TAP CHI KHOA HOC VA CONG NGHE, Truong Pai hoc Khoa hoc, DH Hué
Tap 30, S& 1E (2025) ISSN: 2354-0842

DOI: 10.64302/joshusc.v30nle.1327

UNG DUNG THUAT TOAN PINH VI VA XAY DUNG BAN PO PONG THOI
CHO THIET B KHONG NGUOI LAI MAT PAT

Ha Xuin Vinh*, Nguyén Vin An, H6 Pac Quy
Khoa Dién, Dién tr va Cong nghé vat liéu, Truong Dai hoc Khoa hoc, Dai hoc Hué
* Email: xuanvinhha@gmail.com
Ngay nhdn bai: 22/4/2025; ngay hoan thanh phan bién: 4/5/2025; ngay duyét dang: 21/6/2025
TOM TAT
Trong xu thé phat trién khoa hoc ctia linh viee robotics, thiét bi khong nguoi lai mat
dat (Unmanned Ground Vehicle) da tro thanh thiét yéu d€ st dung trong cac nhiém
vu nhu thdm do, kham ph4, ho tro, gidm sat mdi treong va nhitng cong viec khac
trong moi truong khong rd (unknown environment). Cac nhiém vu nay c6 thé duoc
thuc hién riéng 1é hodc cuing véi cac thiét bi khac trong cac nhom cdng tac véi nhiéu
mutc d§ thuc hién khéc nhau, v6i kha nang cao vé tw 1ap ké hoach va ra quyét dinh.
Dai véi thi€t bi khong nguoi 1ai thong minh, né phai tw xac dinh vi tri va xay dung
ban d6 mét cach chinh xac trong mdi truong khong ro. Do d6, bai viét nay ndi vé
tng dung cua thuat toan Sy dong thoi dinh vi va Xay dung ban d6 str dung bo loc
Kalman mo rong (Extended Kalman Filter - Simultaneous Localization and
Mapping), duoc coi nhu la mét tinh ndng co ban, can thiét cho viéc tu chut ddong dinh
hudng cua thiét bi khong nguoi lai.
T khoa: Unmanned Ground Vehicle (UGV), Extended Kalman Filter (EKF),
Simultaneous Localization and Mapping (SLAM).

1. MO PAU

Viéc stt dung cac thiét bi khong nguoi 14i nhu Unmanned Aerial Vehicles (UAV)
hay Unmanned Ground Vehicles (UGV), nhw Hinh 1, trong cdc ttng dung quan su va
thwong mai da tang lén trong nhiing nam qua tir theo déi muc tiéu, truyén théng, tinh
bdo dién ti va tim ki€ém cttu nan dén st dung trong thuwong mai, néng nghiép, gidm sat
0 nhiém va theo ddi giao thong hang hai [1]. D&i véi mot thiét bi khong ngudi 14i thong
minh, né phai ty xac dinh dwgc vi tri cia minh dé ttr &6 cho phép né ty diéu hudng trén
moi dia hinh. Diéu nay thuong duoc thuc hién bang cach stt dung tin hiéu hé théng dinh
vi toan cau (GPS). Tuy nhién tin hiéu GPS khong dang tin cay khi thiét bi di chuyén
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trong khoang cach nho hay trong cac tdoa nha hodc hAm mo, noi ma tin hiéu GPS bi suy
hao nhiéu. D€ dinh vi chinh xac vi tri, thiét bi khong nguoi 14i phai stt dung cac loai cam
bién khac cling nhu ban d6 ciia moi treong ma n6 dang ding. Tuy nhién, ddi voi nhitng
moi truong chua biét ro, thiét bi khong nguoi lai sé phai tu dong lap/cap nhat ban do
cho moi truong d6 d€ dung cho viéc dinh vi va diéu hudng cua thiét bi. Ttr d6 ky thuat
SLAM duogc phat trién va ting dung vao cac thiét bi khong nguoi 1ai nhu hién nay.

