TAPCHI  ISSN: 1859-316X, e4SSN: 3093-3161

KHOA HOC CONG NGHE HANG HAI

-JOURNAL OF MARINE SCIENCE AND TECHNOLOGY-

Cong nghé s6, tw dong héa va trng dung hang hai

NGHIEN CUU THUAT TOAN TiCH HQP SDF-DWA TRONG NHAN BIET
RUI RO VA LAP TUYEN PUONG CHU PONG THEO THOI GIAN THUC
A STUDY ON AN INTEGRATED SDF-DWA ALGORITHM FOR REAL-TIME

RISK-AWARENESS AND PROACTIVE PATH PLANNING

LUONG TU NAM!, NGUYEN VAN QUANG?, NGUYEN XUAN LONG"
'Khoa Hang hai, Truong Dai hoc Hang hai Viét Nam
2Phong Té chirc - Hanh chinh, Trwong Pai hoc Hang hai Viét Nam
*Email lién hé: nguyenxuanlong@vimaru.edu.vn
DOI: https://doi.org/10.65154/jmst. 958

Tém tit

Nghién curu nay dé xuat mot thudt todan tw dong
nhdn thiec rui ro theo thoi gian thuc, tich hop
trieong khodng cdch c6 dau (SDF) dé danh gid riii
ro khéng gian lién tuc véi phwong phdp tiép cdn
cika s6 dong (DWA) dé lap ké hoach dwong di chii
dong. H¢ théng tao ra mét ban doé riii ro truc quan,
V6i chi 56 dinh heong mike do nguy hiém, danh gid
hiéu qua cdc moi nguy hiém tir ca chuwéng ngai vt
tinh va tau thuyén dong. Sau do, thudt todn sit
dung ban do riii ro nay trong mét ham chi phi da
muc tiéu aé tw dong tao ra cdc quy dao murot ma,
tuan thu COLREGsS, can bcfng gitta an toan, tién
16i muc tiéu va hiéu qua diéu khién. Pé chimg
minh hiéu qud cia thudt todn, mét mé phong sé
da dwoc thuc hién. Két qua mé phong cho thdy
viéc phéi hop giira ldp ban do riii ro thoi gian thiee
va lap ké hoach dwong di chu dong mang lgi hiéu
qud cao trong moi trwong hang hdi nang dong
hién nay.

Tfl: khéa: Ruii ro ht?ng hai, nguy co dam va, nhan
biét rii ro, ldp tuyen duong, chi so rui ro.
Abstract

This study proposes an automated real-time risk
assessment algorithm that integrates a Signed
Distance Field (SDF) for continuous spatial risk
assessment with a Dynamic Window Approach
(DWA) for proactive path planning. The system
generates a visual risk map with quantitative
hazard indicators, effectively assessing hazards
from both static obstacles and dynamic vessels.
The algorithm then uses this risk map within a
multi-objective cost function to automatically
COLREG-compliant
trajectories, balancing safety, approach to the

generate smooth,

objective, and control efficiency. Numerical

simulation was conducted to demonstrate the
algorithm's effectiveness. The simulation results
show that the combination of real-time risk
mapping and proactive path planning is highly
effective  in
environment.

today's  dynamic  maritime

Keywords: Maritime risk, collision risk, risk
aware, path planning, risk index.

1. Mé dau

Ngay nay, van tai duong bién dong vai tro 16n
trong van chuyén hang hoa do chi phi thap va tinh kinh
té [1]. Viéc 1ap ké hoach chuyén di 1a mot phan quan
trong, anh huong nhiéu dén cong tic din tau an toan,
chi yéu tap trung vao viéc lya chon céac tuyén duong
di cu thé trong cac doan nhat dinh trong méi truong
phirc tap [2]. Téi wu hoa tuyén duong cia tau da tro
thanh mot giai phap quan trong dé nang cao hiéu qua
van chuyén nhung ciing rat kho khin do moi truong
hang hai phirc tap, bao gom céc diéu kién thiy vin
khac nhau, cac loai chudng ngai vat da dang, cling nhu
cac rang budc do quy tic hang hai va gidi han kha
nang diéu dong cua tau dat ra [3].

