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Ung dung SLAM va tinh ton song song GPU trén Jetson Orin
cho woc lwgng vi tri may anh 3D thoi gian thye

Nguyén Ngoc Ti", Tran Xuin Thinh
Trung tam Quang dién tir, Vién Ung dung Cong nghé, C6, phuwong Thanh Xudn Bdc, qudn Thanh Xudn, Ha Ngi, Viét Nam
Ngay nhén bai 29/7/2024; ngay chuyén phan bién 1/8/2024; ngay nhan phan bién 8/8/2024; ngay chip nhan dang 27/8/2024

Tom tit:

U'éc lwong vi tri ciia may anh trong khong gian 3D ¢6 nhiéu wng dung quan trong trong cac hé théng quét 3D va
robot di dgng. Trong bai bdo nay, nhom tic gid nghién ciru phwong phap wéc lwgng vi tri cia may dnh trong khéng
gian 3D bing thuit toan SLAM va sir dung sitc manh tinh toan ciia GPU trén may tinh nhing Jetson Orin nhim
phat trién cic ing dung dinh vi trong thoi gian thue. Bing cach trién khai cic thuit toan visual odometry trén nén
ting CUDA, két qua cia thue nghiém da dat dwge toc d¢ xir ly nhanh hon dang ké va do chinh x4c cao hon so voi
cac phuong phap dua trén CPU va cho thay su cdi thién hi¢u suét dang ké trong cac kich bén thoi gian thye, ciing
nhu tiém ning ung dung trong robot ty hanh va cong nghé quét 3D. H¢ thong xtir ly hiéu qua viéc trich Xuét va so
khép dac trung sir dung cac md ta nhj phan, tbi wu héa quy trinh thong qua tinh todn song song trén GPU. Nghién
ctru cung cap danh gia chi tiét vé do chinh xic va toc do cia hé thong, néu bat nhirng loi thé ciia viéc sir dung GPU
trén h¢ nhung trong wéc lugng vi tri ciia may anh 3D giup cho cic nghién ciru thiét ké, ché tao cac thiét bi quét 3D
cAm tay ngoai troi nhé gon ma vin dap ng dwoc thoi gian thue.

Tir khoa: may anh thoi gian thue, ORB-SLAM GPU, robot, SLAM, SLAM 3D, visual odometry, visual SLAM.
Chi sé phén loai: 1.1,1.2,2.2

Real-time 3D camera pose estimation using SLAM and GPU

parallel computing on Jetson Orin
Ngoc Tu Nguyen®, Xuan Thinh Tran

Center for Optoelectronics, National Center for Technological Progress, C6, Thanh Xuan Bac Ward, Thanh Xuan District, Hanoi, Vietnam

Received 29 July 2024; revised 8 August 2024; accepted 27 August 2024
Abstract:

Estimating the position of a camera in 3D space has numerous important applications in 3D scanning systems
and mobile robotics. In this article, the authors investigate a method for estimating the camera's position in 3D
space using the simultaneous localisation and mapping (SLAM) algorithm, leveraging the computational power
of the graphics processing unit (GPU) on the Jetson Orin embedded computer to develop real-time localisation
applications. By implementing visual odometry algorithms on the compute unified architecture (CUDA) platform,
experimental results demonstrated a significantly faster processing speed and higher accuracy compared to CPU-
based methods, showing remarkable performance improvements in real-time scenarios. This underscores the
potential for application in autonomous robotics and 3D scanning technology. The system efficiently processes
feature extraction and matching using binary descriptors, optimising the workflow through parallel computations
on the GPU. The research provides a detailed assessment of the accuracy and speed of the system, highlighting
the advantages of utilising GPUs on embedded systems for 3D camera position estimation, thereby facilitating the
design and fabrication of compact outdoor handheld 3D scanning devices that can still meet real-time requirements.
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1. Dt van de

Uéc lugng vi tri cua mdy anh trong khong gian 3D 1a
mot yéu td then chét trong nhiéu tmg dung hién dai nhu
robot tyr hanh, thyc té ao va quét 3D. Do chinh xéac va tdc
d6 cta qua trinh nay anh hudng truc tiép dén hiéu suét cia
céc hé thong. Trong cac nghién ctru trudc déy, cac thuat toan
ude lugng vi tri [1] va Iap ban do dong thoi (SLAM) [2, 3]
dua trén CPU gap han ché vé toc do xur 1y, dic biét khi xur Iy
céc dir liéu anh 16n va phtic tap. Vi sy phét trién ciia cong
nghé GPU, kha nang tinh toan song song manh mé cia nd
mang lai tiém nang 16n dé cai thién tdc d6 va do chinh xac
cua cac thudt toan nay.

