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Phuong trinh LiDAR tinh toa d6 diém do trong cong nghé bay quét laser
hang khong

Tran Trung Anh"?*, Tran Hong Hanh'2, Luwu Hai Au?®, Quach Manh Tuin*
!Khoa Trdc dia - Ban dé va Quan ly dat dai, Truong Pai hoc Mo - Dia chat
’Nhém nghién ciru Cong nghé Pia tin hoc trong Khoa hoc Trdi dat (GES), Treong Pai hoc Mo - Pia chdt
3Vién Khoa hoc Po dac va Ban do
1Céng ty CP Thuwong mai va Xay dung QT Mién Bic

TOM TAT

Nghién ctru nay di ap dung phuong trinh LiDAR tinh toa d6 diém do mit dét trong cong nghé bay quét laser
hang khong. Cac két qua thu dugc tir co so toan hoc, hinh hoc dé xdy dung phuong trinh LiDAR, phan tich
tinh toan dir liéu bay quét laser hang khong theo sb liéu twa trén ving thuc nghiém. Tir d6 nhan thay rang
trong phuong trinh LiDAR c¢6 nhirng théng sé ¢6 dinh tham gia tinh toan toan bo dir liéu nhu théng sb kiém
dinh cac gia tri do 1éch (toa do, goc xoay) gitra IMU va bo phat Laser; c6 thong sé dung chung cho thoi diém
phat chum tia laser nhu: toa do va goc xoay cta IMU; thong s riéng cua ting tia quét laser 1a goc xoay dé
déng bo toa do vé hé bo phat laser, con khoang cach thi mot tia laser phat ra co thé thu duoc nhiéu 16p phan
xa khac nhau theo tang dit liéu mit dat (c6 thé tir 1 dén 3 hodc nhiéu hon tiy theo kha ning ky thuat cta thiét
bi quét va ddi twong mat dat) dan dén co nhiéu khoang céach, tir d6 c6 thé tinh duoc toa do diém do & nhiéu
16p khac nhau. Quy trinh ctia phuong trinh LIDAR dam bao sy thong nhat va tranh sai sot. Thuc nghiém tai
phuong Tang Tién, thi xd Viét Yén, tinh Bic Giang, bay quét laser hang khong véi may bay DJT M350 va bo
quét Zenmuse L2. Cac dit liéu kiém chimg phuong trinh LiDAR tua trén ving thuc nghiém nay cho thay cac
cong thirc trong phuong trinh LIDAR ddm bao sy tudng minh va chinh xac.

Tir khéa: Phuong trinh LIDAR, quét laser hang khong, diém do, hé thong dinh vi toan cau, bd do quan tinh.

1. D3t vin dé

Hé théng LiDAR bao gém mot thiét bi quét do khoang cach laser va mot hé théng dinh vi toan cdu GNSS
(Global Navigation Satellite System) cing bo dinh hudng POS (Position and Orientation System) hay hé thong
dao hang quén tinh INS (Inertial Navigation System), dinh vi vi phan DGPS (Differential Global Positioning
System), bo do quan tinh IMU (Inertial Measurement Unit). Khi lap dat hé thong LiDAR trén phuong tién bay
(c6 ngudi 1ai hodc khong nguoi l4i) dé thuc hién bay quét dia hinh dugc goi la cong nghé bay quét laser hang
khong. May quét laser do khoang cach tir cam bién dén mat dét, trong khi dinh vi GPS/IMU tich hop cung cap
thong tin vé vi tri va trang thai cua thiét bj (Habib va nnk., 2010). Toa dd cua cac diém LiDAR la két qua cua
viéc két hop cac phép do xuat phét tir timg thanh phan hé théng ciia né, ciing nhu cac théng s6 lap dat lién quan
dén cac thanh phan d6. Cac nghién ctru trén thé gidi (Vaughn va nnk., 1996; Schenk, 2001; El-Sheimy, 2005) vé
phuong trinh LiDAR 1a co s, tuy nhién chua c6 su thng nhét vé& ma tran xoay. Trong nghién ctru su thay d6i ty
s6 LiDAR theo khoang cach, tic gia (Bui Thi Thanh Lan va Pong Thi Linh, 2016) trinh bay phuong trinh
LiDAR nhin manh vé anh huéng ciia khi quyén dén khoang cach do laser 1a mot thanh t6 cua phuong trinh
LiDAR. Nghién ctru khac vé LiDAR (Nguyén Hiru Phuong, 2017; Nguyén Hiru Phuong va nnk., 2022; Tran
Trung Anh va nnk., 2022; Bui Ngoc Quy va nnk., 2023) trinh bay vé phéan loai ddm may diém LiDAR va tng
dung, chua di siu vao phuong trinh LiDAR. Nghién ciru ciia Nguyén Truong Xuan va nnk. (2017) trinh bay vé
LiDAR trén thiét bi di dong trén mit dit, pham vi nhd, c6 dé cip dén cong thirc LIDAR & dang gbc nho chua
phai cong thire gbc.

