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LOI CAM ON

Pau tién, em xin gui 161 cam on dén gia dinh. Con cam on Ba, Mg, Ba ndi da
nudi ndng con nén ngudi va cho con tinh thuong v6 bo bén. Cam on Ba da cho con
niém tin va dong luc manh mé dé vuot qua kho khan. Cam on Mg da 1a hau phuong
vitng chic lo cho con timg bira dn gidc nga. Cam on em trai da lo viéc nha cho anh
trong nhitng ngay viét ludn. Cam on cac co, chi trong gia dinh d3 tin tuéng va danh

cho con nhiing gi t6t nhét.

Em xin guri 161 cam on sdu sic dén TS. Nguyén Vinh Hao. Cam on Thiy da chi
day tan tinh va tao diéu kién tdt nhat cho em trong hai nam vira qua. Thﬁy 1a tim
guong sang cho em khong chi vé chuyén mon ma con vé nhan cach. Trong cong viéc,
Thay luén thang than chi ra céi sai dé em tién bo. Trong cudc séng, Thay ludn gan
giii va quan tam dén hoc tro. Puoc theo Thay 1a may man hiém c6 cua em, gitip em

tin vao con duong thanh cong bang nd lyc chan chinh.

Em xin tran trong cdm on cac thﬁy co trong BO mon Piéu Khién Ty Dong, Khoa
Dién — Dién ttr ndi riéng va Truong Pai hoc Bach khoa néi chung da truyén day cho

em kién thirc va tu duy ki thuat quy bau ma em s& mang theo sudt cudc doi.

Cubi cung, xin cam on cac anh em trong phong thi nghiém 207-B3 da dong hanh
cung t6i trong cong viéc va cudc séng. Cam on Tién Diing da 12 ngudi ban dang quy,

cung to1 vuot qua khé khan trong nhitng ndm thang vura qua.
TP.HCM, ngay 19 thang 08 nam 2020

Than mén

TRAN HOANG KHOI NGUYEN



TOM TAT

Chat luong dinh vi quyét dinh khong nho dén do chinh x4c ctia robot tiy hanh. Hé
théng dinh vi toan cau (GPS), mic du cho két qua toan cuc, thuong cé nhidu 16n va
khong kha dung trong moi truong bi che chan. Hé théng dinh vi thi giac-quan tinh
(VIO) gan day ndi 1én nhu mot phuong phap dinh vi cuc b chinh xac cao, tde do cap
nhat nhanh, ngd ra 6 truc, hoat dong dugc ¢ trong nha 1an ngoai troi. Tuy vay, két
qua VIO bi tich liiy sai sd theo thoi gian va khong phu hop cho quing dudng di
chuyén dai. Luan van nay thuc hién hai nhi¢ém vu chinh: xay dung hé dinh vi VIO
dung stereo camera theo phuong phap t6i wu héa phi tuyén; tir 46 xay dung hé dinh
vi tich hop VIO/GPS st dung b loc Kalman mé rong nham triét tiéu sai so tich Ily.
Phan mém h¢ thng chay trén may tinh nhung trong thoi gian thuc, trén nén tang hé
diéu hanh robot (ROS). Nhiéu thtr nghiém trong céc diéu kién khac nhau cho thiy hé
théng dinh vi hoat dong 6n dinh va chinh xac. San phém lam ra c6 thé ung dung cho

xe tu 1ai va cac loai robot di dong no6i chung.



ABSTRACT

Positioning quality determines the accuracy of autonomous robots. Although
given the global result, the global positioning system (GPS) contains large noise and
is not available in the sheltered environment. The Visual-Inertial Odometry method
(VIO) recently emerges as a precise localization method, with fast update speed, 6-
axis output, working indoors and outdoors. However, the VIO output accumulates
errors over time and is not suitable for long travel distances. This thesis focusses on
two main tasks: building a VIO system using stereo camera based on the nonlinear
optimization method and thereby building the integrated VIO/GPS navigation system
using the extended Kalman filter to eliminate the cumulative error. The system
software runs on an embedded computer in real time, based on the robot operating
system (ROS). Many tests conducted in different conditions show that the navigation
system works stably and accurately. The developed system can be applied to self-

driving cars as well as mobile robots.
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CHUONG 1. GIOI THIEU

1.1. Mé dau

Pinh vi 12 kha ning thiét yéu cua robot khi di chuyén trong méi trudng. Thong
tin dinh vi chinh x4c 1 yéu cau dau tién dé robot chuyén dong ding. Vi du trén xe tu
141, di liéu vi tri va goc hudng cho phép xe bam theo quy dao mong mudn. Trén may
bay hodc drone, dit liéu goc nghiéng va vi tri giup phuong tién giit cin bang trén
khong. Trong nhitng cong nghé dinh vi hién nay, hé théng dinh vi thi gidc Visual
Odometry — VO) dang dugc quan tdm nghién ctru nh¢ vao gia thanh phai chang, do
chinh x4c cao, khong 1€ thudc vao co cAu co khi cta phuong tién, hoat dong duoc &
moi trudng trong nha ciling nhu ngoai troi. Pon cir 1a hé¢ théng dinh vi trén xe hoi tu

141 ciia hang Tesla s dung 7 camera két hop vdi cam bién radar va si€u am [1].

Hinh 1.1. Hé théng dinh vi trén xe hoi tw lai Tesla

H¢ dinh vi tich hop thi gidc quan tinh (Visual Inertial Odometry — VIO) sir dung
thong tin quan tinh dé bo sung cho thi gidc, mang dén nhiéu loi ich. Trén may bay,
kha ning do goc nghiéng chuin va tbc do cap nhat nhanh ctia IMU cho phép may bay
giit 6n dinh tot va di chuyén voi toc d6 cao. Quan tinh con dong vai tro tro gitip thi
gic trong nhiéu trudng hop suy giam nhu méi truong it dic trung, chuyén dong xoay

gat. Nguoc lai, thong tin thi gidc khi t6t s& gop phan uéc luong dang bias IMU, tir 46
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nang chat lugng hé tich hop. Pién hinh 1a san pham flycam Mark tng dung hé dinh

vi thi giac quan tinh dé ty dong bam theo vi tri ngudi dung [2].

Hinh 1.2. Flycam Mark sit dung hé thong dinh vi tich hop thi gidc qudn tinh

Tuy s6 hitu nhiéu vu diém, hé VIO khéng tranh khoi sai s6 tich lily theo thoi gian
vi ban chit 1a mot phuong phéap dinh vi tvong dbi. Khi quang duong di chuyén ting
1én, két qua dinh vi VIO s& troi ngay cang xa gia tri dung. Dé khir d6 troi ctia hé VIO,
giai phap 1a tich hop véi mot hé dinh vi tuyét d6i nhu hé théng dinh vi toan cau
(Global Positioning System — GPS), gitp cung céap vi tri toan cuc khong troi cua vat
thé trén Trai Bat. O chiéu nguoc lai, VIO hd trg giam nhiéu cuc bo, ciing nhu trg giup
GPS trong moi truong c6 nhiéu vat can nhu ciy cbi, nha cao tang. Hé thong dinh tich
hop VIO/GPS c¢6 kha ning cung cap ngd ra day du 6 truc véi toc d6 cip nhat nhanh,
d6 chinh xac cao, khong trdi theo thoi gian va bén viing voi diéu kién moi trudng.

Day cling 1a muyc ti€u ma d¢ tai hudng dén.

1.2. Téng quan tinh hinh nghién ctru

Céc nghién ctru v& hé VIO c6 thé chia thanh hai nhom: dua trén bo loc Kalman
va dya trén tdi vu hoa phi tuyén. Nhom thir nhat duoc phat trién da dang vo1 bo loc
Kalman m¢ rong — EKF [3], b loc Kalman mé rong 1ap — IEKF [4] va bd loc Kalman
phi tap trung — UKF [5]. Uu diém cta bd loc Kalman 1a quy trinh tinh toan dé quy
gon nhe, ¢6 kha nang chay trén cac thiét bi di dong [6]. Mat khac, nhom dua trén tbi

uu hoéa phi tuyén bat nguén tur bai toan dinh vi thi giac, trong do toa do camera dugc
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wéc luong tir rat nhiéu diém dic trung sao cho cuc tiéu ham tong binh phwong sai s6
[7]. Khi dung vao hé tich hop, ham sai s6 khong chi dugc thém thanh phan quén tinh,
ma con mé rong vé cac trang thai qua khir trong mot cira s6 giGi han [8] [9]. Viéc xét
cac yéu tb trong qua khir giup cho két qua udc luong phan 4nh d6i twong mot cach
bao quat hon. Bén canh d6, nho dic tinh thua thét cia bai toan, phwong phap t6i wu
héa duge chimg minh 1a ¢6 do chinh x4c cao hon cho ciing mot khdi luong tinh toan

khi so sdnh vo1 phuong phap loc [10].
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Hinh 1.3. Két qud ciia nghién ciru OKVIS [8]. Thudt todn (aslam) dat sai sé vi tri
2% trén tong quang dwong di chuyén.

Xét vé mirc d6 tich hop, hé dinh vi ¢ thé chia thanh tich hop long (loosely
coupled) va tich hop chit (tightly coupled). Trong hé tich hop 16ng, mdi cam bién
thyc hién udc lugng riéng ré va chi két hop dit liéu vo1 nhau ¢ giai doan cudi. Uu
diém cta phuong phap nay la thiét ké don gian, d& dang két hop cac module c6 sin
ma khong phai thay doi hoat dong bén trong. Vi du, nghién ctru [11] két hop dit liéu
dinh vi thi giac tir thuat toan SVO [12] véi gia tri udc luong IMU thong qua b tich
hop 16ng MSF [13]. Nén tang diéu khién quadrotor PIXHAWK [14] thyc hién tich
hop 16ng thi gidc va IMU bing b6 loc EKE. Tuy nhién, viéc chua xét dén mdi lién hé
bén trong gitta cic cam bién 1am cho hé tich hop long khong dat duoc do chinh xéac
cao. Nhirng nghién ctru gan day sir dung phuong phép tich hop chit, theo d6 dit liéu
duoc chia sé dya trén rang budc gilta cac cam bién nham dat dugc két qua udc lugng

t61 wu. Vi cac hé tich hop chit dua trén bo loc nhw ROVIO [4], MSCKF [15], gia tri
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do IMU duoc dung dé du bao vector trang thai, trong khi gid tri do camera dugc dung
dé cap nhat. Mat khéc, v6i hé tich hop chit theo phuong phap t6i vu hda nhu OK VIS
[8], sai s6 IMU va camera dugc udc lugng dong thoi theo ham chi phi téng hop. Két
qua so sanh tai [16] cho théy cac h¢ tich hop chat thi giac — quén tinh thé hién do
chinh xac vuot trdi so véi hé tich hop 1ong trong cting mot diéu kién. Tir cac nhan xét
trén, hoc vién chon xay dung hé dinh vi VIO trong dé tai theo mo hinh tich hop chit
st dung phuong phap t6i wu hoa phi tuyén.

Pé thuc hién hé dinh vi tich hgp VIO va GPS, d¢ tai chon mé hinh tich hop long,
trong do mdi hé théng dau vao dugce xem nhu mot module hoat dong doc lap. Do muc
tiéu khir troi trén két qua VIO c6 thé dat dugc bang cach chi sir dung ngé ra khong
tro1 ciia GPS, viéc can thi€p vao gidi thuat bén trong cua GPS la chua thuc sy can
thiét. Hon nita, vi ban than hé¢ VIO d3 udc luong bias cia IMU bﬁng tich hop chat, ta
c6 thé bo qua viée ude luong thong sb6 ndi IMU trong budce ndy. Giai thuat uéc luong
duogc chon 14 bd loc Kalman mé rong - EKF nho hoat dong hi€u qua va dung it tai
nguyén, cho phép chuong trinh chay trong thoi gian thue. Viée cap nhat VIO va GPS
din ra bat dong bo theo tan sd 14y mAu riéng ciia mdi hé thdng, véi gia tri du doan
VIO dugc nodi suy dén thoi diém cap nhat GPS dé giam thiéu sai s6 do do tré giita hai
hé dinh vi.

1.3. Muc tiéu cua dé tai
Pé tai c6 nhitng nhiém vu nhu sau:

e Xay dung thuat toan dinh vi tich hop chat thi giac lap thé va quan tinh su
dung phuong phap t6i wu hoa phi tuyén.

e Xay dung thuat toan dinh vi tich hop hé théng thi gidc-quan tinh véi GPS
dua trén bo loc Kalman mo rong.

e Xay dyng hé thdng phan cimg két hop Stereo Camera, IMU, GPS; phan
mém xir 1y thuét toan VIO/GPS trong thoi gian thuc trén nén tang ROS.

e Thu thap dir liéu, thtr nghiém, dénh gia chat luong hé dinh vi trong nhiéu

dicu kién va moi truong khac nhau.
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Muc ti€u dau ra cua dé tai:

e Sai s twong ddi cua giai thuat VIO trong mdi truong tinh 14 1% cho vi tri
va 0.05°/m cho goc xoay.

o Sai s6 tuyét d6i cua giai thuat tich hop VIO/GPS trong méi trudng tinh
dudi 1m cho vi tri va dudi 2° cho goc xoay.

e Tbc d6 cap nhat toi thiéu 100Hz.

MBoi truong tinh dé cap ¢ day khong nhit thiét phai tinh tuyét d6i, tuy nhién thanh

phan tinh can 16n hon 50% dién tich méi trudng dé thuat toan hoat dong dung.

1.4. B6 cuc ciia luén viin

Trong chwong 2, hoc vién trinh bay co sd Iy thuyét vé phuong phéap dinh vi dung
thi giac 1ap thé va giai thuat t6i uu héa phi tuyén. Chuong 3 trinh bay phuong phap
hiéu chuan IMU/Camera va trién khai giai thuat tich hop chit dung t6i vu héa phi
tuyén. Chuong 4 trinh bay phuong phap cin chinh hé VIO/GPS va trién khai thuat
todn tich hop long dua trén bd loc Kalman mé rong. Chuong 5 mo ta qua trinh thyc
hién hé thong va két qua thir nghiém trén cac tip dir liu khac nhau. Cudi cing,

chuong 6 dua ra két luan va huéng phat trién cta dé tai.
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CHUONG 2. HE THONG PINH VI THI GIAC LAP THE

2.1. Tong quan hé thong dinh vi thi giac 1ap thé

Dinh vi thi giac (visual odometry - VO) 14 phuong phép udc luong chuyén dong
ctia robot bang cach quan st su thay doi cta cac diém dic trung (keypoint) trong moi
trén anh chup tir camera, gia sir rang moi truong 1a c¢6 dinh. Hé théng dinh vi thi giac

lap thé trong dé tai duoc thuc hién theo 6 giai doan nhu sau:

Robot
Pose

Outlier

Marginalization Rejection

Optimization

Stereo Keypoint Keypoint
Image Detection | | Matching Triangulation

Hinh 2.1. So' do tong quan hé thong dinh vi ding thi gidc lap thé

Keypoint detection and description: phat hién va mé ta cac diém dic trung
(keypoint) trong anh chyp tir camera. Day 1a mot ki thuat thiét yéu trong xur 1y anh dé
phat hi¢n nhiing diém anh ndi bat va c6 kha nang ldp lai dudi cac gde chup khac nhau,
vi du nhu cac goc, canh, ddm,... Mdi diém dic trung duge mo ta theo mdi twong quan
cua cac pixel xung quanh né, nham tao ra mot tiéu chuan dé phan biét voi nhiing diém
dic trung khac. Theo d6, dé tai dung bo phat hién goc Harris [17] va thut toan mo
ta dac trung BRISK [18] dé thuc hién giai doan nay. BRISK cho phép tinh toan nhanh
hon céc thuat toan trude day nhu SIFT va SURF, cling nhu dam bdo do chinh xac 1ap

lai cao.

