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Tém tit
Bai béo trinh bay FSM-MP (Finite-State Mission Planning), mot khung lap ké hoach nhiém vu dinh hudng
trién khai cho hé¢ xudng khong ngudi 1ai biy dan (Swarm-USV) phuc vu thanh 1ap ban d6 dia hinh dudi nude
ty 1€ 1on. Khac vai cac nghién clru tap trung vao diéu khién do6i hinh hodc t6i uu duong di cuc bg, FSM-MP
duogc dat tai 16p 1ap ké hoach nhiém vu, noi yéu cau ban d6 dugc chuyén thanh tuyén do, tac vu tuyén, phan
cong cho tung USV va goi nhlern VU san sang nap xuong phuong tién. Pau vao cia khung gdbm Vung khao
sat, ty 1& ban dd, khoang cach tuyén, hudng tuyén, ving cam diém ha thuy, nang lyc USV va yéu cau tuyen
kiém tra. Pau ra 1a mission package theo USV ID, gdm waypoint, chiéu dai tuyén, thoi gian du kién,
metadata va hd so phuc vu kiém tra sau do. Thuc nghiém véi hé 03 USV cho tha"iy phuong an Swarm-USV
thuc hién 36,82 km tuyén trong 257,9 phut, trong khi phuong an 01 USV thyc hién 37,79 km trong 482,3
phit, twong duong giam 46,5% thoi gian hién truong va tang ning suét tuyén tong hop tir 4,70 1én 8,57
km/gio. Bo giao kiém 159 vi tri cit ngang/gan giao nhau dat |Ahjtb = 0,026 m, RMSh = 0,028 m va |Ahjmax
= 0,040 m, cho théy dir lidu ¢6 nén 6n dinh dé chuyén sang mo hinh hoa DEM/duorng binh d6. Dong gop
chinh cuia bai bao nam ¢ quy trinh chuyen d6i yéu cau ban d6 thanh mission c6 thé thyc thi cho nhiéu USV,
thay vi dé xuat mot bo t6i wu hoa phd quat méi.
Twr khéa: FSM-MP; Swarm-USV; lap ké hoach nhiém vu; ban d6 dia hinh dudi nuée; do sau hdi am; phéan
chia tuyén do.

Abstract

This paper presents FSM-MP (Finite-State Mission Planning), a deployment-oriented mission-planning
framework for swarm-based unmanned surface wvehicles (Swarm-USV) in large-scale underwater
topographic mapping. The framework is positioned at the mission-planning layer rather than at the low-level
formation-control layer. It transforms map-production requirements into survey tracklines, decomposes them
into schedulable tasks, allocates tasks according to USV capabilities, and exports deployment-ready mission
packages. Field validation using a three-USV system indicates that the proposed mission organization
reduces field time by 46.5% compared with a single-USV scenario of comparable trackline length, while
maintaining a QA/QC basis for map-ready bathymetric data. The contribution of FSM-MP is therefore the
integration of survey specification, trackline-task decomposition, capability-aware workload allocation, and
mission packaging for practical Swarm-USV mapping.

Keywords: FSM-MP; Swarm-USV; mission planning; underwater topographic mapping; hydrographic
survey; trackline allocation.

1. Pit van dé

Dir liéu dia hinh du6i nuée 1a 16p théng tin nén cho quy hoach, quan 1y thuy vuc, thiét ké cong trinh va
theo doi bién dong long dan. P6i voi ban do ty 1¢ 16n, yéu cau ky thuat khong chi 14 thu dugce tri do do sau,
ma con gf”)m dinh vi, hé d6 cao, mat do tuyén do, tuyén kiém tra, hd so chit lugng va kha nang truy xuat dir
lidu. Cac nén tang USV di chirmg minh duogc gi tri trong khao sat ving nu6e nong, séng, hd, kénh rach va
vung ven bo do giam rii ro cho nhan lyc va tang tinh co dong so véi phuong tién cé ngudi lai [1-4].

