel detection. The coarse
search aims to identify the linear objects in noisy background environments. Subsequently, the subpixel detection method
aims to find the position of the contact wires more accurately. The workflow of the tracking algorithm is shown in Fig. 5.

3.1. Coarse search

The coarse search includes two parts: a vertical subset search followed by a line search, where the detailed flow is shown
in Fig. 5. The image coordinate system is defined with the origin in the upper-left corner of the image. The intensity values in
the image are defined by f(x, y) where x is the column number and y is the row number.

The subset is a square region that contains a part of the image. The vertical subset search aims to identify candidate end-
points of the wire in the image. This is carried out by a “sliding” region-of-interest (ROI) or subset moving in the vertical
direction at the left and right sides of the image. For each vertical position, the maximum intensity value g, inside the subset
is found. If g, is less than a threshold G, the subset is considered an endpoint candidate of the contact wire. The intensity
threshold G, can be taken as smaller than the background intensity and larger than the contact wire intensity, usually taken
as the average value of both. The idea, here, is that a good candidate subset should be covered entirely by the contact wire.
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Fig. 5. The main workflow of the line-tracking algorithm, including the coarse search method and subpixel detection method.

Thus, a subset size smaller than the diameter of the contact wire should be chosen. Initially, this procedure is carried out
both on the left and right sides of the image.

In Fig. 6, subset A; meets the requirement (g, < G,), and the centre edge point a; of the subset is obtained as a candidate
point. Similarly, b is obtained from subset B;. Because the subset size is selected to be significantly smaller than the contact
wire diameter, several neighbouring candidate points will be obtained as well (illustrated by a; to as in Fig. 6). Here, the cen-
tre point P, of a; to as is calculated and chosen to represent a; to as as a single candidate point.

If one of these vertical searches fails to find the candidate points (either at the left or the right side of the image), the
algorithm steps a few pixels horizontally towards the centre of the image and carries out a new vertical search. This is done
until at least one qualified candidate point is found both for the left and right sides of the image. The vertical search may,
however, result in multiple candidate point sets P (left) and P’ (right), as illustrated in Fig. 7.

The line search aims to reduce the sets of candidate points P and P’ to only contain endpoints of the wire. For all combi-
nations of P-P’, the maximum intensity value g; along the line between points in P and P’ is found. The lines are illustrated in
Fig. 7. As discussed in conditions A and B, the contact wire is assumed to be a straight line in all images with a similar inten-
sity magnitude along the wire. Thus, the maximum intensity value of the line area of the “true” contact wire stays at a low
intensity range. For a noisy background, as is often the case in most working conditions, there are always higher intensity
values in the search line area caused by the background sky, leaves, etc.

As shown in Fig. 6, every point on the search line r = xcos6 + ysind is represented as P; (x;, y;). r = xcos0 + ysin0 is the linear
expression used in the Hough transform [43], shown in Fig. 7, where r is the distance from the origin O to the closest point on
the straight line, 0 is the angle between the X-axis and the line connecting the origin O with the closest point, and the coor-
dinate system is still the original XOY coordinate system.

The search line area between candidate points P,, and P’, is set by building search windows (red dashed rectangle in
Fig. 6) centred on P; (x;, ¥;) along the search line. The search window aims to obtain the maximum intensity value g of this
line area and then compared with the intensity threshold G,,. If g; is smaller than G, this line is considered the approximate
wire position, and the combination (P, P’;) and the coefficients (r;, 0;) of the coarse centreline r; = xcosf; + ysind; are
obtained. The height of the search window is set to be a value smaller than the diameter of the contact wire to reduce
the probability of detection error. In the example in Fig. 6, the height of the search window (red dashed rectangle) is set
to 7 pixels, while the diameter of the contact wire is approximately 9 pixels.

The line function r = xcos6 + ysind is used instead of y = a + bx to avoid the problem of calculating the slope when the line is
vertical. In this study, the contact wire is assumed to be positioned horizontally in the image. However, by choosing a more
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general mathematical line formulation, the algorithm can handle lines with arbitrary rotation, which may be encountered
when this line-tracking algorithm is applied in other fields.

In conclusion, if the maximum intensity values g. and g; for the vertical subset search and the line search meet the
requirement of Eq. (1), the object is considered to be one of the target linear objects.
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3.2. Subpixel detection

In the coarse search described in the previous section, all points were represented as integer pixel positions. However, the
detection of the contact wire can be improved by applying subpixel detection methods. In this study, two different
approaches for subpixel detection of the contact wire were applied, i.e., a centreline detection algorithm, and an edge detec-
tion algorithm.