Trong nhiing niam gan day, cac hoc gia di co
nhitng dong gop dang ké vao viéc phat trién cac thuat
toan 1ap ké hoach chuyén di cho tau [4]. Mot sb
phuong phap chinh c6 thé ké dén 1a cac phuong phap
lap tuyén duong thoi tiét truyén thdng, cac phwong
phép dua trén dit liéu va cac phuong phép tim kiém
d6 thi [5], cac phuong phap thong minh nhu Artificial
Potential Field (APF) [6], Rapidly-exploring Random
Tree (RRT) [7], Particle Swarm Optimization (PSO)
[8],... Phuong phap két hop phan cum khong gian
(DBSCAN) v6i mang no-ron nhéan tao dugc xay dung
dé 1ap cac tuyén duong di mot cach ty dong giita cac
cang dua trén dir licu AIS [9]. Thong qua vi¢c khai
thac dir liéu AIS lich str, mdt phuwong phap tuy dong tao
ra céc tuyén duong di ciia tau trong cac diéu kién hang
hai khac nhau ciing dugc 1ap nén dya trén dir li€u 16n
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[10]. Phuong phap dya trén cac don vi ldp lai don gian
(SRU) va dit lidu AIS thiét ké duong di ty dong, thu
duge cac tuyén duong ven bién, téc do va huéng di
duoc dé xuit cho céc loai tau khac nhau [11]. Thuat
toan tao hanh trinh ty dong léiy dir liéu quy dao AIS
clia tau lam dau vao, st dung thuit toan Douglas -
Peucker dé don gian hoa dit liéu quy dao AIS bang
cach trich xuét cac diém dic trung va tu dong tao ra
cac tuyén dudng di cua tau [12].

Mac du céc nghién cuu da ap dung cac thuat toan
t8i wu hoa khac nhau vao viéc lap tuyén duong cua tau,
nhung van chua c6 giai phap tich hop danh gia dya
trén nhiéu tiéu chi nhung van dam bao tinh toan nhanh
chong. Vi vay, nghién ctru nay dé xuat mot thuat toan
tich hop, két hop gitra truong khoang cach co dau
(Signed Distance Field - SDF) dé danh gia rui ro
khéng gian lién tuc v6i phuong phép tiép can cira s6
dong (Dynamic Window Approach - DWA) nham tao
ra tuyén dudng t6i wu trong thoi gian thuc. Viée xdy
dung ban dd rui ro dong, dugc dinh lugng béng chi sb
trong khoang [-1,1] cung cdp mot biéu dién tryc quan
va toan dién vé cac mdi nguy hai tir méi trrong bang
céch hop nhét cac rui ro dwa trén khoang cach va van
tde tir ca chudng ngai vat tinh va vat can dong. Sau do,
nhén thirc rui ro nay dugc dua vao DWA da muyc ti€u
dé tu dong tao ra cac tuyén duong chi dong tuan thu
COLREGs thong qua viéc toi uu hoa ham chi phi can
bang giita tinh an toan, tién trinh hudng t6i dich va do
muot diéu khién.

2. Thuit toAn SDF-DWA trong nhan biét rui
ro va lap tuyén dudng

2.1. Xdy dwng chi sé riii ro hang hdi dwa trén
SDF

Trudng khoang cach c¢6 du (Signed Distance
Field - SDF) la truong v6 huéng lién két mdi diém
trong khong gian voi khoang cach ¢6 ddu dén diém bé
mit gan nhat. Pay 1a phuong phap phd bién dé biéu
dién méi truong, duoc st dung phat hién va tranh va
trong 1ap ké hoach chuyén dong [13].

SDF c¢6 thé dugc coi 1a mot ham nhu sau:

d=¢x):R® >R €))

Trong d6 x la mot diém trong h¢ toa do da duoc
dinh nghia trude d6. Gia tri ¢(x) biéu thi khoang cach
Euclidean c6 déu tir x dén mot diém trén bé mit, voi
¢=0/[14].