Keypoint matching: bat cip giita nhimg diém dic trung c6 mo ta twong dong
nhau gitra cac anh. Qua trinh matching di qua hai budc: matching 3D-2D va matching
2D-2D. Buéc matching 3D-2D bt cip cac diém dic trung trong anh hién tai véi cac
landmark 3D theo mo6 ta BRISK, gid st réng mdt ban dd landmark 3D cuc bd duoge
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duy tri bdi mot s khung hinh gan nhat (most current frames) va mot s6 khung hinh
quan trong (keyframes) trong qua khr. Véi mdi cip triung khép, ta gan chi sb cia
landmark trong khong gian 3D cho keypoint trong toa do anh 2D. Tiép theo, budc
matching 2D-2D dugc thuc hién dé lién hé nhiing keypoint khong c6 sin landmark
3D tuong tmg. Ta bt cp cac keypoint giita hai anh stereo anh trai va phai, dong thoi

bat cap chung voi nhitng cip anh stereo trong qua kh.

Hinh 2.2 vi du két qua matching giita cip anh hién tai (duéi) véi cip anh keyframe
gan nhat (trén). Cac dudng mau xanh 14 thé hién cac diém dic trung tuong dong 3D-
2D, trong khi cac dudong mau vang thé hién cac diém twong déng 2D-2D. Cac chim

xanh duong thé hién hai diém chi twong dong trong cip anh stereo.

Hinh 2.2. Matching cdp dnh hién tai véi cdp anh keyframe gdn nhat

Triangulation: giai tam giac mdi keypoint 2D twong dong giira timg cip anh dé
tinh toan d6 sau ctia landmark. Ta chi chon nhiing landmark c6 d6 sau on dinh qua
nhiéu khung hinh dé dua vao ban d6 3D va cap chi s6 méi. Nhimng keypoint khong

dua vao ban d6 duoc gitr lai cho lan matching tiép theo.
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Outlier rejection: 1oai bo cac két qua ngoai 18 (outlier) trong tap dit lidu. Outlier
xuat hién do nhiéu nguyén nhan: cac keypoint dugc trich tir cac vat thé di chuyén
trong moi trudng, md ta clia keypoint bi sai léch do diéu kién anh sang thay doi. Viéc
loai outliner dugc thuc hién trong buéc matching 3D-2D bang cach xét khoang cach
cua keypoint 2D gitta cdc khung hinh va &p dung thuédt toan RANSAC [19]. Trong
budc matching 2D-2D, RANSAC dugc sir dung gitra anh hién tai va anh keyframe
gan nhit. Sau bude ndy, ta da khéi tao dugc tap landmark 3D kha t6t dé dwa vao udce

lugng.

Optimization: udc luong dong thoi chuyén dong ctia camera va vi tri landmark
tir tap landmark khoi tao sir dung phuong phép toi wu hoéa phi tuyén. Thuat toan toi

uu hoda phi tuyén dugc trinh bay cu thé tai phén 2.3.

KF1

KF 3

Temporal/IMU window
Hinh 2.3. M{t s6 lwong keyframe va khung hinh gan nhdt dwoc duy tri

Marginalization: 10ai bé dit liéu khong can thiét trong quéa khtr. Dé matching va
wdc lugng du nhanh, ta chi nén duy tri mot sd luong giéi han cac khung hinh va
landmark qua khir. Nhw Hinh 2.3, cac khung hinh duoc giit lai gom S = 4 khung hinh
gan nhat va M = 3 keyframe & xa hon trong qué khtr. Ta chon keyframe theo chién
lugc heuristic. Mot khung hinh 13 keyframe khi thoa mot trong hai diéu kién sau:
duong bao cua tat ca landmark duoc chiéu va bit cap chiém ti 1& dién tich trén anh 1a
nhd hon mdt ngudng (thuong la 50%); hodc sb ti 18 sb keypoint duoc bat cap trén sb
keypoint phat hién 1a nho (dudi 20%). Cac diéu kién trén nham luwu gilt nhitng thong

tin quan trong, mai lan dau xuat hién trong anh.
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2.2. Giai tam giac dung hinh hgc epipolar
Sau qua trinh matching, gia sur ta biét toa d6 2D cia mot diém dic trung trén hai
anh stereo, muc ti€u ctia phép giai tam giac (triangulation) 1a tai tao lai toa d6 3D cua

diém d6 trong moi truong.

Trude tién, ta thanh 14p mo hinh chiéu cta camera don, thudng goi 1a mé hinh
pinhole camera. Khi camera chup anh, khong gian 3D trong thoi diém hién tai duoc
chiéu 1én miat phang anh 2D. Hinh 2.4 mo ta phép chiéu mot diém dic trung P =
[X Y Z]” €R3thanh didm anh M =[x y]" € R2. Trong do6, XYZ 1a hé toa do
khong gian dit tai tim quang hoc camera O, xy la hé toa do mat phéng anh dat tai
tam anh C. Mat khac, uv 1a hé toa do mat phéng anh dat tai mép anh va c6 don vi la

pixel. Tiéu cy camera c6 do dai f = OC.

P
M
0 | _ s
/ ! xA/lC
X
y
T
YV

Hinh 2.4. M6 hinh pinhole camera

Bing cac tam giac dong dang, ta c6 mé hinh pinhole camera:
X Y Z
x y S (2.1)
trong d6 s duoc goi 1a hé sb ti 1& (scale factor) gitra khong gian va mit phing anh.
Goi k 1a ti 18 pixel/mét, (c,, c,,) 1a toa d6 tdm anh, ta c6 thé quy doi gitra hé toa do xy
va uv nhu sau:

u=kx+c,

v=ky+c, (2.2)
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Céc thong $b f, k, c,, ¢, dugc suy ra tir qua trinh hi€u chinh thong b ndi camera.
Quay lai bai toan giai tam gidc. Xét hai anh stereo cung chup diém dic trung P.

MGéi lién hé giira hai anh nay dugc goi 1 hinh hoc epipolar nhu Hinh 2.5. Hinh chiéu

diém P twong Ung trén hai anh 1a M, = [x; yl]T va M, =[x, yz]T. Tu mo hinh

pinhole camera (2.1), ta c6 vi tri diém P trong h¢ toa do camera 1 va 2 nhu sau:

X, x5 X, X,
Yi|=s; yl]; Y1 =s,|)2 (2.3)
Z1 fl Zz f2

Qua trinh hi€u chinh thong s6 ngoai camera cho biét ma tran xoay va vector tinh

tién gitra hai camera (R, t);,, do do:

X3 X5
Vi|=Ry ||+t (2.4)
Z Z,

Két hop (2.3) va (2.4), ta giai hé phuong trinh dé tim s, s,:

X1 X2
yll —S; (Rlz yz]) =t (2.5)
Z

Z)

S;

Thay nghiém s,, s, vao (2.3), ta tai tao duoc toa do 3D cua diém P.

P

Hinh 2.5. Hinh hoc epipolar
2.3. Thuit toan tdi wu hoéa phi tuyén Powell’s dogleg

Thuat toan tdi uvu hoa phi tuyén — nonlinear optimization giai quyét bai toan udc

luong thong s6 ciia hé thong phi tuyén sao cho ham chi phi binh phuong dat gia tri

10
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nho nhét (nonlinear least square). Quy trinh chung cua thuét toan 1a ding vong lip dé
thay d6i dan théng sb theo huéng giam ctia ham chi phi. Trong d6, chién lugc chon
budre, hay lugng thay dbi ctia vector thong so trong mdi vong lap, s& quyét dinh kha

nang tim nghiém cua thuat toan.

Goi x € R™ 1a vector thong sd, e(x) = [e;(X) ...e,(X)] 1a vector ham sai s6 du
bao. Bai toan dit ra 13 tim nghiém t6i uu x* = argmin,{V (x)} sao cho cuc tiéu ham
muc tiéu:

m

V) =3l =3 Y o002 2.6

i=1

C6 nhiéu thuat toan kha thi dé giai bai toan nay nhu suy giam gradient, Gauss-
Newton, Levenberg-Marquardt, Powell’s dogleg, v..v.. Piém chung ctia cac phuong
phap 14 thyc hién xap xi tuyén tinh ham V (x) trong ving lan can. Tuy nhién, mdi
phuong phap ¢ cach tinh budc Ax khac nhau. Phuong phéap suy giam gradient bt
budc Ax di theo huéng ma V(x) giam sau nhat. Trong khi d6, phuong phap Gauss-
Newton x4c dinh AX sao cho md hinh tuyén tinh cta V (x) dat cuc tiéu. Tir hai cach
tiép can trén, cac thuat toan mién tin cdy nhu Levenberg-Marquardt, Powell’s dogleg
tong hop AX sao cho d6 16n ctia né khong vuot qua ban kinh mién tin cay u, dam bao
kha nang hoi tu ctia thuat toan. Déng thoi, mién tin cay duogc cap nhat theo kha nang
kéo giam ham V ctia mo hinh tuyén tinh qua mdi vong lap. So sanh véi thuat todn
Levenberg-Marquardt, thuét toan Powell’s dogleg cho théy tdc do hoi tu cao hon [20].
Do vay, dé tim nghi¢m t61 vu mot cach nhanh choéng va on dinh, dé tai ap dung thuat

toan t6i wu hoa Powell’s dogleg duoc trinh bay dudi day.
Dau tién, ta khai trién Taylor ham e(x) trong mién lan cin:
e(x + Ax) =~ e(x) + J(x)Ax 2 1(Ax) (2.7)

v6i J(x) 12 ma tran Jacobian cua e theo x; 1(AX) 13 mé hinh tuyén tinh cia e xung

quanh x. Goi L(AX) 12 mé hinh tuyén tinh héa caa V (x), thay vao (2.6):

V(x + Ax) =~ L(Ax) 2 %I(AX)TI(AX) (2.8)

11
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1
=V(x)+ Ax"JTe + EAXT]T]AX

Tiép can van dé theo phuong phap Gauss-Newton, dao ham bac 1 va bac 2 cua L

theo Ax la:

, dL
L(AX) = m = ]Te + ]T]AX
(2.9)
L'(ax) =]7)
Ta thay néu J c6 hang du thi L” xac dinh duong va khong phu thudc vao Ax. Khi
d6, ham L c6 tiéu duy nhét 13 nghiém cta phuong trinh L = 0:

J)TJ()Ax = —J(x)"e(x) (2.10)

Nghiém cua phuong trinh trén duogc goi la 1a budc Gauss-Newton:

-1
Mg, = —(JOTTX)) J(®)Te(x) 2.11)
Tiép can van dé theo phuong phap suy giam gradient, huéng giam doc nhat ctia
ham V 1a chiéu 4m cua gradient g(x) = V'(x):

hy = —g(x) = -J(xX)'e (2.12)

Goi « 1a ti I¢ d6 dai cia budc theo hudng hy, xét mo hinh tuyén tinh L theo a:

L(ahy) =V (x) + ahl,J7e + 1azlll(x)h 1|2

sd/ — sd 2 sd (2. 13)
Ham nay dat cuc tiéu khi L'(a) = 0, suy ra buéc gidm doc nhdt theo phwong phap

suy giam gradient la:

hJ()'e®) _ llg®)|I

T T I®OnE T T®e®IP (2.14)
o g
Mgy = ahyg = — s ST E® (2.15)

Tt hai bude Ax,, va AXy tim dugc ¢ trén, phuong phap Powell’s dogleg dé xuét

mot chién lugc chon budc Axy, theo ban kinh mién tin cdy u nhu sau:

12
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e Néu ||Axgn|| < U, chon Axy = AX,,: Khi mién tin cay 16n hon budc Gauss-
Newton, mé hinh xap xi tuyén tinh 1a dang tin cdy, ta di theo budc Gauss-
Newton nham dat toc do hoi tu gan nhu binh phuong.

o Néu ||axg,|| > u va llaxgll = 1, chon Axy = (u/11A%l)AXy: Khi budc
Gauss-Newton khong tin cdy, ma budc giam doc nhat ctia ham chi phi that
vuot hon mién tin cdy, ta di theo huéng giam dbc nhit voi pham vi p dé ham
giam nhanh nhét.

e Cac truong hop con lai, chon Axy = AXyy + B (AX,, — AXyy) sao cho
|Ax 4|l = p. Ta di theo budc tong hop gitta budc Gauss-Newton va budc
giam ddc nhét, nham dat tc dd hoi tu cao nhat trong mién tin cay, nhu Hinh

2.6. it a = Axy, b = Ax,,,c = a'(b — a), ta tinh duoc B:

gn’

—c +/c? +|Ib —a|l?(u? — ||a]|?)

<0
5 Ib—al? (=0
12 — ||a]|? . (2.16)
¢ ++/c2+ (b —al?(u? - |al|?)
Sau mdi vong ldp, mién tin cdy duoc diéu chinh theo tiéu chuan o:
_ V() — V(x + Axy)
T L0) - L(axy) @17)

Néu o 16n, ham V(x + Axy) giam t6t véi mo hinh tuyén tinh L(Axy)), ta c6 thé
ndi rong mién tin cay. Nguoc lai, khi o nhé hodc am cho thiy V(x + Axq;) giam kém,

ta can thu hep mién tin cay.

13
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Hinh 2.6. Buéc thay doi tong hop trong thudt todn Powell’s dogleg

Thuat toan két thiic khi thoa mot trong nhitng diéu kién sau: (1) gradient hoic (2)
sai s6 dd giam nhoé hon ngudng can thiét, (3) budc thay doi giita hai lan lap khong
con dang ké, hodc (4) vuot qua sb 1an lap tbi da.

L1gll. < &

2.18x4 1l < &Nl + &)

3. le(@)ll.. < & (2.18)
4.k > kygy

Duéi ddy 1a bang tom tat thudt toan.

Badng 2.1. Tém tdt thudt todn Powell’s dogleg

Init X, (g, €1, €2, €3, Kmay
k=0, x=Xo p=py; g=Jx'eX®
found = (lle®)ll.. < &) or (llgll.. < &)
while (not found) and (k < k) do
k=k+ 1,
Mg = —(10TI)) T JX)Te(x)
bxy = — (lg()11°gx))/11100g)II?
if ||Axgn|| < u then
Axy = DX,y
elseif ||Axyy|| = u then

Axy = (1/]|Ax%g4]]) Ax gy
else

AXdI = AXsd + B(AXgn - AXsd)
endif
if [[Axqll < & (x|l +€,) then

14
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found = true
else
Xnew = X + AXy
0= (V) = V(Xnew))/(L(0) — L(8Xq))
if o > 0 then
X=Xpews 8=JX)Te(x)
found = (Jle(X) |l < &) or (lIgll- < &)
endif
if o > 0.75 then
po=max{u, 3 * ||Axg [}
elseif o < 0.25 then

p=05x*pu;
found = (|le®) ||~ < &5) or (lIgll. < &7)
endif
endif
endwhile
Return x
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CHUONG 3. HE THONG PINH VI TiCH HQP THI GIAC
LAP THE VA QUAN TINH

3.1. Hiéu chuan IMU/StereoCamera
3.1.1. Pong b thoi gian IMU/Camera

Pé xiy dung hé théng tich hop chit néi chung, viéc dong bo thoi gian 14 rat quan
trong. Néu cac cam bién khong duoc déng bo chinh xac, sai sb thoi gian s¢ chuyén

thanh sai s6 trong khong gian va 1am suy giam hé tich hop.

Do 1éch thoi gian gitta IMU va Camera dugc gy ra boi ba yéu t6 chinh: thoi gian
man trdp camera, thoi gian xur 1y ndi IMU va cac do tré giao tiép. Trong do, hai yéu
t6 sau thuong 1a hang s va tong cia ching c6 thé duoc ude lugng bang cac thuat
toan hiéu chuan thoi gian. Nguoc lai, thoi gian man trdp camera thay ddi theo diéu
kién sang nén can dugc doc lién tuc nham diéu chinh thoi diém kich dong bo camera.
Néu dit thoi gian man trap cd dinh, camera s& khong thich nghi duoc khi cuong d6

sang trong moi trudng thay doi, din dén chat lugng anh bj suy giam.