Tuy nhién, mot USV don 1¢ van gip gii han vé ning suat khi khu do 16n hodc cira s thoi tiét - thay triéu
ngin. Viéc tang toc do ctia mot USV khong phai 1a giai phap bén ving, vi toc do cao c6 thé lam giam mat do
sounding, tang nhiu dau do, 1am giam 6n dinh than xudng va 1am ting sai s6 do dong b thoi gian. Hudng
tiép can hop 1y hon la td chirc nhiéu USV hoat dong song song ¢ dai tdc d6 khao sat én dinh, mdi USV dam
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nhiém mot phﬁn ving do nhung toan hé van duoc kiém soat théng nhét vé& mission, dit liéu, tham sb lép dat
va QA/QC.

Céc nghién ciru vé coverage path planning, multi-robot task allocation va hé USV khao sat da tao nén
tang quan trong cho bai toan nay [5-8]. Du vdy, nhiéu cong trinh van thién vé& hinh hoc phu, thuat toan phan
cong hodc diéu khién phdi hop, trong khi khoang tréng thuc té ctia do dac ban d6 nam & 16p trung gian: 1am
thé nao chuyén yéu cau ban dd thanh cac mission cu thé, c6 thé nap xuéng nhiéu USV, c6 metadata, co
workload, ¢ tuyén kiém tra va c6 co so truy xuit sau do. Vi nhiém vu thuy dac, don vi tac vu khong phai
mot “job” triru twong, ma 1a tuyén do co quan hé truc tiép v6i mat do dir liéu, ving phu va kiém tra chat
lugng.

Bai béo nay dé xuat va mo ta FSM-MP cho hé Swarm-USV. Thuat ngit finite-state trong bai khong chi bo
diéu khién cép thip, ma chi mot chudi trang thai 1ap ké hoach hitu han: dic ta khao sat, sinh tuyén do, phan
rd tac vy tuyén, phan b theo ning lyc, dong g01 mission va ban giao sang 16p diéu hanh/QA. Pong gbp cua
nghién ctiu khong nim & mot bo t6i vu hoa pho quat méi, ma ¢ viéc tich hgp cac bude ndi trén thanh mot
quy trinh c6 thé trién khai, phit hgp véi yéu cau thanh 1ap ban d6 dia hinh duéi nudc.

Céc dong gop chinh ciia bai bdo gdm: (i) xay du:ng biéu dién tac vu tuyén do cho Swarm-USV tir yéu cau
ban do; (ii) d& xuat mo hinh ning lyc va phan bd workload theo timg USV; (iii) dong g01 két qua thanh
mission package phuc vu diéu hanh thyc dia; va (iv) kiém chung loi ich thoi gian, ning suét tuyén va chét
lugng d0 sau bang di liéu thuc nghiém 03 USV.

2. M6 hinh bai toan va khung FSM-MP

2.1. Piu vao khao sat va biéu dién tac vu tuyén do
Xét viing khao sat R trong mit phing toa d6 hai chidu. Ddi véi khao sat dia hinh dudi nudc béng usyv,
dic ta nhiém vu khong con 1a GSD va chong phu anh nhu bai toan UAV do anh, ma la ty 1¢ ban d9, khoang

cach tuyén do huéng tuyén, toc do khao sat, ving cm, ving quay dau va yéu cau tuyén kiém tra. Tap dau
vao dugce viét dudi dang:

=1{R,s,0,v_s,Z,B,Q,U} (D

Trong d6 s 1a khoang cach tuyén hodc mét do tuyén theo yéu ciu ban dd; a la hudng tuyén chinh; v s 12
toc do khao sat muc tiéu; Z 1a tdp ving cam/vung nguy hiém; B 1a diém ha thuy, thu hoéi hodc vung quay dau;
Q 1a yéu cau QA/QC nhu tuyén kiém tra, vung chong phu hodc crossline; va U = {U1, U2, ..., Un} la tap
USYV tham gia nhiém vu.