Trong nghién ctru nay, tap trung vao viéc st dung GPU
dé tang tdc do va cai thién do chinh xac cla cac thuat toan
ude luong vi tri mady anh trong khong gian 3D. Dac biét, sir
dung cac thuat toan Visual Odometry, trién khai trén nén
tang CUDA dé tan dung kha ning tinh toan song song cta
GPU.

Mot trong nhitng thach thirc 16n cia cac h¢ théng SLAM
1a xir Iy khdi lwong 16n dit liéu hinh anh mét cach hiéu qua.
Céc nghién ctru trudc dy di chi ra rang, viéc st dung GPU
trong xtr Iy anh ¢ thé mang lai hiéu qua cao hon nhiéu so
v6i CPU. Vi dy, ORB-SLAM3 sur dung cac descriptor nhi
phan nhu ORB (Oriented FAST and Rotated BRIEF) va cac
k¥ thuat nhu FAST d gitip giam thoi gian tinh toAn ma van
duy tri d6 chinh xac cao [4]. Su két hop giita cac thuat toan
nay va kha nang xu Iy manh mé cua GPU mang lai kha nang
thyc hién cac phép tinh phire tap trong thoi gian thyc, mo ra
nhiéu tng dung tiém nang trong cac linh vyc nhu robot tu
hanh, thuc té 4o, va cac hé thong nhén dang hinh anh tién
tién.

Viée str dung GPU khéng chi tang tc d6 xir Iy ma con
mo ra co hoi dé trién khai cac thudt toan phic tap hon ma
trudc day khong kha thi trén CPU do han ché vé tai nguyén
va thoi gian tinh toan. Trong moi truong quét 3D khong
gian 1on, viéc ude lugng vi tri chinh xac va kip thoi 1a cuc
ky quan trong dé dam bao do tin cay cua dir liéu 3D khi
ghép ndi cac mang khong gian lai thanh mot mé hinh hoan
chinh. Kha nang xu ly thoi gian thue cua GPU gilp Ung
dung quét 3D co thé phan (g nhanh chong voi cac thay
d6i trong moi truong, tir d6 cai thién hiéu suat va do tin cay
ctia h¢ thong.

Trong bai bao nay, cac tac gia trinh bay vé phuong phap
g dung GPU cho thudt toan wéc lugng vi tri, bao gdm cac
bude thu thap dir liéu, trién khai thuat toan, va cac két qua
thir nghiém. Bén canh do, ciing thao luan vé cac thach thire
va han ché ctia phuong phép nay, ciing nhu nhitng tmg dung
tiém nang trong tuong lai. Nghién ctru nay khong chi danh
gi4 hiéu suat ctia cac hé théng hién c6 ma con mé ra hudng
di méi cho viée tng dung cong ngh¢ GPU trong linh vuc
udc luong vi tri va 1ap ban dd 3D.
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2. Phuang phap nghién ciu
2.1. M6 hinh quan tinh - truc quan mdy anh va IMU

Theo nghién ctru do R.M. Artal va cs (2015) [5], déau vao
cho mé hinh quan tinh - truc quan 1a ludng cac phép do IMU
va khung hinh ctia may anh. Dya trén mé hinh 16 nhé cta
may anh th6ng thuong cé chirc ning chiéu n: R°— Q bién
ddi cac diém 3D X eR trong hé tham chiéu camera C,
thanh cac diém 2D tren mit phang anh X € Q c R*

T[(XC) = X = X,
fU +Cu

Y, z ] (D

trong 4o, [f, f,]7 1a tidu cu va [cyc,]T 1a tim diém trong
thong s6 nodi cua camera da dwgc hiéu chuén. Chuc nang
chiéu nay khong xem xét dén d6 méo do 6ng kinh méay anh
tao ra. Khi trich xuét cac diém chinh trén hinh anh s& huy
bién dang toa d6 cua chung dé chung co thé khdp vai cac
diém duoc chiéu bang cach st dung (1).