Pé thuc hién déng bd IMU/Camera, trudc tién ta cho IMU phat ra xung clock
déng bd voi thoi diém doc dit lidu quan tinh. Xung clock sau d6 di qua mach xu 1y
chia tin s6 xudng bang tbc d6 khung hinh ctia camera. Thoi gian man trip hién tai
cua camera cling dugc doc vao mach xu ly, két hop véi cac do tré ¢ dinh dé tinh ra

thoi gian can dich trén xung clock da chia tan, tao ra xung kich pht hop cho camera.

Cu thé, goi ¢, 1 thoi diém dit lidu IMU, ¢,, 14 thoi diém dit liéu camera va t, 1a
thoi diém xung kich. Mt khac, goi I 1a gdc thoi gian cia viée doc dit liéu IMU, C 1a
gbc thoi gian cua viée doc dit liéu camera, va W 1a gdc thoi gian dung. Cac do tré

trong hé¢ IMU/Camera c6 cong thirc nhu sau:

Tq, = t; —tg (3.1)

1

T, =t —tW =¢tl -tV (3.2)

2
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T.
:tc—tW:tg—tW—M (3.3)

T, P =5

3

Trong do, Ty, thé hién do léch trong thoi gian truyén dir liéu IMU va dir li€u camera
dén may tinh, duoc tinh bang thoi diém nhan dit liéu IMU trir di thoi diém xung kich
(cling 13 thoi diém camera bt dau chup anh). T, N thé hién thoi gian xur 1y ndi IMU so
v6i thoi diém thyc cia dir liéu quan tinh. Ty, thé hién thoi gian tré ctia camera bang
Y5 thoi gian man trap. Gia sir van toc clia camera so véi moi truong 13 hing sb trong
thoi gian man trap rat ngan (vai ms), viéc lay thoi diém Y thoi gian man trap s& dai

dién tot nhat cho chuyén dong trong anh.

Cac do tré va thoi gian bu duge minh hoa trong Hinh 3.1. Trong d6, cac thanh
chir nhat danh diu thoi diém nhan dir liéu, cac thanh tam giac danh du thoi diém
ding cua dit liéu. Xung kich duoc thé hién boi dau canh Xuéng. Mau xanh duong dai
dién cho cac thoi diém camera ban dau, khi xung kich chua dugc hi¢u chinh thoi gian.
Mau d6 dai dién cho cac thoi diém camera khi xung kich da dugc hi€u chinh. Mau
tim dai dién cho céc thoi diém IMU. Khung chit nhat vang thé hién mot cap dir licu

IMU-Camera di duoc dong bo dung.

Ta
T,
Ty,
T ) e,
Ttrig :
; i | synchronized data
Trigger pulse ¥ T, v o
Camera data Iﬁ i
l'W

w w c w C
tq tp tp tpa tPa

oo b e e b e e b e e by t

Hinh 3.1. Gian dé dong bé thoi gian IMU/Camera

Pé tinh cac do tré trong hé, ta s& tim cac khoang cach thoi gian sau:
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—T. 4

dLZtI—tC=M+Td2 (3.4)
2

dS = trl‘ - tzg = _Tshutter + le (3-5)

v6i d;, 1a khoang cach gitra dong thoi gian thuc IMU va camera, dg 1a khoang cach
gitra thoi diém nhén dir liéu IMU va camera. Dé tinh cac d6 tré mot cach chinh xac,
ta dat thoi gian man trap ciia camera 13 ¢ dinh. Khi d6, dg duoc do bang hiéu gitra
hai thoi diém nhén dir liéu IMU va camera twong tng. Tir d6 ta suy ra T, . nho biét
trudc Tpyeeer- Mit khac, d; duge udce luong bang thuat toan hiéu chuan thoi gian
trong thu vién Kalibr [13]. Pay 1a bd cong cu c6 nhiéu cai tién trong viéc hiéu chuan

IMU/Camera. C6 d, ta tim duoc Tg,.
Tir cac gié tri trén, ta co thé can chinh thoi diém IMU va camera bﬁng cach dich
xung kich di mot khoang thich hop Tyi4:

T
Toig = tay = t§ =Ta 4 Ta, = To, =5 =Ty —dy +ds  (3.6)

Trong do tc‘;‘g 1a thoi diém xung kich sau khi dich. Thay vi cin chinh thoi diém camera
tring véi thoi diém IMU dau tién £/, ta s& chon mot mau IMU sau d6 t” sao cho
Ttrig ludn duong. Vigc chon mAau nay nham don gian hoéa khau thuc hién, trong khi
khong tao thém do tré trong hé théng. Thoi gian offset T, dugc chon 13 boi s6 cua
chu ki ldy mau IMU nhung khéong 16n hon chu ki 1dy mau camera.
3.1.2. Hiéu chuin khong gian IMU/StereoCamera

Thuét toan dinh vi thi giac 1ap thé-quan tinh can biét trudc cic thong s6 khong
gian cua stereo camera cling nhu lién h¢ gitra stereo camera va IMU dé thuc hién uée
lwong. Cac thong sb nay duge tim théng qua qué trinh hiéu chuan. Hinh 3.2 mé ta bb
tri dé hiéu chuan hé théng IMU/StereoCamera. Trong d6, F, 1a hé toa do cia mau
hiéu chuan (calibration pattern), trong truong hop nay 1a AprilTag [14]. Fe,vaFe,
lan luot 12 hé toa d6 hai camera, va F ;1 1a hé toa d0 IMU. Stereo camera va IMU duoc

gin chit véi nhau dé tu thé gitta chung 1a khong thay doi. Viéc hiéu chuan dugc chia
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thanh hai budc gom camera-to-camera: tim thong s6 ndi tirng camera va tu thé gitra

hai camera, va camera-to-IMU: tim tu thé gitta camera va IMU.

Hinh 3.2. Cac hé toa do cua hé th(fng IMU/StereoCamera va mau hiéu chudn

Trong budc camera-to-camera, ta thu thip cac cip anh chup mau hiéu chinh di
chuyén trudc camera ding yén. Dé c6 két qua tét, ta can di chuyén mau hiéu chinh
dén nhiéu vi tri va huong xoay khéac nhau, déng tho1i di qua toan bo dién tich trén anh.
Thu vién Kalibr [13] duoc sir dung dé tinh todn thong s6 hiéu chuan, bao gbm mo
hinh chiéu cuia mdi camera h,(.), h,(.) dua trén mé hinh pinhole va méo dang cach

déu (equidistant), va tu thé stereo Te,c,-

Pé hiéu chuéin camera-to-IMU, ta thu thap dir liéu camera va IMU khi di chuyén
dung dua camera trudc vat mau cb dinh. Chuyén dong cin muot ma va bao phu hét
céc tryc tinh tién cling nhu goc xoay ctua IMU véi véan tc vira di dé dam bao céc
thong s6 duoc quan sat tot. Bén canh d6, can duy tri diéu kién anh sang tot va thoi
gian man trdp nho dé han ché d6 nhoe trén anh. Dé cdu hinh thong s6 nhidu IMU cho
viéc tinh toan hiéu chuén, ta thuc hién thi nghiém dat IMU ding yén & nhiéu tu thé,
mdi tu thé trong 5 phut dé tim gia tri nhiéu thue té. Sau cung, thu vién Kalibr udc
luong tu thé camera-IMU bang phuong phép t6i wu hoa chung, cting véi tu thé IMU
theo thoi gian, d6 1éch (bias) ctia cam bién gia toc (accelerometer) va cam bién van
tdc goc (gyroscope). Trong do tu thé, gia toc va van téc goc IMU duge tham s6 hoa
theo dudng cong B-spline, trong khi cac bias dugc mo hinh 13 thay ddi ngau nhién

(random walk).
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Keét qua hiéu chudn camera-to-camera:

e Thong s6 mod hinh chi€u va thong s6 méo dang tim dugc cua moi camera:

fx [pixel] fy [pixel] cu [pixel] cv [pixel]
Caml | 528.178 £0.204 | 528.097 £ 0.202 | 321.421 £0.295 | 251.251 +0.437
Cam?2 | 530.358 +£0.204 | 530.216 + 0.203 | 322.143 + 0.301 | 252.185 + 0.424

Bang 3.1. Théng s6 mé hinh chiéu pinhole camera

9 k2 k3 k4
Caml | -0.0490 = 0.0103 | 0.0737 £0.0733 | -0.1319 £0.2043 | 0.0794 £ 0.1947
Cam?2 | -0.0317£0.0100 | -0.0593 + 0.0723 | 0.2170 £ 0.2055 |-0.2277 + 0.2004

Bdng 3.2. Thong sé6 méo dang equidistant camera

e Tu thé stereo:

1.0000  0.0007 —0.0028  0.1198
7. _|—00007  1.0000 00015 —0.0005
Gt | 00028 —0.0015 1.0000  0.0008

0 0 0 1

0.1

02 —0.2

Hinh 3.3. Hé stereo camera tim duoc tur qud trinh hiéu chudn
e Sai sb reprojection (RMS): Cam1: 0.1392 pixel, Cam2: 0.1339 pixel.

Nhan xét: Két qua hiéu chuan phu hop voéi thuc té. Baseline giita hai camera tim
duoc 12 0.1198m, rit gin véi gia tri theo datasheet 1a 12cm. Céc sai s6 mo hinh chiéu,
méo dang ciing nhu sai sb reprojection 13 rat nho, chimg to qua trinh hiéu chuan dat

két qua tot.
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Két qud higu chuin camera-to-IMU:

e Tu thé IMU-cam1 va IMU-cam?2:

[ 0.9999 —0.0094 —0.0102 —0.0208]
T 0.0102 —0.0004 0.9999  0.0517
12 = 1-0.0094 —1.0000 —0.0003 —0.0050
0 0 0 1
[ 0.9999 —0.0086 —0.0131 0.0991 ]
T 0.0131 —0.0019 0.9999  0.0538
&~ 1-0.0087 —1.0000 —0.0017 —0.0057
0 0 0 1

e Sai sb hiéu chuan (RMS):

Reprojection error [pixel] Gyrocope Accelerometer
Caml Cam?2 [rad/s] [m/s?]
0.1442 0.1376 0.000488 0.009173

Bdng 3.3. Sai s6 hiéu chudn camera-to-IMU

0.8 T
1350 1350

1200 0.6}

1050
0.4

)
)

image index
o
N

image index

error y (pi
error y (piz

0.0+

—-0.6}

H i i i i H i H i H H i H
-08 -06 -04 -0.2 0.0 0.2 0.4 0.6 0.8 -0.6 -0.4 _(‘),2 0.0 0.2 0.4 0.6
error X (pix) error X (piz)

Hinh 3.4. Phdn bo sai so reprojection trén camera trai va phdai trong buoc hiéu
chuan camera-to-IMU

Céc sai s reprojection, gyroscope va acceleromter déu rat nhé cho thy qua trinh
hiéu chuin camera-to-IMU dat két qua tdt. Nhu vay, hé cam bién IMU/StereoCamera

da duoc hiéu chinh thanh cong, san sang cho viéc tich hop.
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3.2. Thuat toan tich hgp IMU/Camera
3.2.1. Trang thai hé tich hgp
Trang thai udc lugng trong hé tich hgp bao gom trang thai robot X va vi tri cac
landmark Xi:
Xg =[Pl iy v' by bI]TER*XSO(3) xR’ (3.7)
xl =, eR? (3.8)
trong d6 Py va qQu; 12 Vi tri va hudng ctia IMU F, trong hé toa do thé giéi Fyy, ;v
1a van téc IMU so véi chinh né, b, va b, 1a muc bias ciia cam bién van toc goc va
gia tc, va 1 1 vi tri thuan nhat ctia landmark thir j so v6i mat dt.
Trang thai thong sd ngoai cta camera thir i 1a X¢,;, thu dugc tir qua trinh hiu
chuan khong gian IMU/Camera hodc uwéc lwong online theo thoi gian:
T
Xc, = [p}ci qyci] € R? x SO(3) (3.9)
Pé tién biéu dién, ta dat hai thanh phén con cua vector trang thai la tu thé robot
X7 va van téc-bias IMU x,, 1a:
xr = [pwr Qwil” (3.10)
Xy = [[v" bg bI]” (3.11)
Luong thay dbi (pertubation) cua trang thai quanh diém lam viéc X dugc dinh
nghia 1a x = x — X. D¢ biéu dién trang thai véi s6 bién t6i thiéu, ta dua ra cac ngoai

1¢ 1a: sai s6 hudng xoay robot dugc tinh bang chénh 1éch theo vector truc-goc (axis-

angle) Sa, va sai s6 landmark chi 14y ba thanh phan dau khac 0.
6xg = [6py; Saqy; &;vT by SbI]T € RY (3.12)
5x! = 6, € R3 (3.13)
3.2.2. M6 hinh dong hoc IMU

Mo hinh dong hoc IMU duoc dung dé lan truyén trang thai udc lugng & tan sé

cao. Ta co trang thai IMU ciing 1a trang thai robot tai (3.7):
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XR=[p7V|H/1 qall IVT bZ) bZ]T (3.14)

Dit ;m 1a van tdc goc va ja 1a gia téc cuia IMU trén 3 truc voi cac gia tri do tuong
g ,® va ,a, g 1a vector gia tdc trong trudng, w,, va w, 1a nhidu tring Gaussian
trén phép do véan téc goc va gia toc, Wy vawy la nhiéu trang trén luong thay doi
ngau nhién trén bias ctia phép do van tdc gdc va gia tdc. M6 hinh dong hoc phi tuyén

cua IMU duoc cho boi:

(Pwr = Ry v

Qu; = ﬂ(wj)qWI

v =@a+Ry g — [[w]*v (3.15)
bw = wa
\ba = wba

Trong d6 gia toc va van tdc goc thuc té 1a:

Ia=,a—ba+wa

~ (3.16)
I(A)=1(1)—bw+ww
Ta c6 ma tran Q(w):
X
Q =[[“’] _“’] 3.17
=" (3.17)

Tuyén tinh hoa phuong trinh phi tuyén IMU quanh diém lam viéc Xp, ta thu dugc

phuong trinh trang thai xap xi tuyén tinh trong mién thoi gian lién tyc ciia IMU:
0% = F.(Xg)0xz + G (Xp)w (3.18)

v6i 6x 1a lwong thay doi (pertubation) ctia vector trang thai quanh diém lam viéc. Céc

ma tran Jacobian F, va G, lan lugt 1a:
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(033 [ﬁwu‘_’]>< I_{WI 033
of 03><3 03><3 03><3 _EWI
Fc:a_ = 10343 —ﬁan[wg]x —[jw]* —[v]*
Xlx=x
0555 0553 0555 033
10353 0553 0555 033
(0553 0353 O3x3 0343
ﬁW1 05535 0343 0343
g
Gc = 6_ = 03><3 13 03><3 03><3
X X=X
033 0343 I3 0553
1053 0343 0343 I; |

03X3—
03)(3
I (3.19)

O3><3

O3><3—

(3.20)

Biéu thirc G, dugc suy ra don gian tir (3.15). Ta ching minh F, st dung mét sb

tinh chat cia ma tran xoay va tich chéo trong [21] nhu sau:

a(pW]) a(RWIIV) D
Fo=——7— =0 = [Ryv]* Sty ) x=x = [RyyyV]*
O(XW, =% aaW[ ek (321)
F.. = a(pW[) _ a(RWIIV) _ ﬁ
Boav | ov | (3.22)
F40="Gp, | ob, = Rw (323)
X=X -
F. = a(,v) _ O(Ry1w8) - dRY,; (1 + [ay 1) we)
27 oy, iz doy; | _ oy,
_ (3.24)
— _ a(R’I];VI [Wg]anI) — _ﬁ'IV'VI [Wg]x
oy,
_0(v) _ d(—[,0]v) _ _
Fs=35v| = oy | ~ U@l (3.25)
F. = a(;v) _ d(—[;w]*;v) _ a([v]* ;w)
#*7 ab, | db, ] ob, | __ (3.26)
X=X X=X X=X
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_6([,v]x(,66+wg—bg)) o
= ab, = —[,v]

X=X

_ _0(a—b,+w,+Ryyg — [jw],v) |
3= b, . = ab, - (3.27)

