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TOM TAT

Nghién cuu nay dwoc thuc hién voi muc dich so sanh hai mau bdang
Checkerboard va ChArUco trong bdi todn hiéu chudn mdy anh, cho boi
canh vmg dung hé laser vision trén robot han cong nghiép, nham danh
gid hiéu ndng va tiém ndng dp dung trong cdc kich ban tdi hiéu chudn
hieéng 16i thoi gian thue. Mot khung danh gia thong nhat da dirge xdy
ding dia trén mé hinh méy anh 16 kim véi bién dang Brown—Conrady,
sir dung ciing cdu hinh mdy dnh—ong kinh, tdp tw thé bang va diéu kién
thu anh, trong d6 ¢é 03 kich ban nhiéu (chéi sang, bi che khudt). Chi s6
ddanh gid gom: sai s6 tdi chiéu RMS, téc d¢ nhan dang va ty 16 nhdn
dang thanh cong. Két qua cho thdy ma trdn ndi va hé sé bién dang wéc
leong la twong dwong, véi RMS déu nhé hon 0,2 px. ChArUco vueot tréi
vé khd nang nhdn dang trong diéu kién méi truong nhiéu, trong khi
Checkerboard dat téc dé nhan dang nhanh hon (~ 9,5 ms/dnh so voi ~
19,5 ms/anh) nhung khéng nhdn dang dwoc dnh cé nhiéu. Céc két qua
cho thdy ChArUco phix hop hon cho cdc kich ban tdi hiéu chudn nhanh
can dg bén nhdn dang cao trong méi truong cong nghiép c6 nhiéu nhiéu.
Tir khoa: ChArUco, Checkerboard, hiéu chucfn, laser vision, mdy
anh

ABSTRACT

This study compares Checkerboard and ChArUco for camera
calibration in laser vision systems for industrial welding robots, to
evaluate their performance and potential for fast recalibration toward
real-time use. A unified evaluation framework was developed based on
the pinhole camera model with Brown—Conrady distortion, using the
same camera—lens setup, board poses, and image acquisition
conditions, including three noisy scenarios (glare and partial
occlusion). The evaluation metrics include RMS reprojection error,
detection speed, and detection success rate. The results show that the
estimated intrinsic matrix and distortion coefficients are equivalent,
with RMS errors below 0.2 px for both methods. ChArUco outperforms
Checkerboard in detection robustness under noisy conditions, whereas
Checkerboard achieves faster detection (> 9.5 ms/image versus ~ 19.5
ms/image) but fails in noisy images. These results indicated that
ChArUco is more suitable for fast recalibration scenarios requiring
high detection robustness in noisy industrial environments.

Keywords: ChArUco, Checkerboard, calibration, camera, laser
vision
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1. GIOI THIEU

Trong bdi canh ty dong héa cong nghiép ngay
cang phat trién, cac hé thong robot han thong minh
ngay cang dugc mg dung rong rai nhim nang cao
nang suét, on dinh chét lugng va giam phu thudc vao
k¥ nang nguoi van hanh (Wang et al., 2020). Cac hé
thong nay dugc tich hgp cam bién thong minh va
céc thuat toan tri tué nhan tao dé nhan dang, 1ap quy
dao va giam sat chat lwong mdi han (Cai et al.,
2020). Trong do, hé laser vision gin trén robot dong
vai trd trung tdm, cung cap thong tin hinh hoc chinh
xéc ctia mdi han cho bo diéu khién trong nhan dang
duong han va trich xuat dac trung mdi han (Zou et
al.,2018; Muhammad et al., 2018; Yang et al., 2022;
Zhang et al., 2023; Nguyen et al., 2024; Pham et al.,
2024; Wang et al., 2025).

Do chinh xac hinh hoc cia cac thong tin do dugc
tir h¢ laser vision phu thude truc tiép vao hiéu chuin
may anh dé uée luong cac tham s6 ndi va cac hé sb
bién dang ctia thau kinh. Day 1a budc hiéu chuan dau
tién bén canh hiéu chuan hand-eye va hiéu chuin
laser. Trong thi gidc may va robot cong nghiép, cac
phuong phap hiéu chuan dwa trén mau phing nhu
bang hiéu chuan Checkerboard di tr¢ thanh chuin
muc nhd d6 chinh xac tbt, chi phi thdp va quy trinh
thao tac tuong dbi don gian. Phuong phép cua
Zhang (2000) dé xuét ky thuat hiéu chuan linh hoat
chi cAn quan sat mot mau phing & mot so tu thé khac
nhau, sau d6 giai bai toan noi suy tuyén tinh va tbi
wu phi tuyén (Levenberg—Marquardt) dé uéc luong
céc tham sb ndi va hé s6 bién dang, hién van duge
sir dung rong rdi trong nhidu thu vién va cong cu
phan mém hiéu chuan nhy MATLAB hay OpenCV
(Using the Single Camera Calibrator App -
MATLAB & Simulink, n.d.; OpenCV: Camera
Calibration, n.d.).

