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Abstract: After performing long-duration ocean exploration and other operational tasks, autonomous underwater vehi-
cles (AUV) must return to a recovery station for energy replenishment and data transmission. During the AUV’s terminal re-
covery phase, the positioning accuracy and speed of its positioning system directly influence the success rate of AUV guid-

ance. Among current guidance technologies, acoustic guidance methods offer long operating ranges but their positioning ac-
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curacy struggles to meet close-range docking requirements; while vision-based guidance methods offer higher accuracy,
they are susceptible to interference from external environmental factors such as water turbidity and light scattering. Further-
more, such methods involve complex image feature extraction and matrix operations, placing higher demands on the com-
puting power and power consumption of the computational platform carried by the AUV. Addressing the issues of limited
AUV computing power, poor real-time performance of traditional visual methods, and high computational load, this paper
proposes a hardware-software integrated lightweight high-speed optical positioning scheme. This study constructs an AUV
guidance model based on a multi-quadrant photoelectric detector. In terms of hardware, this scheme uses an 8 X 8 array
multi-quadrant area detector mounted on the front of the AUV as the signal receiver, with a group of three light-emitting di-
ode (LED) guidance lights arranged in an equilateral triangle deployed at the front of the recovery station as the signal trans-
mitter. The detector calculates the incident deviation angles of the three optical signals by measuring the centroid position of
the incident light spots, avoiding the massive image matrix calculations of traditional visual systems. In the mathematical
model, this paper establishes the mapping relationship from angular deviation information to relative spatial coordinates.
Considering that the AUV’s roll angle is constrained during the structural design phase, information regarding the roll angle
is removed from this model, effectively reducing positioning accuracy degradation caused by attitude measurement errors
and enhancing system robustness. Addressing the non-linear solving problem in space, this paper introduces an improved
particle swarm optimization (PSO) algorithm, using the sum of errors between the predicted deviation angles and the actual
measured deviation angles as the loss function, achieving rapid estimation of the AUV ’s relative pose. To verify the perfor-
mance of this algorithm, this paper conducted physical simulations and sea trial validations. First, based on a physical mod-
el, a simulation dataset containing 100 000 sets of different data was generated, covering different distance and attitude in-
formation within O m to 20 m. Subsequently, the algorithm was deployed on the low-power edge computing platform Jetson
Orin NX for actual testing. Experimental results show that in terms of speed, the system can stably solve for the AUV’s
pose information at a frequency of 192 Hz; in terms of accuracy, within the terminal guidance distance of 0.6 m to 2 m, the
average positioning error of this algorithm is only 7.81 mm; within the medium-to-long guidance distance of 2 m to 20 m, the
average positioning error is 159.90 mm. Furthermore, in sea trial experiments based on a remotely operated vehicle (ROV),
this paper used global positioning system (GPS) data as the ground truth benchmark. After deducting hardware baseline er-
rors, the accuracy level of the simulation experiments was maintained, further illustrating the robustness and efficiency of
the algorithm in a real underwater environment. Compared with existing vision-based guidance methods, this method dem-
onstrates specific advantages in computational load and power consumption while ensuring millimeter-level guidance posi-
tioning accuracy: the floating-point operations for a single solution of this algorithm are reduced to 1 million floating-point
operations per second (MFLOPs), a decrease of 2 to 3 orders of magnitude compared to other methods listed in the paper,
and the operating power consumption on the Jetson Orin NX is only about 10 W. This research further alleviates the contra-
diction between the requirements for high accuracy, high speed, and low computing power in the underwater terminal guid-
ance of AUVs, providing a new approach for the efficient autonomous docking of edge-type underwater robots.

Keywords: optical guidance; AUV docking; multi-quardant photoelectric detection; particle swarm optimization al-
gorithm; lightweight; edge computing
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Table 1  Experimental results comparing the solution methods at

different distances

LBIERPS 152 A R 2 /mm FRUEZE/mm
ZE(°) |0.6~2m| 2~5m | 5~20m | 0.6~2m | 2~5m | 5~20m
0.10 | 7.83 | 19.10 | 188.12 | 9.03 | 14.66 | 204.06
0.05 | 750 | 1339 | 9579 | 9.58 | 11.01 | 108.05
0.01 7.22 9.78 | 2496 | 945 | 1043 | 52.67

Sk HE— 25 WA BT AR SO HH SR ) S A 1% 25 B
HE B A R AL BFSE T R R A 1R 22 25 1F R /e L iR
2 bifi 5 o7 BB B A AR AL LA, B S TR o AT LA
XFF 0.01°,0.05°,0.1° =41 £ 2 2=, I A 158 25 1N 7
PR 2B . A2 TR TUAYIE I, 76 22 42 PR T 6 0
A AR 22 0.1 M A5 T L 2 AUV A T [k 3 B
B9 (5~20 m) &b, A SCHRE R R VE 0 B iR 25
188.12 mm , BEA% i J 328 1 5 490 52 3 75 2K, -8 52 Rl
7 1] 5 AE 3 (2~5 m) B B AL B 7 3 2 A 1R 2 A
19.10 mm, BEAE £ IE AUV LA flf 45 #E 3R 7 Fa 3 A [m]
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Figure 5 Simulation results of positioning accuracy using the particle

swarm optimization algorithm
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Figure 6 Simulation results of the continuous trajectory
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Table 2 Experimental results of different comparative solution methods

Bk SR E AR 25 /mm K /ms
BREAPUR K Bk 1250.64 1199.10
UL RS 7083.38 208.50
LYGHEEERGS 2559.07 135.60
KT R (RSO ) 144.70 2.20