=X X=X

3.2.3. Ham muc tiéu tdi wu hoa

Tai mdi thoi diém cé gia tri do IMU, trang thai h¢ théng duoc lan truyén theo
phuong trinh dong hoc (3.15). Sau do, khi c6 phép do camera, céc trang thai s€ dugc
t6i ru hoa theo ham muc tiéu tong hop giira sai sd reprojection ctia camera e, ,, va

sai sO IMU ey,

I K
i, ',k J.k k
J =Y > > el Wil z;m+2 el Whnielony  (3:28)

i=1 k=1 jeJ(,k)

v6i i 1a chi s6 camera, k 14 chi s6 khung anh, j 1a chi s6 cua landmark trong tap hop

la

mu

cac landmark J(i, k) trich duoc tir khung anh k chup boi camera i. W, va W,
cac ma tran trong s6 thé hién mire do tin cay cua phép do twong ing, tinh béng nghich
dao ctia covariance nhidu do W = R1. Sai s6 IMU la sai léch giita trang thai dy béo
k+1

R**1 va trang thai thyc x*+1

k gk+1 k+1
€imu = XRp =~ — XR (329)

Sai s6 reprojection duoc dinh nghia 1a chénh léch vi tri 2D gitra cac keypoint véi

cac landmark 3D twong tmg dugc chiéu tré lai mit phang anh:

ecm = 27K — hy(TE, Tf, 1) (3.30)

Trong d6, z%/"F 1a vi tri 2D cua keypoint trén mit anh, 1 13 vi tri 3D cta landmark
trong khong gian. Cac landmark da tim tir qué trinh xr 1y anh duoc chiéu tré lai anh
2D thoéng qua mo hinh camera h;(.), co tinh dén méo dang phi tuyén cta thau
kinh. Té‘l. ; 1a phép bién d6i toa d6 camera/IMU tim duoc tir qué trinh hiéu chuan, va

T),, 1a nghich dao cia tu thé robot can uéc luong.
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3.2.4. Ham sai sO camera

D¢ thuc hién to1 wu hoa, ta tim cac ma tran Jacobian cua e, theo cac chénh léch
trang thai 6Xy, 6X va 6Xc;. GOi J¢,m,; 12 ma trin Jacobian ciia m6 hinh do camera h;

(.) dbi véi mot landmark trong hé toa do thuan nhét, ta co:

i)k =k T
e i T [Rﬁvwlﬁ R [ults —phwEe] (3.31)
a(SXT : 01)(3 01)(3
Oecon 1 [Rf
L _] 'Tk. Iw
R T )
i)k =k i ok [ 1"
0oy Rl Rl —pt | oo
a(SXCi 01)(3 01X3 .

3.2.5. Ham sai s6 IMU

Hinh 3.5 mb ta gian d6 lay mau ctia IMU va camera theo thoi gian. Giira hai phép
do camera tir k dén k + 1, ta danh sb cac mau IMU lar = 0,1, ..., R. Goi At” 13 thoi
gian gitra hai mau IMU lién tiép, At° 13 thoi gian tir k dén mau IMU dau tién, va AtR
1a thoi gian tir mau IMU cudi cung dén k + 1.

k Camera measurements k+1
At? At" AtR
| I I R
r=20 IMU measurements r=R t

Hinh 3.5. Gian dé ldy mau IMU va Camera
Dit sai s6 IMU ek, (xX, xk*1,z¥) 1a ham cua trang thai u6c lugng robot tai thoi
diém k va k + 1, d6ng thoi 13 ham cua tat ca cac gia tri do IMU tir k dén k + 1 tong

hop thanh z¥. Gia st ek, tuan theo phan phéi Gaussian:
f(eilf‘nulle +1) ~ N(O :R'lmu (334)

Dé du bao KK+ (xk, z¥) va covariance tuong ing P(SRK|xK, zX), ta can roi rac

héa mo hinh tuyén tinh héa IMU tai (3.18). Ap dung phuong phap Runge-Kutta, ta
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dugc phuong trinh trang thai phi tuyén thoi gian roi rac f4(XX) va ma tran trang thai

tuyén tinh hoa Fy(XK). Tir d6 sai s6 IMU duoc tinh bang:

~k+1 k+1
Pwi — Pwi

e (X5 XK, 29) = [2[qW @ (aii) T as| € RY

ok+1 k+1
Xsp  — Xgp

Thanh 1ap ma tran trong s6 IMU la nghich d4o cua covariance nhiéu:

-1
_ oek gek T
“yk — k 1 — imu k k imu

imu — ‘Rimu - (assz;RH.l P(5XR+1|XR; Zf) 6(5)?’RC+1

Cac ma tran Jacobian cta eX , theo §RE*! va xX lan luot la:

P K |3 03><3 03><9
L IO R R
Ogx3 Ogx3 lq

def,,  def

ok = aaﬁlr’:il Fy(RE, AtR)F,(RE71, AtR1) L Fy(RE, At?)
R R
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CHUONG 4. HE THONG PINH VI TiCH HQP THI GIAC
LAP THE, QUAN TiNH VA GPS

4.1. Cin chinh hé thong VIO/GPS
4.1.1. Thuét toan can chinh toa do

Trude khi thuc hién tich hop, ta can tim phép bién d6i gitra ngd ra VIO va ngd ra
GPS nhim dua ching vé cung mdt quan hé toa do. Cac hé toa do dugc st dung trong
bai toan gém: F,;, hé toa do gén vol IMU d@)ng thoi 1a tam hé VIO; F,,, hé toa do thé
gidi khoi tao boi thuat toan VIO; Fy, hé toa do gén v6i anten GPS; va Fg, hé toa do
ENU gin vé6i Trai Dat. Ta c6 ngd ra hé VIO Ty, thé hién tu thé cua F, trong Fyy, va
ngd ra hé GPS T, thé hién tu thé cua F, trong F,. Xét phép bién doi:

Tea = TewTwiTia (4.1)

Ta thdy néu biét gi tri ctia Tgy, va T, ,, ngd ra VIO TS co thé chuyén sang dang toa
d6 GPS TY¥° va nguoc lai. i v6i T; 4, ta do thuce té khoang cach t;, tir tam IMU dén
anten GPS bang thudc milimet, va gia st R;, = I do anten GPS 14 v6 huéng. Trong
khi do, Tgy, can dugc tinh nguoc lai tir ngd ra hai hé. Véi mdi cip tu thé VIO va GPS

tai thoi diém t, ta co:

Ten (8) = Tew TP (O T = Ty Tia () (4.2)
Rgps(t) gps(t) _ R t v1o t vio t

[ 0 p ] [ (174 GW] [ ( ) Pw 1( ) (4_3)

{Rgps () = RewRy%(0) (4.4)

pay (1) = Rewpia (t) + tew (4.5)

Vi hé GPS khong quan sat dugc hudng R%is nén ta khong thé sir dung phuong trinh
(4.4) dé giai Rgy,. Thay vao do, ta can tim dong thoi Rgy, va gy, tir phuong trinh
(4.5). Vi phép bién d6i Ty, 1a cd dinh nén c6 thé 13y hai chudi dit liéu p2 o va g
theo thoi gian dé tim nghiém ti wu theo phuong phap binh phuong cuc tiéu. Ta phat

bi€u lai bai toan nhu sau:
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Cho A = {a,,a,,...,a,} va B = {by,b,, ..., b} 13 hai tap hop diém tuong ung
nhau trong khong gian. Tim phép xoay va tinh tién (R, t) bién doi tip A thanh B sao

cho ham muc tiéu tong binh phuong khoang cach giita cac diém tuong ung dat gid tri

nhé nhat:
n
JRH =) lI(Ra; + O = by (46)
i=1
Trudc tién, ta dao ham J dé tim cuc tiéu theo t:
n
ad]
O=a=22(Rai+t—bi) 4.7)
i=1
n n
(—1 RZai +nt—Zbl =0
i=1 i=1
(4.8)
n n
1 1
S t= _Z bi —R-— a;
n . n .
i=1 =1

Pit a, b 1 tam trung binh ctia mdi tap A va B:

n n
—Alz BAlzb 4.9
a_n. a;, by i (4.9)

Suy ra:
t=b—Ra (4.10)

Thay t vao (4.6)vadat X; 2 a; —a, y; 2 b; — b, bai toan dugc don gian vé viéc

tim phép xoay R giira hai tap diém x; va y; c6 thanh phan tinh tién bang 0.

J® = R~ @) - (b, =B = Y IRx; —ylF @411)

n
R = argminZIIin —y;ll? (4.12)
R 4
=1
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= argman(x x! —2y/Rx; +y;y7)

= argmln (Z -2yl Rx; ) = argmax (ZyTRX )

Dit hai ma tran dir lisu X 2 [X; X, .. X,], Y2[y; Y2 - V] chuatitca

cac vector diém cua hai tap hop, dong thoi 4p dung toan tir vét ma tran tr(.), ta co:
ZyiTin — tr(Y'RX) = tr(RXY") (4.13)

Tiép tuc dat S 2 XY”, ham can cuc dai tro thanh:
tr(RXYT) = tr(RS) (4.14)

Déi v6i truong hop phép xoay 3 truc tong quat, ta co thé tim R t6i wu bang cach
phan tich ma trn S theo phuong phap SVD (Singular Value Decomposition) [22].
Tuy nhién, hé théng VIO trong dé tai co loi thé 1a quan sat duoc hai goc roll, pitch
tuyét ddi, tir d6 da cin chinh truc z cta Fy,, ciing phuong véi truc z cua F, va vector
trong truong. Nho vay, phép xoay can tim chi con 1a phép xoay 1 goc yaw. Viéc
khoéng can chinh roll va pitch trong budc nay gitp ta tranh duoc sai sd gdy ra boi
nhidu 16n trén phép do cao do GPS. Bén canh d0, viéc giam sb an can giai gitp ta han
ché duoc mot sb truong hop suy bién so véi 101 giai tong quat, vi du nhu khi quy dao

ctia vat 1a mot duong thang.

Bai toan thu gon vé viéc tim goc xoay yaw ¥ sao cho:
1) = argmax (tr(RZ#,S))
Y

_Sw 0 S11 S12 Si3
S21 S22 Sa3 (4.15)

S31 S32 S33

= argmax | tr
P

= arg;}nax ((512 — S31)8y + (S11 + S22)cy + 533)
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= ar‘g;}nax ((512 — Sy1)sy + (811 + Szz)cw)

< a . N v ae . . AU
batu £ S5, — S51, v 2 S5;; +S,, va dinh nghia géc a sao cho ¢, £ NI

v

Vu24v2”’

Sg & g6c P can tim la:

s
Y= arg;}nax(sin(a +Y)) = 5 atan2(Sy; + Sa2, 512 — S21) (4.16)
Suy ra nghi¢ém bai toén:
R=R_,,, t=b-—-Ra (4.17)

Thuat toan cin chinh dugc tom tit trong bang sau.

Badng 4.1. Tém tdt thudt todn cdan chinh véi 1 gée xoay yaw

Tim phép bién ddi (R, t) sao cho cuc tiéu ham muc tiéu:
n
J = IRa; + ) = byl
i=1
1. Tinh tAm trung binh cta mdi tap hop diém:
a;, b=

a= bi

3|
3|

n n
i=1 i=1
2. Tinh céc vector tinh tién so v&i tAm:

X; = a; — a, yi=b;,—b
3. Tinh ma tran dir liéu vao:
S = XY”7

4. Tinh goc xoay yaw tdi uu:
s
1/) = E - atanZ(Sll + 522, 512 - 521)

5. Tinh phép xoay va tinh tién t6i wu:

R=R,, t=b-Ra

31



LVThS — Hé thong dinh vi tich hop thi gidc ldp thé, qudn tinh va GPS — Tran Hoang Khéi Nguyén

4.1.2. Két qua thwc nghiém ciin chinh hé¢ VIO/GPS

Nhim danh gia giai thuat dé xuét, hoc vién thir nghiém can chinh quy dao VIO
va GPS theo hai phuong phép Yaw va SVD, sau d6 so sanh két qua véi hé do dong
thoi gian thyc (RTK) cép chinh xac centimét. Ca ba hé duoc gén ¢ dinh véi nhau, di
chuyén trén mit dat theo quy dao hinh chir nhat kich thudc 35x30m nhu Hinh 4.1.
Thoi gian di hét quing duong 13 112s, trong d6 30s dau tién duoc dung lam dit liéu
can chinh. Quy dao RTK dugc biéu dién trong h¢ toa d0 ENU voi géc toa do trung
voi GPS.

VIO trajectory GPS trajectory

z[m]
z [m]

— 210

— 10 yIml g0 5 g0

RTK trajectory

z[m]

N\
- h x [m]

Hinh 4.1 Quy dao VIO, GPS ban dau va quy dao chudn RTK

Hinh 4.2 cho thdy quy dao VIO sau khi cin chinh sang hé toa d6 GPS. Puong
mau d6 thé hién quy dao chuan RTK, duong mau xanh 1a thé hién quy dao GPS,
duong mau xanh duong va mau den 1an luot 1a quy dao VIO sau khi cin chinh theo
phuong phép Yaw va SVD. Cac duong dut nét ki hi¢u dir li¢u can chinh. Gitra hai
phuong phap cin chinh, ta thdy quy dao VIO Yaw bam sat va déng phang hon theo
quy dao chuan RTK, trong khi quy dao VIO SVD ¢6 xu hudng nghiéng theo sai léch
cao d6 cua GPS. Luu ¥ 1a ca hai phuong phap déu st dung dit liéu can chinh 1a GPS,
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va chi dung RTK dé danh gia sai s6. Phuong phap SVD da thuc hién dung chirc ning
1a tim phép xoay 3 truc dé quy dao VIO bam t6i uu theo GPS. Tuy nhién trong diéu
kién thuc té, nhidu 16n trén cao do GPS sé& lam sai 1éch két qua tinh todn 2 goc roll
pitch, khién cho quy dao cin chinh bi nghiéng va khong khép véi quy dao chuén.
Trong trudong hop nady, véi gia dinh hai goc roll pitch da dugc xac dinh dang boi hé
VIO, phuong phap Yaw chi can tim phép xoay quanh truc z tir dit liéu vi tri x-y nhiu

nhoé, nho vay dat dugc do chinh xac cao hon, nhu Hinh 4.3 va Bang 4.2.

Nhu vay, phuong phap cin chinh chi xoay gbc yaw phu hop véi hé thong
VIO/GPS trong dé tai hon phuwong phép xoay ca ba truc theo SVD.

VIO-GPS aligned trajectories

RTK

GPS

VIO Yaw

VIO SVD

GPS aligned data

B W VIO Yaw aligned data
e N M B BV|O SVD aligned data

15

10

T P o‘.’,
~ O %
7
0 4
335
325 \
320
315
310 210
y[m] 305 195
190
300 180 189 x [m]
176
Hinh 4.2 Cadc quy dao sau khi can chinh
Phuong Do doi [m] Goc xoay [°] Sai s6 RMS vi tri [m]
phap Xew | Yew | Zow | Pow | Oew Yew €rms;p €rms3p
SVD |184.1 3285 | 764 | —586 | —2.42 | —61.25 0.604 1.774
Yaw | 184.1 | 328.5| 9.36 0 0 —61.53 0.586 0.595

Badng 4.2 Két qud toa dd va sai sé can chinh
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VIO-GPS alignment error

x error [m]

y error [m]

z error [m]
- N
T T

0 \_//.7 T s

L
0 20 40 60 80 100
time [s]

Hinh 4.3 Sai s6 can chinh so véi quy dao chudn theo thoi gian

4.2. Thuat toan dinh vi tich hgp VIO/GPS
4.2.1. B¢ lgc Kalman mé rong EKF

B0 loc Kalman 1a mot thuat toan udc luong trang thai tdi wu dua trén mé hinh
toan, ngd vao va ngd ra cua hé théng theo thoi gian. Piém ndi bat cua bd loc Kalman
1a kha ning két hop nhiéu tin hiéu vao ra véi do khong chic chian khac nhau dé cho
ra két qua udc lugng tdt nhat. So véi cac bod loc theo tan sd, bo loc Kalman c6 kha
ning khir nhiéu hiéu qua ma khong lam tré tin hiéu. Bén canh d6, nho tinh chat dé
quy, trang thai hién tai khong phu thudc vao qua khir xa hon 1 chu ki, bd loc Kalman
c6 tdc do tinh toan nhanh, tiét kiém tai nguyén xtr 1y va duoc st dung rong rii trong
thuc té. Tuy nhién, bg loc Kalman co ban chi giéi han cho céac doi tuong tuyén tinh.
Ddi v6i cac dbi tuong phi tuyén nhu hé thong dinh vi, giai phap 1a tuyén tinh hoa hé
thdng quanh gia tri wdc luong tai mdi chu ki, rdi ap dung quy trinh Kalman 1én mé
hinh x4p xi. D6 ciing 13 nguyén tic ciia bd loc Kalman mé rong (EKF) [23] dugc trinh
bay dudi day.