Nghién ctru nay dé xuat mot hudng tiép can méi
dé nang cap truong khoang cach c6 dau truyén thong
nhim cung cip kha ning nhén biét chudéng ngai vét
mot cach thdng nhit cho hoat dong hang hai. Cac
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phuong phap truyén théng chi ma hoa khoang cach
Euclidean dén ranh gi¢i chudng ngai vét gin nhat,
khong thé chi ra dwoc sy phiic tap ciia moi truong,
bién d¢ an toan hodc rii ro tich lity tir cac chudng ngai
vat gan d6. Trong khi phwong phap SDF duoc cai tién
c6 thé dua ra chi s6 chudn héa, thé hién rd rang cac
mirc d0 an toan.

Dbi v6i cac chudng ngai vat tinh, ham khoang
cach c6 dau vat Iy ¢(p) biéu thi khoang cach Euclidean
t6i thiéu tir diém p dén ranh giéi chudng ngai vat bét
ky. Tuy nhién, dé ham nay dam bao an toan hang hai,
bién d6 an toan psase ty 1€ thudn voi chiéu dai tham
chiéu cia tau Lyr duoc 4p dung nhu sau:

¢Ssafe(p) = ¢s(p) — Psafe (2)

Dbi véi cac chudng ngai vat dong (cac tau muc
tiéu dang di chuyén), can phai xem xét dén yéu t6 thoi
gian. Gia su tau i ¢o vi tri p;(?) tai thoi diém ¢, van toc
vi(t) va do bét dinh o;(¢), ham khoang cach c6 déu dugc
diéu chinh theo vén tdc nhu sau:

lp—p,®|-Rsnip+R0

$,(0.0) = - 3)

Trong do: Rgip 14 ban an toan doi voi tau chu; R; la

ban kinh an toan cta tau muc ti€u i hoac ban kinh anh
hudng chudng ngai vat tinh i; & 1a hé s6 ty 1é rui ro
phu thudc vao van tde, co chirc nang ty dong diéu
chinh nhén thirc vé rui ro dya trén chuyén dong tuong
dbi, dugc tinh bang cong thirc:
ko 1 4 Iocvennl @
Umax
Chi s6 rai ro hang hai tich hop cac thanh phan tinh
va dong trong sudt thoi gian 1ap ké hoach T, c6 dang:

Protar(P) = min (¢s°*(p), , min ]¢>d(P. t)(5)

t'e[t,t+Ty
Chi s6 rui ro hang hai ¢"(p) nam trong khoang
[-1, 1] dugc phat trién dé chuyén d6i khoang cach vat
1y @sare(p) thanh mot thudc do an toan hang hai nhu
sau:
{ “1néudpprar < —devie

[ .
| -05-057 ey

crit
¢index(p) — 03 d’tatal

dpoundary

- dcrit < d)tatal <0

- 0.7R(p) néu0 < ¢ <d

total boundary

) neu ¢Latal = dboundary

(6)

Trong d6 d.. xac dinh khu vuc nguy hiém cin

0.3 + 0.7 tanh ( *0)

3dpoundary

tranh ngay 1ap tic; dpoundary Xac dinh khu vuc ranh gidi
dé 1ap ké hoach cha dong; R(p) biéu thi rui ro tich liy
tir cac chudng ngai vat gin do duoc tinh toan thong
qua cong thirc Gaussian:
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Rp) = Tilyexp (-TEGHEN ()

Trong d6 J; 14 hé s6 anh huong ciia chudng ngai
vatj.

Céc gid tri ¢ (p) dwoc chuin hoa ndy cho phép
danh gia rii ro nhét quan trong cac diéu kién moi
truong hang hai khac nhau, dac biét trong cac trudong
hop mat d¢ tau thuyén déng hay nhiéu chudng ngai vat.

