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195 73 B AR IR 3 1] AR ARG 70 9 3 T e
TE 11 A i AT B L R4S A 455 1 2 373 (TESDF)
NSRS I 7 S R B S S RS
JE D B A vy, AT P T O A OR KT S R A
5 i TESDF M & U PR 4 b AUV 47 X
B AT, AUV B A 0 o 2 ey i) 38
JEG, LA 3 B 00 H P IR 55 1 L) i At o
AIANTFZ S e R LRI b, 20 AR 2 B R Y

74k 45 F4 Rl TESDF 33 ) A7 BRAER DB 120 55 wT L4
o R R AL R a A A TSR . AR R RS ALK
755 0 W A PR AT RO A e B 58 AUV 19 0] 3
7 JC B A DX, DUA ff AUV 42 B it 5 14 7] 47 1
5k,

1250 1350 1450
REE/m

Bl's  FiorpaieciTY Bl 5 TESDF Hiul&
Fig. 5 The high-resolution seafloor map and the TESDF map

AN, il 6 s, 25 3] AUV fifT o # rp
A BE I A TS O O RS s iR 4, A SC
BT T R U748 | R AE $2 B 5 DT e B9 78 9 Y
Bl A BIAE B2, SR XA N AL Bl B A 4 1 L AT
RIS ST . SeAe e/ R BR R ok =
R Y AME, dh 5] A 248 5 R IR S 8 I 4
XF B A IR A AT S AR I, B S T s s
1) — SRR S A A IC | BRI D S sk
T

LB B E )

fie/ N R A kA
R
B 6 BB

Fig. 6 The illustration of perception process for dynamic obstacles

1225 SCHR [11] 1 fe /> B ER A 3%, T
DU 5 BT s A c=(C,.C 0,
A4 K — R 5 B4 BT L] 3 SC Y = 2 2 Al Ak
It &= B B Y A HEER U8 1 3
i Be,=enee], I e =[e,ee]lh
LB ITCH g = (40040000 @R HEAT ME— S HL
o s sz MRS BRI, AR SO 2 R
IR S B DA ARG T B AT MRS, T d /N B2 R Bk
PRI F e AR SR B e e vh A DU B R o LA ET R A
B it B TE PR 70 LA R Ak -5 32 S RRAE,
o U RS 32 2225 SR BR A (9 =l > 42 €] LA K%
YA ITE g, 12 SR A U6 455 A R AR Y s o
B A bR, B AL bR TR E Y = [vi,v;,v;]u&
Gk I @ = [al | RHETHARAS A A0 5
RO, AR SORE U A2 B AR 25 5 T AR Jh LR il 3
3k WA A SE HE R T 4R 9 T %5 L B DL =
lel. g/ R DYy = [ehvi.al|| b i AR A A o A

I

R ik 4y 2l Tt J

I




ZERERL G A RIS 200 N KA AUV =4k & ik pE O vk 185

91
WA R0 R R 3 o s R
Fg =1L, Hg =1L, (12)
1 - At AP[2 0
1 At AP[2
1 A2
FM =
At :
1 At
1 :
L 0 1]
(13)
Hy =[ Lys Osge ] (14)

LRI Fo e R AvfRERIE B A7 B[R] 25 K
25, BRI R S R O 22 AN 7 2%, AT L
WAL 2 B RR 2 IR . e, &
F AR 2% 8 8 I A0 U A0 S ) b o AR, T LA
15 B RS Sl R 5 ) AR R I I RS

LA, S B A3 S i 2 IR 2
55 07 SR s B MERR DT T o AR R 4 A R AL
Eeur 5 I1 LM ER KL Epaer, THFEAN [] I 220 A5 [ A
RO ALE W BE . 25, SR A 2 R Bk 5L )
A Ta] B 220 B 0540 22 () ) A S S DS o R K
e bR UEYE . BRI, B SRR T]
DA S Ay 1 B 3 00 24 1300 AR OR AR AR | 2 B LA K
B R .