Cho mdt hé thdng phi tuyén mé ta bai hé phuong trinh thoi gian roi rac:

Xy = fr_ g (Xp—1) U1, Wi—1)
(4.18)

z; = hy (X, vi)
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trong d6 x;, 1a vector trang thai, uy, 1a tin hi€u vao, z; 1a tin hi€u ra do duogc tai thoi
diém k, £(.) va h(.) 13 cic ham phi tuyén biéu dién m6 hinh qu4 trinh va mé hinh do
ludng cta hé thong, wy, va vy 13 cac nhidu tring Gaussian tac dong 1én f(.) va h(.)
V01 covariance tuong Ung 1a Q, va R,,.

wi ~ N(0,Qy), Vi ~ N (0, Ry) (4.19)

Quy trinh thyc hién b loc EKF dugc mé ta trong Bang 4.3.

Bang 4.3. Bo loc EKF roi rac

Khai tao trang thai X, va covariance sai sd P,.
%o = E(Xp), Py = E[(x — %) (X — Xp)]

Tai mdi chu ki lay mau k = 1,2, ..., lip lai cac budc sau:

1. Du doan:
(a) Du doan trang thai tién nghi¢m:
R = f 1 Ry g, uy)
(b) Tinh ma tran Jacobian cua md hinh qua trinh:

_ 0y

k-1 —
0x Rp—1

(c) Du doan covariance sai so tién nghiém:

P, = F ;P Fi_; + Qs

2. Cap nhat:
(a) Dy doan gié tri do:
Z, = h(x})
(b) Tinh ma tran Jacobian ctia m6 hinh do luong:

_oh,
K= —
ox %

(¢) Tinh d6 loi Kalman tbi uu:

Ky = P H, (H, P H] + R;,)™*
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(d) Cap nhat trang thai va covariance sai s6 hau nghiém:
Ry = Ry + Kp(z — Z)

P, = (I - K Hp)P,

4.2.2. M& hinh to4n h¢ thong dinh vi tich hgp VIO/GPS

Phan nay tap trung vao xay dung mé hinh toan cua hé tich hop léng VIO/GPS
theo hudng ap dung bo loc EKF, trong do6 két qua VIO dugc dung dé du doan va két
qua GPS duogc dung dé cap nhat cac trang thai uéc luong. Mic du viéc xay dung mo
hinh cap nhat GPS trén ca 6 truc 12 hoan toan kha thi vé mit 1y thuyét, trong dé tai
nay hoc vién chon mé hinh cép nhat 4 truc x, y, z, yaw vi hai 1y do. Tht nhit, goc
roll va pitch udc luong tir hé VIO khong chira sai sd tich lily nho viée quan sat gia
tdc trong trudng trén IMU. Thir hai, viéc cap nhat roll pitch phai st dung gia tri do
truc z cia GPS thuong bi nhiéu rat 16n, khién cho két qua roll pitch sau khi tich hop

néu c6 ciing kém hon ban dau.
Dinh nghia vector trang thai gdm vi tri py,; va goc yaw 1y, theo hé VIO:

x 2 [py;” Yl (4.20)
M6 hinh qua trinh ctia hé tich hop tai thoi diém cap nhat VIO k:
[pWIk = Pwip_, T RWlk_16p‘v,1i/(1)k + Wor_1

_ (4.21)
¢W1k = L|J(RW1k_15R‘1511/?k) + Wy 1= qJ(RWIk) + LTI

trong d6 céc ngd vao 6pys, . SRyY, 1a chénh 1éch vi tri va hudng ciia hé VIO giita

thoi diém k va k — 1:

_ . T, i i
{51@;}9,{ 2 (RYS,_) (PWS, — PWT 1) (4.22)

. . T .
V1o A V10 V10
6 Wl = ( WIk—l) Wi
Wp, Wy lan luot 1a nhiéu trang Gaussian trén s gia vi tri va géc hudng yaw

véi covariance Q,_;. Ham Y (R), bén canh 6(R) va @(R), la cac ham xac dinh goc

xoay yaw, pitch, roll ttr ma trn xoay R:
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Y(R) = atan2(ry,741) (4.23)
0(R) = atan2 <—r31, /r322 + r323> (4.24)
@(R) = atan2(r3,, 133) (4.25)

Nhén xét vé md hinh qua trinh trén, ta chon ngd vao 1a cac sb gia Splie, SRV
thay vi ban than vi tri va huéng ciia VIO nham muc dich khir sai s6 trén sb gia ngay
khi xuat hién, ngan sai s6 tich iy di vao h¢ tich hgp. Mat khac, tuy chi cap nhat géc
xoay yaw trong R, ta vain lan truyén phép xoay trong SO(3) theo cong thirc
Ry, = RW,k_16R‘§|‘,‘,’k, thay vi Yy, = Ywy,_, + 6Ywr. Dicu nay gitp gilt nguyén

tinh chinh x4c ctia phép xoay trong tip xac dinh gdc.

Mo hinh do luong cua hé tai thoi diém cap nhat GPS n:
p%isn = Rew (R, ta + Pwi,) + tow + Vi (4.26)

trong d6 v,, 1a nhiéu Gaussian ctia phép do GPS voi ma tran covariance nhiéu R,,.
Ry, tow 14 phép xoay va tinh tién thu duoc tir qua trinh can chinh VIO/GPS. t;, 1a
khoang cach offset tor IMU dén anten GPS duoc do dac tir hé théng thuc té.

Do VIO va GPS ¢6 toc d6 va thoi diém cap nhat khac nhau, ta s& str dung phuong
phap cap nhat bat dé)ng bo cho bd udc luong. Xét thoi diém cap nhat GPS n nam gifra
hai mau VIO gin nhit 14 k; va k,, ta s& ndi suy trang thai hé thong tir k, dén n dé
thuc hién viéc cap nhat GPS, sau d6 ndi suy turn dén k, dé tiép tuc vong cdp nhat
VIO. Vector vi tri dugc ndi suy tuyén tinh. Trong khi d6, phép xoay duoc ndi suy
thong qua quaternion str dung phuong phép Slerp (Sperical linear interpolation) [24]:

T = (ty — ty,)/(tk, — tx,) € [0,1]
Pn = (Pk, — Pr, )T + P, (4.27)

A =qe, ® (q, Q@ qy,)"
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4.2.3. Thuét toan dinh vi tich hgp VIO/GPS sir dung b loc EKF
Ta trién khai bo loc EKF 1én mé hinh tich hop VIO/GPS theo cac budc sau day.

Khéi tao: Cho &, = [p;g}f;o W,O] Ry = RU%, Py = 04ss.

Du do4n: Tai mdi thoi diém cap nhat VIO k, ta du doan trang thai tién nghiém

theo phuong trinh (4.21):
{fi;lnk = ﬁwzc__l + l’iWI;16115["121/(1),{ . (4.28)
'PWIk = lIJ(RWIk) = qJ(RWIk_16RWIk
Tuyén tinh hoa mé hinh qua trinh:
aﬁWIk aﬁWIk
. afk_l . aﬁwlk—l alpWIk_]_ _ [ l3 FlZ] (4 29)
k=1 aX Rp—1 al/JAWIk allJAWIk 01)(3 FZZ .
ai)\WIk_l a{p\WIk_l
Goie, =[0 0 1]7 1avector don vi truc z, ta co tinh chét:
6R JdR
% adj” Ry = [e,]*R,RoRy = [e,]*R (4.30)
Do dé:
F, = W(ﬁmk_lé‘pw?k = [ez]xﬁWIk_15p\1;|}(1)k (4.31)
. ap(Ryr,) _ datan2 (1’21(§§v1k);1‘11(ﬁﬁ/1k)) 432)
22 al/)WIk_l alpWIk_l

trong d6 r;; (R), ry; (R) 1a cac ham ldy phan tir cia R tai vi tri (1,1) va (2,1).
Pao ham riéng ctia ham atan2(y, x) theo mot lwgng vo hudng a dugc cho boi:

datan2(y,x)  x dy y 0x

= == — 4.33
da x>+ y%? da x?24+7y? da (4.33)
Ap dung vao (4.32) va dat cic hé s0 A = - “12 ,B = 52, ta tinh duge Fy:
r114721 r11+771

38



LVThS — Hé thong dinh vi tich hop thi gidc ldp thé, qudn tinh va GPS — Tran Hoang Khéi Nguyén

d r21(ﬁW1k_15R‘1;|i/(1)k d r11(ﬁW1k_16R‘1;|i/(1)k
Fpo =4 P - P}
¢W1k_1 ¢W1k—1
ORy ., aRW, (4.34)
=A —5RV10 —B ¢6Rv10
21 <0¢W1k ; Wi I'11 al/)WIk ) Wi

= Aer([ez]x§WIk 1 ‘1511/?,() Br11([ez] RWIk 15 ‘1511/?,(

Tir Fy,_, ta tinh dugc covariance sai s6 tién nghiém Py :

P = FesPr i Fi g + Qg (4.35)

Cap nhat: Do GPS va VIO co tan s6 cap nhat khac nhau, ta s€ xét hai truong
hop (a)-khong va (b)-c6 phép do GPS n trong thoi gian tir k — 1 dén k.

Trong trudng hop (a), ta xem nhu d6 khong chic chan cua phép do GPS 1a vo
cung lén R, = oo, d6 lgi Kalman K, = 0, dan dén trang thai uoc lugng va
covariance hau nghiém diing bang tién nghiém &, = %5, P, = Py.

Pé cap nhat GPS trong truong hop (b), ta ndi suy trang thai va covariance tién
nghiém tir hai du mut k — 1 va k dén n stir dung cong thuc (4.27). V6i K;;, P, vira
ndi suy, ta udc lugng gia tri do GPS tai n theo (4.26):

ﬁgis = Row (Riwr, tia + Pwry) + tow (4.36)

Tuyén tinh hoa mé hinh do:

oh,,
H. =
n 0x Fon
_[opey, 9Pea, [ 9(RewRivr, tia) 437
_apWIn al/)Wln 0y,
[ IRy,
= |Rew RGWTn 4| = [RGW Rewle,]” RWIntIA]
i Wy,

Ta thay trong ma tran H,,, khong chi cac thanh phan vi tri (cot 1, 2, 3) ma thanh

phan goc yaw (cot 4) ciing c6 gia tri khac 0. Diéu nay néi 1én thuat toan dé xuét co
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kha nang cap nhat goc yaw chi bang phép do vi tri GPS, mién 14 ton tai khoang cach
offset t;, gitra IMU va anten GPS.

b0 lo1 Kalman dugc tinh béng:
K, =P,HI(H,P,H! + R,)? (4.38)

Tur do, trang thai va covariance sai s6 hau nghiém duoc cap nhat:

ﬁWIn] [pWIn] gps ~gps

- — 4.39

Ywi, Ywi, pGA n "~ Paan (439
P, =(0-K,H,)P, (4.40)

Huéng xoay SO (3) cuia hé tich hop tai thoi diém n dugc tinh bang tich gitta ma

tran xoay yaw vura cap nhat véi cac ma tran xoay pitch, roll du dodn ndi suy dén n:

ﬁWIn = Rlll(l;b\WIn)RQ (év_wn)Rq) (@ﬁnn) (4.41)

Sau khi cép nhat GPS hoan tat, ta noi suy hé théng quay lai thoi diém VIO k,
tang tién k « k + 1 va lap lai quy trinh dy doan - cap nhat nhu trén.

Céc covariance nhidu Q va R duoc ldy online tir ngd ra VIO va GPS dé gitp hé

dinh vi tich hop thich nghi theo chat lugng cua cac hé con tai timg thoi diém.
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CHUONG 5. THUC HIEN VA PANH GIA HE THONG

5.1. Thuec hién hé thong
5.1.1. Phan cirng
Céc thiét bi str dung trong d¢é tai bao gdom:
Stereo camera Point Grey Bumblebee2 [25]: chup dong bd cip anh xdam 640x480

pixel v6i tan sb cai dat 1 20Hz va phat ra theo chuan FireWire (IEEE 1394a). Mdi

camera c6 ti€u cy 2.5mm, goc nhin 97°. Baseline gitra hai camera la 12cm.

Hinh 5.1. Stereo camera Point Grey Bumblebee2

IMU ADIS16488 [26]: do gia tdc tinh tién, van tbc xoay, tur truong trén 3 truc.
IMU duoc doc béi mot mach xir 1y dung vi didu khién STM32F4, thuc hién chuyén
dbi dir liéu sang chuan giao tiép UART va phat ra vé6i tan so toi da 1a 500Hz. Mach
xu ly cling chira mot thuat toan udc luong ndi1 gde xoay 3 truc, dung lam dir liéu
chuan danh gia hé thong khi khong co thiét bi ngoai. Bo udc luong c6 do chinh xac

0.1° vé1 goc roll, pitch va 0.3° vai gbe yaw.

Hinh 5.2. IMU ADIS16488 va mach xu ly

B6 thu GPS Ublox NEO-MS8N [27]: do vi tri kinh d0, vi d0, cao d6 trén Trai Dt
st dung cung lac hai h¢ théng GPS va GLONASS véi tan sb cap nhat 5SHz. B¢ chinh

xac phuong ngang 1a 2.5m.
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Hinh 5.3. GPS Receveir Ublox NEO-MSN
May tinh nhiing IEI NANO-HM650 [28]: bo xtr 1y trung tAm cta hé thong, doc
dit liéu tir cc thiét bi va chay giai thuat dinh vi tich hgp. May tinh c6 kich thudc nho
gon 165x115mm, chay CPU Core i7-2760MQ, c6 khe cam card PCle dé chuyén doi

sang giao tiép FireWire cua stereo camera.

BIOS Update Connector
PCle Mini Card | DDR3 SO-DIMM

PCI-104 slot

SMBUS
SATA Power

-+ CPU Fan

2512 V Power

— 2 x SATA 6Gb/s

| — SATA Power
f— 2 x RS-232

LVDS Backlight:
Control

4 x USB 2.0
Battery

System Fan

Front Panel
Keyboard/Mouse

RS-422/485 ~—
4 x USB 2.0

Hinh 5.4. May tinh nhung I[EI NANO-HM650

GPS RTK South S82T [29]: bd dinh vi GPS vi sai v6i d6 chinh xac cép cm, dung

1am vi tri chuan danh gia hé thong khi thir nghiém ngoai troi.

Hinh 5.5. GPS RTK South S82T rover va base
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Novatel SPAN-CPT [30]: b0 dinh vi 6 truc tich hop GPS/INS/Wheel, st dung
GPS hai tan sd va gyroscope quang hoc. Goc xoay tir SPAN duoc dung danh gia hé
thdng trong dé tai vdi do chinh xac 0.01° cho goc roll, pitch va 0.1° cho goc yaw. Vi
tri tir SPAN ciing dugc dung khi hé RTK bj suy giam do méi trudng nhiéu vat che

chin. Do chinh x4c vi tri don diém cua SPAN 13 1.2m.