Mot van dé dit ra 14 cac hé thong xir Iy tte thoi ciia cong nghé LIDAR thuong nhu mot hop den déng kin, cac
tép di liéu do dugc ma hoa, ké ca céac phén mém xu ly dit li¢u cling dugc ty dong hoa gén nhu toan b (DIJI,
2022, 2023). Dé 1am chu duoc cong nghé LiDAR can nim rd ban chét toan hoc, dé tir d6 c6 thé gilp nguoi sur
dung c6 tinh chu dong, cic thao tac tai thuc dia dé han ché cac sai s6 va sai sot. Tir cong tac thiét ké bay quét
LiDAR dén xir Iy dir liéu san pham (Tran Trung Anh va nnk., 2022). Trong nghién ctru nay, trinh bay ve phuong
trinh LiDAR trong tinh toan toa do diém do cua cong nghé quét laser hang khong ¢ dang cong thirc goc day du
va thong nhat vé& ma tran xoay. Nghién ctru 1am 13 co sé hinh hoc, toan hoc lam quy trinh, thuét toan dé giap lam
chu cong tac bay quét LiDAR tai thuc dia cling nhu xay dung Ung dung xtr Iy LiDAR sau nay.

* T4c gia lién hé
Email: trantrunganh@humg.edu.vn
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2. Co sé cua phuong phap nghién ciru
2.1. Co s6 todan hoc ciia phwong trinh LIDAR

Dé xdy dung phuong trinh LiDAR, can xuét phét tir co s¢ hinh hoc ctia cong nghé bay quét LiDAR (Ayman
Habib, 2008), hinh v& vé mdi quan hé vector dugc thé hién trong Hinh 1. Mdi quan hé giita cac phép do hé thong
va cac tham sb duoc thé hién trong phuong trinh LIDAR & cong thirc 6 (Vaughn va nnk., 1996; Schenk, 2001;
El-Sheimy, 2005). Nhu ¢6 thé thdy trong Hinh 1, vi tri ciia diém do laser I, ¢6 thé duoc tinh toan thong qua tong
cua cac vector sau khi ap dung cac phép quay thich hop (Habib va nnk., 2010). Trong phuong trinh LiDAR,
nhitng thong sb ¢ dinh nhu do 1éch tam, léch goc gitta IMU va bd quét laser can kiém dinh hiéu chuén truée khi
sir dung (Mostafa, 2001; Gongalves va nnk., 2011; Li va nnk., 2019). Nhiing théng s6 can do/tinh va dung chung
tai mot thoi diém quét cia chum tia laser nhu vi tri va goc xoay cia IMU so véi hé toa do mat dat. Nhitng thong
sO goc quét ding chung cuia 1 tia quét laser cho cac 16p phan xa khic nhau (ting dir liéu mat dat).

3. H¢ toa do b phat las‘e_:r

o _ N T
' L ( “Ry(D)
e e = [‘ ylu J

Xy

B Ib,
W (t)

Y J\Tia laser

[y
Y

Z \ .
N s 14_\/\ Piém do

X 1. Hé toa d6 mat dat

G
Hinh 1. Phwong trinh LiDAR theo tinh tong vector (V& béi: Tran Trung Anh)
Trong Hinh 1:
Xf
rf = |Yf|latoadd diém do I trong hé toa do mat dat G.XcYeZs ;
Zf
Xy
ré(t) = V¢ 1atoa do mat dat cia gdc hé toa do IMU tai thoi diém t;
Zg ®)
RS(0) (1)

cos(a)cos(B) cos(a)sin(B)sin(y) — sin(a)cos(y) cos(a)sin(B)cos(y) + sin(a)sin(y)
= |sin(a)cos(B) sin(a)sin(B)sin(y) + cos(a)cos(y) sin(a)sin(B)cos(y) — cos(a)sin(y)

