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Intelligent collision avoidance decision-making and trajectory tracking
control for USVs in congested waters

TAO Yi-han, DU Jia-lu'
(School of Marine Electrical Engineering, Dalian Maritime University, Dalian 116026, China)

Abstract: When an unmanned surface vehicle (USV) navigates autonomously in congested waters, a large number of
other vessels and static obstacles, ocean environment disturbances, and USV uncertain dynamics exacerbate USV collision
risks (CRs). Therefore, a USV intelligent collision avoidance (COLAV) decision-making and trajectory tracking control
scheme is designed. Firstly, the congestion degree are assessed according to the numbers of other vessels and static
obstacles in USV sailing waters, which are introduced into an existing CR index assessment function, such that the CRs
of the USV in congested waters are assessed reasonably. Then, a bidirectional long short-term memory neural network
(NN) is established to estimate the USV trajectory prediction errors in a future finite time domain based on the USV
motion mathematical model nominal parameters, according to input sequences consisting of the USV trajectory tracking
control signals and the passed trajectory in a past finite time domain. The NN’s weights are updated online, such that
the estimated USV trajectory prediction errors can be used to correct the USV trajectory prediction errors caused by
ocean environment disturbances and USV uncertain dynamics, implementing the USV intelligent trajectory prediction
with self-learning ability. Finally, based on the idea of model predictive control, we obtain the desired trajectory and
control signals for USV COLAV maneuvers by solving the optimization problem whose objective is to minimize the
USV remaining sailing distance and CR, constrained by the USV dynamics and the safe distances from the USV to
other vessels and static obstacles. Simulation and simulation comparison results show that under the proposed intelligent
COLAV decision-making and trajectory tracking control scheme, the USV actual sailing distance of its autonomous
navigation is shorter and the CR of the USV is lower.

Keywords: unmanned surface vehicle; collision avoidance decision-making; trajectory tracking control; long short-term

memory neural network; collision risk index; model predictive control
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e, FE H a0 dk ) CRIVEARS bR 2K

fe(@n(k), Moen(k)) = 2¢. exp(_(a2 + bz))a (24a)
2A$§7n(k‘)
(14 s(2Az¢ (k) Ry + (1 — s(2Az¢ (k) Rs’
(24b)

b=
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2Aye,n (k) Hf Ag(K) Ng(K) Mt, + KT 3t 78L&
(1+ s(2Aye n (k) Rs + (1 — 5(2Aye n(K))) R, 2 Hial(25b) Al
(24¢) Ag(F) =
Ry = (1+ 1.34y/k3p + 0.5kpr) Lpe, (24d) Aen rac(K)en,mac(K) + Aey coiay (K ) €n cotav (K)+
Aey, gpsay (K €nabsav (), 27)

Ra = (1 + 0.67\/ kiD + 0~5kDT)LBP7 (246)
R

= (0.2 + kpr) Lgp, (241)

Horb: (Aze n(k), Aye n (k) Nt, + kT H S A 253
REAATE USV &AL bR R NI E, Lep JUSV MK,

0.359 11g(U)+0.095 2 0.54411g(U)—0.079 5
kap =10 g(U)+ kpr = 10 g(U) ,

U JUSV FiiE.
2.3 EFMPCHIUSV EERR R SHIE IR ERIEH] 75
=it

step 1: ¥itt,, I MPC ZE TN 5, (¢, ¢,, + T},] Y
1 H br & B

V(te, T,) = g(K) + ZK: o(k), (25a)
k=1
9(K) = el (K)e, (K), (25b)
U(k) = e, (k)Qen(k), (25¢)
enmac(k)
ea(k) = | encom(k) | (25d)
€, obsav(K)
enmac(k) = | Pa(k) = Paal), (25¢)
fe(@n(k),my1.0(K))
o) fc<wn<k>,znb,2,n<k)) s
Je(®n (k) Mo 1070 (K))
exp(do1 — dsate)
ety = | o2~ ) (259)

