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Abstract: Aiming at the problems that the degraded sensor data were difficult to calibrate external
parameters when the vehicles were moving in an approximate plane, a highly robust two-stage Li-
DAR-IMU external parameters online calibration algorithm was proposed. The calibration algorithm
included two stages: initial value calculation and online iterative optimization using nonlinear sliding
window. In the first stage, the outliers in the pre-data set were eliminated, the hand-eye calibration
model that contained only the rotation components was solved multiple times in the form of a sliding
window, meanwhile, the conditions of the analytical solution screening were improved, the singular
value decomposition(SVD) analytical solution of multiple weighted rotation external parameters was
solved. The second stage minimized the residual function containing the external parameters, and used
the rotational analytical solution as the initial value sliding window to iteratively optimize the six-de-
gree-of-freedom external parameters, so that the external parameters converged quickly. In order to a-
void the degradation of external parameters, when the degenerate motion and error history constraints
were too large, the external parameters would be fixed. Compared with the original algorithm, the al-
gorithm is robust to degraded sensor data, which may achieve accurate and robust online calibration of
external parameters without the initial values of the external parameters.

Key words: laser detection and ranging-inertial measurement unit(LiDAR-IMU) ; external param-

eter calibration; outlier elimination; degraded motion judgment; fixed external parameter

0 5=

Wi EEE.2021 - 11-22 65 ik (laser detection and ranging, Li-
+ 2980 -




B EEPIR BOROUEH BN B O SR E R —AM & 3k Hf ERRE

DAR) #1158 14 M & B JC (inertial measurement
unit, IMU) & RIA}E 7 5 @ E (simultaneous lo-
calization and mapping, SLAM) £ AR W& W&
AR ACE R A MR EW A S . Li-
DAR I B3 BBl K, A B mT 3k JoE oK 9, (R 76 WY 55 4%
AT I AT SR 2% ORIE TR B A BT
IMU 38 43k fin o B 31 R B S A, m] DLt 28 1k
P8 N A I B, ORI T I S R (HAE
K FAA7E RBR 2, LIDAR 5 IMU 78 A 3
AT 5 ha] DUIE 45 BoAb , R, BEF LiDAR Al
IMU Fil A 19 78 7 550321 B8 35 45 0k 1 BIF 5T 34
. LiDAR B (i 45 3 F LiIDAR & br R, 1M
LiDAR & {7 13 72 75 B2 IE 5 = 1938 B A8 , (5 It
TEMN IMU K15 0008 s 5 B . X T A 1 il
BN N T R A E 4 R R
Yo 5 B AT B v Hb A R AL TR 22 ] Y A bR R A
Bk 2 LA S e B A T R BR O A S48 2 L B
Al T1 S [ A5 SR8 A B 3 2Z (8] A 75 A R CRIVE
FERER) AR e, N T B A SR 2 22 ) B4 A X
B RE 5% 2 AN HERR I, A B o2 M DL SE B . F
AR A o S — > AR T ] R A% R A AR 1 O 1 AR
ST IR B 2 1 5 2 A R N 3 ) 2028 35 42
) LIDAR 5 IMU £ &#8 4 A& L, LIDAR i@ % %
AR TRER R IMU 3 % % B A8 15 S5 B Y
e 1 D LRI .

FHR b 5 A — P A bR ik TN
MTBA A IS T 6e 1 015 238 1 5 E .
HORAUD %' 4% F iR #5222 A 0 AX = XB
7 E A AL AT LIDAR 45 3 17 i 15 IR A8 e &
W IRTE R T — A B HE SOk i e T IR A
M, Sk THE LIDAR 5 IMU Z [E 45,
GENTIL %9 1 T —F LIDAR-IMU {4 J& 2%
RIS 5 E LR AE S, B F IMU 0398 4 {4
TR 53, AT LAV BR =4k 23 = 1038 2 2K B, I AR 48
Sz B SR T P 6 OF T R AT IR B RS M R
TR, 5 B0 0 G K A e o A R Ak
B 2R o 76 2R WSR2 DE T A 2 o0, IR P 1R 3% 25 R
BORAG AL 7S B B SN S 0 d T [R] — 2 Y
AR A 2 i WL S AN [) o 2 288 &5 1L 7 ot 5 i =2
) 7 7 25 57, 0 T0 25 % 0 3k 1) o 1 AT
TR . Pl A0 4 3 1 Ak 2 v O Ak i BL AR O
5 LiDAR 4} 2 i 76 2 b 2 Bk 48 16 7 8
SRR RS o O T A N B F R . ALY
FEXF 2D LiDAR FHHBAR ML /M5 28 J5 15 2 fif 0]
RO, A S/ N S o A R 4 O R i DR R
fifp iy PR AR E KRG . JTAO 250 3 3 % 5 34