Truong SDF dugc cép nhat theo chu ky roi rac 4z,
déng bd véi budce lap ké hoach. Viéc cap nhat thuc
hién dbi v6i 02 dbi tuong: Thanh phéan tinh ciia moi
treong duge mo rong boi bién an toan psre dé tao ving
cAm; thanh phé“m dong dugc tinh tr trang thai muyc tiéu
tai timg thoi diém du bao trong khoang nhin trude T,
sau d6 14y gia tri nguy hiém nhit dé tong hop thanh
truong P Vi vy, mdi lan cdp nhat Az, toan bo
trudng rii ro dwoc lam méi trén ludi, phan anh dong
thoi anh huong cua chudng ngai vat tinh va cac muc
tiéu dong. Khi di liéu myc tiéu dong bi tré hodc mat
trong ngdn han, thudt toan van van hanh 6n dinh bang
cach duy tri du bao trang thai muc ti€u theo cong thirc:

pi(t +4t) = pi(t) + v; At (®)

Ap dung thuat toan SDF cai tién da cho két qua
danh gia toan dién, truc quan vé rui ro hang hai gdm
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Hinh 2. Bin dé chi sé vii ro hang hdi
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hai tau dang di chuyén véi véc to van toc va hai
chudng ngai vat tinh (Hinh 1). Ban d chi s6 rai ro
dugc thiét 1ap (Hinh 2) biéu thi dai gia tri tir -1,0 (nguy
hiém) dén 1,0 (an toan), thé hién dinh luong cac rii ro
xung quanh tau cling nhu chudng ngai vat. Khu vuc
14n c4n Tau A ¢6 muc rui ro trung binh ¢™4* = -0, 3)
do chiu tac dong kép tir tau B va chudng ngai vat tinh
1. Bac biét, viung giao thoa gitra hai tau dugc xac dinh
1a khu vuc nguy hiém nhat g% =-0,8).

Thuat toan SDF cai tién nay c6 hiéu qua trong viéc
tich hop dong thoi rui ro tinh va dong, tao tién d& cho
viéc ra quyét dinh tranh va théng qua viéc xac dinh 16
cac khu vye hang hai an toan va cac khu vic nguy hiém.

2.2. Pé xudt thudt todn Idp tuyén dwong dwa
trén DWA

Thuat toan Dynamic Window Approach (DWA) 1a
mét phuong phéap tim duong cuc bd dugce su dung
rong rai trong linh vuc robot di dong nho kha nang xét
dén ddng thoi cac rang bude dong hoc va gidi han van
téc ciia phuong tién. Trong linh vyc hang hai, nhidu
nghién ctru d3 mé rong hodc ci tién DWA nham thich
ung voi dac tinh dong luc hoc trong cac bai toan tranh
va va dan duong ty dong [15-18].

Tuy nhién, cho dén nay, viéc tich hop chi sd i ro
truc tiép vao thuat toan DWA nhu mét diéu kién rang
bude trong qua trinh 1ap ké hoach quy dao cho tau bién
van con han ché. Trong nghién ciru nay, CRI duoc két
hop v6i DWA nhu mot thanh phéan rang budc va danh
gi4 chi phi, nhim nang cao kha ning ra quyét dinh
trong céc tinh hudng giao thong hang hai phtic tap, noi
ton tai nhiéu muc tiéu tinh va dong ciing nhu yéu cau
tuan thi quy tic phong ngira dam va.

Dua trén thuét toan SDF cai tién & Muc 2.1, nghién
clru dé xudt phat trién thudt toan tiép can cira s6 dong
(Dynamic Window Approach - DWA) truyén thong
nhim tich hop kha ning nhan thirc toan cuc (global
awareness) ma van dam bao tinh toan thoi gian thyuc
cho hé thdng.

Nghién ctru sit dung m6 hinh 3-DOF cua tau trén
mit phang ngang hai chiéu, trong d6 cac luc nhidu tir
mdi truong nhu gié va dong chay dugc bé qua dé don
gian hoa. Méi lién hé bién ddi vecto van tdc giita hé
toa do dn duong (navigation frame) va hé toa do than
tau (body-fixed frame) cung v4i mo hinh dong luc hoc
ba bic tu do cua tau duoc biéu dién nhu sau:

X = vcosy — ssiny
y = vsiny + scosyp )
Y=o

voi [x, ¥, w] md ta vi tri va hudng tau trong hé toa
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d6 dan dudng va /v, s, o] biéu din 1an luot van tdc
doc, van tdc ngang va van tde do quay trong h¢ toa do
than tau.