Trong nhiéu h¢ thong thi giac cong nghiép, may
anh thuong dugc hiéu chuin bang bang hiéu chuén
Checkerboard in trén vat liéu phang véi cac 6 den—
trang c6 kich thudc da biét, nho uu diém dé thiét ké,
dé in, dé phat hién cic goc nhan dang va cho do
chinh xac cao khi bang nam tron trong ving quan
sat véi diéu kién chiéu sang tot ( Zhang, 2000). Tuy
nhién, khi méi truong lam viéc khic nghiét nhu han
hd quang véi hién tuong chéi sang manh, khoi han,
bé mit kim loai phan xa, rung dong hoac bang bi che
khuét mot phén, cac thuat toan phat hién goc nhan
dang ctia Checkerboard c6 thé thit bai hoic khong
6n dinh, 1am giam ) lwong diém dic trung st dung
cho hiéu chuén va anh huéng dén d6 chinh xac sau
hiéu chuén. Diéu nay dit ra nhu ciu vé cac mau hiéu
chuin c6 d6 bén vimg nhan dang cao hon trong diéu
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kién van hanh thuc té. Mot hudng tiép can dién hinh
1a sir dung bang hiéu chuédn lai ChArUco, két hop
cAu trac ludi 6 vudng cua Checkerboard véi cac
marker ArUco ma héa ID (Garrido-Jurado et al.,
2014). Nho vay, cac diém goc nhan dang cua
ChArUco van c6 thé duoc suy ra chinh x4c ngay ca
khi bang chi xudt hién mot phan trong anh hodc bi
che khuat cuc bo, dong thoi giam nham 14n trong
nhén dang; ChArUco da cho th'?iy dd chinh xac cao
trong hiéu chuan méy anh toan huéng, da may anh,
méy anh nhiét, ciing nhu trong mot so bai toan hi¢u
chuén hand-eye (An et al., 2018; Roshan et al.,
2024; Lin et al., 2022).

Trong nhiéu nghién ctru, Checkerboard van
dugc chon nhu mau hiéu chuén mac dinh va tap
trung chii yéu vao viéc xdy dung md hinh hodc tbi
vu thuét toan. Tuy nhién, it c6 nghién ctru thiét ké
thi nghiém dé so sanh mot cach hé théng
Checkerboard va ChArUco riéng cho h¢ laser vision
trén robot han, dong thoi ca yéu cau do chinh xéac
hiéu chuén va kha nang van hanh thoi gian thyc da
duoc xem xét.

Nghién ciru nay tap trung so sinh hai mau hiéu
chuin Checkerboard va ChArUco cho hé laser
vision trén robot han, sir dung mé hinh may anh 15
kim (pinhole), bién dang Brown—Conrady, ciing bo
tu thé bang va diéu kién thu anh. Cac chi s6 d4nh gia
gém: sai s6 tai chiéu RMS, tdc do nhan dang, ty 1€
nhén dang thanh cong trong céc kich ban c6 nhiéu.
Nhitng dong gop chinh cia bai bao gdom:

(i) D¢ xuét mot khung dénh gia thong nhat dé so
sanh hai mau hiéu chuan Checkerboard va ChArUco
cho hé laser vision.

(ii) Cung c,?ip céc két qua dinh luong vé d6 chinh
Xac (RMS), toc d¢ nhan dang va ty 1¢ nhan dang
trong diéu kién cé nhicu moi trudng.

(iii) Goi ¥ lya chon mau hiéu chuén phu hgp cho
cac kich ban tai hiéu chuan nhanh cho hé laser vision
cong nghiép co6 rang budc thoi gian thyc.

2. PHUONG PHAP NGHIEN CUU
2.1. Thiét ké hé laser vision

He¢ laser vision trong nghién ctru nay dugc xay
dung theo nguyén 1y anh sang chu trac dang vach
laser gan trén dau cdng cu cua robot han. Mot ngudn
laser dang vach chiéu cit ngang bé mat mdi han, va
may anh cong nghi¢p ghi nhan anh vét sang trong
vung lam viéc (Hinh 1).
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Hinh 1. Céc loai moi han va dic trung
vach laser

Ghi chii: a) han chong, b) han goc, c) han gidp mdi, d)
han giap moi vat V (Yu et al., 2024).

