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TOM TAT

Lap ban dd 3D thavi gian thyc 13 y&u td then chét gidp drone tu hanh dinh vi va digu heang an toan trong mai treing bién. Bai bao dé
xudt mat phuong phéap mai dwa trén méy tinh téi cdu hinh, thay the céc gidi phap truyén thang nhe SLAM xac sudt hay mang no-ron
sdu - vn tidu tdn tai nguyén va thiéu tinh minh bach. Phuong phép str dung automat tai cdu hinh, trién khai trén kign trac xir Iy song
song dang duang dng, cho phép xir 1y dir ligu LiDAR higu qué vai chi phi phan cirng thap. Khang gian 3D dugc bigu dién theo hai ché da:
Khong nham va nham automat, nham can bang giita da chinh xac va higu sudt tinh toan. Ma hinh dwgc tich hop trong ROS/Gazebo (sir
dung drone Hector Quadrotor) va ma phang trong Simulink béng mach td hep Boolean. Két qué cho théy da chinh xac dat 100% khi mat
dd chuang ngai vat >83%:; sai sd tdi da 02,8% chi xuat hién & mat da thap (~14%) trong ché da nham, ddng thi thai gian xdr Iy gidam
2,2 lan. Ban dd dau ra hoan toan khap vai mai treing ma phong. Nha tinh minh bach, kha nang dién gidi va linh hoat tai cdu hinh, gii
phap nay cd tiém néng (rng dung cao trong giao thang bién, déc bigt trong khao séat dia hinh, gigm sét cong trinh va ciru hd trén bién.
Tir khéa: Lap ban dd 30; drone; mai trurémg may tinh téi cdu hinh; automat; ROS; Gazebo; xir 1y song song; logic Boolean; he thang nhing.

ABSTRACT

Real-time 30 mapping is a key factor in enabling autonomous drones to safely locate and navigate in marine environments. This paper
proposes a novel method based on reconfigurable computing, replacing traditional solutions such as probabilistic SLAM or deep neural
networks - which are resource-intensive and lack transparency. The method uses reconfigurable automat, implemented on a pipelined
parallel processing architecture, allowing for efficient LiDAR data processing at low hardware cost. The 30 space is represented in
two modes: non-grouped and grouped automat, aiming to balance accuracy and computational performance. The model is integrated
into ROS/Gazebo (using a Hector Quadrotor drone) and simulated in Simulink using Boolean combinatorial circuitry. Results show
|00% accuracy when obstacle density >83%. The maximum error of 92.8% only occurs at low density (~14%) in group mode, while
processing time is reduced by 2.2 times. The output map perfectly matches the simulated environment. Thanks to its transparency,
interpretability and reconfigurability, this solution has high potential for application in maritime transport, especially in topographic
surveying, construction monitoring and maritime rescue.

Keywards: 30 mapping; drones; reconfigurable computing environments; automat; ROS; Gazebo; parallel processing; Boolean logic;
embedded systems.

1.DAT VAN PE day déc, nhu cau Uiing dung drone trong giam sat tau thuyén, khao
Trong ky nguyén s6 hoa va tu dong héa, drone da trg thanh sat ludng lach, phat hién vat can trén bién, hay hé trg tim kiém ctdu
c6ng cu khong thé thiéu trong nhiéu linh vuc, t néng nghiép, xay nan ngay cang cap thiét.
dung dén giao thong van tai va cliu ho khan cap. Dac biét, tai Viét Tuy nhién, dé drone c6 thé hoat dong doc lap trong moi
Nam - qudc gia c6 bd bién dai hon 3.200 km va hé théng séng ngoi trudng thuc, hé thong phai co kha nang xay dung ban d6 3D chinh
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xac, thai gian thuc, tir d6 thuc hién dinh vi va lap ké hoach duding di. Cac
phuong phap phé bién nhu Gmapping, Cartographer hay ORB-SLAM
tuy manh mé nhung thudng dua trén udc lugng xac suat, t6i uu héa phi
tuyén hodc hoc sau dan dén tai tinh toan I6n, tiéu thu nang luong cao va
kho kiém soét 16i trén nén tdng nhung.