exp(do ks — dsate)
Hrp: P, (k) R Py, 539N t, + KT B USV (4L E 1)
BMERER T AL E R B d, e, + KT USY
5%44\%#‘5%@%%&5%;@ = diag(qi1, g22,933)
7'\372%(%5]@43, q11~ 422 A 433 NS ﬁaz?jﬁ, Q(K) =
0;¢(k) > 0,e,(k) = OFF, USVEIAL i, HXH S
JFL At S R S B A A A 4 11 XU
BIR3 Ht, + KT <t <t,+ (K+1)TH, %
SIS T (t) = h(K), 15300 N A7
F=Ag(K)+{K)<0, (26)

H i Aeywme(K) € Rv Aepcoy(K) € RET Fl
Ae, obsav (K) €RES 537 2H € trac~ €1 colav T €41 obsay A
tn + KT B¢ A5, X 27) %1

F =

en,trac(K)(Aen,trac(K) + Q1len,trac(K))+

€ colan () (Aen cotay (K) + q22€n cotay (K))+
E,obsav(K)(Aen,ObsaV(K) + gs3€nobsav (K)).  (28)
M USV K B 45 S0, 300 fh 25 10 K 2% A2
W5, USV ME DUFE TR0 I 380 P 38 0k b 17 2 388 M A0 A0 i
ABEAFH, R I Aen e (K) — qrienmc(K) > 0. I
B, — EAAE AT G & 7 (t) = h(K)ffiUSV
/N FL 5 2 38 AR B S B RS 4 %) RIE 4 R, il
2 ez,colav(K) (Aen,colaV(K) + Q22€n,colaV(K)) < 0BL
ez’obsaV(K)(Aen,obsav(K) + @33€n.0bsav(K)) < 0. LI,
AR G IS E q11 + goo M gs, T (Ae yrac (K)
+ qr1€ntrac)enmac(K) + €)oo (K) (A€ cotay (K) +
G22€ncoa(K))  + € g (K)(Aep obsar (K)  +
033€n.obsav (K )< 0. £5 b R 3 2 G ELT).

step 2: H ¢, ISF USV [P 8Efl: £ T8 0 328 B B0 425 1]

0] . XCAAERT ]34 T, AR AL ),

min V(t,,T),).
rn(lk) ( »)

st.xy(k+1) = f(xn(k), 7 (k) + Az, (k + 1);
z,(0) = z(t,);
fc(wn(k),nb,g,n(k)) 2 Csafe, 5 = ]-7 27 e 7KT;
Ag(k) +L(k) <0;
do,C Z dsaf(:a C: 1923"'7KS;
Tq,min < Tq,n(k) < Tg,max, 4 = ]-a 2. (29)
step 3: 187 A 9 SOVEUA SR A 00 4k ) R (29), 7T 15
USVIISEZ A X = {2, (k),k = 1,2,..., K}l
BHIFIND = {1, (k),k=1,2,...,K}.
EIE2  USVHAT h(K) FIR AR AL 7] 8 (29) 15
B By ) &, (k) RS TRk G0 5 FR S B g 4 J L
Ay AP AL 188 PR T B T R £
UERR 73 3FME LA 4 H AR B E ¢ I 21 31 ¢
I} %0 1 AR AL B, B kg Al Ry WIEBEHL WL by <
ko < K — 1.
D#t, < t1 < ty < THLERV(t,,t1) =

e
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V(tn,tz2)
DHT <ty < (kb + DT HET < ty <
(ko + 1)TH, f5
V(tn,t1) — V(tn, t2) =

ko k1
g(k2) — g(k1) + ZM) - Zﬂ(k) =
Ag(k) + €(k1). (30)
RAE R (29) 1 Ag(k) + 0k) < 0,8 V(ty,t1) —

V(tn,t2) <0.
MUK - 1T <ty < KTHKT < ty <
(K + 1)TH, 4

V(tn,t1) = V(tn, t2) = Ag(K) + {(K). (31)

