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Abstract. In the last years, the use of Autonomous Underwater Vehicles (AUV) has been increased in the inspection of
offshore structures. This area is significant for petroleum and gas companies because they need to inspect their under-
water pipelines to prevent accidents due to corrosion and consequently fluid leaks. For an automated pipeline inspection
task with an AUV, the development of a tracking system is necessary. This paper proposes a method for the detection
and tracking of underwater pipelines with video-cameras. The proposed algorithm combines image processing tools to
estimate the orientation and position of a pipeline. These parameters are sent to the AUV control system. A real-time
simulator of the movement of an AUV is used for validating the tracking control. The results of these tests are presented
and demonstrate that this method is robust for pipeline tracking in a real submarine environment.
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1. INTRODUCTION

For an automated pipeline inspection with AUVs, the development of a tracking system is necessary. This system
has to detect the pipeline and correct the course of the vehicle in order to follow the pipeline contour during maneuvers.
For this task, algorithms have been extensively studied by many researchers. Thus, some publications show different
methods to detect and track pipelines (Goyal. D. et al., 2016), (Zhang et al., 2013), (Mitchell et al., 2014). Most of these
publications assume the detection of pipelines by video cameras and their benefits are emphasized in the work of Khan
et al. (2016). Through image processing, it is possible to estimate the pipeline position and orientation within the image
(Chen et al., 2015). Concerning the tracking control issue, few authors have proposed control strategies, such as those
ones based on the PID algorithm (Shi et al., 2017), or a nonlinear technique (Narimani et al., 2009).

This paper describes a robust method for the detection of the orientation and position of a pipeline using image
processing with a single underwater video camera. A real-time simulator of the movement of an AUV and a PID controller
are used to test the tracking algorithm. This work is presented as follows. Section 2 describes the proposed method to
detect the pipeline, section 3 presents the tracking control algorithm, section 4 shows the analysis of validation results and
section 5 presents the final conclusions and future steps of this research.

2. IMAGE PROCESSING FOR PIPELINE TRACKING

Firstly, individual frames from an RGB camera are saved as images and converted to grayscale as the color information
is not necessary and grayscale images processing is much faster than color images processing. Then, a median filter was
applied to smooth the image, and later, a Canny operator was used to find edges in the filtered image. Finally, the Hough
transform was employed to find straight lines in the processed image. A Median and a Kalman Filter were applied in
the data output to estimate the best value of the angle and position of the pipeline in the frame. In order to evaluate the
algorithm shown in this paper, some videos of a real underwater pipeline were used. The algorithm was implemented by
using in C++ Language with OpenCV library in Linux Platform. These operations are described in detail as follows.
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2.1 Image acquisition

The images were acquired from a video recorded from the seabed with 1 minute and 45 seconds of duration. This
video has a resolution of 25 frames per second, and each frame represents an image to be processed. This frame is a color
image in RGB scale and has 876x494 pixels of size. An example of this image is shown in Fig. 1.

Figure 1: Original image

2.2 Grayscale Conversion

In this step, the image was transformed from RGB color space to grayscale, as shown in Fig. 2.

2.3 Image Filter

Grayscale images are easier to be processed than the colored ones. However, this monochromatic image still shows
noise problems that could interfere with subsequent procedures. For this reason, a median filter of size 12x12 was used
to reduce the noises and preserve the information about the edges. The operation of this filter consists of running through
each element of the image and replaces each pixel with the median of its neighboring pixels. The filtered image is shown
in Fig. 3.

Figure 2: Grayscale image Figure 3: Filtered image

2.4 Edge Detection

In this step, the image was segmented to highlight the edges of the pipeline. This segmentation created a binary image
through image operators that are described as follows:

Scharr Operator

This operator uses two kernels of size 3x3 to estimate the gradient of the intensity of the image in each pixel, as
described in Eq. (1) and Eq. (2).

Gx =

 −3 0 +3
−10 0 +10
−3 0 +3

 ∗ I(x,y) (1)

Gy =

 −3 −10 −3
0 0 0

+3 +10 +3

 ∗ I(x,y) (2)
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The images produced by Gxand Gy, that represent the gradient about the axes x and y respectively, are averaged to
create a single image (Fig. 4).

Thresholding

The threshold value is used to divide the image in two intensities, white and black. In this study, the threshold value
was calculated using Otsu’s Method, Otsu (1979).

Canny Detector

This operator removes edges that are below the threshold value and analyzes if some edges are concatenated to be
considered as possible edges of the pipeline. Figure 5 shows the binary image after the application of the Canny Detector.

Figure 4: Gradient of the image by Scharr Operator Figure 5: Edges of the image

2.5 Hough Transform

In this step, the Hough Transform was used to detect straight lines in the binary image. This process was improved
using some constraints to identify which lines represent the edges of the pipeline. The main constraint was to assume just
two straight lines such as edges of the pipeline (Fig. 6). The pipelines should correspond to the maximum number of
pixels. The last constraint imposes the angle difference between those lines to be less than twenty degrees.