Depending on the specific working conditions, one of these two detection methods can be selected to increase the appli-
cability of the proposed algorithm. For example, when intense sunlight shines at the top of the contact wire, the dark areas of
the contact wire become smaller, and the centreline detection method may not work very well. However, there can still be
sufficient intensity difference between the lower part of the wire and the background, enabling the edge detection method.
Moreover, when the background is very noisy and it is challenging to detect the edge of the contact wire, the centreline
detection method can be used to track the contact wire. The reason for proposing two different detection methods is to han-
dle different working conditions.

3.2.1. Method 1: Subpixel centreline detection

The coarse search obtains the locations of the contact wire endpoints at integer pixel positions. The subpixel centreline
algorithm then carries out intensity value interpolation in local areas centred on these endpoints.

The method is similar to the previously described vertical subset search. However, here, the intensity values of the sub-
sets are calculated at subpixel positions using bicubic interpolation. The main idea is to use bicubic interpolation to approx-
imate the upper and lower edges of the contact wire to calculate the centre points of the target area accurately. The main
calculation process is as follows:

A. Find the vertical search scope (see Fig. 8). The search scopes are centred on the endpoints and should be large enough
to contain both the upper and lower edges of the wire.

B. A subpixel subset is defined with a suitable size (red dashed rectangles in Fig. 8). The subpixel subset should be
entirely covered by the wire, so the subset size should be at least smaller than the diameter of the wire. The intensity
values of the subset unit are interpolated using bicubic interpolation. The subpixel subset is used to search both the
left and right search scopes vertically. For the sake of clarity, a vertical step interval of 0.5 pixels was applied in Fig. 8.
By following a similar procedure as presented in the coarse subset method, the upper and lower edges of the wire are
found with 0.5-pixel resolution. Here, the same criteria as in the coarse subset method were applied, i.e., if the max-
imum intensity value g, within a subset at a given position is less than the threshold G, the subset is considered to be
entirely covered by the wire. The centre edge point of this subset is obtained as a candidate point (yellow rectangles in
Fig. 8).

C. When all candidate points are found in both the left and right search scopes, these candidate points are usually neigh-
bouring and continuous (yellow bands in Fig. 8). Therefore, the centre point of the yellow band is chosen to represent
these candidate points as a single candidate point for this region. Here, the centre points Peentre; (Xave1, Yaver) aNd Peengre2
(Xave2» Yavez) are shown in Fig. 8 (red rectangles). A line between these two centre points is the centreline r, = xcos6, +-
ysind,. Finally, a point on this centreline can be selected as a tracking point Py qcr (Xk, ¥p). Xk i @ constant user-defined
x coordinate, and the tracking point Pyqc (X, yp) satisfies r, = x, cos0, + yp sinds.

Note that the uplift measurement of the contact wire needs to measure the displacement in the y-direction only, so the x
coordinate of the tracking point P is set as a fixed value x, in Fig. 8. The centreline may not be the actual centreline of the
cross-section of the contact wire because the apparent line is affected by the brightness of the light irradiating on the contact
wire. To be more precise, the apparent line is the centreline of the partial area of the contact wire, the intensity value of
which is less than the threshold G... This phenomenon does not affect the detection of the contact wire because the natural
light usually does not change frequently, so the centreline detection can always track the same position of the contact wire.

3.2.2. Method 2: Subpixel edge detection

In contrast to centreline detection, subpixel edge detection focuses on tracking an edge point in an edge tracking window.
The edge is one of the most basic and key features of an image, and edge detection is a main feature extraction method of
image analysis. Since the contact wire in the image is considered a straight line, the edge can also be considered a straight
line, represented by the equation y = a + bx, where the coordinate system is still defined with the origin in the upper-left
corner of the image. The subpixel edge detection method based on the partial area effect, introduced in [44], is used in this
part.

If an edge passes through the pixel point (i, j), mentioned in [44,45], the intensity value of this pixel is considered as
follows:
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where f(i, j) is the intensity value of the pixel point (i, j); A and B are intensity values at both sides of the edge, S4 and Sg are
the areas covered by the two intensity values A and B, respectively, in the pixel point (i, j), and h is the side length of the pixel,

usually taken as 1, see Fig. 9.
Due to h? = S, + Sp,

(2)

f@D:B+AzB& 3)

Before starting the edge detection, to reduce the influence of the noisy background, the original image is smoothed using
a 3 x 3 Gaussian smoothing kernel. Gaussian smoothing is used to blur the image by attenuating high-frequency measure-
ment noise and suppressing details in the background. This is achieved by image convolution. The size 3 x 3 means that the
3 x 3-pixel points are convoluted by using the 3 x 3 Gaussian smoothing kernel, and the obtained intensity value is assigned
to the central pixel point. The 2D function of an isotropic Gaussian is as follows:

