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Abstract：In this paper, we propose a distance measurement system for automatic berthing control using a 
stereo camera mounted on a rotation control device, and a radial pattern target. Automatically controlling 
the position and attitude of a ship aims to prevent maritime accidents due to human error. Our goal is to 
measure the relative distance between a ship and an onshore or offshore target for berthing. Therefore, the 
distance should be continuously measured while tracking a fixed point on a target. To this end, we 
developed a stereo camerabased distance measurement system that satisfied these requirements. This paper 
describes the structure and principle of the measurement system. We validate the distance error for target 
incline due to the relative position and attitude between a camera and a target in miniature scale. In 
addition, the findings of an experiment in an outdoor environment demonstrate that the proposed 
measurement system has accuracy within 1 m at a range of 20-100 m which is the acceptable accuracy 
for automatic berthing.
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1. Introduction

To load or unload cargoes from wharfs or 
floating production, storage and offloading (FPSO), 
ocean vessels are berthed alongside. During the 
maneuvering and berthing process, the position and 
attitude of ocean vessels should be continuously 

adjusted for an extended period. If operators are 
required to concentrate on the maneuvering 
position and attitude of ocean vessels continuously, 
the risk of maritime accidents induced by 
psychological and physical fatigue is increased 1). 
Automatic berthing control is an approach to 
relieving operator fatigue. This is achieved by 
continuously measuring the relative distance from 
a ship to a berthing destination. Furthermore, the 
ideal measurement accuracy is within 1 m for the 
measurement range 20-100 m in outdoor 
environments.

Although the global positioning system (GPS) is 
widely used in ship navigation systems 2), the 
positional accuracy provided by GPS is generally 
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insufficient for berthing. As a precise and 
real-time GPS-based approach, Ueno has proposed 
a positioning system 3) for automatic ship berthing 
using real-time kinematic (RTK) GPS techniques. 
However, this system is not suitable for remote 
offshore facilities, since it requires GPS receivers 
that are fixed to the ground for accurate 
calibration. On the other hand, laser sensors are 
widely used as relative distance measurement 
devices for berthing aid systems 4). Laser distance 
measurement sensors, generally placed on a wharf, 
have measurement accuracy within 1 m. However, 
when a laser sensor is applied to automatic 
berthing, it may fail during continuous distance 
measurements because it is difficult to irradiate the 
same target point continuously.

In the present study, we propose a distance 
measurement system using a stereo camera 
mounted on a rotation control device and a radial 
pattern target placed on facilities or FPSO vessels. 
This would enable relative distance measurements 
while tracking a fixed point on the target. 
Through automatic and continuous measurement of 
the distance from a ship to the target, the position 
and attitude of the ship can be maneuvered.

In this paper, we describe the structure and 
measurement principle of the proposed system. To 
validate the robustness of the measurement system 
against target deformations due to the relative 
attitude between the camera and target, we 
experimented in a miniature and indoor 
environment. In addition, experimental results in 
an outdoor environment demonstrate that the 
proposed system has accuracy within 1 m for a 
measurement range of 20-100 m.

2. Distance Measurement System

2.1 System Overview
An overview of the distance measurement 

system is shown in Fig. 1. This measurement 
system consists of a stereo camera mounted on a 
rotation control device, and a specific target. By 
detecting the same point on a target in each 
camera image, the distance to the target can be 
measured by employing the triangulation method. 
The rotation control device rotates the cameras 
along its pan and tilt axes to track the target. The 
target has a type of radial pattern that can be 
robustly detected against scale transition, which 
could occur due to the relative distance to the 
target. To address this issue, our measurement 
system has the capability of measuring the relative 
distance between the stereo camera and the target 
while tracking a fixed point.

Fig. 1 Overview of distance measurement system 
using a stereo camera mounted on a 
rotation control device.

Fig. 2 shows a flowchart of this distance 
measurement system. The target in each input 
image of the stereo camera is detected by template 
matching. In this process, the system selects the 
most similar template image from a database of 
pre-recorded deformed target images. This is to 
accurately detect the position of the deformed 
target depending on the relative position between 
each camera and the target. As shown in Fig. 1, 
the target position in each camera image is related 
to finding the angle relative to the optical axis of 
each camera. The distance to the target is 
calculated based on the obtained angles and the 
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baseline length between the cameras. In addition, 
the rotation control device turns the stereo camera 
toward the target. Through continuous tracking of 
the stereo camera toward the target, the system 
can track the target and measure the distance to 
the target simultaneously.