YErr

(a) (b)
Hinh 1. a) Unmanned Aerial Vehicles (UAV) b) Unmanned Ground Vehicles (UGV)

Thuat toan SLAM lién quan dén mét vat thé chuyén dong (vi du nhu mét robot,
UGV hay UAV), st dung it nhat mot bd cam bién d€ thu thap thong tin vé moi truong
xung quanh ctua né, vi du nhu ban do, ... (mdt may anh, mot may quét laser, mot sonar:
chiing duoc goi la cam bién exteroceptive). Dong thoi, cac vat thé chuyén dong nay co
thé két hop bd cam bién khac dé€ xac dinh cac vi tri chuyén dong riéng ctia minh (bd
encoder, cam bién gia tdc, cam bién do van tdc goc gyrometers: chiing duoc goi la cam
bién proprioceptive).

SLAM lam mot van dé co ban va phtic tap trong nghién cttu vé UGV. N6 da duoc
nghién ctu hon hai muoi nam. Giai phap cho van dén SLAM duoc cong bs boi Hugh
Durrant [2] la mot trong nhitng thanh cong dang chu y cua cdng dong Robotics. Ngoai
ra, cac co so ly thuyét thong ké lién quan dén SLAM duwoc mo ta dau tién boi Smith [3]
va Durrant — Whyte [4], né cung cdp cac thuat toan wéc lwgng xac suat cho méi teong
quan gitta cac tinh néng (features) va vi tri cia UGV. Hon nita, ho la nhiing nguoi dau
tién da dé xudt phuong phap tinh chinh s khong chic chan vé mat hinh hoc ctia cac
wdc lugng trong cac quan sat lién tuc. Mot cac ti€p can khac, dua trén nén co ban cta
Extended Kalman Filter - SLAM (EKF-SLAM), stt dung b EKF 16n chira tat ca cac thong
s0 tinh nadng dé€ thyc hién SLAM [5-7], hay d€ giam thoi gian tinh toan ciing nhu dung
leong thong tin cta cac tinh nang, by FastSLAM dugc nghién cttu va tng dung [8-9].
Mic du viéc st dung EKF trong SLAM la pho bién, tuy nhién rd rang la c¢6 van dé khi
lam viéc trong mdi trueong 16n, kich thwedce bd EKF 16n nén thoi gian tinh toan vwot ra
ngoai thoi gian tinh toan thoi gian thuwc, nd khong thé nao chira duoc toan b thong s6
ban d6 quy md 16n va khong dap tng dugc thoi gian tinh toan thuc t€ [10-11]. Nhitng
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nghién ctru gan day vé SLAM tap trung vao viéc cai tién EKF-SLAM, vi du nhw chia nhé
cac bd loc cho cac cac ban d6 nho thanh phan [12-13], sau d6 ndi cac ban d6 phu nay
thanh mét ban d6 ctia moi truong hoan chinh.

Bai viét nay dé cap dén viéc ap dung EKF=SLAM cho thiét bj khong nguoi lai.
Giai thuat gop phan cung cdp cho cac nghién ctru vé linh viee UGV mot trong nhirng giai
phép cho bai toan SLAM, mot nén tang co ban va rd rang vé mat khai niém dé€ hgp nhat
di liéu cac cam bién va quan ly cac thong s6 moi treong bat dinh trong ting dung UGV
cung voi thye nghiém thuece t€, 1a nén tang cho cac nghién ctru thuét toan SLAM sau nay.

2.CO SO LY THUYET
2.1. B¢ loc Kalman mé rong (Extended Kalman Filter - EKF)

R. E. Kalman da dé xuat mét ky thuat loc dé quy méi vao ndm 60. Welch va cong
sw [14] gidi thiéu chi tiét vé DKF va EKF. Bo loc Kalman mo rong (EKF) mé rong pham
vi ctia bd loc Kalman sang cac bai toan loc t&i wu phi tuyén tinh bang cach tao ra mot xap
xi Gauss cho phan phdi két hop ctia trang thai x va phép do y bang phép bién d6i dua
trén chudi Taylor. M6 hinh khong gian trang thai duoc stt dung trong EKF la:

Xk = [0,k — 1) + qx—1 @
Vi = h(xy, k) + 1 2)
Giong nhw bo loc Kalman roi rac, EKF duoc chia thanh hai budc nhu sau:
= Buwdc dw dodn (the prediction step):
mj; = f(my_1,k —1) ®)
Pi = Fy(mg_1, k = VP F{ (Mg g,k — 1) + Qpq (4)

= Buwdc cdp nhdt (the update step):

Vg = Y — h(my, k) @)

Sie = Hy(mi, k)P Hg (m, k) + Ry, (6)
Kie = Py Hy (mie, k) Sic* (7)

my = my + Ky vy 8)