IMU, ¢6 tham chiéu dugc ky hiéu la B, do gia tde a,va
van toc goc w, cua cam bicn trong nhirng khodng thoi gian
deu dan At, thuong 6 hang tram Hz. Ca hai phép do déu bi
anh huong, ngoai nhidu cam bién, do d¢ léch b,va b, thay
d6i cham cua gla tc ké va con quay hoi chuyen tuorng ung.
Hon niia, gia tdc ké chiu tac dung cua trong lyc g va nguoi
ta can trir di tac dung ciia n6 dé tinh chuyén dong. Su phat
trién rleng biét cia dinh huéng IMU R ,ES0 10, vi tri wP,
va van toc wV,, trong h¢ tham chiéu the gidi W, co thé duorc
tinh nhu sau:

R Exp ((w} — bE)at)

wVitt = wik + g, At + Rl p(ak

k+1 _
RWB -

- b¥)At (2)

1
WPt = wPk+w VEAL + EgWAt2 + ER’JVB (ak — b¥)At?
Chuyén dong giita hai khung hinh chinh lién tiép c6 thé
duoc xac dinh theo sy tich hop truéc AR, Av va Ap tu tat
ca cac phép do ¢ gitra, sir dung qua trinh tich hop IMU gan
day dugc mo ta:

Rijs = RiysAR;; Exp ((lbeé))

WU = WU+ g Bt + R (V01 + 4 JE ) (3)
1. . .

WP1+1 WPB+W VBAtHH +- gwAtzziH + -RLWB(AP”H +]fvbl +]Zub51)

trong d6, Jacobians J() va J() giai thich xap xi bac mot
vé tac dong cua viéc thay doi do léch ma khong can tinh
toan lai mot cach rd rang cac gia tri tién tich hop. Ca tién
tich hop va Jacobian déu c6 thé dugc tinh toan lip di lap lai
mot cach hiéu qua khi cac phép do IMU xuit hién.



Camera va IMU duoc ¢b dinh véi nhau, tao thanh hé
thong va phép bién doi T, s = [RCB cP B] gitia cac hé quy
chiéu cuia chiing da biét tir qua trinh hiéu chuén.

2.2. Thudgt toan woc luwgng vi tri trong SLAM

Thuat toan udc lugng vi tri la mot phﬁn quan trong
trong cc hé thng SLAM (Simultaneous Localization and
Mapping), gitip xac dinh vi tri cia may anh trong khong
gian 3D. Mot trong nhirng thudt toan phd bién nhét cho
nhiém vu nay la ORB-SLAM3 [2], st dung cac déc trung
ORB (Oriented FAST and Rotated BRIEF) [6] dé phat hién
va mo ta cac diém dic trung trén hinh anh. ORB-SLAM3
hoat dong dua trén viéc trich xuét cac diém dac trung tu
cac khung hinh lién tiép? sau d6 so sanh va két hop chung
dé udc luong sy di chuyén cua mdy anh. Qua trinh nay bao
gom ba budc chinh: phat hién diém dic trung, theo ddi va
két hop cac diém nay, va t6i wu héa vi tri va ban d6 moi
truong. ORB-SLAM3 st dung cdc descriptor nhi phan [4],
gitip giam thiéu thoi gian tinh todn va tang cuong hiéu suit,
didc biét khi trién khai trén nén tang GPU. DPiéu nay cho
phép hé thong xir 1y va cap nhat vi tri cia may anh trong thoi
gian thuc, dap ung yéu cau cao vé do chinh Xac va toc do
trong cac ing dung nhu robot tu hanh va thuc té 40. Su két
hop giita cac thuat toan phat hién diém dic trung hiéu qua
va kha nang xt ly manh m€ cia GPU da tao nén mot budc
tién lon trong viéc cai thién hiéu suét va do tin cay cua cac
hé théng udc lugng vi tri.

2.2.1. Cau triic ciia chwong trinh ORB-SLAM

Hinh 1 1a téng quan cia ORB-SLAM, sir dung céc k¥
thuat tién tién dé theo ddi va tai tao ban d6 moi truong.
Thu vién nay dugc thiét ké dé hoat dong hiéu qua trong
nhiéu diéu kién khac nhau, tir cdc méi trudng trong nha dén
ngoai troi, va trong cac tinh huéng di chuyén nhanh chéng
(GalvezTRO12) [4].
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Céc hé thong SLAM truyén thong thuong dya vio cac
thuat toan nhu FAST va BRIEF dé trich xuat va mé ta cic
dac trung cta anh. Vi du, cic nghién ctru ciia D.G. Lopez va
cs (2012) [4] da chi ra rang, st dung cac thi tir nhi phan gitp
nhan dién vi tri nhanh chéng trong cac chudi hinh anh, tir
d6 tang hiéu suit ciia hé thong [6] (GalvezTRO12). Phuong
phap nay khong chi ting tbc d6 ma con giam thiéu sai st
trong viéc nhan dién vi tri, diéu nay dac bi¢t quan trong
trong cac umg dung yéu cau do chinh xac cao va thoi gian
thuc nhu robot tu hanh va thuc té do.