GX.Y) =5y 2 (4)

Eq. (4) is used to calculate the weight of each point of a 3 x 3 Gaussian smoothing kernel, and the sum of all weights
should be equal to 1. In general, larger ¢ means more smoothing, i.e.,, more details are removed in the image. ¢ should
not be too big because it smears the edge of the contact wire and makes it non-distinct, but it should be big enough such
that it attenuates measurement noise and suppresses details in the background sufficiently. In practical applications pre-
sented in work for this article, a kernel of size 3 x 3 with ¢ = 1.5 has shown to give the appropriate level of smoothing
and has been used in all results presented in the article.

Fig. 10 shows the weight distribution of the 3 x 3 Gaussian smoothing kernel with ¢ = 1.5. The red dot indicates the
weight value of the corresponding point of the pixel on the Gaussian smoothing surface. At the bottom of the coordinate
is the 3 x 3-pixel convolution region. Red means significant influence on the intensity value of the central convoluted pixel,
and blue means little influence. The closer to the central pixel, the higher the weight coefficient and the greater the influence.
The reason why the kernel size is 3 x 3 is that the edge detection area is small, and the large kernel will affect the detail
quality of the image. To retain the edge intensity gradient, the minimum kernel size is selected.

In the previous coarse search, the point Py (X, yx) was obtained from the coarse centreline (red line as shown in Fig. 11,
where Py satisfies r; = x,cos0; + y,sinf;). To improve the smoothing efficiency, the smoothing area can be a small area centred
on point Py (X, yi) and at least larger than the edge detection area. The edge detection area contains the tracking window and
the area for calculating intensities A and B. After smoothing, a P x 3 tracking window (purple rectangle) with the top edge
centred on point Py (X, yy) is built to detect the subpixel edge. The reason for choosing the lower edge of the contact wire to
identify is that the lower edge is usually not illuminated by light, so this edge has a stronger intensity contrast with the back-
ground and is easier to identify. The main calculation process is as follows:

First, according to Eq. (3), the sum of the intensity values of every column inside the tracking window is calculated:

n=y,+P-1
L= Y f(x—-1,n)=PB+(A-B)S,
n=yy
n=y+P-1
M= > f(xx,n)=PB+(A—B)Su (5)
n=yy
n=yy+P-1
R= Y f(x+1,n)=PB+(A—B)Sk

n=yy

To.1s
4" \ 014 0.14
0.14
0.13 0.13
L ® 0.12
~ o 0.12 0.12
/ 0.11
A 0.11
A \ 0.10
0.10 0.10
0.09

Fig. 10. 3 x 3 Gaussian smoothing kernel.
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where L, M, and R are the sums of intensity values of the left, middle and right columns of the tracking window, respectively.
P, the height of the tracking window, can be taken as the diameter of the contact wire with integer pixels. In this way, the
edge line can be located in the centre of the tracking window. The side length h is taken as 1. S;, Sy, and S are the areas of
each column under the edge, as shown in Fig. 11, and the expressions are as follows:

x—1/2
Si= [ [ +P-1/2)—(a+bx)]-dx=y, —bx +P—a+b—1/2

X—3/2
X+1/2

Su= [ [+P—-1/2)—(a+Dbx)]-dx=y,—bxy +P—a—1/2 (6)

X—1/2
X+3/2

Se= [ [ +P-1/2)—(a+bx)]-dx=y, —bxy +P—a—-b—-1/2

X+1/2
Then, combining (5) and (6), we can obtain the parameters (a, b) of the edge line:

a=y,—bxe+P—3 -4

. 7

L-R

2(A-B)

One of the most important factors affecting the accuracy of subpixel edge detection is the calculation of A and B, which are
the average intensity values of the background and the contact wire, separately. When the background has smooth luminos-
ity gradients, to reduce the influence of noisy pixels on the overall calculation accuracy, it is preferred to calculate the aver-
age intensity values in a large area of the background and the contact wire. Thus, A and B can be calculated separately by
adding the intensity values of 2 rows and 5 columns of pixels (or even larger) at the bottom of the tracking window (entirely
covered by the background) and at the top (entirely covered by the wire), see the green rectangle in Fig. 11. The values can be
expressed as:

2 0

3
Il
=3
I

A=L Y ¥ f+my,+P—1+n)
m=-2 n=-1 (8)
m=2 n=1

B=14 fe+m,y, +n)
m=-2 n=0

However, when the background has sharp luminosity gradients, it is preferred to calculate the average intensity values of
2 rows and 3 columns of pixels at the bottom and top inside the tracking window.