P = Pg — K. SiKi 9

Trong d6, my; va Py : lan lugt la gia tri trung binh va hiép phuong sai du doan
cua trang thai tai budc thoi gian k trude khi thuc hién phép do; my, and Py: lan luot la
gia tri trung binh va hiép phurong sai wdc tinh ctia trang thai tai budc thoi gian k sau khi
thue hién phép do; vy: d¢ d6i méi hodc phan du cta phép do tai budce thoi gian k; Sy
hiép phuwong sai du doan phép do tai budc thoi gian k; Kj: d6 loi cua bo loc, cho biét
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mttc do hiéu chinh ctia dy doéan tai budc thoi gian k. Cac ma tran Fxy(m,k —1) va
Hy(m, k): 1a cac ma tran Jacobians ctia cac ham f va h, vdi cac phan ti nhu sau:

af i(x,k—1)
[FX(m:k - 1)]]'.]" = ]aTlx=m (10)
ah;(x.k)
[ty (m, ), = T4 |y a1

2.2. Cac mo hinh do lwong cdm bién
2.2.1. M6 hinh rang budc van tdc tir cam bién encoder

Trong thiét bi khong nguoi 14i mét dat dang SSMR 4-TW (Four Track Wheel Skid-
steered Mobile Robot), Hinh 2. Céc dai lwgng v,, vz duoc dinh nghia la van tdc tuyén
tinh trai va phai caia UGV, do d¢:

VL = Vix = Vax (12)vR = Uzx = Vsax
(13)

Trong d0, v1y,V5y,V3y VA Vgt la cac van toc tuyén tinh trung tam cac banh xe
twong tng truede bén trai, sau bén trdi, trede bén phai va sau bén phai. Hé s6 trugt doc
cua banh xe bén trai va bén phai 1;, Az duwoc dinh nghia la ty s6 gitta van t6c banh xe va
van toc tam [15], nhu sau

AL — rwr—vy, (14)AR — TWR—VR

rwy, TWR

(15)

Trong d6, w;, wg: 1a téc dd gdc ctia banh xe bén trai va bén phai cia UGV. Ttr cac
phuong trinh (14) va (15), c6 thé thdy d¢ truot ctia banh xe la A € [0,1] néu banh xe chiu
luc kéo va A € (—oo, 0] khi banh xe phanh. St dung dinh nghia vé d0 trugt trong (14) va
(15), ta co:

v, = (1-4)rw, (16)vg = (1 = Ag)rwg
(17)

Do c4u tric co hoc d6i xting ctia UGV, ¢6 thé gia dinh rang trong tam ctia UGV
ndm & tAm hinh hoc (Centre Of the Geometry - COG) ctia khung than. Toa d¢ ctia cam
bién AHRS nam tai COG ctia khung than trong toa d6 B (Body cordinate), ta c6 vecto
van t6c AHRS vg = [vpy, Vpy, vp,]" trong toa d0 B. Tt cac cong thirc (16) va (17), st dung
hai phép do tir hai cam bién encoder dat tai hai banh xe va cac hé s6 truot wdc luong,
chuing ta thu duoc van téc doc vg,:

Uy = 2R = 2[(1 = Ay + (1 — Ag)wg] (18)
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N Xn X

Hinh 2. Pong hoc cia UGV 4-TW SSMR

Vi bon banh xe theo doi cia UGV luon ti€p xtc véi mat dat va cam bién AHRS
duwogc cd dinh trén nén khung than thiét bi, nén cac rang budc vé van toc vg,,vp, theo
huéng truc y va truc z d8i véi thiét bi AHRS c6 thé duoc don gian hoéa thanh bang 0. Cac
nhiéu ctia van t6c doc vg, ¢ thé dwoc xem la nhiéu cua téc do goc w;, va wp cla cac
banh xe bén trai va bén phai dugc do bang cam bién encoder. Gia stt rang cac nhiéu déi
voi w, va wg 6 phan phdi chudn Gaussian véi gid tri trung binh bang khong va cac
phuong sai twong ting va khong cé tuong quan chéo gitra tiéng on ctia w;, va wg [16],
phuong sai nhiéu ctia van téc doc vg, ¢ thé dwoc biéu thi theo cong thirc:

025 = (1~ )% (@) + (1= 2)%(@,)) (19)
2

Phuong sai 05, va gjg, cia cac van tdc vg, va vg, cling dugc biéu thi bang
khong. D€ c6 duoc van tdc doc vg, va phwong sai nhiéu ctia no, ching ta phai wéc luong

cac do truot A;va Ap.