1) Theo ddi (Tracking): Tinh nang theo ddi quan tinh truc
quan chiu trach nhiém theo doi tu thé cam bién, van toc va
d6 léch IMU ¢ toc do khung hinh. Piéu nay cho phép du
doan tu thé cia may anh rat dang tin cdy, thay vi sir dung
mb hinh chuyén dong dic biét nhu trong monocular system
ban diu. Sau khi du doan duogc tu thé cua may anh, cac
diém trén ban dd cuc bo s& duoc chiéu va khép véi cac diém
chinh trén khung Sau d6, t6i wu hoa khung j j hién tai bang
cach giam thiéu 16i chiéu lai dic trung cua tat ca cac diém
trung khép va thoi gian 161 IMU. Viée t6i wu hoa nay khac
nhau tiry thudc vao ban dd c6 duoc cap nhat hay khong boi
Ludng Local Mapping hoic Loop Closing (hinh 2).
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Hinh 2. Sw phat trién clia viéc t6i wu hoa trong chudi theo déi [5].

ii) Ban d6 hoa cuc bd (Local Mapping): Chudi ban do
hoéa cuc bd thuc hién BA (goi diéu chinh) cuc bd sau khi
chén khoa khung hinh méi. N6 t6i wu hoa N khoa khung
hinh cubi (cira s6 cuc bd) va tit ca cac diém ma N khung
hinh chinh d6 nhin thdy. T4t ca cac khung hinh chinh khéc
chia sé quan sat vé cac diém cuc bd (ttrc 1a duoc két ndi
trong biéu d6 kha nang hién thi voi bat ky khung hinh chinh
cuc by nao), nhung khong c6 trong ctra s6 cuc b, dong gop
vao tong chi phi nhung dugc ¢6 dinh trong qua trinh t6i uu
hoa (cura s6 ¢ dinh). Khung hinh chinh N+1 luén dugc bao
gom trong ctra s6 co dinh vi n6 han ché trang thai IMU.

iii) Pong vong lip (Loop Closing): Ludng dong vong
lap nham muc dich giam do tréi tich lity trong qua trinh
tham do, khi quay tr¢ lai khu vye da duoc 1ap ban dd. Mo-
dun nhan dang dia diém khop khung hinh chinh gan day voi
khung hinh chinh trong qua kht. Sy trung khép nay duogc
xéc thyc bang cach tinh toan mot phép bién doi rigid body
(co thé cumg) dé cin chinh cac diém khép giira cac khung
hinh chinh. Cubi cung, viéc tdi uu héa duge thuc hién dé
giam sai so tich lity trong quy dao. Viéc tdi wu hoa nay c6
thé rat tén kém trong cac ban dd 16, do d6 chién luge 1a
thuc hién t6i uvu hoa biéu dd tu thé, giup giam d6 phic tap
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vi cdu trac bi bo qua va thé hién sy hoi tu tét. Nguoc lai
v6i ORB-SLAM ban dau, thuc hién ti uu hoa biéu do tu
thé trén 6 bac ty do (DoF) thay vi 7 DoF, vi ¢6 thé quan sat
duoc ty 1&. Biéu do tu thé nay bo qua thong tin IMU, khong
toi uru héa van téc hodc d6 1éch IMU. Do d6, diéu chinh van
téc bang cach xoay ching theo hudng da stra cua khung
hinh chinh lién quan. Mic du diéu nay khong t6i wu nhung
d6 1éch va van tbe phai chinh xac cuc bo dé tiép tuc st dung
thong tin IMU ngay sau khi téi uu héa so d6. Sau do, thuc
hién BA (géi diéu chinh) ddy du trong mot ludng song song
nham t6i wu hoa tit ca céc trang thai, bao gém ca van tbe
va dg léch.

2.2.2. Thudt toan phat hién keypoints va mo ta dac trung

1) Thuat toan FAST: La m{t phuong phap phat hién dac
trung hiéu qua va nhanh chéng trong linh vuc xtr 1y anh va
thi gidc may tinh, ndi bat v6i kha nang xac dinh cac diém
dac trung mét cach chinh xac va tdc d6 cao [7] hon so voi
thuat toan SIFT [8] va SUSFT [9]. Thuét toan nay bat dau
bang cach chon mot diém trung tdm trong hinh anh va so
sanh cudng d6 cia diém nay voi cuong do cua cac diém anh
nam trén mot vong tron ¢ ban kinh 3 diém anh xung quanh
diém trung tam.