Fig. 2 Flowchart of distance measurement using our 
system.

2.2 Target Detection
The target position in an input image is 

detected by template matching using vector code 
correlation (VCC)5~7). VCC is a simple calculation 
method suitable for tracking a target. Furthermore, 
it has been demonstrated in previous studies that 
VCC is applicable to target detection in outdoor 
lighting conditions5~6) and bad weather7). Fig. 3 
shows the target detection procedure using the 
VCC method. The dashed square in the input 
image shows a detection window to find the given 
target image. The solid square in the detection 
window shows a 3 × 3 pixel area to generate a 
four-bit code for the gradient. As shown in the 
upper half of Fig. 3, the horizontal and vertical 
gradients for each pixel area in the detection 
window, denoted as Gh and Gv respectively, are 
obtained through horizontal and vertical filters. Gh 
and Gv are encoded into three types of gradient 
vector codes, that is 01 (positive), 00 (neutral), 
and 10 (negative). The generated vector codes of 

an input image and a target image are simply 
compared with each other by using bitwise 
exclusive-OR. For example, in Fig. 3, the number 
of ‘1’s is obtained as dissimilarity in a pixel area. 
Thus, the area with the lowest summation of 
dissimilarity is detected as the target area.

Fig. 3 Procedure of target detection using VCC.

When a target is not captured from the front 
but from an oblique angle, the target in an input 
image would be deformed. For example, a target 
is deformed based on the relative position and 
attitude of a ship, or the height difference between 
the cameras and a target position. If the captured 
shape of the target is excessively deformed, the 
detecting location would be misaligned from the 
actual target location. Accordingly, if the 
measurement was conducted using the misaligned 
location, the measurement error would be increase. 
For this reason, the closest template image match 
in the deformation database, as shown in Fig. 4, 
is selected and applied for detection. This database 
consists of 81 pre-recorded deformed target images 
that are rotated about the vertical and horizontal 
axes from -40 to +40 [deg] at 10 [deg] intervals 
relative to the front image. In addition, each 
central point of the target pattern is adjusted to 
coincide with each other. Selection of the best 
correlated target, allows a precise measurement to 
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be achieved.

Fig. 4 Pre-recorded images as a database for 
target deformation.

2.3 Distance Measurement
Fig. 5 shows the parameters of angle calculation 

for distance measurement using a target location in 
an input image. As shown in Fig. 5, the target 
location in the input image is given as coordinates 
(ut, vt) by target detection. The target location 
denotes the pixel location relative to the 
intersection of the image plane and the optical 

axis of the camera. Angle   in Fig. 5 between 
the optical axis and the target is calculated by the 
following equation:

 tan


(1) 
where su denotes the horizontal pixel size and f is 

Fig. 5 Parameters of angle calculation for distance 
measurement.

the physical focal length of the lens. We assume 
that su and f are known values in the 
measurement system.

Fig. 6 Overview of distance measurement using 
two target angles.

Fig. 6 shows an overview of the distance 

measurement using two target angles obtained from 

each camera. Here,  and  denote the obtained 

angles of the left and right cameras from equation 

(1), respectively. The distance  between the 

baseline and the target is computed from  and 

:

 tan tan


(2) 
where L denotes the baseline length. Since the 
stereo camera is rotated for tracking, the distance 
relative to the pan axis of rotation control device 
should be measured. In our system, the axis 
passes through the midpoint of the baseline. Thus, 
the distance Dm between the midpoint and a target 
is obtained, as:

 





tan  tan 

 
(3) 
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We assumed the distance Dm to be the distance 
between the measurement system and the target 
point.

2.4 Target Tracking
To continuously measure the distance, the stereo 

camera is rotated by the rotation control device 
such that the target is centrally located in the 
input image. Pan angle P of the rotation control 
device is derived from the previously mentioned 
Dm and Dz as:

 cos
  (4) 

Tilt angle T is derived from the equation (1):

 tan


(5) 
where each variable is shown in Fig. 5. Through 
tracking the center point of a target using P and 
T, the measurement system can continuously 
measure the distance.