Trong béi canh do, nghién ctru nay ti€p can bai toan tir goc do
kién trdc tinh toan tai cdu hinh, nham gidm phuy thuéc vao mé hinh
Xac suat va tang tinh minh bach trong qua trinh ra quyét dinh. Thay
Vi biéu dién méi trudng dudi dang phan b xac suat, ching téi st
dung logic Boolean két hgp véi ma tran trang thai rdi rac dé mé ta
khoéng gian. Cach tiép can nay khong chi don gian hoa mé hinh tinh
todn ma con cho phép trién khai linh hoat trén cd nén tang phan
mém (CPU trong mé phdng) lan phan ciing chuyén dung (FPGA/
ASIC), dép Uing yéu cau vé hiéu suat va tiét kiém nang lugng cho cac
hé théng drone thuc té.

2.CO SO LY THUYET VA PHUGNG PHAP DE XUAT

Trong vai thap ky qua, Cellular Automata (CA) dé dugc su
dung réng réi trong robot mapping va path planning, tiéu biéu nhu
cac thuat toan Wavefront [5], Brushfire [6] hay cac m6 hinh swarm
robotics [7]. Cac CA thudng biéu dién moi trudng dudi dang ludi nhi
phan, trong dé mai 6 (cell) cap nhat trang théi dya trén quy tac cuc
bé tir cac 6 1an can - tuong tu vdi ti€p can cla bai bao.

Tuy nhién, phan I6n cac nghién ctu trudc day tap trung vao moi
truong 2D hodc st dung CA nhu mot I6p hau xt ly (post-processing)
cho ban dé occupancy grid [8]. Gan day, OctoMap [9] da tr& thanh
tiéu chuén trong biéu dién ban dé 3D dang octree, nhung van phu
thuéc vao mé hinh xac suat va yéu cau phan ciing manh.

V& mat phan ciing, nhiéu cong trinh da dé xuat trién khai SLAM
trén FPGA dé tang t6c d6 [3, 4, 10], nhung chti yéu van gilt nguyén
logic xac suat. Trong khi d0, ti€p can thuan Boolean va tai cau hinh
nhu trong bai bdo nham giam tai tinh toan triét dé - mot hudng it
dugc khai thac trong b6i canh hién dai.

Ngoai ra, cd ché& “gép nhém” (grouped) c6 thé lién hé véi ky
thuat “obstacle inflation” trong costmap clia ROS Navigation Stack
[11], tuy nhién khac biét & ché: Inflation la budc xir ly sau khi ban dé
da dugc xay dung, con trong bai bao, viéc gop nhéom la mét phan
cla qua trinh tao ban d6 nguyén thay, gitp giam sé lugng don vi
xU ly ngay tu dau.

2.1. Mé hinh méi trudng may tinh tai cau hinh

- M&i trudng may tinh tai cau hinh la mot kién trac dong nhat,
bao gém tap hgp cac automat cé cau tric hoan toan giéng nhau va
dugc lién két theo mot quy tac két nSi nhat quan. Méi automat hoat
dong nhu mét don vi xtt ly logic ca ban, nhan dit liéu tir cdm bién
va cac automat lan can dé ra quyét dinh vé su hién dién clia chuéng
ngai vat trong 6 khéng gian tuong ung.

Cu thé, mébi automat dugc trang bi 10 dau vao chinh, bao gém:

x,: Nhan dr liéu tir cdm bién Lidar, phan anh su hién dién clia
chudng ngai vat tai vi tri tuong Ung;

x,x,: K&t ndi cac automat lan can trong ciing mét nhém cua
cung 1 mat phang;

x,-x: K&t néi cac automat lan can téi cdc nhém khéac clia ciing
1 mat phang;

X, X,5 M& réng trong khong gian 3D, cho phép trao déi thong
tin vai cac 16p khong gian lién ké trén dudi.

Bén canh d6, automat cé 5 dau ra:

f-f; Dung d€ truyén tin hiéu noi bo gitfa cac phan tir trong
cung nhém;

f, D& chuyén két qua x{r Iy sang nhém automat lan can.

D& dam bao tinh déng b trong xut ly khéng gian da I6p, céac

dau vao tir x, dén x, dugc dua qua phan tir bo nhé tré moét chu ky
xung nhip. M6i quan hé gilra tin hiéu dau vao va gia tri luu trir dugc
mé ta bai biéu thuc:

q, =%\, VOii=5,...,10, trong d6 k la chu ky tinh toan hién tai.
Co ché tré nay cho phép hé théng duy tri tinh nhit quan théng tin
khi cap nhat ban dé trong moéi trudng 3D.