22 BRLARBITHXI

BEXT 4 R A, AR SCe iR A A BRI, &
TR R AUV 32 8l 8 ) 2% n] A7 M 91 25 PRl 1 XU
4 R BRI R DT . 2R [13] )8 &, Bk
AR RS ) o L R LA A 1] 0 DL SR A S T R AR
P RN R E L IRA ARMIEE)
JRiE B —AH P AR ANEU=[u, - u,] Hl
AP A S B P K & AT = [An, - AL A B
AN)32 2y J T8 1 b 5 i 228 DU pl ok 07 A o K500 1

hy Wff U 4 SRy B AR 1 S M R ECRE M o
A B HAFR St [ B A B BA R . B4,
T RYR B AUV P AT &5 A7 76 ) BB I, A 3 A
O B A . R AES(S), kR
Bl B AP 25 R Gavg s P ST L v Fve
(I

G = (f: édz)/ At = (0, — 0] At (15)

@ir; cos Hi]/n (16)

At | 1
Tavg = (fo wcosea’t)/At =~ (

i=0

Qavg:(qe_qs)/Atv i‘avg:(re_rs)/At (17)

DL 60R1 6,43 0 S 32 sl J5 I S 1h 4G ROk
A WA A 5 AL @, B IR SR L W 45 5 g F
0,53 9 R HEFE S I (8] Ar S if mbsh 22065 17 1) A A £ 25
FE VRN f o TR0 B, R Ui A0 45 SRR 2 19 £
JEE A AT AR 45 5 32 2 J 0 AR R 25 s ol i A 3R
o i, Uamipy ARl =0(s) . (6) Al
K (7)ME—H 2

R A A, AR SCHR $% TESDF 75 45 7 25 1]
7 B 0 R R R B Ak AUV 5 5 25 o 15470 14 il i
AR, B A

R(D(e)) = a(1-(D(e)— D)/ (D, — D))" (18)

A RETR KUK BRI D(e)h 25 18] B e kb X
i) TESDF pRi £ 1L ; Dy Ay XURS PPAL B 85, (] Bsf /2
TESDF #2155 Do i 55 85, IR T 3% B H
ARV R K A i s o F & T R AR iR BOE 3K

P32 B B W R AT PR A v, B R S a2 R
FE SR ANIETE AUV AR A L R R A o B RR
i, LK M B AS 4 2 8] A BE B AKF Do 4R I
WAL, AT LIS B AUV YR E )& A E
)% AT &R ER . 205, R 4E )RR,
AT LATF R AUV o 3k B 114 J) 350 S0 JE 4

FE JRy AR s R o, S AR A 4 R A AR A
() BCA 7 JOL 6 1 7 81 q DA B 5% i 22 i) fg s )
05751 T, R F 2 W =000 S 80y i, a2k
P ] A2 2% 3 e Bt 45 28] %o 7 4 B3 2 101 I il 2R
B B ¢ = M(q,T), H AR 72 0T DL 2 2% Sk [14]
2 W R MR IE A 0. RE, B ARBUR
W ¢ Rl 8K 3 B 4 SR Al , 1535 F 10K 19 =)
TR 2 S SR B A 6, HE T DA A
S FEAT LKA F P $Us 2 JRERE0 p Ak ) B
BRI ER T AT . B, AUV = 4 i i e i 1) £
LA SR SRy S IS P A 1) B s Sk B K

LZIN <
min j IE@Ide+p » T,
c,T to pury

st. &%) =8, &7, =g,
et)=q, i=12,--,m-1
eNTy =640, i=1,2,-,m-1
T,=t—t,_,>0, i=12,---,m
GEP (1) <0, Vi€ [ty 1,] (19)

e F AR o8 B0 B p T I ) 2 D0 Ak LA £/
MR PR s €90 R e MUK T 25 k Bir &



186 B REMAE BN P L

2025 4F

BT AR & o AR 5 Y 29 B
ZMRUCE: WA A AR LR o R % 5 24
W RS GEAEL I L E S 2 LA K — A
XA IR ) B A7 2 A R A 2 30
Bl 2RO J5 i MR A2 A 2R AL, i E] R
Lysona] LU ooy TR RS BR . )T — e X
AN 45 B, s BT O AT eR K, I Bl S 20
AN TRGE Y H A e R, BE AT LUK 2 29 0L
PR U AL S DL R B 22 AR AL ]

min  J(e.T)=Ju(e.T)+ D ATue, D (20)