—sin(B) cos(B)sin(y) cos(B)cos(y) ©
1a ma tran xoay gitta h¢ toa do mat dét va hé toa do IMU cua cac goc xoay (a, B8,v) tai thoi diém t;
Xy
rlZ = ylbu 1a vector d9 1éch giita by phat laser va hé toa d6 IMU (d0 1éch canh tay don);
2,
Rp, (2)

cos(¢)cos(k) —cos(¢)sin(x) —sin(¢)
= |cos(w)sin(k) + sin(w)sin(¢p)cos(k) cos(w)cos(x) — sin(w)sin(P)sin(k) —sin(w)cos(P)
sin(w)sin(k) — cos(w)sin(¢p)cos(k) sin(w)cos(k) + cos(w)sin(Pp)sin(k) cos(w)cos(¢p)

la ma trén xoay gitta hé toa do IMU va hé toa d0 bd phat laser (ma trén Boresight cia goc w, ¢, k);
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cos({)cos(n) —sin({) cos({)sin(n) (3)
Riy(®) = |sin(Qcos(m)  cos(()  sin({)cos(n)
—sin({) 0 cos(n)

®
7151 ma tran quay gitta hé toa do laser va hé toa do tia laser cua cac goc quét guwong ({,1) dén diém do I tai thoi
diém t (Hinh 2);
0 (4)
(@) =0
Pl
1a toa do cuia diém do I trong hé toa do tia laser tai thoi diém t (Hinh 2);

z‘]u
y
Y y
Zi 1b
.o
ﬁ( .
. .
. gé\/\Khoang cach do laser
\‘ n
I Dlém do

Hinh 2. Tinh chuyén toa d¢ tia laser sang toa dé bg phdt laser (Vé béi: Tran Trung Anh)
Tir Hinh 2 va cong thiic (3,4), tia laser ctia diém do I trong hé bo phat laser s& duoc tinh nhu sau:

—p - cos(¢)cos(n) (5)
' = Rip () *r{2(t) = | —p - sin({)sin(n)
—p - cos(n)
Tir Hinh 1 va hinh 2, phwong trinh LiDAR tinh toa d¢ diém do 13 tong vector theo cong thirc (6):
e = 1§ () + Ry () x 1, + Ry (©) = R, » 1" (6)

Tir phuong trinh LiDAR theo (6) nhom tac gia trién khai thuat toan dé tinh toa do diém do trong cong nghé
bay quét LIDAR hang khong. Trong phuong trinh ndy yéu cau cin ¢ thong sb kiém dinh vé d6 1éch toa do, cac
goc xoay giira tim IMU va b quét LiDAR (thong s cua nha san xudt), day 1a thong s6 ¢b dinh chung khi st
dung thiét bi bay quét; Khi trién khai ngoai thyuc dia, trong mot 1an quét ¢ thoi diém t cac thong sé dung chung
cho chum quét 1a toa d¢ tdm IMU, cac goc xoay cua hé toa d6 IMU so vdi hé toa do mat dat (duoc dinh vi chmh
xac boi cong nghé GNSS/INS); Tia laser quét can tra Ve gia tri goc cua guong xoay dé phuc vu tinh chuyén vé
hé toa do bo phat laser, trong ciing mét tia quét laser néu tra vé cac 19p tin hiéu twong tmg vai 16p diém do khac
nhau, thi dung chung gia tri goéc nay con gia tri khoang cach s& khac nhau theo 101 gidi theo xung hoac pha
(Wang va nnk., 2024).