2.2, Biéu dién khéng gian 3D

Trong khong gian ba chiéu, méi trudng dugc phan viing thanh
cac khéi lap phuong va té chic theo cau tric octree - mot dang cay
ma mdi nut cha co t8i da 8 nut con, tuang Ung véi 8 phan viing con
cla khéi khéng gian hién tai. Phuang phap nay cho phép biéu dién
linh hoat va hiéu qua mat do thong tin theo ting vung.

- Hé théng hé trg hai ché d6 biéu dién:

+ Ché dé khéng nhém: Méi khéi khéng gian tuong Ung vai
mot automat, tao ra ban d6 chi tiét véi do chinh xéc cao;

+ Ché& d6 nhom: 8 khéi ké nhau dugc gop thanh 1 nhém, tao ra
ban d6 thé nhung gilp tang dang ké téc do xu ly.

Theo gia dinh hgp ly trong béi cdnh drone bay & d6 cao trung
binh - noi chudng ngai vat (nhu céng trinh, cay c6i) thudng chiém
gitt kh6i khéng gian lién tuc - néu bat ky khéi con nao trong nhém
phat hién chudng ngai vat, toan bé nhom sé dugc danh dau la co
vat can. Cach ti€p can nay khéng chi giam tai tinh toan ma con dam
bdo an toan cho qua trinh diéu hudng, phu hgp véi cac ing dung
thai gian thuc trén nén tang tai nguyén han ché.

2.3. Ham logic va ma cau hinh

Hoat déng clia automat dugc diéu khién bai ma cau hinh (z,
Z3, - Z4), cho phép téi cdu hinh hanh vi ma khéng thay d&i phan
cling. Hé cong thuc logic téng quat cho khéng gian 3D dugc xay
dung nhu sau:

NKhiz,=z,=z,=2,=2,=2,=0

5~ %6
fi=x
fr =%
fi=x

L= VvV VX, Vg, Vs Vs
o= ViV Vg Vi Vs Vi

2) Khiz1=22=z3=z4=25=0,26=1

fi=x

f=x

fi=x
fi=% Vg Vas VX, VeV
fo=X Vv Ve, Vs Vi

3) Khiz1 =z,=2,=2,=0,z,=1,2,=0

fa = X VX V0 Vs V e

4)Khiz=z,=2,=2,=0,2,=1,2,=1
fi=x
fr=x
f=x
L= VYV Vg Va: ViV
o= VvV VL VeV VIV

fi=x
=X
fi=x
=X VX VX3 VXV gy

5) Khiz1=22=z3=0,z4= 1,z,=2,=0

h=x
=x
fi=x

H=5 VvV v vasVasV qie
fo=XVa VvV VsV dio

6) Khiz1=22=z3=0,z4= 1,z,=0,z=1
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fyo=ay

Fa = &y
Fa o= a0y W Ng VN VN Ve Y o
Fa ™ Xy WXy ¥ Xy WXy VigaV Guo

7)Khiz,=2,=2,=0,2z,=2,=1,2,=0

fa = x,

Fa o= Xy W g W Ky W X Vo Y G
Fa o= X, Wy W Ry VR VeV gy

8)Khiz,=z,=2,=0,z,=z,=2z,=1

fi o=,
3 ==,
Fa =y
Fa = Ny W g W Ny W Na ¥ s Y e

o = Ny VMg W Ny W NV s Y o

9 Khiz=2,=0,2,=1,2,=2=2,=0

o = x;
fiy = x,
Fa =y

Fa = Xy W X W Ny W Ny Voain
Fu = Xy W X W Ky W XV tn

10)Khiz,=2,=0,2z,=1,2,=2,=0,z,=1

fi = &y
Fa =y
fau = xy
Fa ==Xy WXy W X WX W e Vs

Fa ™ Ny W g W N W N Vs Y i

1) Khiz,=z,=0,2,=1,2,=0,z,=1,2,=0

fi=x
fa =y
fa =,

Mo = Xy Woxg W oy Wag Ve VWiga Ve
o o= a0y Wy W, W Wi Wila Vi

12)Khiz,=2,=0,2,=1,2,=0,z,=1,2z,=1

Fu = x,

Fa = x;

