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Abstract - Based on monocular camera, an underwater
detection and tracking system for amphibious spherical robot is
proposed to realize autonomous cruise of underwater pipelines.
Firstly, according to the imaging characteristics of underwater
image, the image of pipeline is detected by image binarization,
edge detection and Hough transform. And then, the Kalman
filter was carried out according to the edge information and the
underwater pipeline was tracked. The control scheme of the
visual system to the amphibious spherical robot was improved,
and the tracking pipe motion of the amphibious robot is
controlled by PID algorithm. Finally, we carried out some
experiments under different scenes to demonstrate the
effectiveness of the proposed underwater pipeline tracking
system, and the experimental results showed that the proposed
underwater pipeline tracking algorithm has good robustness and
real - time performance.

Index Terms - Amphibious Spherical Robot;
Inspection; Kalman Filter; PID Control; Pipeline Tracking

L.

Pipeline

INTRODUCTION

Underwater pipeline is an important part of offshore oil
and gas field development system. In the deep sea, oil
pipelines are often exposed to the seabed [1], which needs to
be checked regularly, but the marine environment is complex
and the safety of the driver is not well protected. Underwater
robots can perform many tasks in place of divers, with features
such as high security, good economy, and strong functionality.
In the process of underwater submarine pipeline inspection,
the most critical is to achieve the automatic tracking of
underwater pipelines.

The detection of underwater targets has been a hotspot in
research in recent years. An algorithm that uses color
characteristics had been proposed by S. Bazeille [2] to detect
targets. The paper [3] realized the underwater image target
detection algorithm based on the PSO and the fuzzy partition
entropy. Dynamic window detection method was adopted to
improve the accuracy and real-time performance of the
underwater robot pipeline detection system in the paper of X.
Tang [4]. An on-line system using computer vision algorithms
had been presented by Paulo Drews Jr to detect an
underwater cable-like target [5]. A nonlinear image-based
visual servo control algorithm was described for the pipeline
tracking problem by S. Krupinski [6]. C. Berger presented a
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vision-based guidance and control system for the path tracking
of autonomous underwater vehicles [7]. The linear fast
detection method based on contour information is applied to
the submarine pipeline detection robot [8]. Gaussian filtering
and image segmentation techniques are used to extract digital
images and realize the computer interpretation of the pipeline
image [9].

In this paper, an underwater pipeline tracking system for
amphibious spherical robots is designed based on vision.
According to the characteristics of underwater image, the
gray-scale image is processed first, the histogram equalization
is made using Gaussian filter to reduce noise, and threshold
segmentation algorithm is used to binarize the image. Then,
the canny operator is used to detect the edge of the pipeline in
the image and the application of the Hough transform to the
edge of the pipeline are simulated. Finally, in the subsequent
video frame, Kalman filter is used to track and feedback the
control quantity, and the motion of the spherical robot is
realized based on the improved control scheme.

The main structure of this article is as follows, the
composition of the amphibious spherical robot and the
tracking system is introduced in section 2, section 3 provides
the detection of underwater pipeline image, section 4
introduces the underwater pipeline tracking, section 5 shows
some experimental results, and finally some conclusions are
provided in section 6.

II. SYSTEM COMPOSITION

A.  Amphibious spherical robot

Fig. 1 shows the structure of amphibious spherical robot,
the upper hemisphere shell adopts a double-layer seal design,
which is equipped with electronic devices such as batteries
and controllers. The diameter of the spherical robot is 350mm,
the motion part is composed of four feet, each foot has two
degrees of freedom [10-20]. The robot experiment platform
can be carried out on the road and underwater sports and other
functions. The amphibious spherical robot can perform a
variety of tasks near the sea and beaches. With the
characteristics of flexible movement, high maneuverability
and strong adaptability to environment, the environment
detection and task execution can be realized under both water
and land conditions [21-24]. This paper is based on the



underwater pipeline tracking, only the use of spherical robot
underwater function.

Fig. 1 Amphibious spherical robot
B.  Tracking system

Underwater image
acquisition

v

Detection of underwater
pipelines

v

Tracking of underwater
pipelines

v

| Robot motion tracking

Fig. 2 Process of tracking the system

Fig. 3 The camera mounted on the robot
The tracking system consists of an image collector, a
motion controller and a spherical robot. As shown in Fig. 2, is

the process of tracking the system. The information
acquisition of the underwater pipeline image is done by
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installing the camera in front of the amphibious spherical
robot. In this system, the camera is taken with the sealing seal,
as shown in Fig. 3, the camera output resolution is 640x480 .
Due to the need for real-time processing of underwater
images, the processor requirements are relatively high, the
robot added an image processor. A separate controller is used
for the control of a spherical robot. After the image processor
completes, the motion controller of spherical robot is
controlled by the feedback of the image processor, thereby
controlling the movement of the robot.