Nho vao tinh don gian va hi¢u qua cua thuét toan, FAST
trd thanh mot cong cu manh mé trong nhidu tmg dung thi
gidc may tinh, bao gdm theo doi déi twong, nhan dang hinh
anh, va dic biét 1a trong cac hé thong SLAM dung trong
robot ty hanh. Trong cac hé théng SLAM, viéc phat hién
nhanh chéng va chinh xéc cac diém dic trung 12 yéu t6 quan
trong dé xay dung ban db va dinh vi robot trong méi truong.
Thuét toan FAST ciing thuong dwoc két hop véi cac thuat
toan mo ta dac trung khac nhu BRIEF hodc ORB dé tao ra
cac vector ddc trung mo ta chinh xac va hiéu qua cho cac
diém dic trung duoc phat hién.

1) Mo ta béng BRIEF: La mét trong nhiing phuong phap
quan trong va phd bién trong linh vyc thi gidc may tinh,
dugc sur dung dé biéu dién céac diém dic trung trén hinh anh
dudi dang chudi bit nhi phan [10]. P4y la mot cong cu manh
mé va don gian, dic biét pht hop cho cac ing dung yéu ciu
tinh nhanh va d9 tin cdy cao nhu nhén dién dbi tugng, theo
dai vat thé va xay dyung ban d6 3D trong hé thong SLAM.

Qué trinh tao ra mo ta dic trung bang BRIEF bat dau
bang viéc chon cac diém anh quan tAm tir hinh anh, thuong
thong qua cac thuat toan phat hién diém ndi bat nhu FAST
hodc ORB. Sau khi cac diém anh quan tam dugc xac dinh,
mdt ving xung quanh mdi diém anh nay véi kich thude (vi
dy, pixel) s€ duogc chon dé phan tich.

Trong ving nay, mot tap hop cac cap diém ngiu nhién
dugc chon ra. Moi cap diém nay dugc dai dién boi hai toa
do (x,, y,) va (x,, y,). SO luong cic cip diém thuong dugc
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xéc dinh trude va 1a mot tham sé cua phuong phap, ching
han n=256 cip. V&i mdi cap diém, do sang cua cac diém anh
tai hai toa d¢ nay s€ dugc so sanh. Néu do sang tai toa do
(x,, y,) nho hon d9 sang tai toa do (x,, y,), Kkét qua so sanh s&
1a 1, nguoc lai s& 1a 0. Két qua cuia cac phép so sanh ndy tao
thanh mot vector nhi phan vdi d§ dai nnn bit, vi du 256 bit,
biéu dién mé ta dic trung cho diém anh quan tam.

Céac chudi bit mé ta dugce tao ra tir BRIEF khong chi thuc
hién nhanh chong ma con dam bao d¢ chinh xac va tin cay,
thich hop cho viéc nhan dién cac diém dic trung trong cac
diéu kién khac nhau ctia hinh anh, bao gdm ca sy bién doi
hinh hoc va diéu kién chiéu sang.

iii) M6 ta nhi phan bang ORB: La mot phuong phap
quan trong trong thi giac may tinh, duoc sir dung dé biéu
dién cac diém dic trung trén hinh anh dudi dang chudi bit
nhi phan [6]. ORB két hop giita hai thanh phan chinh 13
thuat toan FAST va BRIEF, dé cung cép mot cach tiép can
hi€u qua va nhanh chong cho viéc nhan dién va mo ta cac
diém dic trung.

Thuat toan FAST duoc sir dung dé nhanh chéng phat
hién cac diém dic trung trén hinh anh, dya trén viéc so sanh
d6 sang cua cac diém anh trong mot ving xung quanh. Sau
khi cac diém dic trung duge phat hién, ORB sir dung thuat
toan BRIEF dé tao ra mo ta nhi phan cho tiung diém dic
trung. Qua trinh nay bao gdm viéc so sanh timg cip diém
anh 14n cén va ghi lai két qua dudi dang chudi bit, biéu dién
cac dac diém quan trong cua diém dic trung dya trén sy
khac biét giita cac gia tri diém anh.

Mb ta nhi phan bang ORB ndi bét vai tinh nhanh chong
va doc 1ap voi mo hinh, gitp cho thuat toan c6 thé ap dung
hiéu qua trong cac hé thong thoi gian thuc va trong cac diéu
kién bién d6i hinh hoc cua hinh anh. Pong thoi, ORB ciing
mang lai do tin cdy cao va kha nang hoat dong 6n dinh trong
cac irng dung nhu nhan dién ddi tuong, theo doi vat thé va
trong hé théng xay dung ban dd 3D nhu SLAM.