When the edge line y = a + bx has been obtained, the edge point P, (x,, a + bx;) can be selected as the tracking point to track
the displacement response of the contact wire, while x, is also the same user-defined constant x coordinate.

Multiple tracking windows may increase measurement accuracy and increase robustness in cases where a single window
fails due to, e.g., unfavourable background. In addition, the edge detection requires the edge to cross the tracking window to
calculate the integration function Eq. (6), so when the edge slope b is too large, the coordinate system should be changed to
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avoid the edge being close to vertical. However, for contact wire detection, this is not a problem since the contact wire is
usually close to horizontal.

The edge detection method in [44] uses traditional derivative masks to compute the intensity gradient for every pixel to
determine the location of edge pixels. This edge detection method is adapted to detect the contact wire by using the pro-
posed coarse search method to find the wire edge. This change makes the edge detection more efficient for the specific case
of identifying a contact wire from noisy backgrounds.

4. Numerical experiment validation

Four sets of numerical experiments, i.e., analysis on synthetically generated image sequences, were conducted to test the
performance of the proposed line-tracking method. The first numerical experiment tests the accuracy and stability of the
proposed method by tracking the contact wire with precisely controlled motions in front of a noisy background. The algo-
rithm application is introduced in detail in this experiment. The second numerical experiment tests the minimum recogniz-
able diameter of the contact wire in the image and the effect of the diameter change of the contact wire on tracking accuracy.
The third numerical experiment adds Gaussian noise to the image to test the noise sensitivity of the tracking method. The
fourth experiment simulated the illuminated wire and background to test the performance of the line-tracking method
under different light intensity situations.

4.1. Tracking accuracy with a noisy background

To demonstrate the accuracy and robustness of the proposed method with a noisy background, numerical experiments
with different subpixel moving distances of the contact wire were conducted. An image (540 x 778 pixels) with many tree
branches and leaves was used as a noisy background. To accurately control the subpixel movement of the contact wire, a
straight black line was used as the contact wire, as shown in Fig. 12. According to the general measurement, the 12-mm
diameter of the contact wire was approximately 18.79 pixels in the image with the horizontal distance of 12 m and the focal
length of the lens of 105 mm. To increase the difficulty of tracking, the diameter of the introduced black line was reduced to 5
pixels to closely resemble the size of the tree branch.

The contact wire was moved downwards with a displacement interval of 0.1 pixels, meaning that each time a 0.1-pixel
movement was completed, a new image with a new contact wire position was saved. The 0.1-pixel displacement was
achieved by upscaling the background image by a factor of 10 using bicubic interpolation, drawing the line with the displace-
ment of 1 pixel and finally downscaling the image by a factor 10. With the displacement ranging from 0 to 8.0 pixels, a
sequence of 81 images was generated and then processed separately by three different subpixel detection methods, i.e., cen-
treline detection, edge detection with and without Gaussian smoothing.

Fig. 12. Noisy background image. (a) Original image. (b) A black line is used as a contact wire in front of the noisy background. Photo: Tengjiao Jiang/NTNU.
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Fig. 13. Contact wire detection results.

The detection result of the contact wire in front of the noisy background is shown in Fig. 13. The left and right boundaries
of the image are set as the coarse search columns. After the subset search, the candidate point sets P and P’ for the left and
right boundaries are obtained, respectively. P has seven candidate points, and P’ has one candidate point, where the maxi-
mum intensity value g, is less than the intensity threshold G, Then, after a line search, the contact wire is successfully iden-
tified, and the coarse centreline (solid red line) and point P, (red point) are obtained, as shown in Fig. 13.

Next, the three detection methods process the image separately. For centreline detection, the algorithm detects search
scopes at both ends of the contact wire. After the search, the centreline (yellow dashed line) and the tracking point Py (yel-
low point) can be obtained, as shown in Fig. 13.

For edge detection without Gaussian smoothing, the 5 x 3 tracking window (red rectangle in Fig. 13) is built with the
pixel point Py as the centre of the top edge. After edge detection in the tracking window, the edge tracking point P’. (green
point) can be obtained. For edge detection with Gaussian smoothing, first, the algorithm needs to smooth the edge detection
area. The edge detection area covers the tracking window and the area of calculating intensities A and B; therefore, the
smoothing area should be at least larger than the edge detection area. The Gaussian smoothing kernel with size 3 x 3
and ¢ = 1.5 has been used in all results presented in the article, and the smoothing effect is shown in Fig. 14. In this case,
to show the smoothing result more clearly, the size of the smoothing area is selected as 60 x 60 pixels, shown as the yellow

Fig. 14. Smoothing effect. (a) before smoothing; (b) after smoothing.