3. EXPERIMENTS

We conducted two experiments to determine if 
the proposed system has the robustness against the 
target deformation and satisfies the required 
measurement accuracy in an actual range. These 
experiments were performed with each prototype 
system. The results show the potential of the 
proposed system for distance measurement for 
automatic berthing control.

3.1 Target Deformation Experiment
Fig. 7 shows an experimental prototype system 

in miniature scale for confirming the robustness of 
the distance measurement system under target 
deformation condition. As shown in Table 1, the 
baseline of the stereo camera is 178 mm, and the 

focal length and the resolution of each camera are 
16 mm and 640 × 480, respectively. The horizontal 

pixel size is 7.5μm. The target is placed 3000 

mm from the stereo camera at a 30-degree incline.

Fig. 7 Experimental prototype system for target 
deformation with miniature scale.

Table 1 Experimental setup of prototype system 
for miniature scale.

Baseline length 178 mm
Focal length 16 mm

Image resolution 640 × 480
Pixel size 7.5 μm

The distance between the camera and the target 
was measured while the universal stage was 
horizontally rotated at 5-degree intervals between 
0-40 degrees. The target deformation database, 
comprising the 81 pre-recorded deformed images, 
as described in the previous section, was used in 
the distance measurement procedure.

The results of the measurement accuracy 
experiment based on the target deformation are 
shown in Fig. 8. Fig. 8 shows measurement errors 
and standard deviations from 100 successive image 
frames. In each graph, the horizontal axis 
corresponds to the rotation angle of the target. In 
Fig. 8 (a), the average distance errors are plotted 
against error range. The average errors are 
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uncorrelated with angles of target. Similarly, there 
is no correlation between the standard deviations 
and the target angles as shown Fig. 8 (b). 
Therefore, this demonstrates that the system is 
able to measure the distance regardless of the 
target deformation.

(a) Measurement errors

(b) Standard deviations

Fig. 8 Results of distance measurement.

3.2 Distance Measurement Experiment
To determine if the proposed system satisfies 

the required measurement accuracy in an actual 
range and in an outdoor environment, the distance 
was measured using the other prototype system 
under the scenario shown in Fig. 9. As shown in 
Table 2, the focal length of each camera and the 
base line are 50 mm and 1540 mm, respectively. 
The other parameters are identical to the previous 
experiment. In this experiment, distance is 
measured in the range 20-100 m at 1 m intervals.

Fig. 10 shows the average distance errors and 
error ranges in 100 successive image frames. The 
vertical and horizontal axes correspond to the 

Fig. 9 Experimental prototype system for distance 
measurement in actual range.

Table 2 Experimental setup of prototype system 
for distance measurement in actual range.

Focal length 50 mm

Baseline length 1540 mm

Image resolution 640 × 480

Pixel size 7.5 μm

Fig. 10 Result of distance measurement for actual 
range.

distance error and the actual distance to the target, 
respectively. The actual distance from the midpoint 
of the baseline to the target was measured by a 
laser distance meter which has an accuracy of 1.5mm. 
The maximum distance measurement error is 0.551 
m. Hence, the proposed system has accuracy 
within 1 m for the measurement range 20-100 m 
which satisfies the required accuracy. In addition, 
each error is less than 0.62 percent relative to the 
actual distance. It should be noted that 
measurement errors are reduced closer to the 
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target. This is a suitable feature for berthing, 
because the risk of accidents would increase as a 
ship approaches a facility. In summary, these 
experimental results demonstrate that the proposed 
measurement system is an effective solution for 
automatic berthing.

4. CONCLUSION

In this paper, we proposed a distance 
measurement system using a stereo camera in the 
field of ship automation and control. We also 
described the structure and measurement principle 
of the system. Based on the findings of the scale 
experiment, we verified the system’s ability to 
measure the distance regardless of the target 
deformation. This result demonstrates its robustness 
against changes in the relative attitude and 
position between a ship and a berthing destination. 
The other experiment demonstrates that the 
proposed system has accuracy within 1 m for the 
measurement range 20-100 m. Therefore, the 
proposed distance measurement system is an 
effective solution for automatic berthing control.

In future work, we would like to evaluate the 
effectiveness of our system in detail, for example, 
measurement accuracy under adverse weather 
conditions. To validate the ship automation and 
control system presented in this paper, we would 
also like to investigate attitude measurement 
techniques of a ship using our automated system.
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