3. Thi nghiém va cai dat
3.1. Hi¢u chudn mdy danh va IMU

H¢ thuc nghiém cAu hinh gém: 1 camera USB 3.0, global
shutter, ¢ phan giai 1920x1200 diém anh, 1 cam bién IMU
VN-100s, cung vdi mdt may tinh Jetson ORIN NX 16G, hé¢
diéu hanh Ubuntu 20.04 va ROS Noetic (hinh 3). Dé hidu
chinh camera va IMU su dung cong cu Kalibr do J. Rehder
va cs (2016) [11] phét trién. Qua trinh cai dat bao gdm viéc
cai dat cac phu thudc can thiét, clone repository cua Kalibr
tir GitHub va build Kalibr ciing nhu cau hinh méi truong
lam viéc.
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Hinh 3. Hé thi nghiém phan cirng.

Tién hanh thu thap dir liéu tr camera (st dung goi
cong cu camera_aravis: roslaunch  camera_aravis
camera_aravis.launch) va IMU (sir dung g6i cong cu imu_
vn_100:roslaunch imu_vn_100 vn_100_cont.launch). Dam
bao rang ca camera va IMU déu da duge két ndi va ROS
master da duoc khoi dong, su dung cong cu rosbag dé ghi
lai d@t li€u (rosbag record-O camera-imu-data.bag/imu/imu/
Basler/Basler/image_raw). Dit liéu tur camera dugc thu thép
bang cach ghi lai topic /Blasler/Basler/image_raw trong khi
di liéu tor IMU (hinh 4) dugc ghi lai tr topic /imu/imu. bé
dam bao tinh déng b, thuc hién ghi lai dit lidu déng thot tir
c hai thiét bi bang cach ghi lai ca hai topic cung luc.

Gyroscope

;

N < X

—— White noise fit line
Random rate fit line
fitted model

Allan Deviation deg/s

s

10 100 10! 107 107

Period (s)

Accelerometer

4

H

—— White noise fit line
Random Rate fit line
—— fitted model

Allan Deviation m/s”~2

=

10! 10° 10!
Period (s)

Hinh 4. Biéu dé nhiéu nén Gyroscope va Accelerometer ctia IMU VN-100S.
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Hinh 5. Hiéu chinh véi kabilr ding aprilgrid véi thong sé: Rows: 6,
Cols: 6, Size: 0,098 (m), Spacing 0,0294 (m).

Céu hinh cho Kalibr chira thong tin vé& cac tham sb cua
camera va IMU va thong sb mau aprilgrid (hinh 5). Qua
trinh hiéu chinh duogc thuc hién bé‘\ng cach st dung Kalibr
v6i cac file ciu hinh va dir liéu da thu thap (rosrun kalibr
kalibr_calibrate_imu_camera —cam cam_calc.yaml—target
aprilgrid 6x6.yaml—imu imu_vnl00s.yaml-bag camera-imu-
data.bag). Kalibr xuit ra file két qua hiéu chinh (hinh 6-11).

Z(m)

08

X (m) * e 9 Y (m)

Hinh 6. Tw thé wérc tinh cla camera va IMU trong khéng gian 3 chiéu (X, Y, Z).
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Thoi gian (giay)

Hinh 7. D4 léch gia téc wérc tinh cuia cac truc X, Y, Z theo thei gian (IMU frame).
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Hinh 8. So sanh van téc géc dy doan va do dwoc (body frame).
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Hinh 11. Biéu d6 16i phép chiéu cac diém trén mau aprilgrid ctia camera.

Cl}éi cung, st dung tép ‘két qua hi¢u chinh dé céu hinh
hé thong ORB-SLAM3. Diéu nay dam bao rang, dit li€u tu