T. Jiang et al./Mechanical Systems and Signal Processing 144 (2020) 106888 13

—=— Exact displacement

gd [ Centreline detection

—+— Edge detection with smoothing
—— Edge detection without smoothing

7 4 -

3¢ .

%

35 »

5 7

g 4 .V./’/" ¥ .
4+

(_5. "“;mo 7.0

a3 4 6.8 7

Maximum error |
0.1539 pixels

62 64 66 68 70

0 T T T T T T T
0 10 20 30 40 50 60 70 80

Image serial number

Fig. 15. Accuracy comparison of the measured vertical displacement by the three subpixel detection methods.

rectangle in Fig. 13. Next, building the tracking window and the edge detection are performed in the same manner as in the
edge detection without Gaussian smoothing, and the edge tracking point P, (blue point) is obtained.

After all images are processed and the tracking points Pyqq, Pe and P, of the three subpixel detection methods are
acquired separately, the vertical displacement of the contact wire can be obtained. Fig. 15 shows the measured vertical dis-
placement of the contact wire for the three detection methods with the image serial number. The black line is the exact dis-
placement, and the red, blue and green lines are the displacement results by the centreline detection method, the edge
detection method with and without Gaussian smoothing, respectively. Table 1 shows the statistical analysis of the displace-
ment error of these three different methods relative to the exact displacement. From Fig. 15 and Table 1, it can be concluded
that the centreline detection has the better accuracy and robustness in this numerical experiment, and the measured dis-
placement data of the centreline detection fluctuates only slightly around the exact displacement, which shows the stability
of this method.

In Fig. 15 and Table 1, the edge detection with Gaussian smoothing (blue line) and without smoothing (green line) are
compared to determine how much the Gaussian smoothing improves the accuracy of edge detection. We can obtain from
Fig. 15 that the displacement result of the edge detection without smoothing is more volatile and unstable and is susceptible
to environmental changes, leading the tracking data to oscillate substantially. By comparing their mean values and standard
deviations of the displacement error, it can be concluded that the accuracy and stability of edge detection without smoothing
is much worse than that with smoothing. Thus, a proper smoothing has a favourable influence on the accuracy of edge detec-
tion, and we suggest using smoothing for edge detection, especially in noisy environments.

4.2. Effect of diameter change of contact wire on tracking accuracy

The minimum recognizable diameter of the contact wire in the image is tested, and the effect of the diameter change of
the contact wire, related to measurement distance, on tracking accuracy is studied. According to the pinhole camera model
introduced in [26], the 12-mm diameter of the contact wire was approximately 22.909 to 2.864 pixels in the image with a
lens focal length of 105 mm and the horizontal distance changing from 10 to 80 m, as shown in Table 2. Thus, the diameter
increased from 3 to 23, with a total of 21 groups. Similar to the first numerical experiment, the black line with different
diameters was used as the contact wire in the above background image. To test the robustness of the proposed algorithm,
the contact wire was randomly distributed in the image and then moved by the same displacement of 50 pixels. Three detec-
tion methods tracked the contact wire, and the displacement error was obtained by comparing the displacement data with
50 pixels. This process was carried out 10 times, and 10 random positions are the same for each diameter group. The mean
and standard deviation of the displacement error of each group are shown in Fig. 16.

In Fig. 16, the error bars show the means and standard deviations of the displacement error of three subpixel detection
methods. The midpoint is the mean, and the upper and lower caps present the standard deviation of the displacement error.
The mean result shows that the displacement error of the centreline detection and edge detection with Gaussian smoothing
remains low, but the displacement error of edge detection without Gaussian smoothing is relatively higher. The reason is
that smoothing can reduce the negative impact of the background noise on the accuracy of edge detection, so without Gaus-
sian smoothing, the tracking accuracy of the edge detection method is reduced, and the displacement data become more
unstable. These results demonstrate that smoothing is helpful to improve the accuracy and robustness of the edge detection
method. Through a comparison of the standard deviation, the standard deviation of the centreline detection method always
remains low, and far less than the standard deviation of the other two methods.
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Table 1
Displacement error analysis of the three subpixel detection methods compared with the exact displacement.
Mean (pixels) Standard deviation (pixels) Maximum value (pixels) Minimum value (pixels)
Centreline detection 0.0456 0.0382 0.1539 0.0000
Edge detection with smoothing 0.4372 0.2235 0.8123 0.0128
Edge detection without smoothing 1.1494 0.6379 2.1961 0.0077

Table 2
The diameter of the contact wire at different horizontal measurement distances.
Distance (m) 10 20 30 40 50 60 70 80
Diameter (pixels) 22.909 11.455 7.636 5.727 4.582 3.818 3.273 2.864
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Fig. 16. Means and standard deviations of the displacement error of three subpixel detection methods.