Fa = x;
Fa = Ny ¥ Ny VN W Ns Vi Y
Fa = Ny W Ny W Na W N W o Y o

13)Khiz,=2,=0,2z,=1,2,=1,2z,=2,=0

fo = X,

fa = x,

Fa = =
fa = VN W N W N ¥V e VR
Fa ™ Ny W N W N VN Vs Y e VA

14)Khiz,=2z,=0,2,=2,=1,2,=0,2,=1

fi =,

fa = xy

Fa = x,
Fa = oy W Xg W X W Xa W de ¥ daa
Fa = Xy W Xg W X ¥ X ¥ i ¥ Jrn

15)Khiz,=2,=0,2,=2,=2,=1,2,=0

fi =%

fo =%

h=x
H=nYeveVeva
Jo = 3 Vg VE Vi, Vigy

16)Khiz =2,=0,2z,=2,=2,=2,=1

fi=x
=14
fi=xy

L=n v Vo v v VeV ¥ oV 4u
L=n VYo VvV, Ve ¥ guV ga

17)Khiz,=0,2,=1,2,=2,=2,=2,=0

hi=x

f=x

fa =y
= G VIV YL Vs YV
o= S W E VYD, Vs ¥ Vi

18)Khiz,=0,2,=1,2,=2,=2,=0,2,=1=1,2,=0

fi=x

fi=x

h=x
L= nVa VeV va: VeV qn
fo= B VE VI VIV g Y oV qua

19)Khiz1=0,z22=1,23=24=0,2z5=1,26 =0

hi=x
fi=x
h=x

BEn VEVE VoV Y gV deV
fo=n VY VE Vi VgV deV g
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20)Khiz, =0,z,=1,2,=2,=0,z,=2,= 1

hi=x

fi=x

fi=x
= E, VE WL VE Ve VR Vs VTa ¥V s
fa =Xy Vg Wy VI VeV e Ve Vi Vs

21)Khiz, =0,2,=1,2,=0,2,=1,2,=2,=0

fi=x

f=x

fi=x
HE D VWV VLV VT VaaVie Vs
fo = B W ap VWA VsV sV aa Viia ¥V qie

22)Khiz, =0,2,=1,2,=0,2,=1,2,=0,2z,=1

h=x

fz=x

fi=x
A n WV VoV, Vg Vs Vgr Vi
B = Vg VLV Y Vi Vs Vi

23)Khiz =0,z,=1,2,=0,2,=1,2,=1,2,=0

fi=x

fr=x,

h=x
T n Vi VI VE VgV Vgr Vi
= VI VIV, Y Vi Y Vi

24)Khiz,=0,z,=1,2,=0,z,=1,z,=1,z,=1

fi =,

fa = m,

fa = 2w,
Fo = Xy W Nx W Ka W X ¥ G Ve
Fa = 0y W N W Ny VN V¥ s Vil

25)Khiz,=0,z,=1,2,=1,2,=2,=2,=0

fi = x5
fa =,
i =
™ Xy W W oy Wy Vs Voage Vo
o= Xy Wy Woag Wy Vs Vs Vo
26)Khiz =0,2,=1,2,=1,2,=2,=0, z=1
Jhio=xy
a2 -
Fa =2,
Fa = Xy W oEg WXy W a, W is W iha
Fa = Ay W Ny W Ny W N W e W dfia

27)Khiz, =0,z,=2z,=1,2,=0,z,=1,2,=0

Fa ™ Xy WX W X W X W odpe W e W Ay
Foo= Xy Wy W Ry W R,V g Vs VR,

28)Khiz,=0,2z,=2,=1,2,=0,z,=2,=1
o=y
Fa = 3y
fa= 2,
S g W R WO W W, W i
Fa o= Ay W Ny W N W N W i

29)Khiz =0,z,=2,=2,=1,2,=2,=0
Yy
fa =2

Fa o= g W Ry W O W R W ia Y dfa W A
r—; Ny WMy W N W Ny VsV e VG
30)Khiz,=0,z,=2,=2,=1,2,=0,z,= 1

fuo= xy
fa =,
fa =2

Fa o= Ry W R W Ny W R W ia W e W iy

Fo o Wy W Ny W Ny W N W s Y e ¥ i

31)Khiz,=0,z,=2,=2,=2,=1,2,=0

Foomm oAy Vo W oA WA Vo Y e Ve

32)Khiz =0,z,=2,=2,=2,=2=1

Faom Xy WEy W Oa WX, Ve Y iy Y da
Fa = Xy WAy WA, WX, W Vo Vi

33)Khiz,=1,z,=2,=2,=2,=2,=0
hi=x
L=x
fi=x
Mo = 0y W g Vg W W sV gy
Mo = 0y Wy Vo W Vg Y gy
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34) Kh|z1— 1,z,=2,=2,=2,=0, z,=1
fi=x
fr=x
h=x