1B AR Al 132 2l ok HE AT B 391 16 1k 1 T IR AR
W SR 5 38 2o e/ Ak H R AE 3T T AG Y B 2
BRI, i FH 3 T A1 U vk i AR S B AT R
k. AT KB IMU fil LiDAR A9 I & 38 5
S5 TBEAEBIE R TR RER, Z 0%
B TAEY s &, YE S % T 284 Li-
DAR-IMU it 1 J7 ¥ , it F iR IMU £l #1
LiDAR Wl & SR AR AL B AN R G RS, L 4 46 )
RISVIIR IS R GV b A R R 2208 2h 8 10 f 4k
S S ARSI AR B 75 18 3] el fif PR Ak iz 3
B RGERT IR A . W F A 8 R i - TS 3l Y
TN IR IMU RMELESAS B EE AR
R, X RET BB WK E P Li-
DAR-IMU #p 245 52 I ME

R T IR TC N B R A AL SR A M RR AL
23155 LIDAR-IMU 42 45 % 2 ) 7] 181, 7%
SCEEM T — A AR Y B LIDAR-IMU 4b2
LR E R . 5B — W BURIER: S S i i v 1
THE 38 2o B b AR 25 BRAR Ak 1 15 IR 28 Bl , o
XoF THUHSCHE 4 0 o ) HL A — 00 e B 1 i ORh L O
H IMU H R e % 35 & Al LIDAR B2 11 e %
38 v R AR R 25 /N T A Y R R R T X
S # AL E B o i 0 T IR A e 7 R AL [ A
X AN B e 5 LA 3h i 1 A9 I =8, 6 IR AR 7
TR 20 22 UK fift f A A7 L 5 )5 DA AT 7 (B4 iR (SVD)
) B = R 5 5 DU R AT S (B Y EEDR 2R AT 2
KL, 55 B B AR 26 1k W o e Rk AR A, B/l
TRAL A5 B 5% 22 R B, LA E % A BT i Sk ) A W
el DRI B HESNS S sl s,
I e IR LI Zh R 1R D7 s 2 R0 K i [ E Ak &
AN SR A . AR SOFR E B X R 58 R AR AL Y
1 AR B LA B e M, 7 W L T R Be 7
LirEihs,

1 EAKRE

1.1 FRIzEER

T MR 5 B[] R AT DL FH AE X 55048 X TLAR] o7 %5
AR YR A R . AR AR BRI T R — 2 R EA
[F] Fsf 2200 %) JUART o7 35 25 5 3 5 2838 ik JLRk BRI
15 3 K R B % W BG4 T AR e . TR AR g 22X
FH R H5 R AN [R) A7 ' DG BR B[R] — AL bR 2R (0 A8 4, 76
ARSCHY A RR B 8 S, (o i AR AR &R, (o)
REWAIRR , HFE G0 THEBEHP O, (O R
IMU 4R %, (+)' 4 LIDAR kR &, LiDAR
PR S AW R A SRR T, B, E
S LiDAR BLEE Y £ B &+ 1 B 2] B9 07 22748 e Ky