Ttr dic ta Q, FSM-MP sinh tap tuyén do tong thé dang song song hodc lawnmower, sau d6 phan ra thanh
tap tac vu tuyén do:

T={T1,7T2,..,TK},  Tj=(pjs, pie, lj, aj) )

Trong d6 pjs va pje 1a diém dau va diém cudi ciia tac vu tuyén j; 1j 1a chiéu dai tuyén; gj 13 thudc tinh
nhiém vu nhu tuyén chinh, tuyén kiém tra, ving chong phu hodc tuyén do bu. Biéu dién nay giir duoc
nghia do dac cua tuyén, dong thoi bién tuyén do thanh don vi cé thé 18p lich cho nhiéu USV.

2.2. M hinh ning lye USV va bai toan phan b

O 16p 1ap lich, mdi USV duge mo ta béng van tdc khao sat hiéu dung vi, thoi gian hoat dong kha dung ti
va hé s0 khai thac ki. H¢ s0 ki phan anh phan nang luc thuc té c6 the st dung sau khi xét pin du trit, tai trong
cam bién, di€u kién dong chay, lién lac va bién an toan. Nang lyc tuyén hitu ich cua USV 1 dugc xap xi:

Ci=vi-ti-ki, 0<ki<l 3)
Chi phi thoi gian khi giao tac vu tuyén Tj cho USV i duoc tinh gan ding theo:
tij = 1j / (vi - ki) ()

Bién quyét dinh xij nhan gia tri 1 néu Tj dugc giao cho USV i, va 0 trong trudng hop nguoc lai. Tong
chiéu dai va thoi gian nhiém vy ciia USV i la:
= 3j xij lj, Ti = Zj xij ij (5)
Muc tiéu ctia FSM-MP 1a giam thoi gian hoan thanh nhiém vu & cép hé thong, dugc biéu dién bang bai
todn min-max:
minX max_i Ti (6)

[Type here]



Tap chi M6i trudng

e-ISSN 3126-3410

Céc rang budc chinh gdm: mdi tac vu tuyén dugc giao diing mot USV; tdng chiéu dai tuyén giao cho ting
USV khéng vuot qué ning luc Ci; tuyén kiém tra va ving chong phu phai duoc bao toan; mission khong
dugc di qua viing cAm va phai twong thich v6i diém ha thity, ving quay dau, pin va dung lugng waypoint.
Bai toan dugc giai b?mg heuristic xac dinh theo nang luc: cac tac vu dugc xét theo thir tw hinh hoc khao sat,
tap USV kha thi duoc loc theo nang lyc con lai, va tac vu duoc giao cho USV lam tang nhd nhét tai toi da

hién tai.

Trang thai FSM-MP

Pau vao

Xir ly chinh

Piura

S1. Pac ta khao sat

RO, ty 1&, hé toa do, ving cAm

Chuén héa yéu ciu ban dd

B6 tham s0 mission

S2. Sinh tuyén do

Hudng tuyén, khoang cach
tuyén

Tao tuyén song
song/lawnmower

Tap trackline téng thé

S3. Phan ra tac vu

Trackline tong thé

Chia thanh doan/tac vu tuyén

Tap Tj c6 chidu dai va thude
tinh

S4. Phan bd ning luc

Tap Tj, hd so USV

Can béng workload theo vi, ti,

Tuyén theo timg USV ID

ki

S5. Bong goi mission Tuyén dé phan cong Slarf) thir tw waypoint, kiém tra Mission package, metadata

Workload, tuyén kiém tra, file
nap

Bdng 1. Chudi trang thai lgp ké hoach ciia FSM-MP cho hé Swarm-USV.