REn VvV VIV, VgV

fo = m Vi VoV, Vg Vi

35 Khiz,=1,2,=2,=2,=0,z=1, 2,=0

II. =&
fa=xy
fi=x

fo = (0 B0V (%0 T2 53 50 S5 v (g, 520 53 B SV (32 50V (e, 3 5 50 5)

(qg. £y F3. 23 54) ¥ (G- F1. 23 F3. £4) v (gg. £y 13- 24 ) ¥ [gs. £y =
(5 £30 T30 S0 250 S5 ) ¥ (950 5100 2 S0 2an 28] V (e 10220 530 B0} V (9060 5

(e Fy-75- 75 Za) V (g F1. 23 50 T 7] W (9 Fy- 23 24 25 56} V (6. ;- F3- Tg- T5- )
V(e 553 5y B 2 ) W (G5 £y £3- T3 TR B ) W (9. 51 23. B D Tg g ) ¥

g 5y V(g9 51 T T T3 T ) V (@9 Ty 25 T 25 T3 ) ¥
20V [y By By 24 Zg, T ) W (g 5y By Fp 2g. 2 ) V

(qs 5y
(q5.5
(qy. 53

(@5 F1- =3 T Fo ) V (9. F1- 2 B3 6 ) V (95 21 2. B F ) W )
{qn. Ty 73-73- Ty T5) V (9. 3. 73 Ty 74- Tg) W (0. Ty, 72, Ty Tg-75) W

(99 53232,

| (ayg. £y £3. 29. F5 ) ¥ (a@yp. Fy. £3. Ty Ty 250 W [y, Fy- Fa- By Fg 250 W
{9100 Sy 30 2o Sp3g ) W (9100 Sy B30 24 S S} W (e 5y Bypo s )
Fo = {2y B}V (0 i B B B ) V (2o B B B ) V (g BV (B B B )
W ey Sy 0V (g, Fa. J3 F J. T v (ag,. Ty 0w (xy,. 55 53 8 Fo. S0 W (95 5. 33 T ) v
(s: &3 F2 23, £y} v (gs- F1, 22 3. 24) ¥ (5. iy 22-7

5 ) W (g5, £1. 2y Fp. Fg) W

{95 1. 5. 74 5. 25) ¥ (g5. F1. T, 5. 24 Z6) ¥ (6. F1-22. 5. Tp) ¥ (g5 S 2t To) W

(- Fp- 3. 25 2} V¥ (g F1. 23. 24 T5- 2g) V (g Ty 2. 5y 25, ) V (9. 5. Ty 29 75 55)
W (g Fye By S Zu )V (G5 Fya 23 T3-S T ) V (g9 8y 29 S T ST ) W

Z5:Z5) ¥ (G735 21+ T3 T T5- Z) ¥ [Q7-T1: 23 T 5+ T} ¥

Eg. 2gh W (g7 By B mg g B W (gq By By £y zg 2 ) W

5..:.;.} V(ge-51. 53 Tp. Bg T ) V (g £y 23 D3 By B ) W

(a7 £y 23. &,
(opr. £5. 55 £

(8- 51- 23 24 260 ¥ Lqn. F1- 24 25~ 260 V (g 51 24, 55, Fg) ¥
(B Sy 2529 25 Zg ) W (90 53 23 T3 29 T ) WV (9 5. 23 T3 T2 ) W
Ta-Z5) V(g 81 T3 Ty 2525 ¥

(. £y 25 2y F IV (3. Ty g Ty Ty 2,0 W (40, 5y B By g 2 ) W
J (9100 o S 20 S5 20 ) ¥ (9200 o e 20 S5 S W {00 10 S 250 55)

Trong d6, cac bién dau vao x, dén x, va dau ra f, dén f, duoc
dinh nghia chi tiét tai Muc 2.1. Bién trang thai tré qi, k biéu dién gia
tri cGa dau vao xi & chu ky trudc, nham dam bao déng bo trong
khéng gian 3D. Céng thic téng quat (1) téng hgp 35 trudng hop
trén. Cong thuc nay cho phép automat tu déng anh xa tur dau vao
cam bién va théng tin 1an can sang quyét dinh ban d6, dua trén ng(
cadnh méi trudng.

