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Abstract ; Fixing the monocular camera and the inertial measurement unit (IMU) on the end of the robotic arm is an effective method to
realize the motion estimation and scene perception. Reliable and accurate calibration between monocular camera, IMU and robotic arm is
the prerequisite for realizing follow-up perception. However, traditional calibration method has the problems of large coupling error, poor
calibration consistency and insufficient 6-DOF excitation. Therefore, this paper proposes a novel monocular camera-IMU-manipulator
space joint calibration method, which can completely decouple the errors of the rotation component and the translation component. At the
same time, this paper innovatively designs a spiral motion trajectory to calibrate the perception module. Using such a calibration
trajectory can avoid the problems of insufficient 6-DOF excitation and poor consistency in traditional calibration methods. In the
experimental link, a monocular camera-IMU-manipulator space joint calibration platform is built, and the root mean square errors of yaw-
pitch-roll rotation and x-y-z translation are calculated to be less than 0. 7°and 7 mm, respectively, which proves the effectiveness of the
calibration method proposed in this paper.
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Fig. 5 Comparison between the calibration result of the proposed method, Kalibr and Lobo
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Table 1 Comparison between the calibration result of the proposed method, Kalibr and Lobo

SEF%/mm Tieks/ deg
x y z yaw pitch roll
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Kalibr 3
¥riRiRE 39 77 56 3.839 2.207 2.198

ARIGEXS 3 bR Tk BB IREE I R iR 22
A BE R Z2HEAT T 0 oA L L. Al 6 (a) Fios , A&
SCOT IR KR 7 EBCE R FEAE/N T 2 pixel HURLEA X 35K
Mo MAKZT 4 Kalibr 3 Fl Lobo 2 i #3122
WSS X 8 AR X B K, S Bl 0 S pixel Al 4 pixel, 0
7 (a) (D) J 7S, A SCH7 15 b A8 Ji B Jon 32 B2 0 i
BEREZHERABEAFZBH. MELZT,
7(e~1) H Lobo ¥AFI Kalibr 545 %€ 15 21 1) Jin i B 1

A A 22 AT AR BR B B 3h o AP T (g~ 1) P, IR
WRZELA LB S, AR 3077 125 B 3 BE % 25 UL 81 IX
B2 A2 1. 048, 17 Lobo i Kalibr K THE I 5222 e
S IR AR ar i O 2,332 R 2527, AR ML, TR
B 7(5~1) o, M iR 2 DL = 4B e il , A SOy 2
RIS IX 121242 9 0. 156, 11 Lobo 1 Kalibr £ 1% B iR
ZEWCSX AR S35 0. 177 1 0. 218, BRI, B iE T
AR SUAR A2 7 15 1A B



228

42 %

i i

-3 -2 -1 0 1 2 8 6 4 -2 0 2 4 6 8 10 -5 4 3 -2 -1 0 1 2 3 4
(a) & (b) Loboik (c) Kalibr
(a) Ours (b) Lobo (c) Kalibr
6 A5 5 Kalibr 35F0 Lobo M ER IR L
Fig. 6 Comparison of the reprojection error between the proposed method, Kalibr and Lobo
- 151 Fm S T 5 =AU
= Vo ¢ 2 0.05F
E/ 0 i P — .%. e tl"“‘ Kt g | — 4
WSt 0.0 !
%:{'g’ T s s s e e s e e g =O00F
]'50 2000 4000 6000 8000 10000 12000 78']150 2000 4000 6000 8000 10000 12000
~ 157 I N T R L T
g 0'(5)' | i T 003 " ) !
= o ot b . = O-ﬂéﬂiv—r— oot W
fm'ﬂ -0.5F § ;“N -0.05F i
IO oo BOIOE
]'_O 2000 4000 6000 8000 10000 12000 _3'120 2000 4000 6000 8000 10000 12000
20 o D S e e e e e o
-f-; [IQfmmr o m s s s o 0.10F
£ %3k A v 5 005 . _
< 5[ " T Y £ O*~'WWW"W%M
B 1 e T R i i ’
"o 2000 4000 6000 8000 10000 12000 '50 2000 4000 6000 8000 10000 12000
RERH IRER
(a) NI E 2E2D (ours) (b) 738 & i 22D (ours)
(a) Acceleration errors 2D (ours) (b) Gyroscopic etrors 2D (ours)
r o 0015 e e e
{«; }:(5)_,‘»H?q.(.‘.Nuw.,.iA.wm.,wﬂ,“M“u-..wm.:mﬂ.,,.q-m‘r..; ‘(.,, 0.10
z 05 ' 2 0A0(5)
= OW' WM <
w-osf ‘ ’ ! ) -0.05
,5710—“H_,.AN,M.M‘,“w“.,.‘“,MMMH"““.?IE*OJO
05 : . - - ; P -4 SV e g P
0 2000 4000 6000 8000 10000 12000 0 2000 4000 6000 8000 10000 12000
~ 15¢ e O S U
DI I ] e T \(‘n 0.10
£ 05k, . < 0.05
= 9 ; £ 0
#-0.5 1" e 44-0.03
o oo ogeef 0 W
135 2000 4000 6000 8000 10000 12000 70‘]50 2000 4000 600 8000 10000 12000
r 005 C e
o 13t = 010
» 10 2 005
a 0
= 03[ ! =3 003l
T e o
Bop e B,
-2.0¢ 2000 4000 6000 8000 10000 12000 0 2000 4000 6000 8000 10000 12000
RERK IRERB