Khoéng gian van tdc kha thi ¥, duoc xéac dinh dua
trén cac rang budc dong lyc hoc cua tau.

] @ € [~0nex @mar s

max,“max,

V,={(v,w)|v € [0,17

i] € [I}m.in' i]max]' (':‘) € [(;‘)min' o“)mux]} (10)

Tir d6, cira s6 dong (dynamic window) V.SV, bao
gém cac van tbc co thé dat dugc trong chu ky diéu
khién tiép theo dugc trich xudt, tuan thu cac rang budc
an toan tir ham SDF néu trén.

»2
Vg ={(v,w) € V| m < dboundary ’

max(0, p™**(x(£)))}  (11)
Rang budc nay dam bao tau c6 kha ning dimg hin
trude khi tién vao cac ving c6 chi sé an toan ¢ndex<0,
Dbi véi mdi cap van toe (vw) EV4, md phong quy
dao du doan z(vw) trong khoang thoi gian du bao
T,=120s duoc thuyc hién. Mdi quy dao duoc dinh
lwong bang ham chi phi da muc tiéu:
C(T) = wcollisiunccollisian(‘[) + wgaalcgoal(‘[) +
wCOLREGSCCOLREGS(T) + wsmuothnessCsmoothness(T) (12)
Chi phi dam va (Ceonision) tan dung uu thé ctia thuat
toan SDF néng cao dé xur 1y cac chudng ngai vt tinh
va dong:

Coottision (™) =+ Ty exp (=3 - p™e* (p(1))) (13)

Chi phi huéng muyc tiéu (Cgou) khuyén khich tau
di chuyén vé phia diém dich pgoar:

”pN_pgual” Vn-COS (wN_lpgaal)
C = -0.3 14
goal (T) "po_pgaal” Vmax ( )

Chi phi tuin tha quy tic phong ngira dam va
(Ccorrecs) rang budc tau ¢6 hanh dong tranh va phti hop:

DCPA?
Hgivefaway : [1 —exp (_ 20,2 )]

Thead—on * [Max (OE = |AY]) - fepal

overtaking_rate

Ceorrees(T) =

) * pcpal

(15)

Viéc phan loai tinh huéng va ap dung ham phat dé
loai bd vi pham thuat toan nhu sau:

Ccorrees(T) = Yses Is(D) s (T) (16)

v6i 1€ {0,1} 1a ham chi thi tinh hudng (duoc xac

dinh tr phuong vi gitta OS va TS, phu hop

COLREGsS), va @, 1a ham phat lién tuc phan anh murc

d6 vi pham trong timg tinh hudng.

1 ing * [max (0
overtaking [ ( ’ max_rate
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Khi mét tinh huéng duoc kich hoat (/; = 1), chi phi
COLREGs ting theo DCPA/CPA hoic viéc thay ddi
hudng khong du; con trong cac tinh hudng khong lién
quan thi /s = 0 nén khong tao phat. Ttr d6 dam bao quy
dao dugc chon s€ uu tién theo ding COLREGs.

Chi phi d6 mugt (Cymoormness) dam béo tinh 6n dinh
ctia hé thong bang cach giam thiéu sy thay doi dot
ngdt trong 1énh diéu khién:

_ 1 N1Vl | @ga el
Csmoothness(T) = Ezkzl( k];:laxk + ’:;ax k)

)

Tai mdi chu ky DWA, cac chi phi thanh phan dugc

chuén hoa trong tap quy dao kha thi ¥/, theo cong thirc:
max Cy, — &1]1/1; Cp+¢

R Ce(D) — {2}}; Cr
Ce(D) = (18)
1€V gy

voi k E{collision, goal, COLREGS, smoothness}
va ¢ 12 hang s6 nho dé tranh chia cho 0.
Sau chuan hoa, ham chi phi tong duoc viét dudi
dang:
J(©) = w1Ceoniision + Wzégoal + w3Ccorrecs +
W4ésmoothness (19)
voiw; +wr+ws+wy=1.
Lénh diéu khién téi vu (v, ®* dwoc xac dinh
thong qua phwong phép ldy miu toan dién trong
khong gian Vg

(v*,w*) = argmin C(z(v, w)) (20)

(v,w)EVy

So voi phuong phap DWA truyén thong, phuong
phap DWA cai tién trong nghién ctru nay tich hop co
ché phén cap hanh vi theo mirc do rui ro, t&i wu hoa
dé tranh chudng ngai vat tinh dong thoi duy tri khoang
céch an toan véi cac tau myc tiéu nhung van dam bao
bam sat 19 trinh dén dich.