Figure 6: Two lines that represents the edges of the pipeline

The Hough transform defines each straight line by two parameters: an angle (θh:1,2) and a distance (ρh:1,2). Finally,
the two straight lines were averaged to achieve a single one. In this way, a unique value of angle (θh) and distance (ρh)
are produced.

2.6 Median Filter

In this step, a median filter was used to eliminate some peaks from the measurement of the angle (θh) and the distance
(ρh) previously calculated by the Hough Transform. Thus, for each frame processed, this filter calculates the median of
the last ten values of θh and ρh, and produces new values for the angle (θm) and distance (ρm).

It is important to emphasize that this filter depends on the measurement of θh and ρh. In the case of too inaccurate or
invalid measures in consecutive frames, the filter produces unsatisfactory results.

2.7 Kalman Filter

In this step, the Kalman Filter was used to improve the accuracy of θm and ρm values. Apart from using the filtered
values produced by the Median filter, this filter also uses a mathematical model (Eq. (4)) to estimate the parameters of the
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pipeline (θ and ρ) , producing more accurate results. In this way, this filter does not depend exclusively on the measure
of θm and ρm to carry out the estimation; however, to obtain a correct estimation, it is necessary to know if the measured
values of θm and ρm are valid or not. For this reason, a pre-adjustment in the input to the Kalman Filter was created
through the application of a confidence index (IC). This index uses some conditions (IC1�9) to verify if the line detected
corresponds to the pipeline.

IC =

9∑
i=1

ICi

9
(3)

• IC1 is the quantity of pixels that form the first straight line in the Hough transformation.

• IC2 is the quantity of pixels that form the second straight line in the Hough transformation.

• IC3 is the difference of the angle value (θh) between two consecutive frames before applying the median filter.

• IC4 is the difference of the distance value (ρh) between two consecutive frames before applying the median filter.

• IC5 is the difference of the filtered angle value (θm) between two consecutive frames after applying the median
filter.

• IC6 is the difference of the filtered distance value (ρm) between two consecutive frames after applying the median
filter.

• IC7 is the difference of the filtered angle value (θm) and the non-filtered angle value (θh) between two consecutive
frames.

• IC8 is the difference of the filtered distance value (ρm) and the non-filtered distance value (ρh) between two
consecutive frames.

• IC9 is the threshold value in the edge detection step.

During the image collection, the IC value was compared to the threshold value 100 in order to validate the measurement.
If the IC value is less than 100, the measure is considered invalid and the Kalman filter does not execute the update
process; in this case, the filter only executes the propagation process according to the linear model (Eq. (4)). However,
this propagation process affects the P covariance value which will increase until a valid pipeline detection measurement
is found. If the P covariance value is greater than 10, the pipeline is considered lost, and the program interrupts the
calculation of estimates. This decision prevents the vehicle follows a wrong path and runs the risks of getting lost.

Figure 7 explains how the Kalman filter Propagation and Update steps work in the proposed algorithm for estimating
vehicle position.

Figure 7: Flowchart for Kalman Filter Propagation and Update steps
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Equation 4 shows the linear model that was used in the Kalman Filter. In this equation, a variable dt is the time interval
between one frame and the subsequent one.

A =


1 0 dt 0
0 1 0 dt
0 0 1 0
0 0 0 1

 (4)

The state vector of the model is expressed in Eq. (5).

x =


θm
ρm
θ̄m
ρ̄m

 (5)

Where θm and ρm are the angle and the distance produced by the Median filter, respectively. Thus, θ̄m and ρ̄m are the
rates of change between the two consecutive values of θm and ρm. Figures 8 and 9 show the estimated angle θ and the
estimated distance ρ. These parameters are necessary for estimating the pipeline pose and posteriorly the heading AUV
reference angle to track the pipeline.

Figure 8: Angle θ value filtered by the Kalman Filter Figure 9: Distance ρ value filtered by the Kalman Filter

2.8 Estimation of the pipeline pose

The output of the Kalman filter included two parameters of the pipeline: θ and ρ, that are used to calculate the input
variables to the pipeline tracking system. In this way, a geometrical relationship is used in order to estimate the pipeline
pose as shown in Fig. 10.

Figure 10: Representation of pipeline pose
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The angleα and the distance d represent the pipeline pose and are considered the input variables to the pipeline tracking
system. The angle α is the angle between the pipeline and the vertical axis, while, the distance d is the displacement in
relation to the video frame center in the axis x. The values of α and d were shown in Fig. 11 and Fig. 12 for each frame
processed.

Figure 11: Angle α of pipeline pose Figure 12: Distance d of pipeline pose

Equations 6 and 7 show how the pipeline pose was calculated.

α = θ (6)

d =
(x1 + x2)

2
− xm (7)

where,

xm =
#pixelscols

2
(8)

x1 =
c

m
(9)

x2 =
#pixelsrows − c

m
(10)

The parameters #pixelsrows and #pixelscols are the number of rows and columns of the image, respectively. There-
fore, the values of c and m depend on θ and ρ that were calculated previously.

c =
ρ

sin θ
(11)

m =
− cos θ

sin θ
(12)

3. THE TRACKING CONTROL SYSTEM

The image processing algorithm detects the pipeline inside a video frame and estimates the angle between the pipeline
and the vertical axis and also its displacement in relation to the video frame center. These parameters are necessary for
calculating the reference of the heading angle ϕ of the AUV according to the Eq. (13).