Trong mot hé laser vision hoan chinh, viéc
chuyén d6i tir toa do 2D anh (u,v) sang toa do
khong gian (X,Y, Z) can dén ba nhom tham s hiéu
chudn: tham s6 noi va bién dang ctia may anh, _quan
hé hand—eye giira may anh va robot, va tham sb hinh
hoc cua mit phiang laser (Wang et al., 2025). Tuy
nhién, pham vi cua bai bdo nay chi tip trung vao
bude dau tién 13 hidu chuin may anh (ma tran noi va
hé s6 bién dang), nham so sanh hai loai bang hi¢u
chuén Checkerboard va ChArUco. Cac budc hiéu
chudn hand-eye va laser khong duoc trién khai va
danh gia trong nghién ciru nay.

2.1.1. Co khi

Hé laser vision gin dong chuyén dong véi dau
cong cu (TCP) cua robot han qua gia d& co khi co
man che chong ban tée (Hinh 2).

Hinh 2. Thiét ké co khi h¢ laser vision
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Gia do cho phép diéu chinh ba bac tu do: truot
tuyén tinh dat khoang cach lam viéc h, khop quay
dat goc tam gidc hoa a gitra truc quang may anh va
tia laser, khop quay dat goc xoay B dé t6i uu ving
quan sat (ROI) va giam che khuét.

Khoang lui L giira vach laser va TCP tinh chinh
trong pham vi 15 — 30 mm dé may anh quan sat
duoc vét laser ¢ phia trudc diém han, dam bao vira
du thoi gian xu ly cho cac thudt toan nhan dang va
bam duong. Co khi dugc thiét ké hudng toi do cing
viing cao, co chdt khoa nhanh dé cin chinh tai chd,
phu hgp cho céa giai doan thi nghi€ém va van hanh
trong moi truong han cong nghiép.

2.1.2. Quang hoc

Hé quang hoc sir dung ba nguédn laser vach d6
budc song A = 650 nim chiéu 1én bé mat vat han va
may anh cong nghi¢p Basler acA1600-60gm co
thong s6 k§ thuat chi tiét nhu Bang 1.

Bang 1. Thong s6 k§ thuat ciia h¢ laser vision

Thiét bi Théng s6 Gia tri
Do phan gidi h X v 1600 x 1200 px

May anh Qém bién Wx H 7,20 x 5,40 mm
Basler ~ Toc d¢ khung hinh 60 fps
acA1600- Tiéu cu ong kinh f 6 mm
60gm Dién ap PoE
Giao tiép Gigabit Ethernet
Kich thuéc D12 x 35 mm
Noud bién ap 5VDC
guon i z
. Cong suat 5 mW
phat laser .
o 650 nm (mau
(3 vach) Budc song 4 do)
Dang phat Vach
Goc phat 60°

Véi khoang cach lam viéc D € [100,200] mm,
vung quan sat theo truc ngang va doc (mm):

.K, Fov, = D.ﬁ(l)
f g f
Do phan giai khong gian twong tng:
FOV, Foy,

Py = » (2)

FOV, =D

px: h ’

Cic gid tri FOV, € [120,240] mm, FOV, €
[90, 180] mm va d¢ phan giai twong tmg p,, =~ p,, €
[75,150] um/px, cho thay hé théng dii kha ning
quan sat chi tiét hinh dang duong han trong ving
lam viéc, dong thoi phi hop véi kich thude bang
hiéu chuén duoc Iwa chon ¢ muc 2.2.
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Goc tam giac hoa a va goc xoay B duge diéu
chinh dé can bang d6 nhay theo chiéu sau hién tugng
phan xa gét trén bé mit kim loai va nguy co che
khuét vét laser, déng thoi dam bao vach laser phu
tron viing quan sat ciia may anh. Cau hinh nay duoc
giit ¢6 dinh trong sudt qua trinh thu dir liéu dé dam
bao cac két qua so sanh hiéu chudn giira
Checkerboard va ChArUco la nhét quan.

2.1.3. Dién - dién tur

May anh cong nghiép sir dung giao tiép GigE va
dugc cap ngudn PoE tryc tiép tir bo chuyén mach
Ethernet/GigE, dong thoi truyén ludng anh thoi gian
thuc vé may tinh xur ly nhu minh hoa ¢ Hinh 3. Cum
laser dugc cap ngudn thong qua mot mach cong suat
diéu khién boi bo thu RF 433 MHz; b phat RF cam
tay cho phép bat/tit laser tir xa trong giai doan cin
chinh hé thong va khi van hanh thyc té, giup giam
thao tac truc tiép trong viing han va nang cao an toan
cho nguoi van hanh.

Hinh 3. So’ do két noi hé laser vision

Ghi chii: 1) vdt thé han, 2) nguon laser, 3) mdy dnh, 4)
bo chuyén mach Ethernet/GigE, 5) may tinh, 6-7) bo
phat-thu RF.