2.2.2. M6 hinh cam bién do khoan cach laser (Laser Range Finder model - LRF)

Environment line
XGA

7y, G )

Environment line

Hinh 3. Cac diém giao nhau gitra tia laser va cac duong ctia moi truong

Trong moi trieong phang, cam bién LRF cung cAp tap hop cac khoang cach dg =
[dsgo, - -, ds1g00] dén cac chuedng ngai vat & cdc goc 6, = [0°,...,180°] trong mdi budc
[3]. Mot diém phan xa dwgc mo phong bang cach tinh todn cac diém giao nhau
(xip @) Yip (i,j)) gitta dwong tia laser thiri va doan thfmg moi treong j (j=1,..., N), xem
Hinh 4, v6i cac phuong trinh sau (20) va (21):
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, . .. 2 .. 2
44(6.) = JGrip@.) = %)+ i i) — 37) 0)
LN Yip(LD—yr _
0s(i)) = (2452) — o @)
Mo hinh nhiéu ctia LRF duwoc dinh nghia boi cong thiic:
. . ds(i
dnoise (1) = do(i) + -2 0 (22)

Trong d6 N(0, o) biéu thi nhiéu phan phéi chuan Gaussian véi gia tri trung binh
bang 0 va phuong sai 0. Néu khoang cach d(i) 16n, anh hidng ctia nhiéu ciing 16n hon
theo ty le.

3. SLAM SU DUNG BO LOC KALMAN MO RONG (EKF-SLAM)

So d6 khoi ctuia thuat toan EKF-SLAM duoc gidi thiéu 6 Hinh 5. Khi cam bién
quan tinh (IMU) do sy thay d6i cia UGV dang chuyén déng, vi tri méi caa UGV dugc
du doan. Cung ltc do, cac vat (landmarks) trong moi truong sé duoc quan sat va trich
ra ttr cam bién laser tai vi tri méi cia UGV. UGV sé két hop cac landmarks méi nay voi
cac landmarks da thay trudc d6, nhitng landmarks nao chua thiy ¢ trude do sé dwoc
dua thém vao bd EKF nhu la cac ddc diém (features) méi ctia mdi treong. Nhiing
landmarks nao da thdy trudc dé sé duoc hiéu chinh lai cho diung vi tri hon. Cac thu tuc
nay s€ duoc thiec hién trong muc Data association. Céc dit liéu du dodn nhu vi tri UGV,
cac landmarks ctt va moéi duoc do tir laser sé€ duoc két hop véi dit liéu do tir encoder dé
hiéu chinh (hay cap nhat) lai vi tri cia UGV, vi tri cua cdc landmarks cling nhu trang
thai ban d6 sau budc cap nhat cta thuét toan [17].

Robot state Predicted robot Predlct_ed Map at k-1
o at k-1 step state at k step observations step |
state at k ste
|
|
IMU Data Observations |
measurements association at k-th step |
|
|
Laser scan |
measurements |
|
|
—3 Updated of the |
|
|
|
|

NO

encoder robot and map state New features
measurements
robot state at k Map at k step
step

Hinh 5. So d6 khéi ctia thuat toan EKF-SLAM

k-> k-1

S —_—_—

Thuit toan 1 cho thay qua trinh thwc hién cta thuat toan SLAM [18]. Dau tién,
khoi tao ban d6 duoc bit dau béng cach dung vi ri dau tién caa UGV nhu la mét tham
chiéu co ban, véi gia thiét 1a cac thong sd da biét rd rang va chinh xac, lic d6 xac suét
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clia cac thong sd xem nhu bang 0. Diéu nay lam tang t3i da d6 chinh xac ctia ban d6 va
vi tri cia UGV trong qua trinh SLAM. Trong qua trinh thyc hién, phan du doan vi tri
chuyén dong cua UGV dugc dua trén cam bién IMU, phan cap nhéat vi tri UGV va ban
d6 duoc dya trén cac cam bién encoder va laser. Qua trinh dwoc 1dp lai cho dén luc két
thac.