RAERSCHER LI R Bk A T mHEBE CPU
(i7-14700HX) , (H 3L 1Y m OMEAR B T3 2 2
BERIREAR o A% GE WA o 5 5 | 7 125 75 Ak 318 4 B R 1]
1G5 BE CRA TR 5 3 % 10° B) , ¥5 S K i 8 B FRAE
PRPGEH . MHHZN A S5 AR A B 22 5 BRI
s 0 /D T R A R ROHE (PRLUEOHE B2 <100 B)
Bl Ak AR T 3~ B, BRI R A
BAL VA BALUK i B8 0 T #3385 it (FLoating-point Opera-
tions Per second, FLOPs)Z1°/ 1 x 10°, & T 28 T 7%
A B A S B B R B T AR AR ik
AN % B 4 Jetson Orin NX #4703, I 5 B2
AWM S5l kAT, k3 s o K
Geekbench 5 A3 Ja B 4 FE, % 90 3 5 1k 8 AT )
ThinkPad P52s 2 1100 43, 1fij #1 2 7134 K Jetson Orin
NX 1) B A% P43 R 815 43, M 5 Ab T [al — PEfig ik ¢ B
Jetson Orin NX P4 GEAH X B 55

R TR D UE WA SR S S TR S RS B A
R DIFE L ds B T A, SEE e H T A
IR AR R e bR L1 A R 22 e /N A
PrAVE (SCHk[36 ) SA I AL AT X . 22
A7 K BE 5 T, AR R € 67 BB 25 T (<1.1 m) fifi H] Jetson
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Table 3 Comparison with vision-guidance and optical-guidance algorithms

YE# JEE | BEE/m | HER K /ms BRLEETY HErE %ﬁ ,,%M%ﬁ Sk
IFE/W | #52R/MFLOPs
Zhang et al. | fA5E <11 13.6 SEEENLDEZE: 6.680 mm ThinkPad P52s 65 50 SCHR[36]
Myint er al. | F5E <1.0 33.0 S ENRZE: 20 mm i7-3770 77 1 000 SCHik[37]
Zhao et al. | f5E <1.1 372.0 SR E LR 2 188 mm i7-1165G7 28 50 SCHk[38]
Liuetal. | #5E <4.0 170.0 SR ER2: 9.818 mm | Intrl Xeon 3.60 GHz CPU 300 50 SCHRI39]
Anetal. | f5E — 45.0 HERR: 97.5% NVIDIA Jetson Xavier NX 15 2 000 3CHik[40]
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K £E It A1 H0HE OF 0 GE 58 ik R BR L R R SR R R T

P, —P N 05, FHALKAE PO-PO K 11,755 ROVIAZITR -6, B RESHMES . Hh
PORG BE A EE LR B T AR P TAAR R B AE B, ROV 8 o NI 254 2% T
R4 HEERLER
Table 4  Ablation study results

ik e BRI 2% /mm FRfEZE /mm
0.6~2 m 2~5m 5~20m 0.6~2m 2~5m 5~20m
FARBEAE w, 2.1(—) 21.32(1) 46.33(1) | 301.55(1) 30.21( 1) 90.53(1) | 368.52(1)
KA RGN EP, -P" 2.5(—) 1047(1) 18.80(—) 188.71(—) 11.49( 1) 14.02(—) | 206.71(1)
EREHAL BT PO~ PO 2.4(—) 139.16(1) | 313.99(1) | 845.52(1) 74.17(1) 202.22(1) | 437.19(1)
Ak FCH N Z 300 4.1(1) 447(1]) 16.07( 1) 186.71( 1) 5.10(1) 13.33(1) 201.97( )
B RIEARRKEL T E 10 13(1) 3043(1) 3586(1) | 197.63(1) | 24.05(1) 21.98(1) | 213.98(1)
H IR REARKELT £ 40 5.6(1) 2.21(1) 14.12(1) 186.45( ) 2.07(1) 13.10( 1) 202.56( 1)
MG | V0 & 1.0 2.4(—) 7.89(—) 19.03(—) 187.93(—) 9.35(—) 14.62(—) 203.64(—)
ARICT5 vk 1.8 7.83 19.10 188.12 9.03 14.66 204.06
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Figure 7 Deployment during the AUV sea trials

(f) )31 s
(f) On-site photo of docking

FEME R B TE L FE rp o SR s T TP A I OE — B
HEF B S 5T 4, AP AR nT R e 2EF 5 . 20,
W5 22 G PR 1 B PR N 1 2 25 8 ROV RSB, JF 18 2 Wil 1k
5K GPS [ 2 T H TS, JF 8 £ ROV 7 iz 3 i 72
o GPS R A T /K 1 DAL, [F 26 3R B ROV v 15 B, .
o S| S ok B, ROV e B8 1% 9038 38 45 5 i
SHTA, 2% Wi P g LRI R S DO E S
Ie4 O A A5 S, SR R RS A B AR B O
55 GPS 45 1 47 B AT DD o 3R 2 R e SR
LT A L GPS Ak b R 5 A 3060 8, I 52 A v] Ak

G IRAT SR Ja S 00 R AR SR AR T S O
BETHE,
®5 EHBHIER

Table 5 Hardware parameter information

A S8
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LED $514T i 7K 3 000 m
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KR 2 3~4 cm
GPS IR 1~2 cm
B84V
MBI R/ 8 % 8
M 2E: < 0.1°
M o, A —EPE: < 10%

25 B IHT PRI £ TR 25,56V
AR 3 W
HEhaEE: 6
i 13 kg
ROV FeRHET): 3 kN

JN5F: 470 mm x 350 mm X 260 mm
HE TR : 300 m
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Figure 8 Sea-trial positioning results
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