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This study proposes a camera—based relative position estimation technique for autonomous berthing of unmanned surface vehicles
(USVs). The system estimates the relative distance and bearing angle from the USV to the berth using only a single onboard camera,
Existing camera—based approaches for berth recognition have primarily relied on marker detection, which is vulnerable to light
reflection and requires costly installation and maintenance, To overcome these limitations, this study adopts a 3D detection approach
based on deep learning, A key challenge in applying deep learning is the need for large amounts of training data, which is often
expensive and time—consuming to collect, To address this issue, we employed a 3D scene reconstruction technique to generate
training data, First, images of the berth were captured using a camera mounted on a drone, Then, a 3D reconstruction of the
environment was performed using Neural Radiance Fields (NeRF), enabling the generation of multi—view images of the berth as seen from
various positions and angles from the perspective of the USV, These synthetic images were then used to train a Real—Time Monocular
3D Detection (RTM3D) model, which performs keypoint—based 3D object detection to estimate relative distance and bearing, To
validate the proposed method, we conducted experiments using a camera mounted on the USV Aragon Cat 40-02 at the berth
of Jebu Marina in Hwaseong—si, Gyeonggi—do, South Korea, The results confirm that the proposed method can successfully estimate
the relative distance and bearing angle from the USV to the berth, demonstrating its potential for reliable, marker—free autonomous
berthing.

Keywords : Unmanned surface vehicle(S2Q1AMM) Autonomous berthing(Xkg T, 3D object detection(3xF ZHX| EX|), 3D
reconstruction(3xF& A 22)) Localization(RX| =&), Markerless(H|0}#)
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Table 1 Specifications of the camera(model: Zenmuse X7)
Parameter Measurement
Sensor size 23.5 mm X 15.7 mm
Effective pixels 24 MP

Maximum video resolution 6016 X 3200
Maximum frame rate Up to 60 FPS

Gimbal control range Tillt: +40: o _1,250’ .

Pan: £300°, Roll: £20

Fig. 4 Target berth
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Table 2 Specifications of the camera (model: Ladybug5+)

Parameter Measurement

Lens 6 X 4.4 mm focal length
Megapixels 30 MP (5 MP X 6 sensors)
Resolution 2448 X 2048
Frame rate 30 FPS (JPEG Compressed)
Pixel size 3.45 um

Medium Water Level

Low Water Level

Training Data

Fig. 9 The data used for verification at each water level
and training

B =9 ZE oiXle RAKE Tl T2 ggss M5
HS X|ZE2l PSNR(Peak Signal-to—Noise Ratio), SSIM(Structural
Similarity Index Measure), LPIPS(Learned Perceptual Image
Patch Similarity) Ml X|ZE S5l M5 ASS 5%l =gt
SRR x| BX| Hik= fIx| HEt
Sh= AP(Average Precision)& &

A fIxl Y 2ok FE

NS

e
m

E—|
0x
I}
d

0
4o M0
5
OOI'
ol
R
iul
o

O 1T

Jlon
H1

> 0x M
i

or o

>
gl

N}
ﬁ_gn

ol
=
f

s 2dlo| MS HE2 AN
Satsiol Fiojalz FSe HolES HE % 223 of
z4zkle] 27} 2 Bl Ml 5

49|, M2l tlolelz Als AES 4o 2t s

[=]
HolE2| =9 3! &5 Hlo[E2] 2l Fig. 9ol LHERARACE

v}
=
@£
Py
(@]
o]
g
o}
w
fo)
[
o)
o
il
om
= &
b
O
> 0x
or
- o

4o
o
>

B2 ju oo o
A0

4.1 ground truth #%[ FS

BolAabMo| GTE Hexagon NovAtel2l CPT7(SPAN GNSS +
INS) =475 0|&3t0d #5311, HARE GT fIXIE Trimble
SPS855 RTK-GNSS =217 0[8310{ fldT HelZ FS38I
cf. FolabMo| B A= RTK ZE0M 1 cm + 1 ppm
(RMS) =Z9| Qx| MEEE 20, AIFE2| /X|E FS¢et 24|
= RTK 2=0M 2% 8 mm + 1 ppm (RMS), Z&! 15 mm + 1
ppm (RMS) =F2| x| HeITE 2= MY GNSS F=41710]
Ch FoleaM2 Fot iy ot B 7H2tE Sl ¥4k o]

JSNAK, Vol, 63, No, 3, June 2026

135



Table 3 Performance evaluation of 3D reconstruction

Metric Result

PSNR 1 2717

SSIM 1 0.83

LPIPS | 0.12
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Fig. 10 Visualization of detection results
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Table 4 RMS values for relative distance and bearing
angle at each water level and distance

} Water level
Distance - )
High Intermediate Low
Long-range 1.88m 1.95m 1.52m
relative distance
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relative distance
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relative bearing angle
Short-range 2 57° 1.67° 1.59°
relative bearing angle
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