ITII. DETECTION OF UNDERWATER PIPELINE IMAGES

The detection of underwater pipeline image includes
image gray, image filtering, histogram equalization, image
binarization, edge detection and Hough transform. Through
image processing, the boundary information of pipeline in
image can be get, thereby the detection of underwater pipeline
image could be realized. The specific process is shown in the
Fig. 4.

| Underwater pipe image |

v

| Grayscale processing |

v

| Gaussian filtering |

v

| Histogram equalization |

v

| Binarized image |

v

| Edge detection |

v

| Hough transform |

Fig. 4 Process of image detection
A. Filtering of image

The image captured by the camera is an image of color
information. Because of the large volume of color image
information, the direct processing calculation is large and the
speed is slow. Though gray images only contain brightness
information, the primary information will not lose. So this
paper uses the converted gray-scale image for processing. The
original image captured by the camera and the gray image
obtained after processing is shown in Fig. 5.

Histogram equalization of gray image is made to improve
image contrast, and to realize the image enhancement.
Because the water has a certain impact on images collected,
and underwater images collected by the camera have a lot of
noise. The underwater image needs to be filtered. There are a
lot of common filtering algorithms, this paper compares
several common and effective filtering algorithms, the results
are shown in table I. The filtering effect of various methods is
shown in Fig. 6. Considering the effect of noise reduction and
time consuming, this paper Gaussian filter is selected in this

paper.



B. Binarization of image

Because there are obvious differences in grayscale
between the tracked target and the background, and to better
identify the underwater pipeline, the image need to be
processed to binary image. Thresholding segmentation
converts a gray-scale image into a binary image where the two
levels are assigned to pixels that are below or above the
specified threshold value. Then underwater pipeline can be
identified effectively.

The key to image binarization is the selection of
threshold, the core of threshold segmentation method is the
criterion function of threshold selection. There are many
common threshold segmentation methods, considering the
characteristics of underwater pipelines, the threshold method
based on histogram region partitioning can be selected to
segment the underwater pipeline image.

In this paper, the Otsu method is used to segment the
underwater pipeline image. The Otsu method is commonly

(a) Original image

used.
(b) Gray-scale image
Fig. 5 The original image and gray-scale image
TABLE I (a) Otsu
Filtering results of various methods
Filtering method Time (s) Evaluation results r
Low pass 0.0187963 Normal
Median 0.0618361 Good .
Gaussian 0.0124468 Good
Bilateral 0.0518607 Better
1
(a) Low pass filtering (b) Median filtering

(b) The maximum entropy
Fig. 7 The segmentation effect of the two segmentation methods.
Grayscale image have L grayscale levels, that
is(0,1,---,i,---,L—1) , and grayscale image of the total number
of pixels is N=mn+n+---+n +---+n, , .The number of

image pixels with a grayscale value of i isn, , the probability
is:

(c) Gaussian filtering
Fig. 6 Filtering effect of various filtering methods

(d) Bilateral filtering
P=n/N 0
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The threshold ¢ dichotomizes the pixels into two classes
C, andC,, C,is composed of pixels between the gray value

[0,7], and C, is composed of pixels between the gray value
[#+1, L-1], then the probability of C, and C,is:

1
0-YP @
i=0
L-1
o= 5 3)
i=t+]
The average value of C, and C, is:
"\ iP
= i 4
Ho ZO o 4)
L-1 lP
=2, — ®)
! i:rz+l a,
The mean value of the whole image is:
H=O Ly + 4, (6)
@+ =1 (7)
O* =9, (tty — )" + 3 (44— )’ ®)

When 9° is the maximum value, the corresponding ¢
value is the optimal threshold [25].

Another common method is the maximum entropy
method. The threshold selection criterion of maximum entropy
method is the maximum of the total entropy value of the
background class and target class, that is, the maximum
amount of information.

The segmentation effect of consumption of the two
segmentation methods is shown in the Fig. 7, the results show
that the method chosen in this paper is more appropriate.

C. Edge detection and Hough transform of image

Fig. 8 Edge detection

The detection of pipeline images is realized by detecting
the edge of the pipeline. Since the binary image may have
holes or isolated points, the image should be corroded and
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expanded to improve the precision of edge detection. Edge
detection is the place where gray scale vary rapidly in the
image, and then the boundary of the object is identified. In this
paper, the canny operator is applied for edge detection, which
utilizing the Gaussian smooth filter convolve with the image,
and then use the first derivative to obtain the local maximum,
namely the marginal point. The results of edge detection are
shown in Fig. 8.

The underwater pipeline has obvious linear
characteristics. The Hough transform is used to deal with the
line detection of binary image, and the Hough transform is a
discrete form of linear parameter transformation. The Hough
transform is applied to fit the edge of the underwater pipeline
image, and the location information of the pipeline is obtained.
The Hough transform under general method is to map the
image to its parameter space, the computation amount and the
required memory space are relatively large. In this paper, the
Probabilistic Hough transform is taken to detect the straight
line, reduce the computational amount and the operation time.

- .

Fig. 9 Hough transform
As shown in the Fig. 9, it is linear fitting of underwater
pipeline image by Probabilistic Hough transform.