.« 2981



REAL TR 55 33 % 55 24 #2022 4 12 A F¢H

Ty, IMU B £ 5 410206 60 228
Ty T T Rk fE+1 8% LIDAR 5

IMU B 4MZ 728 0 [ %68 1 T+ MR A 5 75 2 19 B 5K

TV T =TT IR 1R,
LiDAR;+

lll

1 AEECETERITEEXR
Fig.1 Incremental relationship of odometer in

different positions

H T LiIDAR 1 IMU 1% &5 A Sy WA [ 3% 76
LA - AT B R XS R B R A A B T =
T, B, R IR AR E TR ERT T T =
TIT{,, . Ti H IMU 245 & 4517 LIDAR A 47 R [
AR [, B LIDAR 5 IMU Z ] (4 4 2,
BT HR5E HARSNS T) Z40. T A TE AT LA
B RRES AR O B A5 B 43 8], 6 A B )7
B N7 A A H T RE L K R A 1) 8 1 R R S
R A Ak ) A
far)
T,

D

b .
T, = min

f(r) = T, T) — T\ TE,, |

— 25 R A S 28 R K D i A
5y RY FFR 5 1

by [ RU b
T, = | (2)
0" 1

Hep PR et =0, ¢, t.]", 5

R AT LAE R R

cyca +sysfsa  sysBsa —cYsa  —sycf
cfsa cfea sB

syca —cysBsa  —cysBea —sysa  cycp

K a J R AL (vaw) 3B 9 IREAM F Cpitch) 5y S R % A

(rolD) ;¢ /R cosss TR sin,

LTSRS A MU 5L 4 6 S8 T
LIS 3] IMU A8 45 R 5 LIDAR bR RIS A B
KR,

TEASC A S b5 8 B b, B 2% I8 X
IMU HLFE 138 51 LiDAR B T3 ﬁ%m%%
5y . FERGUE KRG AR 38 H 2 200 IMU 1

223X i 22 A 35 05 BE T 04 i 22 B MR A i
2. IMU 1B — 0 & e 5 R S FE B AR S
it 2% o e e it e RSB 1 — B B3 L 1
% A J2 i B T 50H B B AR TR L o ek
.« 2982

I

R1’ =

T A i 22 R R A B i 22 3 B A AR A 1B IE I, —
B AR 23 SR A5 B9 Bt a3 KT — B AR 3 BT 45 1Y i
ik o TRV IRE A A A SRS A B RS Al 22 AR O T
T R T 22 SO AR R, RARRZE W E /N, H I,
XF T IMU M5 e e 5 A X T F 3% 5 1) R R 22
B,

AR SCHE S FR S R 22 B/ Y BE MR AR
A — B AR e e i, TSR i % IR e e oy 1 1Y

FIRFREBBRY R =R'R\ W& 2R,
LiDAR,+;

LiDAR;
LiDAR,,

.

B2 AREERESENFREERETEE
Fig.2 Schematic diagram of hand-eye calibration

model that only considers the rotation component
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Fig.3 Sliding window optimization algorithm
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Fig.4 Two-stage LIDAR-IMU external parameter calibration process framework
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Tab.1 Calibration error of external parameters
under different window sizes of hand-eye

calibration equations

8k Recs B
yaw pitch roll
4 0.847 | 1.963 | 3.401 2.070
7 1.673 | 1.103 | 1.064 1.280
10 1.190 | 0.625 | 0.510 0.775
12 3.916 | 0.655 | 0.675 1.749
16 7.200 | 1.438 | 0.489 3.042
20 15.295 | 1.288 | 4.528 7.037
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Fig.9 Comparison of error distribution between the
algorithm for eliminating exceptions and the
original algorithm
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Tab.2 Calibration error of external parameters

under different weighting methods

s X ﬁ%@) WEBEE)
yaw pitch roll
A 6.855 1.078 1.752 3.228
B 5.846 0.838 1.142 2.609
C 6.711 0.852 1.110 2.891
D 5.669 0.799 1.265 2.578
E 6.568 0.829 1.167 2.855
F 9.842 1.146 2.179 4.389
G 5.687 0.832 1.537 2.685
H 6.225 0.808 1.386 2.806
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Fig.10 Comparison of external parameter changes

between the fixed external parameter algorithm and

the original algorithm
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Fig.11 3D point cloud reconstruction

visualization comparison
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