2.2. Phwong phdp nghién ciru

Sau khi x4y dung phuong trinh LiDAR, can thlet phai xay dung quy trinh tinh toan phuong trinh LiDAR.
Trén co s& phuong trinh LIDAR (6), cac thong sb can cung cip, thong s6 do & thoi diém do va cac cong thire
lién quan (1-6), quy trinh dugc trinh bay trong Hinh 3.
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Gia tri kiém dinh vector do
léch va cac goc dg léch <—< Cong tac chuan bi )
gitta IMU va b6 phat Laser
Y Y
Pinh vi GNSS/INS (t) |« Bay quét Lidar D
|
I
I
Y Y |
Dinh vi tam IMU, céac goc 1éch Do khoang cach va goc |
"| gitta IMU va hé toa d6 mit dat (t) quét tia Laser (t) |
I
I
Y :
> Phuong trinh Lidar |
I
|

Trong ca bay quét

Thoi gian quét t

Ca bay quét xong

( Két thic )
Hinh 3. Quy trinh ciia phwong trinh LiDAR (Tran Trung Anh, Tran Hong Hanh, Luu Hai Au)

Cac budce xtr Iy ludi dugc trinh bay trong quy trinh ¢ Hinh 3, trong do cong tac chuan bi gdm cac cong viéc
rit quan trong nhu chuan bi phuong tién bay, pm cac thong sb ky thuat cla thlet bi bay, kha nang hoat dong
binh thudng,... bao gdm ca kha ning van hanh thiét bi cua tac nghiép vién, gidy cap phep bay cho khu vue khao
sat va thiét ké bay quét LiDAR. Quy trinh phuong trinh LiDAR rat can 5 thong sb kiém dinh vector do 1éch, goc
léch gitra IMU va bo phat laser vi lién quan dén tinh chuyén toa d6 do IMU va bo phat laser khong trang tam,
thong s6 nay dugc nha san xuit cung cdp (thuong dong kin va an dudi qua trinh xur 1y). Khi tién hanh bay quét
LiDAR tai thuc dia, két ndi va dinh vi GNSS/INS chinh xac ¢ timg thoi diém quét (thong ‘thuong dat & tan s6 thu
5 Hz hoic cao hon, dé dam bao téc do bay cua phuong tién hang khong anh huéng it nhit dén d6 truot dinh vi).
Tur tri do tich hgp GNSS/INS cung véi bd cam bién IMU vé gdc, tinh toa dd va goc xoay chinh xac cua IMU so
v6i hé toa d6 mit dat & thoi diém phong tia laser (t). Bo quét laser phong chum tia laser ¢ thoi diém (t), ting tia
laser dugc xac dinh cac goc xoay, tinh toan gia tri khodng cach nho tin hi¢u phan hoi cua cac 16p phéan xa cta bé
mit & thoi diém (t). Cac thong s nay phuc vu tinh phurong trinh LiDAR (6).

Trong qua trinh phan tich dir liéu, nhom tac gia da st dung cac cong thirc (1-6) dé xay dung thuat toan. Vi cac
thong s6 dugc déng kin, kho tiép can dir liéu tuong minh goc & dang text nén nhom tac gia gia dinh gia tri cua
cac thong sd dé ap dung phuong trinh LiDAR tya trén mot viing bay quét thyc nghiém cu thé.

——> Chuyén buéc

—— > Lap lai

3. Thuc nghiém

Khu vuc thye nghiém la phuong Tang Tién, thi xa Viét Yén, tinh Bic Giang, cach trung tam thi xa Vi¢t Yén 5 km
vé phia Péng Nam, cach thanh phd Bic Giang khoang 7 km theo huéng Pong Bic theo Qubc 16 1A m&i; phia
Tay giap phuong Nénh, phuong Hong Thai; phia Nam giap huyén Yén Diing; c6 vi tri dia 1y 21°15°38” vi do
Bic va 106°09°09” kinh do bong, dién tich khoang 2000 ha.

Hinh 4. Vi tri thwc nghiém bay quét LiDAR (Anh: Qudch Manh Tudn)
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Nhom tac gia tién hanh bay quét LIDAR bang may bay M350 va bd quét Zenmuse L2 cua hing DJI, trong
qua trinh quét ¢6 dinh vi tim chup chinh xé4c bang phuwong phap GNSS-RTK (Hinh 4). Xt 1y dit liéu trén phén
mém DJI Terra nhan duoc san pham dam may diém (Hinh 5), dy 14 co so twa trén thuc nghiém cho kiém ching
phuong trinh LiDAR.

| - — - W . e .
Hinh 5. Pdm mdy diém LiDAR (Anh: Qudch Manh Tudn)

Vi cac tép dir liéu do cua LiDAR dugc ma ’h(')az dc')ngq kiq, cung thong b kiém dinh cac gia tri do 1éch gitra
IMU va bd phat Laser nén nhém tac gia cung cap so do dé kiém ching phuong trinh LiDAR.