2.2. Bing hiéu chuin may anh

Hai bang hiéu chuin dang Checkerboard (Hinh
4a) va ChArUco (Hinh 4b) duoc sir dung dé hiéu
chudn may anh, nham thiét 1ap diéu kién ddi sanh
truc tiép gitra hai loai mau, véi cung hinh hoc luéi;
cac thong s chinh duoc tong hop ¢ Bang 2. Ca hai
bang dugc in bang may in laser d¢ phén giai 600 dpi
trén gidy bia cing nén tring va dan phang 1én tim
nén cimg, bao dam do6 twong phan cao va do chinh
xac hinh hoc du cho cac thi nghi¢m hiéu chuén.

Trén mdi bang, cac goc trong cua ludi 6 vuong
duoc st dung lam diém dic trung phuc vu hiéu
chuan. Vi bang Checkerboard, cac goc trong dugc
phat hién tryc tiép bang thuét toan nhan dang goc
ban co; voi bang ChArUco, cac goc trong duoc ndi
suy tur cac marker ArUco sau khi nhén dang ID. Toa
d6 diém anh cia cac goc trong trén ting anh hiéu
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chuén chinh 14 dir liéu dau vao cho quy trinh hiéu
chuan may anh, phan mo ta chi tiét tap diém 3D-2D
s€ duogc trinh bay ¢ muc tiép theo.

a) Bang Checkerboard

b) Bang ChArUco

Hinh 4. Miu bing hi¢u chuin

Bang 2. Thong s6 bing hiéu chuin

Théng s6 Gia tri
Kich thuéc bang (rong x cao) 135 x 165 mm
Téng s6 6 vudng (dong x cot) 108 (9 x 12)
Kich thudc 6 vudng a 15 mm
Kich thuéec ma ArUco 12 mm
Téng sé goc nhan dang (c x 1) 88 (8x 11)

Khac biét chu yéu ndm & mi hoa va co ché nhan
dang dic trung: Checkerboard sir dung truc tiép cac
goc ban co, trong khi ChArUco két hop cac mi
ArUco ¢6 ID dé noi suy goc ngay ca khi bang bi che
khuét hodc chi xuat hién mot phan trong ving quan
sat cia may anh. Kich thudc bang 135 x 165 mm
duoc lya chon phu hop vdéi vung quan sat
FOV,, FOV, cia may anh, sao cho bang lu6n nam
tron trong viing quan sat va chiém phan 16n anh, bao
dam mat do diém dac trung du cao. CAu hinh nay
giup tach biét dugc anh hudng cua loai bang hi¢u
chuén 1én d0 chinh xac hiéu chuén, tde dovatyl¢
nhén dang trong hé laser vision cho robot han, nhu
phan tich & muc 3.

2.3. Quy trinh hi¢u chuin may anh

2.3.1. M6 hinh méy anh va bién dang

May anh trong nghién ctru nay dugc mo hinh hoa
bang mé hinh 16 kim két hop mé hinh bién dang
Brown—Conrady. Mot diém P = (X, Y, Z) trong h¢
toa d6 bang 0,X,,Y,Z, dugc chiéu 1én diém anh
tuong ing p = (u, v) trén mit phang anh (Hinh 5)
thong qua ma tran ndi K va ma tran ngoai [R|t]. Mdi
quan hé chiéu duoc viét dudi dang toa do déng nhét
(Hartley & Zisserman, 2003):

y X
s[ ]=K[R|t] ; 3)
1

Trong d6: s 1a h¢ ) ty 1¢. Ma trén ndi c6 dang:
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fo v &
K= [0 fy cyl 4)
0 0 1

Trong do: fy, f, 1a tiéu cy (pixel) theo hai
phuong, (¢4, ¢,) 1a toa d§ tdm anh, y 1a h¢ s6 xién
cua truc anh (thuong y = 0). Ma trdn xoay R €
R3*3 va véc-to tinh tién t € R® mo ta phép bién doi
tor hé toa d6 bang chuan sang h¢ toa d§ may anh
0.X. Y Z..

P=(X,Y,2)

¢
|

truc quang hoc ;

mit phang anh 2

By
Hinh 5. M6 hinh may &nh 1 kim
(OpenCV: Camera Calibration, n.d.)
Quy trinh chiéu Iy twéng thuc hién theo ba budc:

— Bién déi toa d6 thuc sang toa d§ may anh:

Xc X
Yo|=R|Y|+1t (5)
ZC Z
— Chuén hoa toa do:
Xc Ye
= -, = —_ 6
x=7 Y=g (6)

—  Chiéu 1én mit phang anh:
u=fix+yy+te, v=fiy+c, (7)

Trong thuc té, 6ng kinh gy ra bién dang thiu
kinh lam diém anh léch khoi vi tri 1y tuéng. Bién
dang xuyén tdm khién cac duong thang trong khong
gian bi cong trén anh, trong khi bién dang tlep tuyén
xuét hién do 6ng kinh va mit phang cam bién khong
hoan toan déng truc, lam mot sd vung anh bi dich
chuyén. Dé hiéu chinh cac sai 1éch nay, mé hinh
bién dang Brown—Conrady da duoc sir dung vdi 05
tham s0 kq, k5, k3 la hé so blen dang xuyen tdm va
p1, P, 1a hé so bién dang tiép tuyén (OpenCV:
Camera Calibration, n.d.).