The results also show that the three detection methods can successfully detect a minimum diameter of 3 pixels, which is
sufficient to meet the regular uplift measurement of the catenary wire, with a measuring distance of less than 30 m and a
minimum diameter of 8 pixels. The lower diameter, i.e., 1 or 2 pixels, has been tested, but it is challenging for the algorithm
to detect. A longer telephoto lens can also be used to increase the effective measurement distance. The long measurement
distance makes remote measurement relatively convenient and applicable, but it should be mentioned that the data insta-
bility caused by ultralong distance measurement needs to be noted. In the actual field measurement, a greater measurement
distance would be more affected by atmospheric effects, light or other environmental conditions. Through a comparison of
the effects of the diameter change on the accuracy, it can be concluded that the diameter change slightly affects the accuracy
of the three subpixel detection methods in the case of a noisy background.
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Fig. 17. Adding different degrees of Gaussian noise to the image. (a), (d) Gpise = 1, SNR = 57.11; (b), (€) Gpoise = 30, SNR = 1.90; (c), (f) Gppise = 60, SNR = 0.95.

4.3. Noise sensitivity

The robustness is very important for the tracking method during engineering applications, and the addition of Gaussian
noise to the image was used to test the robustness of the tracking method. Different degree of Gaussian noise was added to
the image by increasing the standard deviation ¢, of the Gaussian function from 1 to 60 in increments of 5, with the con-
tact wire remaining stationary, as shown in Fig. 17. Thus, there are 13 groups for different degrees of Gaussian noise, and
every group generates 50 images of a random noise distribution. Fig. 17(d)-(f) show the local areas of (a), (b) and (c), respec-
tively. With 6,5 increasing from 1 to 60, it can be seen that the number of noise points increases gradually and that the
image, including the contact wire, is increasingly blurred. Especially for ¢, = 60, there are many noise points on the con-
tact wire, and the difference between the contact wire and tree branches in the background is tiny. Thus, the edge of the
contact wire is harder to identify than that for s = 1.

Then, the three subpixel detection methods were used to identify the position of the contact wire, and the detection error
was obtained by comparing the position results with the original position (o ,ise = 0). The signal-to-noise ratio (SNR) was

1.2 4 T T T T T

[ Centreline detection

[ Edge detection with smoothing
1.0 4 | Edge detection without smoothing 5
0.8

0.6 1

Average detection error (pixels)

2
Signal-to-noise ratio (SNR)

Fig. 18. Average detection errors of three detection methods under different degrees of Gaussian noise.
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Fig. 20. Accuracy comparison under different ambient light intensities. (a) exposure + 0.5; (b) exposure + 1.0; (c) exposure + 2.0; (d) exposure + 3.0.

used to estimate image noise in the imaging system. A higher SNR value means that the image quality is better. There are
several image-based SNR definitions, and a simple SNR definition [46] is:

SNR — Jimase )
O noise

where ojmqge is the standard deviation of the intensity value of the original image, and ¢ ,is is the standard deviation of the
added Gaussian noise. Thus, as the standard deviation o, 0of the Gaussian noise increases from 1 to 60, the SNR decreases
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from 57.11 to 0.95, and the image quality becomes lower. The average detection errors of 13 groups with the change of SNR
is shown in Fig. 18.

As shown in Fig. 18, when the SNR is less than 3, the average detection error of the two edge detection methods begins to
increase significantly. In contrast, the error of the centreline detection begins to increase significantly when the SNR is less
than 1.5. In general, for the capacity to resist Gaussian noise, the centreline detection and edge detection with Gaussian
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Fig. 21. The influence of different window sizes on the edge detection accuracy. (a) exposure + 0.5; (b) exposure + 1.0; (c) exposure + 2.0; (d) exposure + 3.0.
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Fig. 22. Uplift measurement of a railway catenary system by the vision-based tracking system and the laser displacement meter. Photo: Tengjiao Jiang/
NTNU.
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Fig. 23. The angle « between the imaging plane and the vertical plane.

smoothing are better than that of edge detection without Gaussian smoothing in this case. By comparing the two edge detec-
tion methods, it is shown that Gaussian smoothing is very useful for reducing the impact of noise, confirming edge detection
to be relatively robust and accurate. When SNR = 0.95, centreline detection and edge detection can still reasonably accurately
identify the contact wire, which shows the robustness of these two methods. In general, the real environment of the uplift
measurement of the contact wire is much better than the condition SNR = 0.95. Thus, centreline detection and edge detection
are competent for the most general conditions.