G 0.025- camera va IMU da dugc hi¢u chinh trude khi st dung trong
=] SR A 5 X SR \ . 5 5
£ 0.000 qua trinh xay dung ban d6 3D. Qua trinh nay giup dam bao
8 _0.0254 tinh chinh xac va hiéu qua cua h¢ thong trong viéc tao ra
v Py A ~ ~ 1A A 5 A A ‘A
‘ ! ! | ! } ‘ ban d6 3D tu dir liéu thu thap dugc. Bang 1 thong so hiéu
2500 5000 7500 10000 12500 15000 17500 A 5 R I 5 r 5 3 I .
0.1 chuan cua camera d€ thuc hién khir méo anh va xac dinh
i A < R 5 r . 5 \ A A
3 toa do diém 3D cua cac Keypoints, bang 2 1a thong s6 ma
= i o - " rl PRI A 4 . e~ \ A r A
L e o B e ' tran chuyén vi gitta camera va IMU d¢€ udc lugng tu the ctua
o o1 camera, bang 3 la thong so déc tinh cia cam bieén IMU nham
' 2500 5000 7500 10000 12500 15000 17500 loai bé nhiéu nén.
= .
3 Bang 1. Bang thong sé hiéu chuan clia camera.
5
5 Thong s Fx Fy Cx Cy k1 k2 P1 P2
—=0.02 + T T T T T T T
o 2500 5000 7500 1_0300 12500 15000 17500 Giatri  1361,6673 13649869 952,5862 592,1588 -0,2407 0,17603 0,0004 -0,0002
error index

Hinh 9. Léi van téc géc ctia IMU.
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Hinh 10. Uéc tinh dé léch con quay hdi chuyén (khung IMU).
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Bang 2. Bang thong s6 ma tran chuyén vi giiva camera va IMU.

Théng sb R T
-0,01271982 003139764 0,99942603  0,12018051
L 0,99983075 001288734 0,01312984  -0,03879424
B -0,01329219 2025934957 0,0312284  -0,04984265
0 0 0 1

Bang 3. Bang thong sé xac dinh dic tinh cta IMU VN-100S.

Thongsd  NoiseGyro  NoiseAcc

9,53685¢-05  0,002086
3.2. Thuc nghiém

GyroWalk
1,0934e-05

AccWalk Frequency (Hz)
0,000195764 400

Gid tri

So dd cac khoi chuong trinh dugc thuc hién tuong tu
nhu trong ORB-SLAM theo hinh 12, 13. Trong d6, khéi
chtrc ndng mau vang (so do khéi hinh 13) c6 thé dugc thuc
thi trén ca GPU va CPU, pyramid level thyc hién tao cac
muirc d6 phén giai (cau hinh 8 d6 phén giai giam mau) trudc
khi st dung dé phat hién diém dic trung tir anh (FAST
Corner) va bd loc Gaussian Blur ¢6 tic dung l1am mo hinh



anh dé giam thiéu cac chi tiét khong can thiét va nhiéu trong
d@ liéu hinh anh trudc khi thyc hién cac budc xu 1y tiep
theo, nhu phat hién va mé ta cac diém dac trung voi ORB.

Tién hanh thyc nghiém véi dir liéu anh tir may anh, IMU
v6i lan lugt sir dung cac phuong phap tinh toan Keypoints
FAST va trich xuit dic trung ORB (st dung GPU va CPU
theo hinh 14 va khdi cac chirc naing ORB-SLAM2 hinh 15)
va cac thong s6 theo bang 1, 2, 3, 4 thuc thi dé so khoép
va tim diém tuong ddng nhdm udc lwong vi tri cua hé
may anh-IMU trong khong gian 3D (rosrun ORB_SLAM3
Mono_Inertial ./Vocabulary/ORBvoc.txt ./Examples/ROS/
ORB_SLAM3/cam_imu.yaml).

Track inta
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optimization)

Tracking and lecalization block

Process new .
keyframes

Loeal mapping block

Map point
culling &nd
creation

Search ¥ Local bundle 2
nelghbor KF adjustment
Enough
" slmilarity f
found?

Hinh 12. Cac khéi chirc ning trong chwong trinh ORB-SLAM2 [12].
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/
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Hinh 13. So d6 khéi xtr Iy cho 2 trwdng hop dung CPU va GPU [9] cho tinh
toan keypoints va trich xuét dic trwng.

Bang 4. Cai dat thong sé cho ORB-SLAM.

Thong s0  nFeatures scaleFactor ~ nLevels iniThFAST ~ minThFAST

Gia tri 2000 1,2 8 20 7
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ORB-SLAM3: Map Viewer - a &
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Hinh 14. U&c lwong vi tri cia may anh trong khéng gian 3D.

A ®)

Hinh 15. Vi tri cia camera quy dao hinh tron ban kinh 0,5 m trén GPU (A)
va CPU (B).