W

Hinh 5.6. Novatel SPAN-CPT

Céc thiét bi duoc két ndi theo so dd bén dudi. Trong d6, mot laptop duge ding

dé diéu khién va hién thi két qua dinh vi tir may tinh nhung thong qua WiFi.

1 1

1 1

i FireWire 1 RS232

i Stereo Camera N 20Hz 1Hz K=———— RTK Rover
1

1 1

: UART-USB | RS232

; IMU A 500Hz| | 10Hz {=——— SPAN

1 1

1 1

i —1 UART-USB |

i | GPS Receiver A 5Hz E

1

! Embedded | | WiFj

: Computer <|:> Laptop

I StereoVision/INS/GPS System :

1

Hinh 5.7. So' d6 phan ciing hé thong StereoVision/INS/GPS va cdc thiét bi danh gid

IMU
10
' . UART-USB | Embedded
STM32F1 K Computer
10
FireWire
Stereo Camera »

Hinh 5.8. So' d6 phdn ciing dong b IMU-Camera
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So d6 Hinh 5.8 mo ta viéc dong bo phan cimg gitta IMU va camera theo phuong
phap trong Chuong 3. Theo d6, IMU phét ra xung clock déng bo voi dit liéu cta no.
Vi diéu khién STM32F1 nhan xung clock, chia tan sé va dich pha dé tao ra xung kich
cho camera. Camera chup anh v&i thoi gian man trip thay d6i tuy theo diéu kién anh
sdng va guri gia tri nady cho may tinh nhiing. Mdy tinh nhiing tinh todn d¢ 1éch pha cta
xung kich camera dua trén thoi gian man trap hién tai va cac do tré ¢ dinh khac trong

hé théng, roi giri cho vi diéu khién thyc thi.

- IMU

— | GPS Receiver

Stereo Camera

Embedded Computer

Hinh 5.9. M6 hinh phan cimg hé thong StereoVision/INS/GPS

Hé¢ théng StereoVision/INS/GPS duoc lép dat nhu Hinh 5.9. Stereo camera va
IMU duoc ga"m chit vao nhau dé tranh lam sai léch két qua hi¢u chuan. T4t ca thiét bi
duoc dit trong mot khong gian nhé gon 18 x 16.5 x 12cm, phi hop dé trién khai trén
robot di dong.

5.1.2. Phin mém

Phan mém dinh vi tich hop hoat dong trén may tinh nhing chay hé diéu hanh
Linux (Ubuntu 16.04). Ngon ngtt C++ dugc st dung dé 1ap trinh thuat toan xur 1y
trong thoi gian thuc. Pé ting téc do phat trién phan mém, dé tai chon khai thac nén

tang ROS (Robot Operating System) [31].

ROS 1a nén tang ma nguén mo, bao g6m cac bo thu vién va cong cu trg gitip cho
viéc phat trién tmg dung robot. ROS duoc thiét ké theo triét 1y phén tan, trong d6 mdi

nuat (node) 14 mot qua trinh xur Iy doc 1ap. Cac node trong ROS truyén nhan dit liéu
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v6i nhau dudi dang ban tin (message) thong qua chu dé (topic). Theo d6, node truyén
s& quang ba (advertise) chi dé can truyén vdi don vi kiém soét 1a rosmaster. Node
nhan sé& ding ki (subscribe) v6i rosmaster chii dé can nhan. Khi c6 ca node truyén va
node nhan & ciing mot chu dé, rosmater sé& thiét 1ap két ndi giira hai bén dé giao tiép
xay ra, nhu Hinh 5.10. M6t cha dé chi c6 mot node phat, trong khi c¢6 thé c6 nhiéu
node nhan. Co ché nay gitip cac node giao tiép mot cach linh hoat, chi can biét chu
dé ma khong can biét cu thé node & dau con lai. Hon nita, rosmaster con c6 thé két
ndi cac node trén cic may tinh khac nhau trong cing mot mang Ethernet, gitip cho
viéc truyén nhan dir 1i€u gitra cac thiét bi tré nén don gian nhu trén cung mot thiét bi.

ROS
Master

Advertising

Publishing Callback

\/—
Hinh 5.10. Co ché truyén nhén bdn tin trong ROS

HBag D@ -0 #/imu0 Raw DC® -0o%
@ | &) 8w w| €| 2|w|m|E| =) )= N
{41.75s 41.79s 41.84s {41.89s 141.94s {41.99s < 5 =
cam0fimage_raw [ | [ [ | | ¥ header
caml/image_raw [ [ | P | | seq: 21005
gps_M8N i | ; ; P ¥ stamp
gps_S582 i | i i secs: 1594286033
imu0 0000000 OO I nsecs: 731550225
span : [ = i [ _frame?_\d: 24
wheel NN EEEn ~:gnentation
-~ x:-0.140482
I 1594286033.73| ThO7 09 2020 16:13:53| 41.7165 4.2 GB y:-0.001239
- - z:-2.902709
&/cam0/image raw Image DE@ - 0% &/caml/image raw Image DE@® -ox% w: 0.000000

=< 3 =

v

- |

k< 2> Sl

Hinh 5.11. File dir liéu bag
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Cong cu rosbag cho phép luu va phat lai cac ban tin trong ROS du6i dinh dang
file bag. Ban tin duoc phat lai tir file bag c6 tinh chat twong ty nhu lac thu vé mit thoi
gian ciing nhu dit liéu. File bag trong dé tai c6 dang nhu Hinh 5.11, trong d6 thu lai

dir liéu dau vao tir cac thiét bi khi thir nghiém va phat lai khi phat trién thuat toan.

it Interact | "5 Move Camera [ lSelect <% FocusCamera o Measure . 2D Pose Estimate  .# 2D NavGoal @ Publish Point g = »
D Displays ®
Background Color [ 48; 48; 48
Frame Rate 30
Default Light =
v @ Grid &)

» « Status: Ok
Reference Frame <Fixed Frame>
Plane Cell Count 10
MNormal Cell Count 0

Cell Size 1
Line Style Lines
Color M 160; 160; 164
Alpha 1
Plane XY
» Offset 0;0;0
» L Axes &4
> @ Marker =
Alpha

The amount of transparency to apply to the
grid lines.

Add
© Time m
ROS Time: 63839.79| ROS Elapsed: |176.79 Wall Time: |1597763839.83  Wall Elapsed: |176.79 ~] Experimental

Hinh 5.12. Moi truong do rviz

ROS cling cung cép mdi trudng do rviz cho phép hién thi toa d6 3D cua vat thé
dué6i nhiéu dang khac nhau nhu Hinh 5.12. Trong dé tai, rviz duoc dung dé hién thi

cac quy dao va landmark ude lugng mot cach tryc quan trén laptop nguoi dung.

CAu trac phan mém hé thdng duogc chia thanh ba 16p Driver, Process va Display.
Trong do, 16p Driver thuc hi¢n giao tiép véi cac thiét bi, chuyén ddi dir lidu doc vé
sang dang ban tin ROS, ki hi¢u 1a “\...” nhu Hinh 5.13. StereoCamera node doc dir
li€u camera va chuyén sang anh xam 8-bit, déng thoi doc thot gian man trap hién tai.
Trigger node nhén thoi gian man trap, tinh toan do tré xung kich va giri ra vi diéu
khién quan 1y viéc déng bd IMU-camera. IMU node d6i don vi cta céc dai luong doc
tir IMU sang don vi chuan. GPS node va RTK node nhan ban tin dang NMEA tir cac

thiét bi tuong ung, doc toa do kinh-vi-cao d¢ va sai sb cla phép do, chuyén ddi toa
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doé sang hé ENU. SPAN node ciing thuc hién cong viéc tuong ty nhu GPS node,

nhung trén dau vao ban tin dang NovAtel.

FireWire :W
\K_// \cam0

{\shutter_time \caml

USB-COMO < qgg—er node

/\ \imu
USB-COM1 :wode/

/‘\ \gps
USB-COM2 > GPS node >

k

\span
COM1 »( SPAN node
k DRIVER LAYER j

Hinh 5.13. Céu triic phan mém I6p Driver

v

v

|

v

v

CAu trac 16p Process, xtr 1y thuat toan tich hop duogc trinh bay trong Hinh 5.14.
Vi 16p ndy can téc do thyc thi nhanh, cac ludng xt Iy dugc lap trinh song song va dat
chung trong mot node, mdi ludng chira mot vong 1ap vo cing. Vong lip IMU thue
hién nhan phép do IMU va lan truyén trang thai hé thong. Vong lip Camera nhan anh
tur stereo camera va chay thuat toan phat hién diém dac trung trong anh, déng thot
thuc hién ghép dong bo frame anh vé6i cac phép do IMU theo dau thoi gian. Vong lap
Matching nhan tap diém dic trung, thuc hién ghép cip giira hai anh stereo va cac anh
trong quéa khtr dé khoi tao cac landmark 3D. Trong cac thir nghiém, thuat toan duy tri
s6 luong anh qua khir 1a 5-7 cdp anh keyframe va 3-4 cdp anh gan nhat. Vong lip
Optimization thuc hién tdi wu hoa tu thé robot va vi tri landmark tir trang thai lan

truyén va landmark khoi tao. Vong 1ip GPS doc vao cac ban tin GPS. Vong lip EKF
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udc luong hi¢u chinh tu thé robot tir hé VIO va dit liéu GPS. Cubi cung, vong lap

Publisher xuét ra tu thé u6c luong tich hop va cac landmark theo dang ban tin ROS.

________________________________________________

\camO R\
\caml /¥ keypoints Matching 1 )
C 1 atching loo I
- R
1 A 1
E IMU timestamps init landmarks i
1 1
: A 4 :
\imu i _\propagated_state @_ﬁzation ]
| IMU loop ’Qop E
\\ VIO System /,'
I est-
v O_pose" landmatks
\gps s_position
GPS loop gp5. P :@—loop
VIO/GPS_pose
\4 \est_poses
Publisher / \est landmarks
\VIO/GPS PROCESS NODE loop /

Hinh 5.14. Cdu triic phan mém I6p Process

\est poses
\est_landmarks& )
ik »( Rviznode > SCREEN
\span /
DISPLAY LAYER

Hinh 5.15. Cdu triic phan mém I6p Display
Sau khi 16p Driver va 16p Process xur ly thuat toan trén may tinh nhung, 16p
Display chay trén laptop nguoi dung s& hién thi két qua ra man hinh thong qua méi
truong 4o 3D rviz. Dit liéu hién thi gdm quy dao va landmark uéc luong tir hé

VIO/GPS, ciing nhu cac quy dao chudn tir RTK va SPAN.
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5.2. Phuong phap danh gia sai so6 wéc lwong
5.2.1. Quy doi toa do

Do bd tri trong khong gian, ton tai khoang cach giita tim cta bd wéc lugng can
danh gia (VIO/GPS) va tdm cua bd dinh vi chuan (RTK/SPAN). Bén canh d6, goc
toa do cua bd udc lugng va bd dinh vi chuan cling co sai 1éch thuc té khoang vai mét
do khac biét trong thong sb hiéu chinh bo thu GPS cua mdi hing. Vi vay, dé tinh sai
s6 udc lwong mot cach chinh xéc, ta can quy doi toa ¢ ngd ra cia bd wdc lugng sao
cho cing quan hé toa do v6i bo chuin. Xét ngd ra bo ude lugng VIO/GPS T, va ngd
ra b chuan RTK/SPAN Te,v (Fg, 12 gbc toa do va Fy 13 tim bo chudn), tu thé udc

luong quy doi sang bo chuan la:

~ = R t ~ [R t
TGOV = TGOGTGITIV = [ gOG GloG] TGI[ 6V iV (5.1)

trong do6 phép xoay Rg ¢ = I3 do Fg, va F la hé toa do ENU, phép xoay R;, = I
do ta sip dat huéng cua bd uée lugng va bd chudn gan nhu tring nhau trong thuc
nghiém, khoang cach t; ; duoc xac dinh bang thi nghiém tinh chénh léch vi tri trung
binh giita hai bo dinh vi khi dat dung yén tai cing mot diém trén mat dat trong mot
khoang thoi gian (> 10 phut), va khoang cach t,;, dugc do bang thude milimét. Phép
quy ddi toa do duoc minh hoa trong Hinh 5.16.

Hinh 5.16. Quy doi toa dé gitta bo uoc luwong va bo chudn

Sau khi da thé)ng nhét quan h¢ toa do gitra by udc luong va bd chuén, ta tién hanh

danh gia sai so gilra Tg ), va Tg,y theo hai ti€u chuén: sai s0 tuy€t doi va sai s6 twong
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d6i. Pé ngan gon va mang tinh téng quat hon, chi thich G,V duoc luge di trong cac
quy udc sai sé dudi day.
5.2.2. Sai s6 tuyét doi
Sai s tuyét doi 1a sai 1éch giita toa d6 udc luong (P, R) va toa do dung (p, R)
trong hé toa do tuyét doi (Fe,):
Ap=p-p
— 5.2
{AaR = RR” (52)

Sai s6 hudng xoay theo ba goc Euler: roll A%, pitch A%0, yaw A% duoc suy ra
tir A°R theo cong thirc (4.23), (4.24) va (4.25).

Bén canh sai sb theo tung truc, ta co thé téng hop sai s6 theo mdi 3 truc vi tri va
goc xoay. Sai sb vi tri 3D duoc tinh bang khoang cach Euclide giita diém u6c luong
va diém dung:

A*d = ||p — pll = yA2pTA%p (5.3)

Sai s6 goc xoay 3D 1a d6 16n cua goc xoay o dang biéu dién truc-goc (axis-angle)

cua phép xoay A°R:

(5.4)

tr(A°R) — 1
|A%a| = arccos <¥>

2

D¢ danh gia sai s6 udc lugng trén ca quy dao, ta dung ti€u chuan sai s6 RMS

(Root Mean Square Error), goi x 14 dai luong can dénh gia:

RMSE(x) = (5.5)

5.2.3. Sai s6 twong ddi

Khai niém sai sd tuong ddi duoc dé xuit trong bai bao [32] va dugc sir dung rong
rdi trong cac nghién cru vé dinh vi thi gidc-quan tinh [8] [16] [33]. Sai s6 tuong dbi
duoc dinh nghia 13 sai 1éch giita luong thay ddi twong dbi tir thoi diém i dén j cta toa

do u6e lugng T;; va toa do dung T;;:
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ArT = Ti;lTij (56)
trong do:
T, =T, T
(5.7)
T,; =T, 'T;

C6 thé hiéu cach tim sai s6 twong d6i nhu minh hoa ¢ Hinh 5.17. Truédc tién ta cin
chinh quy dao udc lugng (dudng mau xanh) voi quy dao ding (duong mau do) tai
thoi diém i, sau d6 tinh sai léch giira quy dao wdc luong di can chinh véi quy dao

dung tai thoi diém j. Hinh 5.17.

Hinh 5.17. Sai s6 twong déi gita quy dao wéc lwong va quy dao diing

Khai niém sai sb twong ddi cho phép ta tinh va thong ké sai s6 uwéc lwong ddi voi mot
khoang cach di chuyén nhét dinh tir nhitg diém bét dau khac nhau, nho d6 bao quat

dugc chat lugng dinh vi trén c& quy dao.