3. M6 phong s6 va thio luin

Nhém d4nh gi4 hidu suat ciia thuat toan SDF-DWA
cai tién, mot mod phong sb6 dwoc thyc hién nhu sau:
Tau chu (OS) ¢6 chiéu dai Los = 120 m va chiéu rong
Bos = 24 m, dang hanh trinh tir & vi tri (300,300) dén
vi tri dich (1800, 1400) véi van tdc 9,7 kn. Khu vuc
hang hai c6 mot chudng ngai vat tinh, duong kinh xap
x1 200 m c¢6 vi tri tryc dién trén quy dao tién t6i muc
tiéu cta OS; tau muyc tiéu 1 (TS1) ¢6 Lts; =100m, Brs;)
=20m, , di chuyén theo hudng 355 tu vi tri (800, 0)
v6i van tc 7.8kn; tau muc tidu 2 (TS2) c6 Ls, = 80
m, Brsx =16 m) hanh trinh theo hudng 270 tir (1500,
300) véi van tdc 8,7kn. Thuét toan SDF-DWA tich
hop danh gi4 rui ro khong gian lién tuc vai tdi uu hoa
quy dao thoi gian thyc, giup OS dong thoi duy tri bién
an toan dua trén kich thudc va van tdc tau, tuan thu
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Hinh 5. Hanh trinh ciia cdc tau dén muc tiéu
cac quy téc tranh va. Vi tri va danh gi4 rui ro ban dau
ctia mé phong dugce thé hién & Hinh 3 va 4.

Tai thoi diém bat dau, OS dbi mat véi mot tinh
hudng phirc tap: Khi xuat phat tir vi tri ban dau huéng
vé muc tiéu, tau ndm trén quy dao c6 nguy co ddm va
v6i TS1 va mot chudng ngai vat, dong thoi quan sat
thdy TS2 dang di chuyén. Ban dd rui ro ban dau xac
dinh mét cac khu vyc nguy hiém xung quanh céc
chuong ngai vat voi chi s6 cu thé.

Két qua ¢ Hinh 5 va 6 cho thay hiéu qua van hanh
cua hé théng tranh va cham SDF-DWA cai tién
(duong mau den). Theo COLREGS, OS c6 nghia vy
nhudng dudng cho TSI trong tinh hudng cit hudng.
Thuat toan da tinh toan cho tau chuyén hudng sang
trai dua trén két qua phan tich cac ham chi phi. Néu
lwa chon chuyén hudng sang man phai, thanh phan chi
phi dam va (Coision) s& ting dot bién do tiém can
chuéng ngai vat & khoang cach gan. Pong thoi, chi
phi 0 mugt (Comoornness) cling s€ tang cao do budc phai
thuc hién cac hanh dong tranh va lién tiép trong mot
khoang thoi gian ngén. Mic du Chi phi tuan tha quy
tac phong ngira dam va (Ccorrecs) c6 thé giam bét,
nhung chi phi huéng muc tiéu (Cgoa) cling gia tang do
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Hinh 6. Dinh gid riii ro tai thoi diém cuéi

16 trinh man phai doi hoi mot quang duong vong dai
hon. Nguoc lai, khi chuyén huéng sang man trai dat
duoc gia tri tdi wu tong thé. Phuwong 4n nay duy tri rii
ro ddm va & mirc thap, yéu cau cac 1énh chuyén huéng
muot hon va cho phép tién toi dich mot cach truc dién
hon. Piéu nay cho thiy thuit toan khong wu tién cling
nhic bat ky muyc tiéu don 1é nao ma thay vao dé tim
kiém diém can bang t6i wru noi téng cac chi phi thanh
phan c6 trong s6 1a nho nhit dé dat duoc hiéu suét
vuot troi & cac thanh phan cbt 16i nhu tinh an toan va
hi€u qua hanh trinh.