3. TRIEN KHAI VA MO PHONG

Hé théng dugc trién khai trén nén tdng ROS Noetic, tich hop
cac goi phan mém chuyén dung cho mé phéng va xut ly cdm bién,
bao gém:

- hector_quadrotor: Cung cdp mé hinh drone 3D véi dong hoc
va cam bién day du;

- gazebo_ros: H6 trg méi trudng méd phdng vat ly thuc té;

- laser_geometry: Chuyén d8i va x{ ly di liéu diém dam may
tUr cdm bién Lidar 3D.

Song song, mé hinh Méi trudng may tinh tai cdu hinh dugc
xay dung trong Simulink bang cac khoi logic Boolean co ban (AND,
OR, NOT) va khéi Unit Delay dé mé phéng tré bé nhé mét chu ky
xung nhip. Mdi automat dugc hién thuc dusi dang mot Subsytem
trong Simulink va cac automat dugc két néi theo cau tric mang lap
phuong phu hgp véi biéu dién octree trong khéng gian 3D.

Két qua mo phdng va so sanh véi cac phuong phép khac dugc
téng hgp trong Bang 1, cho thdy phuong phép da dé xuat vuot troi
cé vé thdi gian va ap dung dugc da dang cho cac nén tang dién toan.

Bang 1.Bang so sanh cac phuong phap lap ban d6 st dung lidar

e et LA « e ... | Néntang
T Thuat toan xay dung ban do Thei gian xd ly dién toan
1 Thuat todan lap ban do6 chiém dung 38-64ms CPU
Lidar [1]
Thuat toan co gidi hoa quét Lidar va
IMU tich hgp dé diéu huéng phuong
2 | tién mat dat khong ngudi lai (UGV) | 0,28 - 3,76 ms CPU
trong nha bang céach st dung bé loc
Kalman mé& rong (EKF) [2]
3 | Thuat toan LIO-SAM [3] 27,64 -5569ms | CPU, FPGA
A . P 30,405 ms
4 | Thuat toan chuyén doi phan phoi | o ry 70944 GPU, FPGA
chuan (NDT) dugc téi uu hoa [4]
ms (GPU)
20 ns (trong
5 | Thuat toan cda téi trudng hop trién CPLXSFIEGA’
khai trén FPGA)

Két qua cho thay, khi mat dé chuéng ngai vat cao (=83%), ca
hai ché& dé déu dat dé chinh xac 100%; trong khi & mat do thap, sai
s6 xuat hién chu yéu do hién tugng gan chung trang thai cho toan
bo nhom. Tuy nhién, thai gian xi ly giam 55% (tuc con 45% so véi
chuén) khi stt dung nhém, cho thay hiéu qua rd rét vé mat hiéu suat
tinh toan.

€} Nhies auiomai

a) - Mgt méi truong md phéng trong chuong trinh Gazebo;
b) - Cdc gid tri automat thu dugc trong mdy tinh tdi cdu hinh va bdn d6 minh hoa (mau
ddm - 1, mau sdng - 0) cho trudng hap khéng phdn nhom; ¢) - Cdc gid tri automat thu dugc
trong mdy tinh tdi cdu hinh va bdn d6 minh hoa (mau ddgm - 1, mau sdng - 0) cho trudng hap
6 nhom automat

Hinh 1. Két qué thi nghiém md hinh mdy tinh téi cau hinh 3D cho mdy bay khang
ngudi Ii Hector-Quadrotor trong Simulink

Két qua & Hinh 1b cho thay ché dd khong nhom tai tao chinh
xac tiing khéi chudng ngai vat, pht hgp véi mé hinh octree da néu
tai Muc 2.2. Méi 6 mau dam tuong Ung véi mot automat phat hién vat
can, chiing té kha nang biéu dién chi tiét cao clia hé théng.

Ngugc lai, Hinh 1c minh hoa hiéu qua cta co ché gan chung
trang thai trong ché& d6 nhom: Toan b khéi 2x2x2 dugc danh dau
la chiém dung néu bat ky khéi con nao phat hién vat can. Biéu nay
dan dén mat chi tiét & viing thua (so vai Hinh 1a), nhung giam dang
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ké s6 lugng automat can x{ ly, tir d6 cat gidm thai gian tinh toan -
dung nhu phan tich vé can bang an toan/hiéu suat tai Muc 2.2.