4.4. Different light intensities

Under different light intensities, the performances of the three subpixel detection methods are tested. An illuminated
wire, under intense sunlight, is simulated by changing the intensity gradient from top to bottom, as shown in Fig. 19.

When the ambient light changes, the brightness of the background will also change. The light intensity of the background
is simulated by adjusting the exposure compensation of a background image in an image processing software. The light
intensity has been divided into four groups, exposure compensation +0.5, +1.0, +2.0 and +3.0, as shown in Fig. 19. The wire
movement is similar to the numerical experiment in Section 4.1. The wire was moved downwards with a displacement inter-

25
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Fig. 24. Displacement obtained by the vision-based tracking system and the laser displacement meter.
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Fig. 26. Displacement differences between the vision-based tracking system and the laser displacement meter in time series.

val of 0.1 pixels, from 0 to 8.0 pixels, and a sequence of 81 images was generated and then processed separately by three
different subpixel detection methods.

Fig. 20 is the displacement comparison results. The black line is the exact displacement, and the red, blue and green lines
are the displacement results obtained by the centreline detection method and the edge detection method with and without
Gaussian smoothing, respectively. Through the comparison, it can be found that the edge detection accuracy increases when
the light intensity increases. The reason for this increase is that, as the light intensity of background increases, the intensity
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Fig. 27. Distributions of the displacement differences between the vision-based tracking system and the laser displacement meter.
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difference between the wire and the background becomes larger. The significant intensity difference is beneficial to edge
detection.

In some parts of Fig. 20, the accuracy of edge detection with Gaussian smoothing performs better than centreline detec-
tion, especially for the high light intensity. As mentioned above, the edge detection method is more suitable for the high light
intensity situations because the lower edge has an obvious intensity gradient with the background and is easier to detect.
This is why both methods have been introduced. Depending on the specific working situations, one of these two detection
methods can be selected to increase the applicability of the proposed algorithm.

As mentioned in Section 3.2.2, one of the most critical factors affecting the accuracy of edge detection is the calculation of
A and B, which are the average intensity values of the background and the contact wire, separately. Different window sizes
will also affect the calculation of A and B. Therefore, under different light intensities, the influence of window sizes on the
edge detection accuracy is tested.

Similarly, the light intensity is divided into four groups, and edge detection with and without smoothing methods are still
used to detect the contact wire from the above 81 images. However, the different window sizes, i.e., 2 rows and 3 columns, 2
rows and 5 columns, are used for the edge detection methods, separately. Finally, the displacement results are compared
with the exact displacement, and the displacement error results are obtained, as shown in Fig. 21. The large window is more
susceptible to the background intensity change under the sharp luminosity gradients. For the exposure compensation + 3.0
group, the influence of the window sizes decreases, because the background is bright, and the intensity gradient of the back-
ground decreases. Therefore, it can be concluded that for the background with sharp luminosity gradients, the window size
of 2 rows and 3 columns is recommended for the calculation of intensity values A and B.

5. Field application validation
5.1. Field uplift measurement of railway catenary systems

To test the performance of the proposed vision-based tracking system in an outdoor environment, a field uplift measure-
ment of a railway catenary system was carried out. The accuracy of the vision-based tracking system is tested by comparing
the vision-based tracking system with a laser displacement meter. In the field test, the vision-based tracking system was
mounted at a distance from the railway and measurements were carried out without contact to the catenary system. The
laser displacement meter (DME ODS200) was mounted on the support structure above the contact wire, and a laser reflect-
ing plate was mounted on the contact wire to measure the uplift. A schematic overview of the field uplift measurement is
shown in Fig. 22.

In this case, the contact wire was fixedly excited by an impulse model hammer, and then, the uplift data of the contact
wire were obtained by these two devices simultaneously with the sampling frequency of 200 Hz. A medium telephoto lens
(Sigma AF 105 mm /2.8 Macro DG 0S) was used with a focal length of 105 mm. The horizontal distance Ly between the con-
tact wire and the camera was 7.65 m, and the tilt angle o was 25.35°, measured by the laser range finder. Through the image
processing by the proposed line-tracking algorithm, the displacement of the contact wire (in pixels) is obtained. To compare

Fig. 28. Trams with the pantograph-catenary system. Photo: Tengjiao Jiang/NTNU.
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with the laser displacement meter, the displacement in pixels was converted to physical units in millimetres by using the
pinhole camera calibration model, described in [26]. Due to the continuous movement of the contact wire throughout the
whole image, the scaling factor from the pixel displacement to physical units is not constant and changes slightly. In this
case, the scaling factor depends on various parameters, including the image coordinates of the tracking point, the tilt angle
o of the camera, the focal length f of the camera lens, as well as the object distance L of the measurement point.