Thuat toan 1: EKF-SLAM
xo = 0; Py = 0 {Map initialization}
[z0, Ro] = get_measurements and [xy, Py] = add_new_features(xq, Py, o, Ro)
for k=1 to steps do
[XrKk/k—1, QK] = get_ahrs
[Xk k-1, Pr/k—1] = robot_motion(Xx_1, Px—_1, Xgk/k—1, Q) {EKF predict}
[z, Ri] = get_measurements {including LRF and encoder measurements}
Hy = data_association(Xy k-1, Pxjk—1, Zi» Ric)
[Xk, P ] = update_map(Zk /k—1, Pk k-1, Zi» Rk, H) {EKF update}

[Xk, Px] = add_new_features(Xy, Py, Zx, Ry, Hy)

end for

4. KET QUA VA THAO LUAN

Thuc nghiém duoc tién hanh trong hanh lang tang 3, toa nha 35 ctua truong Dai
hoc Ulsan, Han Qudc, nhw Hinh 5, v6i xe UGV hiéu NT-Harzard Escape I. Ban d6 tham
chiéu RM (Reference Map) duoc dung dé€ danh gia két qua cuia thudt toan nhue Hinh 6.
Hinh 7 gidi thiéu vé so d6 phan ciing cua hé thdng duoc stt dung trong thuc nghiém.
Tdc d6 trung binh caa UGV khoang 25cm/s, t6c dd quét dix liéu ctia cam bién Laser la 1
Hz; ctia encoder va IMU la 50 Hz. C6 hai thi nghiém duoc tién hanh.

1 L 1 L 1 L 1 L 1 L )
0 12 16 20

8x [m]
Hinh 5. Mdi truong hanh lang Hinh 6. Ban d6 tham chiéu ctia hanh lang
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Command Signals Control Signals
Laser data i:
i
NOTEBDOK
t The NT-Harzad Escapa |
AVH 128 PRO

Hinh 7. So 6 phan cing hé thong

12t P Y

”

bl / h

E
>—
4l al
0} oF
0 I 5 " = 20 20
X(m)
(a) (b)
Hinh 8. Ban d6 va Vi tri cia UGV trudc (a) va sau (b) khi sit dung EKF-SLAM thi nghiém 1
12|
8
E
>
4
0}
0 5 10 1 20 o : 10 5 20
X (m) X (m)
(a) (b)

Hinh 9. Ban d6 va vi tri cia UGV trudce (a) va sau (b) khi stt dung EKF-SLAM thi nghiém 2
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Trong thi nghiém 1, UGV di chuyén doc theo hanh lang chinh ma khong ré sang
16i hanh lang bén phai. Trudc khi 4p dung EKF-SLAM, mét ban d6 do dugc (mau xanh
lam) tir cam bién laser, vi tri cia UGV duoc wdc luong tir encoder va IMU (mau xanh
luc) nhw Hinh 8a. Qua so sanh ban d6 do duoc véi ban d6 tham chiéu (d6 thi mau do),
ta thay dwoc d 1éch kha 16n gitra hai ban d6. Sau khi 4p dung EKF-SLAM, két qua duoc
biéu dién trén Hinh 8b. Ban d6 wéc lwong (mau xanh lam) dwoc dinh vi rat tot va gan
nhw chong 1ap 1én ban d6 tham chiéu (mau d6). Cung ltc d6 quy dao ctia UGV (do thi
mau do) cliing duoc wdc luong lai chinh xac hon va phu hop véi thuce t&€ hon.

Trong thi nghiém 2, UGV di chuyén hudng vé phia tredc va co ré sang phia hanh
lang khac r6i quay tro vé hanh lanh ban dau. Hinh 9a hién thj cac két qua trudc khi st
dung EKF-SLAM, ta thdy ban d6 do duoc (xanh lam) tir cam bién laser bi 18i, cach xa
ban d6 tham chiéu (RM). Lbi nay 1a do vi tri wdc lugng ctia UGV bi sai 1éch kha 16n (xanh
luc). Biéu nay cho thay vi tri UGV duoc tinh toan bi sai 1éch kha 16n, nguyén nhan la do
su trueot ctia banh xe anh hudng dén viéc wdc luwgng vi tri caia UGV tir cac di liéu cam
bién encoder va IMU. Tuy nhién, sau khi ap dung EKF-SLAM, cac van dé trén phan 16n
duoc giai quyét. Ban d6 udc lwong (mau xanh lam) phan 16n khép véi ban d6 tham chiéu
RM (mau do) va quy dao ctia UGV (d6 thi mau do) duwoc wdc luong lai sat voi quan sat
thuc t€, nhu Hinh 9b.