Dé 1am rd hon hiéu qua cta thuat toan d& xuit, mo
phong sb so sanh céac tuyén dudng duoc dé xuét boi
thuét toan SDF-DWA v&i DWA truyén thong (nét dit
mau do) va DWA-COLREGs cua Liu (2024) [18] (nét
dut mau hong) da duoc thuc hién.

Trong sudt hanh trinh, tai mdi diém léy mau theo
budc thoi gian 4¢, gia tri trudong SDF ¢ phan anh mirc
do an toan tai vi tri cia tau. Trén co so chudi gia tri
13y, %6Sdanger dugc dinh nghia 1a ty 1§ thoi gian tuyén
dudng nam trong ving nguy hiém, tirc cac thoi diém
¢6 ¢ < 0. Chi s6 nay cang nho thi quy dao cang it di
vao ving rii ro. Chi s6 ¢ay 12 gid tri trung binh ctia ¢
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doc theo quy dao, biéu dién mirc an toan trung binh
trong toan bo hanh trinh. Gia tri nay cang 16n thi quy
dao cang ndm nhiéu trong ving an toan. Ngoai ra, @i
1a gia tri nho nhit cua ¢ trén quy dao, phan 4nh murc
rii ro cuc dai ma tau da trai qua, ¢, cang gan 0 thi
mirc rui ro cyc dai cang thép.

Két qua so sanh tai Bang 1 cho thiy SDF-DWA c6
mure riti ro thp nhét %Suumger = 25,7%, $ag = 0,5 VA $min
= —(,4. Hai phuong phap con lai déu c6 %Syunger xap xi
30% va ¢min am sau hon, chiimg to tau di vao vung nguy
hiém nhiéu hon va c6 muc rai ro cuc dai cao hon. Mac
du tuyén duong dén myc tiéu ciia SDF-DWA 14 16n nhat
(2072,2m) nhung lai dén dich nhanh nhat (373s). Diéu
ndy xuat phét tir viéc thuat toan dé xuat dua ra tuyén
duodng han ché di vao khu vue nguy hiém nén ¢6 thé duy
tri tc do trung binh cao hon. Nhu viy, két qua dinh
luong cho thiy phuong phap SDF-DWA dat uu thé 15 vé
an toan ma khong danh doi vé mat thoi gian.

Bing 1. So sanh cic tuyén dwong dé xuit

DWA- SDF-
DWA

COLREG DWA

dmin 194.2 2122 202.8

Sgoal 1983.4 1939.1 2072.2
tgoal 466 390 373
Vavg 4.3 5 5.6
%Sdanger  30.25 30.25 25.7
dave 0.4 0.38 0.5
Omin -0.92 -0.78 -04

4. Két luin

Nghién ctru di dé xuit thuat toan SDF-DWA cai
tién dé nhan biét rui ro thoi gian thyc, thong qua viée
tich hop danh gié rui ro khong gian lién tuc vai lap ké
hoach quy dao dong. Chi s6 SDF d chuyén ddi thanh
cong mdi truong hang hai phirc tap thanh ban do rui
ro trye quan, cung cip nhan thirc tire thoi vé cac khu
vuc an toan va ving nguy hiém. Kha ning nay cho
phép thuc hién céac bién phap tranh va mang tinh cha
dong. Viéce tich hop ban dd rui ro vao thuat toan DWA
d3 tao ra cac quy dao di chuyén thong minh va 6n dinh
trong tinh hudng hang hai phtic tap. Théng qua viéc
can bang tbi uwu giita tinh an toan, hiéu qua van hanh
va sy tudn thi quy tic bang ham chi phi da myc tiéu,
thuat toan da thuc hién hanh trinh an toan, bao toan
moi bién gidi han an toan trong khi van duy tri huéng
té1 muc ti€u.
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