Véi (x,y) 14 toa d6 da dugc chuan hoa va 2 =
x2 + y?, cong thirc hiéu chinh bién dang xuyén tAm:
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R =x(1+ kyr? + kr* + k37®)

8
J =y + kyr? + kyr* + ky7©) ®)
Va bién dang tiép tuyén:
Xq = X+ 2pixy + p,(r? + 2x%) ©)

Ya =9 +pi(r? + 2y?) + 2p,xy
Sau khi hiéu chinh bién dang tr (x,y) sang
(x4, Y4), toa dd diém anh co bién dang dugc xac
dinh bdi:
u=fxxd+yyd +Cx: U=nyd+Cy (10)

Nhu vay, bo tham s6 can hi¢u chuan la:

0= {fx'fyr Cx» Cy' klrk2:k3: P1, P2 } (11)

[R;|t;] dugc udc luong riéng cho timg anh hi¢u
chudn. Cac tham sb hi¢u chuan @ 1a di tugng chinh
duoc so sanh gitta hai phuong 4n sir dung bang
Checkerboard va bang ChArUco.

2.3.2. Quy trinh hiéu chudn may anh
Buée 1. Chuan bi dit liéu tdp diém 3D-2D

Trén mdi bang, cac goc trong cua ludi 6 vudng
duoc dung lam diém dac trung. Tap diém 3D céc goc
trong (i, j) trén mat phang Z = 0 dugc xéac dinh bai:

[ llE [0,c—11,j€ [0,r—17(12)

Trong d6: a 1a kich thudc 6 va c, r 1a sb goc
trong theo chidu ngang va chiéu doc. Trong th1
nghiém nay, ¢ = 11, r = 8 trong ing tong cong t6i
da 88 diém hi¢u chuan mdi anh, tring véi céu hinh
¢ Bang 2.

Trén timg anh hiéu chudn, cac goc trong twong

ung dugc phat hién (Checkerboard) hodc ndi suy tir
cac ma ArUco (ChArUco):

pij = (wj,vi;)  (13)

Tap dit liéu hidu chuén 14 toan bg cac cap dit liéu
3D-2D tuong g (Pi i) Di j) thu dugc tir nhiéu anh &
cac goc nhin khac nhau cua may anh.

BueGe 2. M6 hinh chiéu va cdc tham s6 woe lwong

Vé6i méi anh, diém 3D P;; duoc bién ddi sang hé
toa d6 may anh béng ma trdn ngoai [R;|t;], chuén

hoa va hiéu chinh bién dang theo hé s6 k, rdi chiéu
qua ma trén ndi K dé thu duoc diém anh dy doan:

ltl

K
— (x,y) > (xd:yd)_)(ﬁijr ﬁij) (14)
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Buée 3. Toi wu tham s6 va danh gid chdt hrong

B6 tham s6 (K, k, R;, t;) dugc udc lugng bang
cach t6i thiéu hoa sai s tai chiu giita diém anh do
duoc (uj, v; ]) va dlem anh du doan (;;, ;) trén
toan bo tap diém. Chi s6 danh gia sir dung sai s6 tai
chiéu RMS (pixel):

RMS = \/%Zi,i [(uij - ﬁij)2 + (Vii - ﬁii)Z] (15)

trong d6 tong dugc lay trén toan bo cac goc trong
ctia tit ca anh hiéu chuén va M 1a tong s6 diém hiéu
chuin c6 mit trong tap dir liu. Gia tri RMS cang
nho cho thiy bo tham sé (K, k) tai hién chinh xac
hon qua trinh tao anh cia may anh, qua dé phan anh
chét luong hi¢u chuén tét hon.

3. KET QUA VA THAO LUAN
3.1. Lap dit va thi nghiém

H¢ laser vision dugc lip trén robot han IRB
1520ID nhu mo ta & muc 2.1, trong d6 cum may anh
va laser gan dong chuyén dong véi TCP qua gia d&
co khi ¢6 kha nang diéu chinh khoang cach lam viéc
va goc tam gidc hoa. Cac thi nghiém hiéu chuan
duoc thuc hién truc tiép trén robot trong vung lam
viéc dy kién cua hé thong, voi hai loai bang hiéu
chuin Checkerboard va ChArUco dit tai nhiéu tu
thé khac nhau dé bao phu ving quan sat. Hinh 6
minh hoa b tri thi nghiém higu chuén may anh trén
robot han ABB IRB 1520ID, trong d6 may anh quan
sat bang hiéu chuin Checkerboard/ChArUco &
khoang cach lam viéc dién hinh.