0,147
Thong sb kiém dinh d6 1éch giira tim IMU va bo phat Laser 1a vector 1, = [—0,247 (m)
-0,476
Cung véi cac goc xoay cua 2 hé toa do IMU va bd phat Laser la: w = 2,00°; ¢ = 1,00°,x = —2,00°.
Theo cong thirc (2) tinh dugc ma trén xoay Boresight

0,9992386 0,0348942 0,0174524
Rb, =1-0,0342695 0,9988033 —0,0348942]
—0,0186491 0,0342695 0,9992386

Cac gi tri 72, va RY, ¢b dinh tir kiém dinh thiét bj bay quét LIDAR, phuc vu tinh phuong trinh LiDAR.

Bdng 1. Tinh toan theo phwong trinh LiDAR

i Tia laser Tinh toadn H¢ toa dg mat dat
Lép (x+410000, y+2350000)
t phé,l’l ( n ,r.lu a ﬁ y RI(;; (t) * Rfu RI(;; (t) T'G (t) T'G
xa p(m) g 1 N " rIlu " 7’111]1 b 1
¢ | ©) - o (m) (m)
[ —1,915 7 [ —5,226 ] [ 936,768 T
1 102,000 —0,169 7,196 1399,282
[ —101,982] |—101,612] | 25,653 |
503 [ —1,974 1| -2,00 | [ —5,387 ] 0,130 941,863 [ 936,606 ]
1 2 105,150 1,08 -0,174 1,00 7,418 —0,235 1392,321 1399,504
’ | —105,131 2,00 | —104,750 —0,487 127,751 | 22,515 |
[ —2,231 ] [ —6,087 7 [ 935,906 T
3 118,815 —-0,196 8,382 1400,468
| —118,794 ] | —118,363 8,902
[ —12,219 7 [ —19,880 ] [ 948,933 1
1 106,665 —-2,157 7,378 1403,396
. 10,01 | 1-105,941] 118 | —104,536 0,125 968,688 | 22,091 |
! 6,68 [ 1—13,128 3,05 [ —21,359 7 —0,218 1396,236 [ 947,455 7
’ T 3,16 Tan —0,496 127,123 ’
2 114,600 -2,317 7,926 1403,944
| —113,822] |—112,313. | 14,314 |
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Tia laser Tinh toan He toa 46 mat dat
Ldop (x+410000, y+2350000)
t han RE(t) xR RE(t)
pX& p(m) Z; n Tllu a, ﬁr Y " l;.lu tu " l_;_b T'L? (t) T'IG
- ©) (m) ©) ) - (m) (m)
—13,623 —-22,164 946,649
3 118,920 [ —2,404 l [ 8,225 l [1404,243]
—118,113 —116,546 10,081

Tu dit liéu ¢ Bang 1 nhan théiy rang: trong phwong trinh LiDAR c6 nhfrng thong s ¢ dinh tham gia tinh toan
toan bo dir liéu nhu thong sb kiém dinh cac gia tri 6 1éch (vector toa do kb, goc xoay: w, ¢, Kk dé tinh Rzu) gilra
IMU va bo phat laser nén thong sb nay can co do chinh xac cao; co thong sO dung chung cho thm diém phat
chum tia laser nhu: vector toa do r¢ (t) va goc xoay (a B,y) dé tinh RS (t) cia IMU do véy ciing can xac dinh
chinh xac vi anh huong dén chum quét laser; thong sd riéng cia timg tia quet laser la goc xoay (¢,m) dé ddng bod
toa do vé hé bd phat laser, con khoang cach thi mot tia laser phat ra c6 thé thu duoc nhiéu 16p phan xa khac nhau
theo tang dir lidu mat dit (c6 thé tir 1 dén 3 hodc nhiéu hon tiy theo kha ning ky thuat cia thiét bi quét va ddi
tuong mat dét) tinh dugc cac khoang cach p, tir d6 c6 thé tinh duoc toa do diém do ¢ nhiéu 16p khac nhau.