Bang 1. Két qua trude va sau khi st dung EKF-SLAM trong thi nghiém 1 va 2 (TN 1 va 2)

Truéckhi | Sau khi 4
Trudc khi dp | Sau khi 4p /ru’oc ' auEmap
E ap dung dung EKF-
Thuat toan dung EKEF- dung EKF-
EKF-SLAM | SLAM TN2
SLAMTN1 | SLAM TNI1
TN2
Viti UGV | MD 1,7576 0,0921 1,7423 0,1270
(m) RMSD 1,1149 0,0707 1,1109 0,1022
Huéng géc | MD 0,3822 0,0177 0,3733 0,0166
UGV (rad) | rMSD 0,2995 0,0128 0,3189 0,0124
Vi tri vat can MD 0,1191 0,1280
(m) RMSD 0,0964 0,0908

Dt liéu thi nghiém 1 trong Bang 1 cho thay D¢ 1éch t6i da (Maximum deviation
- MD) cua vi tri va hudng géc caa UGV teong tng 1a 0,0921m va 0,0177rad nho hon
nhiéu so v6i trude khi ap dung thuat toan EKF-SLAM 1la 1,7576m va 0,3822rad. Tuong
tw doi véi thong sd Can bac hai d¢ 1éch binh phwong trung binh (Root mean square
deviation - RMSD) trwedc khi dung EKF-SLAM la 1,1149m va 0,2995rad, sau khi dung
EKF-SLAM 1a 0,0707m va 0,0128rad. Dong thoi, viéc xay dung ban d6 sau khi cap nhat
ban do6 t6t hon so véi trede khi cap nhat EKF-SLAM, diéu nay cling giai thich tinh vu
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viét cua EKF-SLAM. Viéc danh gia két qua cta thi nghiém 2 cling twong tu thi nghiém
1, tuy nhién két qua trong thi nghiém 2 c6 phan sai léch 16n hon vi quy dao cia UGV
phtec tap hon.

4. KET LUAN

Bai bao gidi thiéu thuat toan EKF-SLAM ap dung cho cac UGV. Két qua cho thdy
do sai léch vi tri va hudng goc ctia UGV giam nhiéu khi st dung thuat toan EKF-SLAM
0 v0i truede khi st dung. Bén canh d6 ban d6 méi treong duoc 1ap véi do sai léch nho.
Thuat toan cho thay su hiéu qua cao cua viéc tng dung EKF-SLAM trong viéc xac dinh
vi tri cia UGV va lap ban d6 moi truong khong biét r6 thong qua thwe nghiém. Giai
thuat gdp phan cung cap nén tang ly thuyét cung véi thuc nghiém co ban dé€ hop nhat
d@ liéu cac cam bién va quan ly cac thong s6 moi treong bat dinh cho cac nghién ctru vé
linh vuc UGV va SLAM sau nay. Tuy nhién, giai thuat EKF-SLAM doi hoi khoi luong
tinh toan 16n dan dén mat nhiéu thoi gian ciing nhw bd nhé trong qua trinh thuc hién.
D& khéc phuc nhuoc diém nay, cac thuat toan SLAM véi tc d6 nhanh nhw FastSLAM,
Semantic SLAM, Multi-robot Collaborative SLAM ... sé dugc nghién cttu va thit nghiém
trong thoi gian toi.
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ABSTRACT

In the development of robotics, Unmanned Ground Vehicles have become essential
for tasks such as exploration, discovery, support, environmental monitoring, and
other work in unknown environments. These tasks can be performed individually
or collaboratively with other devices, in groups with varying levels of performance,
and by individuals with a high ability to plan and make decisions autonomously.
For intelligent uncrewed vehicles, they must accurately locate and map themselves
in unknown environments. Therefore, this article discusses the application of the
Simultaneous Localization and Mapping algorithm, which is considered a
fundamental and necessary feature for autonomous navigation of uncrewed

vehicles.

Keywords: Unmanned Ground Vehicle (UGV), Extended Kalman Filter (EKF),
Simultaneous Localization and Mapping (SLAM).
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