S6. Ban giao QC Mission va log ky vong Xuét hd so cho FSM-SC/QA

FSM-MP cho Swarm-USV: luéng trang thai |ap ké hoach nhiém vu

Sl 52 S3 5S4 S5 S6

Pac ta
khao sat
ROI, ty &,
khoang tuyén

Phan bd
theo nang luc
v, £, pin, k

Phan ra
tac vu
Tj=(ps.pe.l)

Pong goi
mission
UsV D,
waypoint

Ban giao
FSM-SC/QC

metadata,
workload

Sinh tuyén
trackline

huéng tuyén,
viing quay dau

Hinh 1. Luéng trang thai FSM-MP tir yéu cau ban do dén mission package cho timg USV.

3. Thuwc nghiém va dir liéu kiém chirng

Khung FSM-MP duoc kiém ching trong chudi thir nghiém ctia hé Swarm-USV gdm 03 phuong tién dang
catamaran tich hgp GNSS-RTK, IMU/INS, do siu hoi am/sonar, logger va telemetry. Mdi USV dugc quan
1y nhu mot node do dac ¢ dinh danh riéng, mission riéng, log riéng va bang tham sb riéng. Trong pham vi
bai bao nay, FSM-MP dugc danh gia ¢ ba khia canh: kha nang tao mission chia theo USV, hiéu qua giam
thoi gian hién truong va kha néng duy tri co s& QA/QC cho dir li¢u do sau.

Kich ban so sanh chinh gdbm mét phuong an 01 USV va mot phuong an 03 USV. Hai phuong 4n c6 tong
chiéu dai tuyén twong duong, cing muc tiéu thu nhan dir liéu phuc vu ban do dia hinh dudi nuéc. Dé tranh
hiéu sai, chi tiéu duoc so sanh khong phai vén tbc tirc thoi cua timg USV, ma 13 thoi gian hoan thanh nhiém
vu va niang suat tuyén tong hop cua toan hé.

Dir liéu chét luong d6 sau dugc danh gia bang bo 159 vi tri cit ngang hodc gin giao nhau giira hai tuyén
chay. Bo giao kiém nay dugc ding dé danh gia thanh phan do sau tuong ddi giita cac tuyén gan nhau, khong
thay thé cho danh gi sai s mit bang doc 14p. Cac chi tiéu st dung gom do 1éch tuyét ddi trung binh |Ahltb,
RMS d¢ sau RMSh va sai khac d6 sau 16n nhat |Ah|max.

Noi dung Phwong an 01 USV Phuong 4n 03 USV Y nghia danh gia

So sanh don phuong tién va

01usv Swarm-USV

S6 phuong tién 03 USV

T4 chirc mission Mot phuong tién chay tudn ty | Chia tuyén/ving theo USV ID | Danh gia hiéu qua FSM-MP

Dit ligu cém bién GNSS/IMU/depth/sonar Sf':;i’ 'S'\\’/'U/ depth/sonar trén | . 4am dit lieu co thé QA/QC
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Noi dung

Phuong 4n 01 USV

Phwong 4n 03 USV

Y nghia danh gia

HO so can luu

Mission, track, raw data

Mission package, workload,

Truy xuét theo USV/mission

metadata

Tuyén kiém tra Theo phuong an do ;ra(;sshne/vung giao hodc gan Co sé danh gia d¢ sau

Bdng 2. Thiét ldp kiém chimg FSM-MP trong mo hinh Swarm-USV.
4. Két qua va thao luin

4.1. Hiéu qua thoi gian va ning suit tuyén

Két qua so sanh cho thdy FSM-MP tao loi ich 1 & cép hé théng. Phuong an 01 USV thyc hién 37,79 km
tuyén trong 482,3 phit, twong ing ning suat tuyen tong hop 4,70 km/gio. Phuong an 03 USV thuc hién
36,82 km tuyén trong 257,9 phut, twong ting ning suat tuyén tong hop 8,57 km/gio. Mirc giam thoi gian hién
truong dat:

n=(482,3 —257,9)/ 482,3 x 100% = 46,5% (7

Két qua nay can duoc didn giai ding: FSM-MP khong lam giam téng cong viéc do dac can thyc hién
trong khu do, ma giam thoi gian hoan thanh nho song song héa workload gitra nhiéu USV. Day la lgi ich phu
hop véi khao sat viing nudce khi ctra so thoi tiét, thuy trieu hoac dieu kién van hanh bi gidi han.