Hinh trén minh hoa ban d6 3D do may tinh tai cau hinh tao ra
(mau dam cho chudng ngai vat, mau sang cho vung tréng) va xac
nhan rang ban dé nay khép hoan toan véi méi trudng thuc té trong
Gazebo, chiing t6 tinh chinh xac va kha néng ti tao moi trudng clia
phuong phap dé xuat.

4. UNG DUNG TRONG GIAO THONG VAN TAI

C6ng nghé drone hién dai da va dang khéng dinh vai trd then
chét trong nhiéu linh vuc clia nganh Giao thong van tai, nhé vao
kha nadng thu thap di liéu khéng gian véi dé chinh xac cao, toc d6
nhanh va tinh chat phi tiép xic. Nhd nhing uu diém nay, drone
khong chi hé trg hiéu qua trong quan ly, giam sat ma con gop phan
nang cao nang luc phan (g trong cac tinh huéng khan cap cling
nhu d6i méi phuong phap dao tao ky thuat.

Trong khao sat dia hinh va gidm sat két cau ha tang giao théng,
drone dugc sir dung dé xay dung cac mé hinh 3D chi tiét cla cac
céng trinh chién lugc nhu ham, cau va tuyén dudng deéo. Dit liéu thu
thap dugc cung cap co sé dinh lugng cho viéc phat hién sém cac
nguy co nhu sat I, ran nut két cau, tir dé hé trg ra quyét dinh bao tri
chl déng va dam béo an toan van hanh.

DaGi vai linh vuc hang hai, cac hé thong drone tich hgp cam
bién chuyén dung cho phép phat hién chuéng ngai vat néi hoic
tréi dat trén ludng tuyén, dong thai tu dong cap nhat co sa dir liéu
ban d6 hang hai. Giai phap nay khong chinang cao do tin cay trong
dan luéng tau ma con gép phan téi uu héa luéng van chuyén, gidm
thiéu rdi ro va cham va gian doan luéng giao théng dudng thay.

Trong cac tinh hudng thién tai nhu sat |6 dat hoac |G lut, drone
c6 thé dugc trién khai nhanh chong dé khao sat khu vuc bi anh
hudng, tir d6 tai tao mé hinh 3D hién trang va hé trg luc lugng ctu
hé xac dinh vi tri nan nhan ciing nhu 1ap ké hoach ti€p can hiéu qua,
an toan va kip thai.

Bén canh cac Ung dung thuc tién, dit liéu khéng gian va mo
hinh 3D do drone thu thap con dugc chuyén hoéa thanh tai liéu hoc
tap thuc hanh tryc quan, phuc vu gidng day trong cac hoc phan
chuyén nganh nhu Hé théng nhuing, Robot thong minh va Phat
trién Ung dung ma nguén mé. Diéu nay gép phan thuc diy déi
m&i phuong phdp dao tao theo huéng lién nganh, tich hgp gilta ly
thuyét va iing dung thuc tién.

5.KET LUAN

Nghién ctu nay da dé xuat va thuc nghiém thanh cong
mot thudt toan 1ap ban d6 3D hiéu qua, dugc xay dung trén nén
tdng may tinh tai cau hinh va dua vao logic Boolean. Thuat toan
thé& hién nhitng uu diém vuot tréi so vdi cac phuong phap SLAM
(Simultaneous Localization and Mapping) truyén théng trong cac
moi trudng cb cau trdc rd rang, nhd vao kha nang xa ly di liéu
khéng gian v6i dé phtrc tap tinh toan thdp hon va hiéu suat thoi
gian thuc cao hon.

Mét trong nhiing d3c diém ndi bat clia phuong phap la kha
nang tai cau hinh linh hoat théng qua ma diéu khién z, cho phép
thich ing nhanh chéng véi cac yéu cau thay déi ciia nhiém vu hoac
moi trudng. Bén canh dé, kién trac clia thuat toan dugc thiét ké theo
hudng mé-dun, hé trg trién khai déng thaoi trén ca nén tang phan
mém (vi du: ROS - Robot Operating System) va phan cting nhung (vi
du: FPGA - Field-Programmable Gate Array), tao diéu kién thuan Igi
cho viéc tich hgp vao cac hé théng nhing tai nguyén han ché.

Dac biét, nhd yéu cau tai nguyén tinh toan thap va kha nang

190| XAY1DUNG 03.2026 | ISSN 2734-9888

xU ly thdi gian thuc, thuat toén rat phu hop dé trién khai trén cac
phuong tién bay khong ngudi lai (drone), noi yéu cau nghiém ngat
vé hiéu qua nang lugng va dé tré xu ly.