IV. TRACKING OF UNDERWATER PIPELINES

To improve the accuracy and robustness of underwater
pipeline tracking, the Kalman filter is used to track the
detected edge information. The PID control algorithm is
utilized to control the spherical robot, and the improvement
measures are put forward proposed in this paper to realize the
tracking of the underwater pipeline.

A. Target tracking based on Kalman filter

Kalman filter is a linear minimum variance estimation
algorithm for state sequences of dynamic systems, which is
characterized by high noise resistance and strong stability
[26]. The Kalman filter is updated with the status data from
the previous time and the latest measurements [27]. During the
Kalman filter tracking process, the initial assignment is
adopted, and the better tracking effect is achieved by adjusting
the parameters continuously. Because the deviation of the pipe
position of the two-frame image is not too large, the system
can trace the pipeline target in the video image sequence with
the information of the underwater pipeline.



The state vector of pipeline boundary coordinates is
X(k—1) at timek—1, and at time %, the state vector of the
pipeline boundary is:

X(k)=AX(k-1)+W(k) O]
where A the state transition matrix at time k, W(k) is the

noise of the system at time k, the noise is assumed to be
Gaussian white noise, then the covariance matrix is Q [28].

The measured value of the pipe at time £ is:
Z(k)=HX(k)+V(k) 10)
where H is the measurement matrix and V' (k) is the noise

measured at time k&, assuming that it is Gaussian white noise,
then the covariance matrix is R .

Set the status to X(k-—1) the
corresponding covariance matrix is P(k—1). The estimated

at time k-1 ,
value at time k is (11). The corresponding error covariance
matrix of X (k|k—1) is (12).
X(k|k=1)=AX(k-1) 11)
P(k |k=1)= AP(k—-1)A" +Q 12)
The Kalman Gain is (13). The state at time & is (14). The
corresponding error covariance matrix of X (k) is (15).

K,(k)=P(k|k—O)H" | (HP(k|k-DH" +R)  (13)
X(ky= Xk |k=)+K,(k)Z(k)~HR (k| k=1))  (14)
P(k)=(1- K (k)H)P(k | k1) (15)

In the iterative process, the Kalman gain is calculated,
and the resulting new state X (k) and the corresponding

error covariance matrix P(k) are taken as inputs to the next

moment.
B.  Control scheme

The key to underwater pipeline tracking is to observe the
location and direction of the pipeline relative to the current
heading of the underwater vehicle. For the tracked pipeline,
the angle between the latest part of the pipeline and the robot
heading is calculated, that is, the angle between the vertical
direction of the pipe and the image is computed on the
acquired image. To track the pipeline, it cannot rely on the
deflection angle of the pipeline, but also need to know the
distance from the robot heading direction, this paper draws a
picture of the vertical centerline of the center of the image that
collected by the camera, which can get the distance between
the newest trajectory line and the centerline of the pipeline.
Through computing the angle and distance of the pipeline
deviating from the course, the PID control algorithm is used to
control the spherical robot, and the real-time tracking of the
underwater pipeline is realized.

V.EXPERIMENTS AND EVALUATION

In order to demonstrate the effectiveness of the proposed
underwater pipeline tracking system, some experiments were
carried out in a pool of 2.87mx2.01mx1.00m. In the pipeline
tracking experiment, the depth of the spherical robot is
constant from the underwater pipeline, and the water pipe is

1394

used to simulate the underwater pipeline. The Low-speed
pipeline tracking experiment is carried out under the condition
of static flow and flowing flow respectively. The effect
diagram of the spherical robot tracking the underwater
pipeline is shown in Fig. 10.

Fig. 10 Underwater pipeline tracking experiment in the pool
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Fig. 11 Actual and ideal value of the underwater pipeline for the robot

In this paper, the actual angle and ideal value of the
underwater pipeline for a spherical robot is shown in Fig. 11.
The angle of the spherical robot moving forward is 90 degrees,
and the underwater spherical robot has a high accuracy in the
extraction and recognition of the pipeline. Due to the delay of
the movement of the spherical robot, the spherical robot will
be partially deviated in the process of pipeline tracking, but
that does not affect the implementation of underwater pipeline
tracking.

VI. CONCLUSIONS AND FUTURE WORK

This paper presents the identification and tracking
method of underwater pipelines for underwater spherical
robots. Firstly, the process of capturing underwater images



collected by the camera is described, and the underwater
image was collected by a 2D camera, the edge information of
the pipeline was detected by the image processing algorithm.
Secondly, the edge of the pipeline was tracked by the Kalman
filter and the control quantity is given to the movement
controller of the spherical robot. And then, the control of
spherical robots was achieved through the PID control
algorithm. Finally, some experiments were carried out in a
pool, and the identification and tracking of underwater
pipeline was realized. Experimental results showed that the
system has certain reliability, which can meet the engineering
requirements. Follow-up studies will consider the movement
state of the underwater robot when the pipeline is lost during
the tracking process.
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