(c) I 4w 22D (Lobo)

(c) Acceleration errors 2D (Lobo)

(d) 73 W 22D (Lobo)
(d) Gyroscopic errors 2D (Lobo)



%6 ¥ 2 %R EHAAPL-IMU-PUE Y2 RIS A5 ik 229
_ 15 — 0.15¢.
% 1.0 =, 0.10
H 0‘(5) < 005)
= & 9
-05 - —0.05
?ﬁ—l.o‘,‘. I e W00
15 ' N N L L 'FK*OAIS B g e s ;
0 2000 4000 6000 8000 10000 12000 0 15o 2 000 6000 8 000 10 000 12 ooo
Nw 10 P - . Mo o v e e aw  we v n m w a e an m we o mm v m 0]0
: .9 005
= 2N
0.5 Vo003
10 - e comodop U
711 ‘Zo 2000 4000 6000 8000 10000 12000 72‘}20 2000 4000 6000 8 000 10 000 12000
*‘1\ 110,1,...“.«7,.“ B R T I . %\0:10’""““" A e o om o
- 02 ‘ < 0050y
£ 5 & op
# -1.0 g 005
0 2000 4000 6000 8000 10000 12000 0 2000 4000 6000 8000 10 000 12 000
RER REIRH
(e) I W 22D (Kalibr) (f) 838 ¥ W 222D (Kalibr)
(e) Acceleration errors 2D (Kalibr) (f) Gyroscopic errors 2D (Kalibr)
IR o
2 U E-ros 2 2 ‘
~ 1 ‘ 1 1
% o
R El £’
Tl b -1 sw-l
) 2 Sk
2 1 2 2 2 2 2
i) 1 0. A 1 ) Py, -1 N
Uy 2 e vy SO Yy 2 w"’
(g) In3# B 223D (ours) () Jm3E B R 23D (Lobo) (i) 3% JE W 323D (Kalibr)
(g) Acceleration 3D (ours) (h) Acceleration 3D (Lobo) (i) Acceleration 3D (Kalibr)
| ﬁa@%’ﬁ%_ i | EEERE
04 HEeoase 04 Y 04 ' k0218
~ 02 ‘ — 0% ¢ ~02 :
w0 o F)
F02 ; 3:8% - 202
h—gé B T-04
-0, 0. -0.6
0.5 0.5 0.5

I’/(Iad

87 -05 75604 ma@s‘)

() AIEEMZ3D (ours)
(3) Gyroscopic 3D (ours)

&7

4 &F ®

ASSCHE T — B H AR HL-IMU-BL S 9 56 A
Jrik ERESSTE LA _E IR A H AL IMU AL = ]
Mz [EC R (BEFATH) o SEGHIbRE IEAN, %

BB 5 T el AR R I , FEAG VA8 Il =, AT SRS T
A IRZEX BRI, HAh, ARG T I8 BER
FIATE 38 B, 8 it , v LA 5] BB R i B
BN R G yaw-pitch-roll JEHE F x-y-z F B, fla , #
AT H B AEHL-IMU-BUAE 25 [ K S b 2 7 5 L il R 5T
P SE 55 4 B AL, I 5 Kalibr 3501 Lobo 5 HAL, 15 3]
BEHE FRERS I3 AR IR 2243 31/ F 0. 7°F1 7 mm , M HIE
BT A SO R AR B T IR A AU . B2 T IE BB A

(k) ﬂa:@i{ﬁ%m (Lobo)
(k) Gyroscopic 3D (Lobo)

A8 7714 Kalibr Lobo 4 11112 B 1 #fy 18 B2 i 7 L 4%

Fig. 7 Comparisons on acceleration errors and angular velocity errors using the proposed method, Kalibr and Lob
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