Bo dit liéu ding cho so sanh gdm 10 anh cho mdi
loai bang hiéu chuén, trong d6 c6 07 anh khong
nhiéu va 03 anh nhiéu twvong ing véi ba trudng hop
cu thé: a) choi sang cuc b6 mot goc bang, b) che
khuét phan 16n dién tich bang va c) che khuat mot
vai 6 vuodng cua bang nhu minh hoa ¢ Hinh 7a—7c.
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Hinh 6. Hiéu chuin may anh trén IRB 1520ID
3.2. Két qua hiéu chuén
3.2.1. Ma trdn ndi va hé sé bién dang

M4y anh dwoc hiéu chuén hai 1an doc 1ap v6i hai
loai bang hiéu chuén Checkerboard va ChArUco, stir
dung cing cdu hinh quang hoc va cung tap tu thé
bang nhu dd m6 ta. Cac tham sb u6c luong gom: ma
tran ndi K, bo hé sb bién dang Brown—Conrady k =
(ky, k5, ks, p1, p,) va sai s0 tai chiéu RMS trén toan
bo tap diém hiéu chuan cia tt ca cac anh. Bang 3
tong hop so sanh két qua hiéu chuan vai 02 loai bang
hiéu chuin Checkerboard va ChArUco.

V& ma tran noi, ca 02 phuong an cho gia tri tiéu
cu xap xi nhau (fx, fy) = (1375,1376) px, toa do
tam anh lan luot 1a (c,, c)) ~ (773,589) px va
(778,588) px v6i bang Checkerboard va
ChArUco. Sy sai khac vé tiéu cu va tdm anh chi &
muc vai pixel, tirc <1,0% so véi gia tri tuyét déi, cho
thiy lya chon loai bang hiéu chuén khong 1am thay
d6i ddng ké ma tran ndi ctia may anh.

Vé bién dang, ca hai truong hop déu cho hé sb
xuyén tdm bac nhat 4m va bac hai duong, dic trung
cho bién dang thung & muc vira phai, hé s6 bac ba
¢6 @6 16n nhé hon hodc xép xi 0,2. Hai hé sé bién
dang tiép tuyén c6 gi tri rat nho, |p, |, |p,| & mic

3, cho thdy dng kinh hau nhu khong c6 sai léch
nghiéng giita truc quang va miat phing cam bién.
Nhin chung, dic trung bién dang uéc lugng tir hai
truong hop ¢6 cing dau, cung bac do 16n, phan anh
tinh nhat quan ctia mé hinh hi¢u chuan.
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a) Chéi sang mgt goc bang

b) Che khudt phan Iom dién tich bang

¢) Che khudt m¢t vai 6 ciia bang

Hinh 7. Cac trwdong hep nhiéu

Bang 3. So sanh két qua hiéu chuén

Théong s6 Checkerboard ChArUco
Budc 1:  Tong anh 10 10
Tapdit  Nhidu 03 03
liéu vao Nhan dang 07 10
Budc2:  fi (px) 1.374,764  1.376,137
Bo tham  f, (px) 1.374,745  1.376,551
sdudec  cx (px) 772,663 778,819

luong ma ¢y (px) 589,440 588,037
tran ndi ki -0,101439  -0,086702
Kvahé k» 0,217958  0,149513
s6 bién k3 -0,213859  -0,024331
dang k p1 -0,000038  -0,000225
Budc 3: P2 0,000563  0,001723

RMS 0,1432 0,1807

Nhu vay, trong di_éu kién nhan dang thuan loi,
lua chon hiéu chuin béng Checkerboard hay
ChArUco hau nhu khong lam thay d6i bo tham sé
ndi va dic trung bién dang ctia may anh.

Sai s6 tai chiéu trén toan bo tap diém hiéu chuan
dat RMS = 0,1432px v&i Checkerboard va
RMS = 0,1807 px v6i ChArUco. Ca hai gia tri déu
nho hon 0,2 px, nén duge xem 1a du tot & mirc hidu

chudn anh 2D trong pham vi thi nghiém. Sy chénh
lIéch khoang 0,04 px gilta hai phuong 4n nam trong
gi61 han nhi€u do va khong lam thay doi dang ké
chat luong hi€u chuan may anh.