Trong céc két qua dué6i ddy, tmg voi mdi d6 dai quing dudng, hoc vién chon ra
N = 100 diém bét dau cach déu nhau trén quy dao, tir d6 lap ra dd thi thong ké dang
boxplot thé hién phan bd cia sai sb theo 5 mirc: nhé nhét, 16n nhit, trung vi, 25% va
75% sb lugng nhu Hinh 5.18. Pon vi sai s6 vi tri 1a m hodc % (m/m) khi chia cho

quang duong di chuyén, twong tng don vi sai s6 goc xoay 14 © hodc °/m
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o T maximum
|
4t |
' 75% percentile
5%
= median
2 L
1 : 25% percentile
I [
| . .
ol e minimum
100

Travelled Distance [m]
Hinh 5.18. Dang do thi boxplot

5.3. Két qua thir nghiém trong nha

Trong phan nay, hoc vién thuc hién danh gia giai thuat VIO & méi truong trong
nha, khong c6 GPS thong qua hai thir nghiém chuyén dong tinh tién voi thanh trugt
va di bo nhiéu vong trén mit phang.
5.3.1. Thir nghiém v6i thanh trugt tuyén tinh

Nhim kiém tra tinh 6n dinh cua giai thuat VIO voi chuyén dong tinh tién, hé dinh
vi duoc ga"m Ién thanh truot tuyén tinh nhu Hinh 5.19. Thanh trugt duoc kéo tién 1ui
lién tuc bé1 mot dong co DC servo. Chuyén dong tao ra c6 dang song sin theo thoi
gian véi tan s6 0.3Hz, bién d6 dinh-dinh 0.6m va van toc t6i da 0.56m/s. Vi tri chuan
ctia thanh truot dugc xac dinh bai encoder véi do phan giai quy doi 1a 3.3um/xung
encoder. Thanh truot dugc dit trong nha dudi anh sang dén huynh quang chép tat
theo tan s6 dién 50Hz. Dé ching t6 giai thuat c6 kha nang chuyén dong thi yéu trong
moi treong, hoc vién bé tri hai ngudi hoat dong ngiu nhién trong tam nhin cia stereo
camera nhu Hinh 5.20. Thir nghiém kéo dai gan 6 phat véi tong quing duong di
chuyén 120m.
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Hinh 5.20. Anh trdi va phdi tir stereo camera trong tdp di liéu Indoor-Slider

Vi tri wéc luong duoc thé hién tai Hinh 5.21, trong d6 truc X ciia hé VIO duogc
can chinh theo phuong téi ctia thanh trugt dé thu chuyén dong hinh sin, trong khi truc
Y va Z chi chura céc rung lac khi di chuyén. Vi tri udc lugng truc X bam sat quy dao
encoder, chi khac biét nho ¢ dinh song sin khi d6i chiéu. Hinh 5.22 cho thiy sai sd
wdc luong ting chim theo quing duong. Sai s vi tri dat trung binh 0.05 m sau 110
m di chuyén (0.045%), trong khi sai s6 goc yaw hau nhu dudi 0.3 d6 trén ca quing
duong. B chinh xac cao dat dugc khong chi nho giai thuat udc lugng hoat dong tdt,
ma con do diéu kién thir nghiém kha 1y tuéng: méi truong gidu diém dic trung,
chuyén dong tinh tién mot truc trong pham vi ngan, gitp hé VIO giit duoc nhiéu diém

dac trung cii theo thoi gian, nhd dé han ché do troi1 trén cac truc.

53



LVThS — Hé thong dinh vi tich hop thi gidc ldp thé, qudn tinh va GPS — Tran Hoang Khéi Nguyén
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Hinh 5.22. Sai s6 wéc hegng vi tri va goéc yaw, tap dit liéu Indoor-Slider

5.3.2. Thiwr nghiém véi nguoi di bo

DPé danh gia giai thuat VIO trén chuyén dong thuc té, hoc vién thu nghi¢m cam
hé thdng trén tay va di bo nhiéu vong quanh phong. Quy dao di chuyén duoc ké trén
mat san 1a mot hinh chir nhat kich thudc 6x3 m vé1 ban kinh cong 0.6 m & cac goc.
Téng quing dudng dai 220 m, di qua 11 vong trong thoi gian 5 phut, toc do trung
binh 14 0.73m/s. Do diéu kién thir nghiém trong nha khéng c6 thiét bi do vi tri chuan,
hoc vién chon céch tinh sai s6 mdi khi hé dinh vi quay lai diém bat du trén thyc té.
Vi sai s6 lap lai khong lién tuc theo thoi gian, ta khong thé ap dung cach thong ké sai
sb theo N doan nhé nhu cac thi nghi¢m khac. Thay vao do, thuat toan dugc chay N

lan trén cung tap dir li€u dé tao ra sai s6 thong ké tai moi di€m 1dp. V€ mat hudng
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xoay, két qua udc lugng duoc so sanh vdi bo ude lugng ndi trén cung IMU, c6 sai s6

RMS gbc yaw dong 1a 0.3°.

Hinh 5.23 cho thdy quy dao udc lugng bam sat quy dao thuc ¢ thoi diém ban déu,
nhung sau d6 c¢6 hién tugng rdi xa va léch huéng do anh hudng cua sai sb tich liy.
Du vy, sai sO udc lugng bat dau tir vong thir 4 dugc duy tri dudi 0.5% quing duong
ddi véi vi tri 3D, va dudi 0.1°/m d6i véi gbc yaw, nhu Hinh 5.24. Céc landmark 3D
trong qua trinh dinh vi c6 thé duoc dung dé tai tao hinh dang can phong nhu Hinh

5.25.

Trajectory on XY Plane - Walking Loop Dataset 05 - Z Position - Walking Loop Dataset
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Hinh 5.24. Sai s6 wéc heong vi tri va goc yaw, tdp dit liéu Indoor-Walking
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Hinh 5.25. Anh tdi dung can phong tir cdc landmark thwa thét va quy dao wée
luwong trong thir nghiém Indoor-Walking

Hai thir nghiém trong nha da chting minh giai thuat VIO trong dé tai hoat dong
dung, on dinh va c6 muc trdi thép. Dé han ché dd troi hon nita, ta c6 thé ap dung
phuong phap phat hién vong kin, trong dé qui dao udc luong duge cin chinh lai moi
khi b dinh vi hoan tit mot vong [34]. Tuy nhién, phuong phap nay doi hoi hé thong
duy tri ban dd toan cuc va ghép cip mot lugng 16n diém dic trung trong quéa khir dé
tim ra vong kin, khién cho khi lugng tinh toan ting manh. Do d6, ta can cén nhac

kha nang xir 1y cta phan ctng trude khi thyc hién.

5.4. Két qua thir nghiém ngoai troi

O diéu kién ngoai trdi, dir lidu dinh vi tuyét ddi tir GPS c6 thé dung dé khir troi
két qua VIO thong qua thuat toan tich hop. Trong phan ndy, hoc vién tién hanh thur
nghiém hé thong VIO/GPS khi di chuyén ngoai trdi véi nhiéu dang quy dao va cu ly
khac nhau. Dia diém thtr nghiém bao gdm trong san trudng Pai hoc Bach Khoa Thanh
phd Hb Chi Minh véi méi trudng tinh it ngudi qua lai; va ngoai duong phd véi méi
truong dong xe chay lién tuc. Dit liéu vi tri chuan duoc lay tir hé GPS-RTK véi do
chinh x4c cap centimét, dong thoi dir liéu gbc xoay chuan duoc 1ay tir hé SPAN voi
d6 chinh x4c dudi 0.1 6 [30]. Pé tién di chuyén, céc thiét bi dugc gan ¢ dinh 1én xe

day nhu Hinh 5.26. Khoang cach giita hé VIO va anten GPS trong cac thir nghiém 1a
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tr 0.5 dén 1m, nham cap nhat tdt gbc yaw theo cong thic (4.37). H¢ VIO duogc dat
nghiéng mot goc 10 do vé phia trude dé giam dién tich phan bau troi trong anh chup,
tang dién tich phén vét thé chtra nhiéu diém dic trung. Cac duong ké, thanh chén trén
mit dat dong vai trd tang tinh 1ap lai cia chuyén dong, ciing nhu cho biét kich thuéc
thuc su ciia quy dao. Hé VIO/GPS giao tiép v6i laptop qua WiFi dé nhan Iénh va tra
két qua. Goc nhin cua stereo camera tai vi tri XuAt phat dugc thé hién & Hinh 5.27.

# GPS Antenna } SPAN Antenna

o Wheel b e T RTK Base
i1 Vehicle | e

Ma

-

Hinh 5.27. Anh stereo camera tai diém xudt phdt trong thir nghiém trén sdn trieong
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5.4.1. Thir nghiém trén san truomng
5.4.1.1. Di chuyén theo hinh tron

Trong thir nghiém dau tién, xe day di chuyén 5 vong theo quy dao hinh tron dudng
kinh 20m. Téc d6 di chuyén trung binh 0.5m/s khong ké nhiing luc ding lai. Sau mdi
vong, xe dugc kéo i theo duong thang vé diém xuat phat danh dau boi thanh chin,
nhim thé hién su khac biét gitra quy dao udc lugng va quy dao chuan. Theo Hinh
5.28, quy dao VIO bi trdi dan theo thoi gian, quy dao GPS khong tréi nhung bi phan
tan do nhiéu tan s6 thap, nhat 1a trén truc Z. Trong khi d6, qui dao tich hgp VIO/GPS
khéc phuc duogc do troi déng thoi han ché duoce nhiéu. Hinh 5.29 cling cho théy gbc
yaw hé tich hop khong troi so voi gia tri chudn nhu hé VIO.

XY Position
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320
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310
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VIO/GPS

306 RTK Groundtruth
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180 185 190 195 200

Z Position
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Hinh 5.28. Két qua dinh vi vi tri, tdp dir liéu Outdoor-Circle
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Yaw Orientation
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Hinh 5.29. Két qua dinh vi goc yaw, tap dir liéu Outdoor-Circle
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Hinh 5.30. Sai sé vi tri va géc xoay theo thoi gian, tdp dit liéu Outdoor-Circle

Theo Hinh 5.30, sai sd vi tri VIO ¢6 bién do tdng dan trén ca 3 truc, trong khi
bién d6 sai s6 GPS va VIO/GPS hau nhu khong thay dbi. Pang chu ¥, sai sb tich hop
trén truc Z gan nhu bang 0. Sai s goc yaw hé VIO b troi theo thoi gian, trong khi
v6i hé tich hop thi khong thay d6i. Sai sé goc roll va pitch cta hai hé ludn giit trong

mot muc nhét dinh, cho thay khong can wdc lugng lai hai goc nay trong hé tich hop.

59



LVThS — Hé thé’ng dinh vi tich hop thi giac ldp thé,

qudn tinh va GPS — Tran Hoang Khéi Nguyén

Translation Error [%]

Translation Error

Rotation Error
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Hinh 5.31. Sai s6 twong déi vi tri va géc xoay theo quing dwong,
tdp dir liéu Outdoor-Circle
o . Sai s6 RMS vi tri [m]
Tap dir liéu | H¢ dinh vi
X Y Z 3D
VIO 0.9473 1.1077 0.3814 1.5066
Ogtifgl‘;r' GPS 02732 | 0.4806 | 1.0885 | 1.2652
VIO/GPS 0.2402 0.3582 0.1194 0.4475
Bang 5.1. Sai sO tuyét doi vi tri, tdp dir lieu Outdoor-Circle
Sai s6 RMS gbc xoay [de
Tap dit lidu | Hé dinh vi goc xoay [deg]
) 0 Y 3D
Outdoor- VIO 0.1236 0.3267 5.0591 5.0711
Circle VIO/GPS | 0.1211 | 03289 | 0.9629 | 1.0247

Bdng 5.2. Sai s6 tuyét doi géc xoay, tdp dit liéu Outdoor-Circle

Théng ké sai s6 twong ddi duoc trinh bay trong Hinh 5.31. Sau 420m di chuyén,
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riéng 1¢. Sai s6 RMS vi tri 3D dudi 0.5m va sai s6 goc yaw dudi 1°.

sai s6 6 doi hé VIO khoang 0.5-0.7%, GPS khoang 0.4-0.6% va VIO/GPS khoang
0.2-0.5%. Sai s6 goc yaw VIO on dinh quanh muc 0.02%m, trong khi goc yaw
VIO/GPS dat dén sai s6 0.005%m ¢ cudi quing duong, ching to giai thuat tich hop
c¢6 kha ning khtr tréi goc yaw tot. Bang 5.1 va Bang 5.2 ciing cho thdy cac sai s6 tuyét

dbi vi tri va goc xoay cta hé tich hgp VIO/GPS 1a nhé hon dang ké so véi timg hé
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5.4.1.2. Di chuyén theo hinh vuéng

Trong thir nghiém thir 2, xe day di chuyén 6 vong theo quy dao hinh vudng kich
thude 20x20m nhu Hinh 5.32. Toéng quing duong di qua 515m véi toc d6 trung binh
0.65m/s khong ké cac doan dimg sau mdi vong. Khac v6i quy dao tron, goc hudng
trén quy dao hinh vudng thay d6i dot ngdt hon tai cac khuc cua, nhu Hinh 5.33. Khi
xe xoay 90 d0, cac diém dic trung cii trong khung hinh nhanh chéng mat di khién
cho phép do thi gidc nhit thoi gap kho khan. Lic nay, phép do vén tde goc tée do cao
trén IMU phat huy tic dung bét kip do thay d6i cua goc hudng, giup hé VIO xir ly

duoc chuyén dong xoay.
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Hinh 5.32. Két qua dinh vi vi tri, tdp dit liéu Outdoor-Square
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Yaw Orientation
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Hinh 5.33. Két qua dinh vi géc yaw, tdp dir liéu Outdoor-Square

Position Error — 05 Orientation Error
5; 0.
=2 S
£ =
o r o
S ! = 0
o 9 =
X -1t n?-o,5
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
27 D05
e 1 S
s g o
= i]
w-1r =
> 5L 2
2 L VIO | | ‘ . 205y - - s s - :
0 GPS 600 800 1000 1200 0 200 400 600 800 1000 1200
VIO/GPS
S 8t VIO
— VIO/GPS
E g of
S 5 4
L0 AT 2
N z Or
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
Time [s] Time [s]

Hinh 5.34. Sai sé vi tri va goc xoay theo thoi gian, tdp dir liéu Outdoor-Square

Hinh 5.34 cho thay sai s6 vi tri va goc yaw cua hé VIO ban dau la nhé nhung sau
d6 tang dan theo thoi gian do do troi. Sai sé GPS khong thay d6i nhung dao dong véi
bién d6 16n & truc Z. Chi c6 hé tich hop VIO/GPS giai quyét duoc bai toan chinh xac
va khong troi. Sai s6 twong ddi & Hinh 5.35 cho thdy hé VIO c¢6 do chinh xac khoang
0.5% dbi voi dd doi va 0.015°/m ddi véi goc xoay tong hop. Trong khi d6, phan traim
sai s6 ctia hé VIO/GPS lién tuc giam theo quing duong, con hon 0.1% véi d6 doi va

0.001°/m v&i goc xoay khi di dén 480m.