ϕ = ϕ1 + ϕ2 (13)

The distance d and the angle α determine the desired heading of the vehicle. Both contribute to the reference heading
angle, as described by Eq. (14), and Eq (15), respectively.
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ϕ1 = abs(d) ∗ ϕmax ∗ 2

#pixelscols
(14)

ϕ2 = α (15)

The value of ϕmax depends on the angle α according to the following expression:

ϕmax =

{
α− 90 d < 0

α+ 90 d > 0
(16)

This value is sent to a PID control with the following parameters of Kp,Ki,Kd:

• Kp = 0.35

• Ki = 0

• Kd = 1.5

In this work, a simulation of the Pirajuba AUV dynamic system was used to validate the proposed algorithm. Figure 13
shows the block diagram representing the image processing system, and the AUV simulator together with the tracking
system that has been implemented in different computers that use serial communication for data exchange. The control
variable is saturated at ±20°, because of the limits of the rudder deflection. The control frequency was set to 5 Hz.
During the tracking system simulation, the ratio between the scenario size and the pixels was set to 20:1, so that 1 meter is
equivalent to 20 pixels. Only the values of yaw angle setpoint and the simulated yaw angle are exchanged between those
computer systems.

Figure 13: Diagram Block of the tracking pipeline system

4. RESULTS

Some trials have been carried out in order to verify the robustness of the detection method. Figure 14 shows four
images from different situations where the pipeline was detected. There are seaweed and stones that act as noise in all
images. In Fig. 14a, the pipeline is in a vertical position and the quantity of noise is regular. Figure 14b shows a pipeline
in a horizontal position, the noise is regular too and the image is slightly blurred on its right. In Fig. 14c, the pipeline is
farther away from the camera and the noise is a bit smaller. Finally, Figure 14d shows the pipeline more closely, the noise
is a bit smaller too.



C. A. Soto B., J. Okamoto Jr. and E. A. Barros
Estimation of the pipeline pose through of a vision system for an autonomous underwater vehicle

(a) Pipeline in a vertical position (b) Pipeline in a horizontal position

(c) Pipeline away from the camera (d) Pipeline near to the camera
Figure 14: Images of the pipeline represented by a straight line

The processing time for each frame of the video is presented in Fig. 15. In the image processing stage, the images
were processed according to this processing time. Thus, to simulate a real-time environmental, each image were processed
skipping some frames.

Figure 15: Processing time for each frame processed

The processing time is about 110 ms for each frame. The algorithm was implemented in C++ with the Open CV
Library and tested in a 2.4GHz Processor Intel i5 with Linux. An image frame from the video was used for testing the
tracking system. The simulated AUV motion was represented by rotations and translations of the original image. The
simulation of the AUV was performed in Simulink – Matlab. The result of the response of yaw of the vehicle is shown in
Fig. 16.
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Figure 16: AUV response

The image that was used to test the tracking control is shown in Fig. 17. This image is rotated and translated depending
on the AUV response; then, the tracking simulation is carried out.

Figure 17: Input image for test the tracking control system

Figures 18 and 19 show that angle and displacement converge to zero. That means the pipeline image converges to the
middle of the picture with a vertical position in the simulation of the AUV tracking control system.

Figure 18: Angle α between the vertical axis and the
pipeline image

Figure 19: Distance d between the pipeline and the
center of the image

Overall, the results indicated that there is a robust detection because the pipeline was found in different situations as
can be seen in Fig. 14. The use of the Kalman filter improves the detection considerably. Its use can be seen in different
works as Shi et al. (2017), Goyal. D. et al. (2016), Zhang et al. (2012), Asif and Rizal (2006), Ortiz et al. (2002); where
its application also obtains satisfactory results.

Concerning the processing time, Asif and Rizal (2006) obtained a processing time of 1 second, for this reason, they
recommended using the C ++ language to reduce this processing time. In this work, the algorithm was implemented using
the C++ language and the results show that the processing time is really low compared to the work of Asif and Rizal
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(2006). On the other hand, the work of Goyal. D. et al. (2016) have a processing time of 94.02 ms, however, the image
data was acquired differently. Their videos were recorded in a water tank using a simulator, while in this work a real
submarine pipeline in the bottom of the sea was used.

5. CONCLUSION

In this paper, an image processing system was developed to detect an underwater pipeline. Unlike other pipeline
detection algorithms, the results obtained in this research demonstrate the robustness of the proposed method to find the
pipeline pose with low processing time. This pipeline pose is used to calculate the desired heading angle reference of the
vehicle. This heading value is used in the AUV tracking control in real-time without the demand of other robust control
processing. In this way, the cost of developing the controller is significantly reduced because a simple control can be used
to make a fully reliable tracking system. Finally, using hardware in the loop shows that the proposed method is effective
to detect and track real underwater pipelines. A pipeline tracking simulator was developed to demonstrate the correct
performance of this algorithm. Future studies will focus on the real-time tests using an underwater vehicle for tracking a
pipeline laying on the sea bottom.
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