4. Két qua va ban luan

Hinh 16 thé hién két qua dugc tinh toan xtr 1y trén GPU.
Mbi khung hinh duoc thyc hién theo cac budc tinh todn
Keypoints bang phuong phap FAST, tinh toan mé ta dic
trung ORB, udc lugong tu thé may anh voi dit liu thu dugc
tir IMU. Sau khi tim duoc cac diém twong dong tién hanh
xac dinh vi tri cua h¢ may anh-IMU trong khong gian 3D:
cac diém mau do 1a cac diém twong dong giita cac khung
hinh, cdc 6 mau xanh nuéc bién (blue) thé hién tu thé cua
méy anh trong khong gian 3D, cic duong mau do la thé
hién quy dao di chuyén ctia may anh trong khong gian 3D
(hinh 14).

Két qua thuc nghiém khi sir dung 2 ché 46 CPU va GPU
cho thdy: khi sir dung GPU, téc do xtr Iy cua hé théng (do
phan giai 1920x1200) dat trung binh 31,5 FPS nhanh hon so
v61 9,3 FPS trén CPU.

Dé danh gia sai s6 woc lugng vi tri cia camera, thuc hién
di chuyén camera theo quy dao hinh tron, ban kinh 0,5 m,
x4c dinh tdm duodng tron va udc lugng duong kinh trung
binh tur tap dir liéu toa do diém cta camera trong khong gian
(hinh 15). Hinh 15A 1a quy vi tri cua camera xu ly trén GPU
v6i sai s6 trung binh 1a 0,017 m va hinh 15B 1a quy dao vi
tri thuc hién cung tap dir liéu thuc thi trén CPU vdi sai )
trung binh 0,039 m.



Hinh 16. Cac diém twong ddng (mau xanh) dwoc phat hién gitra 2 khung
hinh lién tiép sau khi tinh toan cac Keypoint bang FAST va so khép dic
trwng ORB.

Tt thue nghiém danh gia hiéu suit cua thuét toan SLAM
trén CPU va GPU, chung ta c¢6 thé thay, GPU cho hiéu suit
cao hon ciling nhu dem lai d9 chinh xac hon trén Jetson Orin
NX. Két qua nay hoan toan c6 thé dap tmg yéu cau xir Iy
thoi gian thyc cho udc lugng vi tri ciia may anh, voi chi phi
thdp va phat trién cho nhiéu img dung.

5. Két luan

Tir nghién ciru vé udc lwong vi tri may anh trong khong
gian 3D thong qua thuat toan OLB-SLAM3 su dung GPU
trén nén tang Jetson Orin, cho thiy nhimng tién bo déng ké
trong ca tbe do xir 1y va d¢ chinh xac vi tri so voi thuc hi¢n
trén CPU. Viéc ap dung strc manh tinh toan ciia GPU da cho
phép trién khai cac thuat toan Visual Odometry mot cach
hiéu qua, uu diém cua OLB-SLAM3 trén GPU gdm: i) Tc
d6 xir 1y cao: Sir dung GPU gilip cai thién toc do tinh toan
thong qua xir Iy song song, rat can thiét cho cac ung dung
thoi gian thuc; i) PO chinh xac duoc cai thién: Thyc nghiém
chi ra rang, phuong phap nay dat dugc do chinh xac cao hon
trong viéc udc luorng vi tri so voi cac phu’orng phép dua trén
CPU; iii) H¢ thong c6 kha ning dap ung t6t trong cac tinh
hudng phtc tap, cho phép céc kich ban da dang trong khong
gian 3D. Nhuoc diém gom: i) Viéc ti uru hoa thudt toan cho
GPU c6 thé ton nhiéu thoi gian va cong strc hon so vai cac
phuong phéap dua trén CPU; ii) Mac du Jetson Orin manh
mé, nhung van c6 gidi han vé tai nguyén so vdi cadc cym
GPU chuyén dung, ¢6 thé anh huong dén kha niang mo rong
ctia hé thong. Dé cai thién hiéu suat cia OLB-SLAM3, cac
hudng nghién ctru ¢6 thé tap trung vao: i) T6i wu hoa thuat
toan: Nghién ctru cac phuong phap t6i wu hoa hon nira cho
thuat toan SLAM, nhiam giam thiéu d¢ tr& trong qua trinh xtr
1y va cai thién do chinh xac; ii) M& rong tinh kha thi: Tim
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kiém céc kién trac GPU khac, hodc tham chi 14 cac giai phap
két hop da dang hon, chéng han nhu st dung may hoc dé cai
thién kha nang nhan dién va so khop déc trung.

Nghién ctru nay dugc thuc hién nho sy tai trg tu dé tai
cip Bo Khoa hoc va Cong nghé: “Nghién ciru thiét ké, ché
tao thiét bi Lidar 3D cam tay quét hién trudng”. Cac tac gia
xin chan thanh cam on.
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