62



LVThS — Hé thong dinh vi tich hop thi gidc ldp thé, qudn tinh va GPS — Tran Hoang Khéi Nguyén
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Hinh 5.35. Thong ké sai s6 vi tri va géc xoay twong doi theo quing dwong,

tdp dir liéu Outdoor-Square

o L , Sai s6 RMS vi tri [m]
Tap dir liéu | HE dinh vi
X Y Z 3D
VIO 0.7887 | 0.9997 | 02310 | 1.2942
Outdoor-  Fopng 03310 | 0.4054 | 0.7440 | 0.9096
Square
VIO/GPS | 03421 | 03444 | 0.1293 | 0.5024

Badng 5.3. Sai sé vi tri tuyét doi, tdp dir liéu Outdoor-Square

A e piA e , Sai s6 RMS goc xoay [deg]
Tap dir licu | H¢ dinh vi
% 0 Y 3D
Outdoor- VIO 0.1879 0.2253 3.7348 3.7463
Square VIO/GPS 0.1869 0.2261 0.6358 0.7002

Badng 5.4. Sai s6 goc xoay tuyét doi, tdp dir liéu Outdoor-Square

Sai s vi tri tuyét d6i theo Bang 5.3 twong dong véi thi nghiém trude. Hé

VIO/GPS sai s6 thap nhit trong ba hé va xap xi 0.5m d6i véi vi tri 3D. Trong khi do,

Bang 5.4 cho thiy sai s goc yaw tot hon thi nghiém trude, dudi 0.7°, mot phan vi

chuyén dong chu yéu trén dudng thang, tuy c6 nhimng thoi diém goc hudng thay doi

d6t ngdt nhung d6 tréi chung quy khéng 16n nhu trudng hop thay dbi lién tuc trén

quy dao tron.
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5.4.1.3. Di chuyén theo hinh chit nhdt bo géc

Trong thir nghiém thir 3, xe di chuyén 9 vong theo hinh chir nhat bo goc 30x35m
nhu Hinh 5.36. Quang duong dai hon 1km véi téc do trung binh 1m/s. Vi tri chuan
duoc 13y tir hé RTK, khong c6 dir liéu chuan cho goc xoay. Trén duong dai, ta thiy
r0 anh hudng cua do troi 1én h¢ VIO, lam quy dao udc luong ngay cang cach xa quy
dao thuc. Trong khi d6, hé tich hop VIO/GPS giit dugc vi tri tuyét d6i theo thoi gian,

loai duoc do tro1 nho vao GPS.
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Hinh 5.36. Két qua dinh vi vi tri, tap dir liéu Outdoor-Rectangle
Hinh 5.37 cho thﬁy sai sb vi tri ciia hé VIO/GPS 6n dinh ¢ muc nhé theo thoi

gian, trong khi sai s6 VIO ngay cang 16n. Tuy nhién vé mat tuong d6i, hé VIO dat
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duoc sai s6 0.5-1% sau 1000m, trong khi d6 hé VIO/GPS c¢6 sai s6 xuéng dén 0.2%.
Theo Bang 5.5, sai s6 RMS cua hé tich hop VIO/GPS dat 0.55m, khong khac biét

nhi€u so v&i hai thr nghiém trude, mac du tht nghiém nay c6 quang duong dai hon

va tbc d6 di chuyén nhanh hon gip 2 1an. Diéu d6 cho thiy hé dinh vi tich hop co

chat luong tot va 6n dinh trong nhiéu diéu kién khac nhau.
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Hinh 5.37. Sai sé vi tri theo thoi gian (trdi) va sai sé vi tri twong doi theo quing
dwong (phai), tdp dir liéu Outdoor-Rectangle

N e Sai s6 RMS vi tri [m]
Tap dir liéu | H¢ dinh vi
X Y z 3D
VIO 27480 | 2.6215 | 1.9307 | 4.2604
Outdoor-  F~pq 03235 | 03239 | 1.4355 | 1.5067
Rectangle
VIO/GPS | 03171 | 02423 | 03745 | 0.5472

Bang 5.5. Sai s6 RMS vi tri, tdp dir liéu Outdoor-Rectangle

5.4.1.4. Thu nghiém kha nang tw hi¢u chinh

Trong thyc té, xay ra trudong hop gia tri dinh vi bi sai 1éch nhiéu do mét tin hiéu

GPS trong thoi gian dai hoic do budc cin chinh ban dau khong tbt. Thir nghiém sau

day khao sat kha nang ty hiéu chinh tré lai gia tri dung ctia hé tich hop trong diéu
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kién c6 GPS. Tap dit liéu st dung 1& Outdoor-Rectangle nhu thir nghiém 3. Két qua

tur hiéu chinh trong ba trudng hop sai s6 ban dau tir nhé dén 16n nhu sau:
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Hinh 5.38. Két qua tw hiéu chinh vi tri 1, Xy = Yy = Zy = 10m, P, = 20°
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Hinh 5.40. Két qua tw hiéu chinh vi tri 3, X, = 9, = 2, = 100m, ), = 180°
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I3 Toa d6 ban dau Thoi gian sai s6 giam xudng duéi 2m [s]
" X0, Yo, 2o [m] l/A’o [°] X Y Z B

10, 10, 10 20 64.63 86.63 91.63 80.96

30, 30, 30 60 108.6 98.63 124.6 110.61

3 100, 100, 100 180 122.0 132.4 176.0 143.47

Bang 5.6. Thoi gian ty hiéu chinh cua hé VIO/GPS

Hinh 5.38, Hinh 5.39 va Hinh 5.40 cho thdy quy dao udc luong tir vi tri khai tao
sai dugc hiéu chinh dan theo thoi gian trd lai gia tri ding, sai sb giam vé muc thong
thuong cua hé tich hop. Theo Bang 5.6, thoi gian ty hiéu chinh tang theo sai s6 ban
dau, nhung tde d6 hoi tu cling nhanh hon nh¢ vao hoat dong udc lugng tdi wu ctia bod

loc EKF.

Qua cac thur nghi¢m trén, ta théy thuat toan VIO va VIO/GPS hoat dong tdt & moi
truong ngoai troi voi dic trung tinh. Sai sé twong dbi VIO trén dudi 1% va 0.02°/m,
trong khi sai s tuyét doi VIO/GPS trén dudi 0.5m va 1°. Hai hé dinh vi c6 thé ap
dung cho robot mat d4t 13n trén khong nho ngod ra dﬁy du 6 truc. bBac biét, hé VIO/GPS
c6 ngod ra toa do toan cuc khong troi theo thoi gian, thich hop cho phuong tién lam
viéc trong thoi gian dai ma khong can sir dung thém phuong phéap hiéu chinh toa do
nao khac. Hon nira, khi GPS khong kha dung, hé tich hop c6 kha nang duy tri két qua
dinh vi bﬁng VIO véi d0 tré1 nhd, va khi c6 GPS tré lai, hé ty dong hi€u chinh dé loai
di sai s6 tich ltly, khoi phuc d6 chinh xac von ¢o.

5.4.2. Thir nghiém trén dwong phd

Nhiam thuc déy gi61 han cua hé théng, hoc vién thyc hi¢n thr nghiém di trén
duong phé v6i moi trudng dic trung dong cao. Nhidu loai phuong tién lién tuc chay
qua tAm nhin ctia camera nhu trong Hinh 5.41, Hinh 5.42 va Hinh 5.43. Quing dudng
thir nghiém dai khoang 3km, tao thanh mot vong kin qua 4 doan duong xung quanh
Pai hoc Bach Khoa TP.HCM. Thoi gian di chuyén trong 50 phiit voi vén tdc trung
binh 1m/s. Do méi trudng co nhiéu vt che chin nhu nha cua, cay i nén viéc trién

khai hé GPS-RTK dé do Vi tri chuén 1a khong kha thi. Thay vao do, vi tri chuan duoc
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lay tir hé SPAN. Nho viéce tich hop chit GPS/INS/Wheel, hé SPAN c¢6 thé hoat dong

trong mdi truong bi che chian mot phan véi sai s6 trung binh 13 1.2m.

e .
r
3

Hinh 5.43. Poan dwong T6 Hién Thanh trong thir nghiém
Két qua dinh vi trong Hinh 5.44 cho théy, quy dao VIO sai léch kha nhiéu so véi
quy dao chuan trén mit phang XY, trong khi quy dao GPS va VIO/GPS bam sat quy

dao chuan. Tuy nhién, vi tri truc Z cua VIO lai gén gia tri chuén hon so véi GPS, gop
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phan vao do chinh xac cua hé tich hop. Két qua goc yaw ciia VIO/GPS ciing bam sat
gia tri chuan va khong troi theo thoi gian nhu VIO, nhu Hinh 5.45.

XY Position
1200 .
' ----Vio
—6—GPs
—B—vio/GPs
1000 - —A— SPAN Groundtruth
800 A
4
E
S 600
400 -
200
| I | N I I |
-400 -200 0 200 400 600 800
X [m]
- ==-VIO Z Position
20 GPS
VIO/GPS
15 SPAN Groundtruth

| |
0 500 1000 1500 2000 2500 3000
Time [s]

Hinh 5.44. Két qua dinh vi vi tri, tdp dir liéu Outdoor-Street

Yaw Orientation

200
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=) =)
S 3
S of e
: 3
> >
-100 f 20
200 | . | | | ;1
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Hinh 5.45. Két qua dinh vi g6c yaw, tdp dit liéu Outdoor-Street
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Hinh 5.46 cho thiy sai s6 VIO trén truc X,Y ting kha 16n. Nguyén nhan 1a do

dién tich ving chuyén dong thudng xuyén chiém dén 50% ving anh camera, khién

thuét toan c6 it diém dic trung tinh dé uée lugng. Mat khac, nhiéu diém dic trung o

khoang cach xa ma baseline cua stereo camera lai kha ngan (12cm) dan dén vi tri

diém trén hai anh stereo it khac biét, lam cho viéc tai tao landmark 3D c6 sai s6 16n.
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Hinh 5.46. Sai sé vi tri va goc xoay theo thoi gian, tdp dir liéu Outdoor-Street
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Outdoor-Street
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Theo Hinh 5.47, sai sd vi tri tuong ddi ctia VIO dao dong tir 4% dén 8% trén ca
quing dudng, trong khi sai sé cta hé tich hop nhé hon dang ké va giam dan dén murc
0.2% & cudi quang dudng. Mat khéc, d6 troi goc cua VIO 1a twong dbi nho, trén dudi
0.007°/m do c6 it chuyén dong xoay trén quy dao. Trong khi d6, d6 troi goc ctia hé
tich hop giam dan vé 0 nho viéc cap nhat GPS.

Sai s6 RMS vi trf [m]

Tap dit liéu | Hé dinh vi
X Y zZ 2D 3D

VIO 76.7479 | 48.2877 | 1.4273 | 90.6749 | 90.6862

Og:f;‘f' GPS 1.0626 | 12813 | 2.9017 | 1.6646 | 3.3453

VIO/GPS | 0.9331 | 0.8301 | 1.4827 | 1.2489 | 1.9386

Bang 5.7. Sai s6 RMS vi tri, tdp dir liéu Outdoor-Street

A e piA e ) Sai s6 RMS goc xoay [deg]
Tap dir liéu | HE dinh vi
¢ 0 Y 3D
Outdoor- VIO 0.4267 0.3741 10.3811 10.3969
Street VIO/GPS 0.4282 0.3618 1.1003 1.2349

Bdng 5.8. Sai s6 RMS géc xoay, tdp dit liéu Outdoor-Street

Theo Bang 5.7 , sai sb vi tri tuyét ddi cua hé tich hop VIO/GPS trén mit phiang
2D 1a 1.25m. Do ban than dir li¢u truc Z cua h¢ SPAN ciing c6 dao dong khé 16n
trong nhirg ving GPS suy giam nén gia tri sai s vi tri 3D chi mang tinh tham khéo.
Sai sb tich hop vi tri 16n hon cac thir nghiém trudc mot phﬁn vi chét lugng dinh vi
VIO suy giam, mot phan vi vi tri chudn tir SPAN ¢ d6 chinh xac kém hon GPS-RTK.
Theo Bang 5.8, sai s6 goc yaw trong cua hé tich hop dat 1.1°, gin bang thir nghiém
trong mdi truong tinh, cho thdy do chinh xac goc yaw cua hé 1a 6n dinh.
5.4.3. Nhirng truong hop thi gidc suy giam va hwéng khic phuc

Qua thtr nghiém, hoc vién nhan théy hé VIO bi suy giam chét luong trong mot $6
diéu kién mai truong cuc doan, lam tang sai s6 chung cta hé tich hop VIO/GPS.

Vé diéu kién sang: Khi moi truong co6 cuong d§ anh sang manh vuot qua kha
nang di€éu chinh man trap cua camera, anh s€ xuat hién nhiing vung trang hoan toan

nhu Hinh 5.48. Hai truong hop dién hinh 13 mat troi chiéu truc tiép vao anh (a), va
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mit duong phan chiéu 4nh nang vao buodi trua (b). Cac dic trung bi mat di trong ving
trang 1am cho thuat toan VIO thiéu dir liéu dé udc lugng chinh xac, ciing nhu c6 nguy
co phan ki néu viéc hién tuong nay kéo dai lién tuc. Giai phap tot nhat 1a dua dir lidu
GPS vao trong qué trinh uéc lugng VIO dé tao thanh hé tich hop chit, tir d6 gitr 6n
dinh céc trang thai udc lugng trong thoi gian thi gidc suy gidam. Mot gidi phap khac
1a can thiép diéu chinh thoi gian man trap cua camera theo hudng t6i uu hoa kha ning

phat hién diém dic trung trén anh, nhu nghién ctru tai [35].

(a) (b)

Hinh 5.48. Truong hop anh bi chéi sang do mdt troi chiéu truc tiép hodc gidn tiép

Vé chuyén dong ciia moi trwong: Thuat toan VIO dua trén gia dinh méi trudng
1a tinh dé uéc luong chuyén dong cia robot. Thong thudng, cac vat chuyén dong
trong moi truong duge loai di nho quy trinh RANSAC, trong d6 di tim tap diém dic
trung c6 thay d6i chu yéu trong anh va loai di cac diém ngoai 1. Tuy nhién, cach 1am
nay c6 nhuoc diém 13 néu da sé vat thé trong méi truong 1a dong va cé van téc déu
nhau, thi RANSAC sé& chon chiing va loai di nhiing diém tinh thiéu sb. Khi do, vi tri
robot s& bi tinh theo cc vat thé dong va sai 1éch so véi vi tri thuc. Vi du trong Hinh
5.49a, xe buyt chuyén dong tir trai sang phai va choang hét tam nhin camera. Thuét
toan VIO can ctr theo chiéc xe s& nham tudng robot dang di chuyén tir phai sang trai.
Con trong truong hop Hinh 5.49b, dong xe may dong dic chay téc d6 déu nhau tir
sau lén trudc s& lam thuat toan nhim tudng robot dang di 10i vé sau. Giai phap dé

xudt 13 xay dung mot mang CNN (Convolution Neural Network) thuc hién phén loai
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va theo dbi van tdc cac phuong tién, tir d6 loai trur chuyén dong trong thuat toan VIO

cling nhu phuc vu cho viéc di€u khién vé sau [36].

(a) (b)

Hinh 5.49. Truong hop da sé vit thé trong tam nhin camera chuyén dong déu
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CHUONG 6. KET LUAN VA HUONG PHAT TRIEN

6.1. Két luan

Luan van d3 hoan thanh c4c muc tiéu dé ra. Lun vin da trinh bay thuat toan dinh
vi tich hop chit thi giac 14p thé va quan tinh theo phuwong phép tdi vu héa phi tuyén,
trong d6 thuc hién dong bo chit thoi gian giita stereo camera va IMU. Luan vin ciing
xay dung thuat toan dinh vi tich hop long h¢ VIO va GPS st dung b loc Kalman mé
rong, trong do can chinh toa do hai hé théng theo phuong phap mot goc xoay yaw.
Phan cung va phén mém hé théng da duoc hoan thién. Nhiéu thu nghiém da dugc
thuc hién trong cac diéu kién méi trudng khac nhau, cho thiy cac hé théng hoat dong
6n dinh va chinh xac. Cac uu diém cua hé thng tich hop VIO/GPS so véi riéng hé
thdng VIO ciing duoc chi rd qua thyc nghiém.

Chét luong hé thong dat yéu ciu trong méi trudng tinh & diéu kién trong nha lan
ngoai troi. Sai sb trong dbi hé VIO dat dudi 1% va 0.05°/m. Sai sb tuyét ddi hé tich
hop VIO/GPS dat khoang 0.5m va 1°. Trong mdi trudng dong trén dudng phd, hé
VIO c¢6 sai sd tich lily ting 1én dang ké do thi giac suy giam, tuy vay hé tich hop
VIO/GPS van giit duoc sai s6 & murc thap nho kha ning hiéu chinh d6 tréi. Tan sd

cap nhat hé thong 1én dén 500Hz.

6.2. Huwéng phat trién

H¢ théng c6 thé dat d6 chinh x4c cao hon véi thuét toan tich hop chat gitta VIO
va GPS. Chuyén dong trong méi trudng ¢ thé dugc loai di bang cach phan loai vat
thé sir dung mang CNN. Mat khac, hé cling c6 thé tich hop thém nhiéu loai cam bién
nhu Lidar, Radar, siéu 4m, Ultra-wideband, ... dé nang cao chét luong cling nhu do
bén ving v6i diéu kién méi trudng. Camera c6 thé thay biang camera nhiét dé cho
phép hé VIO hoat dong trong bong tdi. Hé thdng dinh vi trong dé tai c6 thé dung 1am

nén tang dé phat trién mot phuong tién tu hanh hoan chinh.
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