A FAERC19) iy i H AR ek 8 7, 0 2k
RREIRA L SOt Rk ik FRE R NCSE G L TR v
REZITLAN; A, LRI E

LT R R BOBS B2 1977 1% T AR R i 0K
figk 0 24 SRCAJE A I, LT R R 02 ] A ) B JEE A A
HAEB WA . T 50 B Z I3 i X 1o
(4 H A5 e B 2 m BB T T L A R A B
Mo R, i3, R giie S U P BUp
WA e R AR TR (20) Hr 4% H AR R
RO AT 3, IR e A X B BE AL 1 5

A o K T e LA 1) A b pe S T 903 ) 4
SEPE S PR e, HOGS 7 B B Rk SN

05,0 =2 [ Bopara @

0.,/ 8T, = ¢ B(T)B(T) ¢, +p (22)

AR 255 5 2 SRR 11 L AR BB T T DA 4

B - — 2 9 B 240 TR X 01 786 S R B0 1E

BRI REAL . 43 BRI b 24 R 1 SR R S W e 13

Ty [ 22 B I 6 SR R, SR 20 445 1 T, (80— R 5
Ko BESR At R AN R

Ni
Tuler T)=AT )" &P (Gl T, JATY)  (23)

J=0

0, _ 09, 0P, 0G. 0J. _ 0T, 0P, 0G. (24)

de, 0P, 0G, Oc,’ OT, ~ 0P, 3G, 0T,

N; 3
0G./d¢;= )" > (BYGAT)(0G/08) (25

j=0 k=0

3

N,
0G./0T,= ) ) (&5 (0G/0&)(i/N)  (26)

=0 k=0

~

A @2k T BB B SR FALEE ; BOGAT)FI
&l P = JAT IS 2, By Rl e ) k B 50
T RS, AT LA AUV =4k i S s

3 0 % ) 14 % A 25 249 SRR HL o IO B R AT
B o TS B L SR AT R Y pR (B
(] AH EL 0 57, 10 H AR R RSO RE 2% 24 9 pR B (ELAY
IR . it — A 3, IR e 5 LAy BB
W5 AN HCREE KU

%8 AUV 1EF- ¥ T5 [0 b 118 3 5 3 1 2 24
W FHRE BN A ORI R A AT

Gv(&)) = ”&,”i -V2 <0 VYje[0,N]

max

. R o . 27
Ga&:) = |8, - Ah <O Vj€[0.N]

agv/aéi,j = 23;‘,,',

Y, Vi Fl Ao 73 5 R AR 38 AUV 52 B 5B Al
AT 55 5 2R TR 114 e Ak R e R i

XoF T e 5% 7 1, K e KA A BN O, I 57
S50 B o ORF A0 R O A0 1) 5 K B T G P P o
R4 AUV 3l J1 2 7 82, ¥ 6l 1 50 7 Fl 7y 5 T 2F
B B SF- 7 SR IE L, PR IR o o R R A B
R 5 el S 1 Bh A 1 A g, M iy o BT DLZA
AUV T 77 1n] b AN S5 o B BT

8QA/8[‘},-J = 2(‘5;,:]' (28)

Gol&i)) =0,,= 62, <O Vje0,N]
G618 =q;—dnux <O Vj€[O,N]
G&j, &) =1~ Ty <O Vje[O,N] (29)
Gl 8 €i) =4, —qn <0 VYje[O,N]
G 8,8 =i, —R <0 Vje[0O,N]

9 = (“q(“‘?u”z/ Vnzm) +1 —uq)qmax (30)

agg/ 35},—,]- = 29,'9!' . (69,1/ aé,‘,-,j) (31)
0G, —94 0, _ A Granéi ”811“2 +1-p,| 32)
aéiaj G aéfa]' Vr%lax Vr%lax Ha

K p, € 0, 1) HAE RELG 7, X (30) K UERA
g, MRt g g . W, 20(29) i H A
YIRS (3 1) Ml (32) ki S, =
Ja, IR (5) ~K (D AT LA, g i, $ 3
K FmER Sl g M, . W&, Eika(30)~
3 (32) (AT T 45 35 AT LA Py 249 SRR R R H S 8
BT 7 , il (29) v 45 T0AS 45 5 24 o B HLdE 3 m)
P AEAT R