Phuong 4n Chiéu dai tuyén (km) Thoi gian (phut) Ning suat (km/gio) Nhin xét
01 Usv 37,79 482,3 4,70 Mbéc don phuong tién
03 UsV 36,82 257,9 8,57 Song song hda mission
Chénh 1éch Tuong duong Gidm 224,4 phut Téang 82,3% Giam 46,5% thoi gian
Bang 3. So sanh hi¢u qua giita phwong an 01 USV va 03 USV.
10
500 482.3 Giam 46,5% thai gian hién trudng 8.57
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Hinh 2. So sanh thoi gian hién triong va ndng sudt tuyén tong hop.
4.2. Chét lwong dir liéu va diéu Kién map-ready
Dbi véi mot hé Swarm-USV phuc vu ban dd, hiéu qua thoi gian chi 6 y nghia khi dir liéu sau do du co s&
daé xu ly DEM, duorng binh d¢ va san pham ban d6. Vi vay, FSM-MP khong chi sinh tuyén chinh ma con giir
lai cAu trac tuyén kiém tra, Vung chdng phu hodc diém giao/gin giao dé phuc vu QA/QC. Trong bd dit liéu

kiém chimg, 159 vi tri giao kiém d6 sau cho két qua |Ahjtb = 0,026 m, RMSh = 0,028 m va |Ahjmax = 0,040
m.

Chi tiéu Ky hi¢u Gia tri Y nghia
S6 vi tri giao kiém n 159 Mau danh gia doc dai khao sat
D6 léch tuyét dbi trung binh | |Ahltb 0,026 m B0 sau giita hai tuyén gan nhau
on dinh
RMS do siu RMSh 0,028 m Chi tiéu chinh danh gid o
khép d6 sau
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Chi tiéu Ky hiéu Gia tri Y nghia

Khéng ghi nhan I¢ch sau 16n

Do léch 16n nhat |Ahjmax 0,040m bét thuong

Bang 4. Két qua giao kiém dg sdu tai 159 vi tri cdt ngang/gan giao nhau.

Céc gié tri trén cho thiy dit liéu sounding c6 nén 6n dinh dé chuyén sang mé hinh héa bé mit day. Tuy
nhién, dbi véi ty 16 ban dd chi tiét nhu 1:2.000, can bd sung kiém tra hinh thai DEM, dudng binh d6, ving
thiéu dir liéu va vét ghép giira cac dai trudc khi két luan dat tuyét ddi. Cach dién giai than trong nay gitp bai
bao khdng phong dai két qua tir mot chi tidu giao kiém riéng 1é.

4.3. Y nghia ciia mission package

Dau ra quan trong nhat cia FSM-MP khong phai 1a so d6 tuyén trén man hinh, ma 1 mission package c6
thé chuyén sang 16p diéu hanh thuc thi. M&i goi nhiém vu gom waypoint, USV ID, mission ID, chiéu dai
tuyén, thoi gian du kién, Vung quay dau, tuyén kiém tra va metadata. Khi duoc ban giao cho FSM-SC, goi
nay c6 thé duge kiém tra bang cac bude connect, upload, readback, Verlfy va health gate trudc khi USV chay
tu dong Nho d6, dir liéu sau do c6 thé truy xuat tir sin pham ban do vé tuyén, mission, USV, thoi diém do
va cu hinh cam bién.

Vai trd nay phan biét FSM-MP véi cic thudt toan chia ving thuan tiy. Trong khao sat thiy dac, mot
phuong an chia ving chi c6 gia tri khi né di kém vé6i kha niang nap mission, kiém tra trang thai phuong tién,
ghi log va duy tri co s6 QA/QC. Do d6, FSM-MP nén dugc xem nhu 16p 1ap ké hoach nhiém vu trong chudi
mission-to-map, con FSM-SC 1a 16p dam bao thyc thi dung mission ngoai hién truong.