Huéng phat trién trong tucng lai bao gém: (1) Tich hgp di
lieu da cdm bién (multimodal sensing), két hop Lidar va camera dé
nang cao do chinh xac va d6 tin cdy ca ban d6 3D; (2) m& rong
kha nang hoat déng sang cac moi truéng dong, nai cé su hién dién
cla d6i tugng di chuyén; va (3) trién khai thuc nghiém trén cac nén
tang drone thuong mai nhu DJI Matrice va hé théng diéu khién bay
Pixhawk nham danh gia hiéu nang trong diéu kién thuc dia.

TAI LIEU THAM KHAO

[11 1. 0. Shepel. Modified algorithm for constructing an occupancy map based
on a point cloud from several lidars. T., 2, no 33, pp. 257-265, 2020, doi: 10.15827/0236-
235X.130.257-265.

[2] Xiaoji Niu, Tong Yu, Jian Tang, Le Chang. An Online Solution of LiDAR Scan
Matching Aided Inertial Navigation System for Indoor Mobile Mapping. Mobile Information
Systems, no 2, pp. 1-11, 2017, doi: 10.1155/2017/4802159.

[3] Mizuki Yasuda, Keisuke Sugiura, Ryuto Kojima, Hiroki Matsutani. An Edge-Server
Partitioning Method for 3D LiDAR SLAM on FPGAs. IEEE International Parallel and Distributed
Processing Symposium Workshops (IPDPSW), 2023, doi: 10.1109/IPDPSW59300.2023.00030.

[4] Qi Deng, Hao Sun, Fupeng Chen, Yuhao Shu, Hui Wang, Yajun Ha. An Optimized
FPGA-Based Real-Time NDT for 3D-LiDAR Localization in Smart Vehicles. IEEE Transactions
on Circuits and Systems II: Express Briefs, T. 68, no. 9, pp. 3167-3171, 2021, doi: 10.1109/
TCSI1.2021.3095764.

[5] Robert Tarjan. Depth-first search and linear graph algorithms. 12th Annual
Symposium on Switching and Automata Theory, 1971, doi: 10.1109/SWAT.1971.10.

[6] R. Brooks. A robust layered control system for a mobile robot. /EEE Journal on
Robotics and Automation, vol. 2, 1s. 1, pp. 14-23, 1986, doi: 10.1109/JRA.1986.1087032.

[7] Manuele Brambilla, Eliseo Ferrante, Mauro Birattari, Marco Dorigo. Swarm
Robotics: A Review from the Swarm Engineering Perspective. Swarm Intell, vol. 7, Is. 1, pp.
1-41, 2013, doi: 10.1007/511721-012-0075-2.

[8] Howie Choset. Coverage for robotics - A survey of recent results. Annals of
Mathematics and Artificial Intelligence, vol. 31, pp. 113-126, 2001.

[9] Armin Hornung, Kai M. Wurm, Maren Bennewitz, Cyrill Stachniss, Wolfram
Burgard. OctoMap: an efficient probabilistic 3D mapping framework based on octrees. Auton
Robot., vol. 34, pp. 189-206, 2013.

[10] Marcel Flottmann, Marc Eisoldt, Julian Gaal, Marc Rothmann, Marco Tassemeier,
Thomas Wiemann, Mario Porrmann. Energy-efficient FPGA-accelerated LiDAR-based SLAM
for embedded robotics. 2027 International Conference on Field-Programmable Technology
(ICFPT), 2021, doi: 10.1109/ICFPT52863.2021.9609934.

[11] ROS navigation. Internet: https://wiki.ros.org/navigation.

[12] Sebastian Thrun. Probabilistic Algorithms in Robotics. pp. 1-20, 2000.

[13]0. Khatib. Real-time obstacle avoidance for manipulators and mobile robots, 1985.

[14] Junhui Wang, Dongjie Huo, Yongliang Shi, Chao Gao, Yan Qiao, Guyue Zhou.
OPEN: Lightweight Map-Based Semantic Navigation for GPS-Free Last-Mile Delivery. IEEE
Transactions on Automation Science and Engineering, vol. 22, pp. 20713-20725, 2025.

[15] Johann Schmidt, Charlotte Fischer, Sebastian Weber. Autonomous Systems and
Robotics Using Reconfigurable Computing. SCCTS Transactions on Reconfigurable Computing,
vol. 2,no 2, pp. 25-30, 2025.