% 8k e e A, X R AUV BB
AR IR, 3o F P~ M A SR AT # S I8 A 7 PR I
AT B RN T i R, AR Sk R R L A
K —HAE BT P ={p, - P I HE 1
=YL, E T s . Hob, LT p i ], BT
PLZS Rl AUV 32 81 2 (] 407 B A8 A i 22 38 5



513

ZERERL G A RIS 200 N KA AUV =4k & ik pE O vk 187

AUV R

7 AUV (MEURE
Fig. 7 The convex hull of the AUV

() = Ju(6)q + (1) Vke[l,e] (33)

X g M TS p AEF2 L BIAL B AR Ju(&(0) 5
A (8) A AL R i B 2R, iRk
CueCoea)  ~Suem)  Cyew) Soen)

Syen)Coew)  Cuem)  Syen)SaeEm) (34)
—Soe) 0 Coe)

AR T3S 3l 390 s w] A U s o B R
g R HIE P, RT DU T T AUV R 3 i 1 4
22 el i dy XS, M i B A e n] L 2%
SCHK [15)0 TR — R FNE S ™ 2 TP T4 A

S:OP;”zLUﬂ%,, (35)

H,={pe RSIaﬂp < by} (36)

R m 2 2 AR B PIRRE B
Z2 15 LT N A 22 A, s S A R T
B, L 5 1A 2 s g L Moy ay € REA
by € Ry B 225 18] (14 35 o) i AW B 2 o
SRR KT AUV 4 B b s 22 M, 76 Hi AT
SRR T ELIEP()CS. T— BT, 5 i BE#L

Ju (&) =

I N A TS AR A PN S EPHIN . N

£ X I I B TR AR 5 5 2 A5 TR G, 30 R 22 8] 1)
WHA MEEE X AD,, Rk

D;, = maX{Di,l,z"",Di,k,h‘ : 'aDi,e,l} 37

Dy, = azl [Ju(&i ;) g +&;(O] - Dy (38)

HAFAE AL TR T 2 [ AR ER I, Dyl
o T Koy, A IEAIC N Dy o P, KT
AUV 2 5y ik FE 21 G vl USRAT 2 h

Gs(8:),6i)) = ZDLI* <0 Vje[0,N] (39)
=1
Aorpe sy D B A Y 2 28 BHCAE Hope o
X IO 18 249 RO T R AR R

+
S

0Gs/06:;= ) air (40)

=1

+
S;

0Gs/ 08, = Z(a I:a;'l:[*r (Ju(é‘i,j)lIk)]/ 83,—,,-) (41)

1% AUV S SRR A 4 52 v, bk
A AT DL B Bl AR S B, X T AEAE
ZAFE BN BRI O, 5 B R 45 5 B FL 0 B
BT B b s A R A B 0 /M
R ERAATC 2R B(r), % b R B =

B0 ={J(@Ry+e;0 | Iy, <1} (42)

A 1 : R =Diagle,, ey, e} 5 M B = 4h 2 12 506 [
y e RAEMERSHUL 10 5 J.(9) 2 H F bR
e B AE AT LA RS, 5 3 (8) TE U AR — 2,

FIWT AUV & 15 5 5 3l B it ) & A il 4 5 2
I = 4™ A R BR R G 07 A5 B . % IEEIf
FEl AUV B ™ 6 T 057 5 806 3k A =2 [0 5 /DN B S A9 31
SV K B AR 2k Ak 1) B, AN AF e ] 500 R AT
fiff, 3K KT S SR b B SR Bk K . R R D 1)
R, 2R SCR A B BR AR 04 5 — h B8 0k B ot filf
R . A S e 0 I = 2 AL TS S A
W ER A B(r) 2Z 18] 19 9 — 1k B 88 1 o SO Z3, 35T
AR

Z = min{Zi,ls'",Zi,ks"'sZi,e} (43)

Zi,k = |

JADR) (1&g + 8-y GAT))|, - (44)

HAFAE M R T L T ER IR N BRI, Z < 1
N1 K, B RAEIL A Z-, 5 Z A0 B TR A
WEVEq. o I, KA AUV 3l 2 [ 1 42 5 2%
M 2 SR H A B2 T LA g A 4 A