Due to the tilt angle «, the imaging plane usually does not coincide with the vertical plane, and there is also an angle «, as
shown in Fig. 23. Because the angle « is small and the vibration of the contact wire is mainly in the vertical direction, the
vertical displacement can be estimated as AC = AB/coso. There is only a small error between the real vertical displacement
and the estimated one, AC. AB is the displacement in the image plane. The tilt angle, 25.35°, is in the upper range that we can
accept in the field measurement.

The accuracy of the laser is approximately 0.05 mm for the measuring range 10 to 30 cm and is considered to be ground
truth for this application. Two groups of the displacement data obtained from these two devices are compared with each

Different scenes i i Identification results

I : ] . 3 B 3 . D ;

Fig. 29. Identification of contact wires. Photo: Tengjiao Jiang/NTNU.
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other in a time series. Both groups obtained data for more than 80 seconds, and the comparison results of the first 20 seconds
are shown in Fig. 24.

Fig. 25 shows that the two measurement methods correlate well, indicating that the accuracy of the tracking system is
very close to the laser displacement meter. This is also confirmed by the displacement differences between the two measure-
ment methods in time series, shown in Fig. 26, and the distributions of the displacement differences, shown in Fig. 27. Fig. 27
shows that a Gaussian distribution fits well with the data. The mean values of group 1 and 2 are 0.077 and —0.0036 mm, and
the standard deviations are 0.32 and 0.31 mm, respectively. The accuracy of the proposed vision-based tracking system is + 0.
6 mm at 95% confidence, with compensation for the tilt angle. From the application results, it can be concluded that the pro-
posed vision-based tracking system, with the line-tracking method, can successfully and accurately measure the uplift of the
railway catenary system.

5.2. Identifying the contact wire in a diverse city environment

This section demonstrates the ability of the proposed tracking algorithm to identify a contact wire in a diverse environ-
ment. Fig. 28 shows the Trondheim city tram and its pantograph-catenary system. The city environment provides challeng-
ing scenes for contact wire detection, as shown in the examples in the left column of Fig. 29. The middle column of Fig. 29
depicts obtained images at the contact wire location, and the right column shows the identification results of the contact
wire with the algorithm. The right column images also show the candidate endpoints as red dots at the left and right bound-
aries and the identified contact wire as a red line. The images with many tree branches generally have the most candidate
points, see, e.g., the bottom right image in Fig. 29. This is expected because these tree branches are similar to contact wires
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Fig. 30. Applications with more complex backgrounds. Photo: Tengjiao Jiang/NTNU.
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and are correctly identified as candidate points. However, the line search ensures that the contact wires can be found in the
noisy background. Fig. 29 shows that the contact wire is correctly identified in all example scenes.

After comparing different scenes, the background with tree branches is considered to be the most difficult case because it
induces the largest number of candidate points. To test the robustness of the algorithm, more applications with different tree
branches as backgrounds are carried out, as shown in Fig. 30. The resulting images show that the candidate points on both
boundaries increase dramatically as tree branches are identified as possible contact wire endpoints. However, again, after
line search, the algorithm has successfully identified the contact wires.

Through the identification of the contact wire in a diverse city environment, it can be concluded that the algorithm can
deal with many different types of noisy backgrounds in diverse working conditions. In all applications with different noisy
levels, the algorithm can successfully identify contact wires, which shows the robustness of the algorithm.

6. Conclusions

A portable vision-based tracking system is proposed to be applied for truly remote, non-contact and non-target uplift
measurements of a catenary system. To address the general problem, which is that the contact wire is challenging to track
without a target in front of a noisy background, a robust line-tracking technique based on a coarse subset and line search and
subpixel detection is proposed to track linear objects in front of a noisy background. Components of the vision-based track-
ing system and principles of the line-tracking technique are described in detail. Subpixel detection includes two methods,
centreline detection and edge detection. These two methods complement each other’s application scope, and one of these
two subpixel detection methods can be used according to different application environments to improve the applicability
of the whole system.

The accuracy, robustness and applicability of the vision-based tracking system are demonstrated through numerical
experiments, the field uplift measurement of the railway catenary system and the identification of the contact wire in a
diverse city environment. From the obtained results, it can be concluded that the proposed line-tracking method can suc-
cessfully track the contact wire in front of a noisy background.
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