3.2.2. Téc dd va dé tin cdy nhdan dang

Kha nang nhan dang va thoi gian xur ly duoc
dénh gia trén cung tap 10 anh cho mdi bang (07 anh
hoan toan khong nhiéu, 03 anh nhiéu chéi sing hoic
che khuét nhu Hinh 7). Bang 4 thé hién s6 goc nhan
dang dugc va thoi gian xir Iy cho ting anh. Két qua:

— V6i Checkerboard, hé théng nhan dang
khong thanh cong véi 03 anh c6 nhiéu. Trong do,
616 goc di dugc trich xudt trén tong s6 07/10 anh
nhén dang dugc.

— Vé6i ChArUco, hé théng nhan dang thanh
cong ca 10/10 anh, ké ca 03 anh c6 choi sang hodc
che khuat, v6i s6 goc tir 51 dén 88 diém/anh. Tong
cong co 835 goc di duoc trich xuat trén toan bo 10
anh nhan dang duoc, cao hon dang ké so voi
Checkerboard.

Xét vé toc do, thoi gian xur Iy trung binh cia
Checkerboard ~9,5 ms/anh (téng 66,364 ms cho 07
anh nhan dang dugc), trong khi ChArUco dat=19,5
ms/anh (tong 194,652 ms cho 10 anh). Nhu vay,
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ChArUco chdm hon khoang 2 1an vé thoi gian xir Iy
50 v6i Checkerboard, doi lai mang lai s luong diém
dic trung 16n hon va khong bi mat anh trong cac
truong hop nhiéu.

Bing 4. Két qua nhan dang va téc dd xir 1y (ms)

TT ,Checkerbgard _ ChArUc,0

Sogoc Tocdd Sogéc Toc do

1 0 N/A 84 17,587
2 0 N/A 51 13,581
3 0 N/A 84 15,126
4 88 9,028 88 23,275
5 88 7,398 88 17,616
6 88 10,105 88 31,667
7 88 9,722 88 18,171
8 88 10,757 88 20,507
9 88 9,993 88 19,800
10 88 9,361 88 17,322
Téng 616 66,364 835 194,652

time=7.40 ms | corners=88

a) Checkerboard
time=17.32 ms | aruco/corners=54/88

b) ChArUco

Hinh 8. Két qua nhan dang hai bang hi¢u chuin

Hinh 8 minh hoa Kkét qué nhan dang hai bang
trong diéu kién khong co nhiéu, ca Checkerboard va
ChArUco déu phat hién day du cac goc trong, véi
phan bb déu trén toan bd ving lam viéc. Tuy nhién,
& cac kich ban nhiéu nhu Hinh 9, Checkerboard
khong con phat hién dugc goc khi mét vung bang bi
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choi sang hodc che khuat, trong khi ChArUco van
nhén dang dugc cac ma ArUco con lai va ndi suy
duoc tap goc tuong tng. Day la khac biét quan trong
giita hai miu bang hiéu chudn may anh hé laser
vision trong moi truong cong nghiép.

time=17.59 ms | aruco/corners=52/84

a) Choi sang mot goc bang
time=13.58 ms | aruco/corners=40/51

b) Che khudt phan Iém dién tich bang
time=15.13 ms | aruco/corners=53/84

¢) Che khudt mét 6 ciia bing

Hinh 9. Nhin dang ChArUco truwomg hgp nhiéu
3.3. Thao luidn

Két qua hiéu chuén hai loai bang Checkerboard
va ChArUco cho thdy bo tham s6 ndi va bién dang
vé co ban 14 twong duong, véi sai sb tai chiéu RMS
déu nho hon 0,2 px. Diéu nay cho thy lwa chon mau
bang hiéu chuan khong anh huong dang ké dén do
chinh x4c cua bd tham sé nodi khi diéu kién nhan
dang thuan lgi va s lugng goc trong du 16m.
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Su khéc biét chii yéu xuat hién & kha ning nhan
dang trong diéu kién nhiéu va toe dd nhan dang.
Trén cung bd dir liéu, Checkerboard cho tde do xir
ly nhanh hon (9,5 ms/anh so voi ~19,5 ms/anh cua
ChArUco), nhung khong nhén dang dugc ca 03 anh
¢6 choi sang hodc che khuat, ké ca anh chi nhidu cuc
bd trong pham vi 1 6 vuéng 15 mm. Nguoc lai,
ChArUco van nhan dang thanh cong 10/10 anh, duy
tri dwoc s luong goc trong du 16n ngay ca khi bang
chi xut hién mot phan trong ving quan sat hodc bi
che khuét cuc bo. Nho co ché ma héa ID ciua marker
ArUco va noi suy goc ChArUco, hé théng van thu
duoc tap diém dac trung phuc vu hiéu chuén trong
céc tinh huéng ma Checkerboard thét bai. Tuy thoi
gian nhdn dang cua ChArUco cao hon
Checkerboard khoang hai 1an, véi thoi gian nhan
dang trung binh ~19 ms cho mdi anh, thuat toan van
da nhe dé tich hop vao qua trinh hiéu chuén thoi gian
thue hé laser vision gén trén robot han cong nghiép.