G:/e)=1-2-<0 Vje[0,N] (45)

agz/ 88,;]« = 8|

TR &,/ 08, (46)

0G2/ &, = O||JU@R) " Ju(& g |,/ 08,  (47)

Lf LR IR, AN e TR AUV B R
P PR | iz Bhen 5 B A AT R DL R S A
B 4 B 22 VR AR N IR 2 22 00 F AR S 20 R0 il
Pl el A, IR BEAT 1 A% 1 X IR JEE A4 4 B 1Y
TRA R S HE S . =k, 20(20) W 2 B HE K i 19
FEARSAM . ZJ, nT UGS B BUA B R R kil
A AR 2R TSR A SR AR U T A AR A
[ ALY e DAL




188 B REMAE BN P L

2025 4F

2.3 fRlEE EHIFERER

H1 T AUV KK 8l DL AR B /N AR A 55 5 1R 52
Wi, B TR R K LA A bR AR T B BR SR A L
sd(B I WXE o 32 3CHR [8] 7 %, AR SO JRL iR 1]
R4 D R BR A bR 2T B S0 B R A R, A
PRAZHANIEL 8 B 7R, Bi 2% (5 5 SRR R 5 R &
LU

&4(t) = S = ST = [ (), 67 (), i (D] (48)

S W), B0, w5 I F R Bk A BR R R
f 1 B B RS 25 40, b0 emo 27 A 19 (1945
Hols IE 3L B (EMO) . %48 12 0 TR IE 4 R %
BB Semoit | {3 A% 2 ,(0) = llsa(t) — s(o), L fE
WL HOE R E R

K8 AbrAs R el

Fig. 8 The illustration of coordinate transformation

3 BREZBRER

31 LWREBESHIEE

Shy 6 TE i M 0 Ak R Ok A ok, e
T ROS Hl UWSim H & (1 & A& B0 57 & L 1T
AR, S8 Fr A KB AUV K 13.96 m, B 45 2 m,
IE% 1E7S H B Y 5 928 324 5 Bl 1 F R R
FrenbRiil . BLah, 237 AUV Sk Y i 0l = 4
2 R IS 5UBE B 5 Coda Octopus Products £
B2 ] (1 S B i A AR — 20, Horp s S R
0.5~ 150 m, JF £ {1 Hl 2 102°%51°, {5 o a] #E
0.80°x0.40°, 5L 56 I FH 9 7K T A 1 45 #4) 1k 3kt ok
IEENE 9 fros . EAh, & R LS5 1 K R PR B
TR AL T WA LA A ST B AT R K TN AAT R
VE R shetis s, o B 4 BIpkise ok 2.5 12 m/s.
Shy 6 AL B A RO T B, IR A Y
SRASTR) A e 0k B 2 56, Py AUV B K3 43
Bk B R 6.0 A1 7.0 m/s. P AL 5Bk RS S5
AUV S5 K B 91 R 1.0 ms, IR0 £ % PR 6l
TE 0.4 rad LA o AUV fF A0 R0 AT A 38 52 4 5310

PR #E 0.08 i1 0.12 rads, Jg A ff i o FE 0k i
4 0.1 F10.15 rad/s’,

1023 m

@
Q iy

@

Ko wmfRESEEIK TR

Fig.9 Underwater environment for simulation
32 K2k S E s

& 10 A 11 s, 7P AL 29 O T
) e A S B v, AUV R B 3R TR TR UK
T 3h A B ) I K e 2 H AR, TR 43 i 4
£F 6.0 F1 7.0 m/s B[] o B . AT R 2%k
T YN P = KR R T 0K AUV R FE KO
T 5 T LI, T AR SCRT 4 00 = 4 okt R
fifi AUV BB W% A 250 28 B 3E 45 44 b 1Y = 48 15 JiK b
T, [R) B A 4l 7 i A% g 1 I8 ok 2 A 3 O 3l
T Bl AR IZ SIPIR A, 52 IR 0 i Fe IR 1 3k