RIEBEITTEIV (t, 1) — V (0, t2) < O.

s b, AARERELV (t,, T,) fEt € [t,, 00) LR
1. XHARV (t,,T,) = 0,4t — colt), V(t,,T,) —0,
i el (k)e, (k) — 0. BN e mac(k) > 0,€n conan (k)
Fl e, obsav (k) IEE, FTLL2E — 0o, e rac(k) — 0,
€n,colav(k) = 0 H ey gpsav(k) — 0, RIUSVIEA H A
B nS 4 S FLAB AR AR (R AT T B2 . O

SE3 E B AT, USV LR T N 3 A f
A PAERA TN, USV AT 7, (k) J5 B S bRz 5 vk 5
HH P 30 28 02— 5, T 75 3 AL AT 2 R SRR A R R
ERiR 22, i A 1 USV SEFbRfiiATBE 55, X ik e | USV
i 25 1 B8 A 328 T s B S 2 SBR[  4, B%
iX 7 USV BRI AU

S¥4  7EBi-LSTM 4 P 2% 4k t+ i USV A 128
A% 22 AN T B, Ay 38 B DR I V25 43 38045 2880 1) Rl vk
HFRBCUSV Al RS e, B AN E T USV Tl A
ALK L 7838 30 AN RABE IS % 1 7 (8 /N F
0.1 B, A8 F USV fii 328 500 4% 2 1 45 18 )5 4142 1F
USV [Tl s
3 PR

LA Viknes USV Fl 4 ANV TE S B M AR N X Gtk AT
Ji E W 5T, Viknes USV AR FRAE B 1E WL SCHR [15]. BT
P, Ik B q11=0.7, g22=0.4, 433=0.5, Csafe=
0.9985,7 = 1s,T, = 30s,tsps = 308,10 = 0.4,0;, =
oj = 32,04 = 3#H, 0, = 100s,w = 1073, )\ =
1075,

USV R TEHUAT X BB N AR 4 112°307 2 112°55/,
b4 21°33 %2 21°51. FFA RS YA B G BN L
() FE 73 P PP B USV BB IR AL R [ B N n(ty) =
[112°31'E, 21°31'N, 90°| T, B4 B N % 4N FE 22
I P PR U6 7 8 7] B ¢ () A& w0 B )
P, (tqy) WAR1L.

~ K >,
kR #40%
x1 BESBRANERUEEENASUERS

3 Mb,¢ (to) Py ¢ (ta)

1 [112°45'E,21°40'N,270°]"  [112°38’E, 21°47'N]T

2 [112°55E, 21°50'N, 225°]7  [112°32E, 21°42'N]T

3 [112°40'E, 21°49'N,160°]T  [112°45E, 21°44'N]T

4 [112°40’E,21°39'N, 45°]T  [112°43'E, 21°44'N]T

15 HiH EHLE 4 T Ryzen 5600X CPU, 64 GB
17 PA K Nvidia 1080Ti GPU. A 8i4izhH &R d =
JTh,HFb € RPRE M LRE RSN =
— Ao+ U, w € RN EMEFS [l i, A RIS R H L
XoF ff R B, W O M R IR AR N AR R, B AM =
10% Moy, AC = 10% Cy, AD = 10% Dy. N3 H T
Pt USV % ekl o 58 5 it 28 BRER 3 1 7 RAEAN )
VLS B IE I, AR SCHE P Rl L T EAT A B 7RI
M1F, A = diag(300,300,300), ¥ = diag(150, 150,
100); fE#E 2 B, A = diag(500,500,500),& =
diag(300, 300, 400). A 56 i Fir £ 77 22 BP0, s
AR RG SR [6] 77 S AT H AL