4.4. Han ché va hwéng hoan thién

Nghién ciru hién con mot sé han ché. Thir nhat, bai bao tap trung vao 16p 1ap ké hoach nhiém vu va chua
mo hinh hoéa chi tiét anh huéng dong cua dong chay, song, glo hodc tranh vat can thoi gian thyc. Tha hai, hé
so nang lyc ki hién dwoc ding nhu tham sé hiéu dung, cin tiép tuc hiéu chinh theo dit liéu pin, dong chay, do
6n dinh tuyén va trang thai cam bién. Thi ba, benchmark méi so sanh phuong an 01 USV va 03 USV; can
mé rong v6i nhiéu hinh dang ROI, nhiéu kich thudc khu do va nhiéu cdu hinh cam bién nhu SBES, MBES
hodc sonar d6 phan giai cao. Thu tw, chat lugng san pham 1:2.000 can danh gia thém & cip DEM/contour,
khong chi bang giao kiém do sau.

Céc huéng hoan thién gdm tich hgp mo hinh dong chay va ving nguy hiém vao FSM-MP, tu dong hoa
lwa chon tuyén kiém tra, toi wu chia mission theo pin va dung luong waypoint, bo sung co ché do bu theo
viing nghi van, va lién két truc tiép v6i dashboard QA/QC theo USV ID va mission ID. Khi cac thanh phan
nay dugc hoan thién, FSM-MP co6 thé tré thanh lop 1ap nhi€m vu chuén cho hé Swarm-USV phuc vu khao
sat dia hinh dudi nude trong diéu kién Viét Nam.

5. Két luin

Bai bao da trinh bay FSM-MP nhu mét khung 1ap ké hoach nhiém vu cho hé¢ Swarm-USV phuc vu thanh
1ap ban dd dia hinh dudi nuéc ty 16 1on. Khung nay chuyén yéu cau ban do thanh tuyén do, tic vu tuyén,
phan bo workload va mission package theo timg USV, qua d6 tao cau nbi giita thiét ké khao sat va van hanh
thuc dia.

Két qua thuc nghiém cho thidy mé hinh 03 USV gitip giam 46, 5% thm glan hién truong so vdi phuong an
01 USV c6 chiéu dai tuyén twong duong, dong thoi tang nang suit tuyén tong hop tir 4,70 1én 8,57 km/gid.
B6 giao kiém 159 vi tri cho thay thanh phan d6 sau 6n dinh véi RMSh = 0,028 m va |Ahjmax = 0,040 m. Céc
két qua nay chimg minh gia tri cia FSM-MP & kha ning song song hoa nhiém vu c¢6 kiém soat, khong phai &
viéc lam giam tong khdi lugng khao sat.

bong goép chinh cuia FSM-MP 1a tich hop déc ta ban dd, sinh tuyén, phan ra tac vu, phan bd theo nang luc
va déng goi mission thanh mot workflow c6 thé trién khai. Trong chudi cong nghé¢ Swarm-USV, FSM-MP
nén dugc dat trude 16p diéu hanh FSM-SC va trude quy trinh QA/QC dit liéu, tao thanh mach mission-to-
map phuc vu san phim ban dd c6 kha nang truy xudt.

Loi cam on
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Nghién ctru str dung dit lidu va két qua thyc nghiém trong khudn khé dé tai khoa hoc va cong nghé cap Bo
ma sO TNMT.2024.03.01 vé ing dung t6 hop xudng khong nguoi lai theo bay dan phuc vu thanh 1ap ban do
dia hinh dudi nuéc ty 1€ 16n. Nhom tac gia tran trong cam on cac don vi va thanh vién tham gia thiét ke, tich
hop, thit nghiém va xtt 1y dit liéu h¢ Swarm-USV.
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