UL Ah, AUV 75 ikt B ok A8 rh ™ 4% 257 2 o0 4
W Hob, i 10 I 1A, AUV B i 7S ke
Wede AR B B . X TFE eS8
SRl AT ML, WA 12 FE 13 s, AUV R
A AR A A AR T SR AR 0.4 rad 1N A 14
FEL 1S Fron, AUV I B 30 55050 50l 24 35 £ Tl i
HE 6.0 f17.0m/s b, HICHTF s 5 A #E 2
JE1] P — 3501 BB S 45 1 T A Al 58 B M 24 T T {1
W AL AL B & B . B, W 1R 2 BF

10 KCPHBGIRIR s RS (1) 45 2R

Fig. 10 Results of long-range seafloor terrain high-speed crossing

experiment (1)



513

ZERERL G A RIS 200 N KA AUV =4k & ik pE O vk 189

S = N W R N
T/ (mes™)

BT KRR B R o el s 0 (2) 5 2R
Fig. 11 Results of long-range seafloor terrain high-speed crossing
experiment (2)

BN R T R R B BT AR P AUV 02 Bl
5530 Jy AR E n] i A SR B A A Tl AT
AT

PP ZH 3 2 TROAS [] ) 0 B S 38 ik — 2 B iR T
ASSCHTHE B AUV = 4 g 80 ikE [ 07 32 19 A 881k
&M TESEBRR T, T LD R R AR,
VLIRS ST 150 26 B A PR A R JE Al A 55 7oK

i £ /rad
L4
N O N

80 100 120 140 160
I 1] /s
B2 @ fRIECSERR (D AUV fiEI
Fig. 12 Pitch angles of the AUV in experiment (1)

0 20 40 60

oo
~

I
Q

i

i ff frad
L4
N O N

0 20 40 60 80 100 120 140
Fifal/s

K13 @RISR (2) AUV iEI F
Fig. 13 Pitch angles of the AUV in experiment (2)

[SRN SN
T T
I
=
<
=
d

HE/(m-s™)

0 20 40 60 80 100 120 140 160
i Il/s

B4 mfRFESEIR (1D AUV EEZ

Fig. 14 Speed profiles of the AUV in experiment (1)

/ —u v w =V,

norm \

DO BN
T—T—T—T

HEE/(m-s™)

0 20 40 60 80 100 120 140
s ) /s

Bl 15 s fRECSEE(2) AUV Jd R TH

Fig. 15 Speed profiles of the AUV in experiment (2)

®1 XROEHZEHNEREE
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High-speed 3D obstacle avoidance method for large-scale
AUVs under limited field of view and multiple constraints

LI Xianghong, YU Lin, SU Jing, QIAO Lei
School of Ocean and Civil Engineering, Shanghai Jiao Tong University, Shanghai 200240, China

Abstract: [ Objectives | Considering that existing research on autonomous underwater vehicle (AUV)
obstacle avoidance mainly focuses on low-speed obstacle avoidance for small and medium-sized AUVs and
overly simplifies the diverse constraints within and outside the system, a real-time three-dimensional high-
speed obstacle avoidance method for large AUVs is proposed. [ Methods ] The method integrates perception,
planning, and control modules, enabling large-scale, high-speed, underactuated AUVs to navigate safely and
efficiently through the unknown and unstructured ocean floor. First, a robocentric dual-resolution seafloor map
is constructed to balance perception accuracy with computational efficiency. Next, a dynamic perception
framework incorporating filters and feature extraction and matching is designed to achieve the motion predic-
tion of unknown moving obstacles. Subsequently, global risk-aware path searching and local spatial-temporal
trajectory optimization are introduced to generate an aggressive trajectory that satisfies multiple constraints.
Finally, a spherical-coordinate feedback controller is employed for trajectory tracking. [ Results ] In high-
fidelity experiments involving long-range seabed traversal, a 13.96-meter-long AUV flexibly avoids dynamic
and static obstacles while adhering to the constraints, maintaining a predefined speed of 6.0 m/s.

[ Conclusions ] The proposed approach enables the large-scale high-speed AUV to navigate agilely and
avoid obstacles safely under limited field of view and multiple constraints, enhancing its operation capabilities.
motion planning; limited field of

Key words: autonomous underwater vehicles; collision avoidance;

view; dynamic and static obstacle perception; maneuverability
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