Tir goc nhin hidu chuin thoi gian thyuc, dic diém
nay c6 y nghia quan trong ddi voi hiéu chuan may
anh noi riéng va hiéu chuin hé laser vision noi
chung. Trong thi nghi¢m hi¢én tai, cac anh hiu
chuin duge chup & trang thai tinh: robot dung tai
ting tu thé, bang hiéu chuan nam hoan toan trong
viing quan sat cia may anh va diéu kién chiéu sang
dugc kiém soat. Trong véan hanh thyc té, robot di
chuyén lién tuc, bang c6 thé chi xuét hién mot phan
trong vung quan sat, tham chi bi che khuét cuc bo
boi mo han, kep phoi hodc chéi sang. Hon nira, mdi
khi thay d6i cAu hinh co khi hodc phan cimg cta hé
laser vision thay dbi (didu chinh vi tri hodc hudng
lip may anh, thay ddi goc, chiéu cao ngudn phat
laser, thay d6i d6 ga hodc dau cong cy, thay may
anh, thay 6ng kinh, thém/bét bg loc quang hay thay
ngudn laser) thi cac budc hiéu chuan may anh,
hand—eye va miat phang laser can dugc tai higu
chuan. Diéu nay doi hoi mot quy trinh hiéu chuan
lap lai don gian, nhanh va du bén viing dé van hanh
tryc tiép trong moi trudong cong nghiép, thay vi chi
thyc hién trong mdi truong phong thi nghiém dugc
kiém soat. Vi yéu céu do, Checkerboard kho bao
dam nhan dang on dinh vi yéu cau bang nam tron
trong FOV, khong bi chéi sang va phai nhan dang
dﬁy da cac goc; nguoc lai, ChArUco co thé trich
xuét g6c tir cac ma ArUco dugc phat hién, nén co
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thé cung cép cac cap diém 3D-2D dé cép nht nhanh
tham s6 mdy anh, giip viéc hiéu chuan trong diéu
kién thuc té tré nén kha thi hon.

Nghién ciru nay con han ché khi bo dir liéu so
sanh con nho (10 anh cho mdi loai bang, trong dé
chi ¢6 3 anh nhiu) va céc kich ban nhidu bao gom
choi sang, che khuét don gian, chua bao quat day du
diéu kién khic nghiét trong méi trudng céng nghiép.
Viéc danh gia két qua hiéu chuan hién tai ciing chi
tap trung vao budc hiéu chudn may anh, tinh thoi
gian nhan dang offline trén may tinh diéu khién voi
anh tinh khi robot dimg, chua luong héa truc tiép sai
) chuyén ddi toa do 3D trong h¢ toa dd thuc tur toa
d6 anh, chua kiém chung trén nén tang nhang va
thyuc hién quy trinh hiéu chuan day du.

Do d6, két qua nghién ctru hién tai c6 thé xem 1a
o sO ban dau cho thiy ChArUco c6 tiém ning uu
thé hon Checkerboard vé d6 bén nhan dang trong
cac kich ban tai hiéu chuén nhanh huéng t6i thoi
gian thuc trong méi trudng cong nghiép c6 nhiéu. O
giai doan tiép theo, nghién ciru s& md rong theo
hudng hiéu chuan online, két hop t6i wu dong thoi
tham sb may anh, hand—eye va mat phang laser
trong qua trinh robot chuyén dong, sir dung bo dir
liéu dong va diéu kién van hanh thuc té.

4. KET LUAN

Trong bai bao nay, mot khung danh gia thng
nhit di dugc xdy dung dé so sanh hai miu hi¢u
chudn Checkerboard va ChArUco trong bai toan
hiéu chuin may anh véi img dung hé laser vision
trén robot han c6ng nghiép. Két qua hiéu chuén cia
hai miu bang cho thay bo tham s6 noi va bién dang
1a twong duong, vdi sai s6 tai chiéu RMS déu nho
hon 0,2 px khi diéu kién nhan dang thuén lgi. Khac
biét chu yéu nam & d6 bén nhan dang va thoi gian
xtr Iy Checkerboard c6 téc do xtr 1y nhanh hon (»
9,5 ms/anh), trong khi ChArUco cham hon (~ 19,5
ms/anh) nhung duy tri ty 1¢ nhan dang thanh cong
10/10 anh, ké ca trong cac truong hop choéi sang
hodc che khuat cuc bo. Trong pham vi thi nghiém
hién tai, két qua nay cho thdy ChArUco la phuong
an dang uvu tién hon khi can bao dam do 6n dinh
nhan dang trong céc kich ban tai hiéu chuan nhanh
hudng tdi thoi gian thuc.
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