I3 S 2R L R 2K L 1\ L2 TR (1) Tk
HE R w4 b, B4 0] 0, 05 7 IF 4R 1,
BT I SRR AR E AN 2, AR BT Bi-LSTM 1 48 ) 4%
B, 5 RAB PR FE N WILE1E 40. BEAE W SRbE AR SR 1
ST, P 2 A A B B, 401 R AR W 8. 40 il R
e IR AR A ZR L1 T 18005 ~3000s
P USV IS BRMTEE . BT H 16 77 Z2 0000 i) USV i 2k
5530k [6] W 5 PRI A USV i izh 2 Hil7E & 5 . m]
DL, BTt 77 S AE K0 20 B 0 T US'V it 28 3% 22

a0t — 1T
----- 2T
30
~ 20+
i
10} '
Il |
0 L, Ih{f-’\ | I”l A A

4 Bi-LSTM £ MRk

oay, | T HSmLE
21°41" ¢ — Wiy g TR
LV E
o T A
o
£ 21°39' ¢
=
21°37' t
112°40’ 112°42’
longitude

B 5 USVESAEES UM AR
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21°49' 21°49" | -
Q
- (]
E E
5 21°39' ¢ g 21°39' |
112°30°  112°39" 112949’ 112°30"  112939'  112°49"
longitude longitude
® EINE - BERBERTL o EIAME - BEBAANE
* FMIBGLE - R R * HMMAE  — FHELTE RS
W R R AU WA - HRTTR T TR
Ak Tk B
(a) USV MIEFE LB AAATIL (a) USV FIEAE 2B M A
10 10}
g 8t E gt
g 61 £ 61
~ 4t gv‘ 4t
2t !
0 r
0 1 2 3 4 5 6 0
t/(10%s) t/(10%s)
B e HALHT % T d —e BRI TR T d, e HHTR T
o PRWE L e HRIIT % T d, — FHRMTEFd, e LR R F d,
ﬂ,;?$§§¥? """" ig%;ﬁiﬁ — R TR T d, e LI TR T d,
- REHTETL e REGTT T d, e TR, e LA TR F d,
— PHRMIR FR dey e - WEOTSR RN d — BRI R T gy == HBOTR T doga
(b) USV MIETE 2 BMANEE (b) USV AT 2 @A AR
_ o R { LI I A B
z “ z L / 5
= 8 & i i |
= P = L |
S AT — i = ' N
st 2 — FRHAE
oL ikwcdea S U N AN | — HB 7%
g ~~~
z i 0.8
= =
= = -08
= l:l i | |
-24¢E L L L L L L

t/(10°s)
(c) USV NG 17 L HIHE Sie, FEERG J156E T,

E6 ER1ITHHEEMBELLEKER

HI 5 /N A R TR0 B A I ZhAE A 8D, Bi-LSTM
FIZE WX 4832 A RE FIAS J2, USV 3E4T K 2 45 I, i
TR R ZEATH LK.

53 AR 1 RIYE I 2 TR USV (1 i 728 2 i1l 75 1
6(a) A1 7(a) 1. B H AT I, B $ig 77 %2 F USV £
PR OO H (1) S B AT P I S R 43 A i 1 AN
WFOL2 TN USV 58 78 2 18 M AR 7 PR 525 8 B 18] A2 48
fil 2% 22 1 7E K 6(b) A1 7(b) v, MR PR AT WL, A S

0 1 2 3 4 5 6
1/(10%s)
(c) USVTE\ G i 7 b WIHE 77, FIERE J1Hi
E7 ER2THREMBELRRER
PR 7 5T USV ZE P A0 v 5 98 7 25 38 A A ) B
/N R B A TR, USV Al XU BE /N, 23 Sl
B 1AL 2 TR USV ZEYAG 77 i) b IR HE ) R i 7
Rt (1] (0 22 £k it 28 22 1) 7 P 6 (o) AL 7(c) . A
HR] D, FE P AL T, e T A5 H I USV ZEL
Wi 77 0] b [ 3 RN i R TR 7R 0 T B AE K8 40 B
ZIY TN ABLEA FCVIH, 24 USV B R UK ME B 1Y)
TRE AL AT, BT Bi-LSTM 1 28 W 2% A 2 1 A e 8
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