4. Két luan

Nghién ciru nay dd 4p dung phuong trinh LiDAR tinh toa d6 diém do mit dét trong cong nghé bay quét laser
hang khong. Cac két qua thu duoc tir co sé toan hoc, hinh hoc dé xay dung phuong trinh LiDAR (6), phan tich
tinh toan dir liéu bay quét laser hang khong theo s6 lidu tua trén ving thuc nghiém. Tir d6 nhan thiy rang: trong
phuong trinh LiDAR c6 nhiing thong sé ¢6 dinh tham gia tinh toan toan bo di 1ieu nhu thong s6 kiém dinh cac
gia tri d9 1éch (toa dg, goc xoay) gitra IMU va bo phat Laser nén thong s6 nay can co do chinh xac cao; co thong
s6 ding chung cho thoi diém phat chum tia laser nhu: vector toa d6 va goc xoay cua IMU do vay cling cin xé4c
dinh chinh x4c vi anh hudng dén chum quét laser; thong s riéng cia ting tia quét laser 1a goc xoay dé dong bd
toa do vé hé bo phat laser, con khoang cach thi mdt tia laser phat ra co thé thu duoc nhiéu 16p phan xa khac nhau
theo tang dir liéu mat dat (c6 thé tir 1 dén 3 hodc nhiéu hon tiy theo kha ning ky thuat cua thiét bi quét va ddi
tuong mat dat) dan dén c6 nhiéu khoang cach, tir d6 co thé tinh duoc toa do diém do & nhiéu 16p khac nhau. Qua
trinh xr ly theo phuong trinh LiDAR da duogc chimg minh 13 hop 1y vé hinh hoc, chinh x4c vé toan hoc. Piéu
nay gop phan vao viéc trién khai chi dong vé thuat toan, 1ap trinh xur 1y m6 phong. Két qua nghién clu co y
nghia thyc tidn quan trong trong viéc hudng dan cac ky su tric dia 4p dung phuong trinh LiDAR khi trién khai
thuc dia cdn dam bao chinh xac cac yéu td lién quan dugc dung trong phuong trinh LiDAR. Quy trinh cua
phuong trinh LiDAR dam bao su thong nhat va tranh sai sot. Dya trén két qua ctia nghién ctru ndy, nhom tac gia
dé xudt tiép tuc nghién ciru dé trién khai viét cac tmg dung xir Iy dir liéu LiDAR.
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ABSTRACT
The LiDAR equation calculates object points
in airborne laser scanning technology

Tran Trung Anh'?*, Tran Hong Hanh'2, Luu Hai Au®, Quach Manh Tuan*
!Faculty of Geomatics and Land Administration, Hanoi University of Mining and Geology
2 Geomatics in Earth Sciences Research Group, Hanoi University of Mining and Geology

3The Vietnam Institure of Surveying and Mapping
“Northern QT Construction and Trade Joint Stock Company

This study applied the LiDAR equation to calculate ground point coordinates in airborne laser scanning technology.
The results were obtained through mathematical and geometric foundations, constructing the LIDAR equation, and
analyzing airborne laser scanning data based on field measurements. From this, several observations were made:
LiDAR boresight calibration: The LiDAR equation involves fixed parameters for computing the entire dataset.
These include accuracy-critical values such as the deviation (coordinates and rotation angles) between the Inertial
Measurement Unit (IMU) and the Laser Transmitter. Ensuring high precision for these parameters is essential.
Shared Parameters: Parameters related to laser beam emission time, such as IMU coordinates and rotation angles,
also need accurate determination since they impact laser scanning. Additionally, each laser scan beam has its
specific rotation angle for synchronizing coordinates within the laser transmitter system. Considering distance, a
single laser beam can capture multiple layers of ground reflection (typically 1 to 3 or more, depending on the
scanning device’s technical capabilities and the ground object). This allows computation of point coordinates across
different layers. LIDAR Process Assurance: The LiDAR processing workflow ensures consistency and minimizes
errors. Experimental validation in the Tang Tien ward, Viet Yen town, Bac Giang province, involved airborne laser
scanning using the DJI M350 aircraft and the Zenmuse L2 scanner. The validated LIDAR equations based on this
field experiment demonstrate clarity and accuracy.

Keywords: LIDAR equation, airborne laser, object point, GNSS, IMU.
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