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Fig. 1. (color online) Point cloud of laser array imaging system and the range image.
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Fig. 2. (color online) Point cloud after right registration: (a) Three-dimensional point cloud after registra-

tion; (b) image from imaging direction; (c) part of the image.

249501-3



¥ I8 Z R Acta Phys. Sin.

Vol. 65, No. 24 (2016) 249501

B/ NTZAE, RIS R 2 6] B 2 2 52
G RS, B ST I B v, 6T AR
Z A B)~F-35 BE B /N, B LA BT DUR ) E A 0] B A8
55 0k i B e 2 TR B AR AT AL, A1 R o o
TA B 1 RS T T P R AT DA N B R 2 R
Foon, RIS AEAE B bR B = 4ERN B, &
3000 FE P T SR 00 15 22 2 71 B 52 e G 7 25 R B IR R
[FEAERT LN bk B S S A, X A4S 21 i o 4k
WS RIA (5 FT AR RN
2 2
+ (NtRe> , (5)

€thr = 1-— & QLr
N, ) 2 N,

Ho R, ARGMEERGE, L, AR RS ) 7 2,
Ny NEA SE, NS B g B3 ki e
(RS A=Wl 1 Lo Fi SRR M b R4 S E i)
paadiiiEs R

0.07

—— Cal threshold
—— Real distance

0.06

©
o
=

o
o
©

Distance of point cloud/m
= =]
=] o
= w

o
< T

1 " 1 " 1 " 1 " 1
0.1 0.2 0.3 0.4 0.5
Lateral resolution/m

—=— Cal distance

—— Real distance

e
=

e
=

Distance/m

e
o

o
T

(b)

OI. 1 OI. 2 OI. 3 OI. 4 OI. 5
Range error/m

3 (MTIR ) 0 RS [ EE AR DL (a) 216 43

P (b) MEERZE

Fig. 3. (color online) The change of the distance of

corresponding points: (a) Lateral resolution; (b) range

M3 W LLF i B e 2 i) B 5 S B
X 8] FRT RS AR A A R A — B, [ I B AR
N R T SRR T Rz TR R R, AR LT DL
W SRME 1 B E H .

3.2 HENEEHE

b I8 M 1 S AR KRR b T R
FRVRRLIEE R 3, S MBS 1 82 38 42 B A5 0
P, SEUE B B RAAAE BRI 522, B
REER . TOP B3 o o BT A K S B
F, SR RT T 8, 0 TR R 5 )
UGB eSO R, (FL T 2 WA FRAR 19 0 S
BRAEAEE R R A B, RSB R T, R
AR (P 45 25 R 2 ) A7 R
[ 350, 77 75 A 7 2 0 X 40P U0 7 I 12474 R 7 2
SR 2 B IV 4 1 777 6 IR 2 S B S 1)
WM. S RGE AT DR, 2 X B0 5 2
B 189 BN T o T4 (X R A B0 48 2 1] (0 55 B,
P BT L3R 3o 8 24 SR S S e S
R0 LA

T 9 102 80T B — 4 B 0 6 15 £
ro SSRGS N, SR SOE A AR, R
£ S EOEA TR ST 7 T 2 4 el 84
S 0 0 4 3 B £ 5 B — A 4 B 4R
BITUE. SEBRAHEIT R R, A A A A B0
HEAT WL, FETRC R (R B I B, T K 08 A
RIOEER, A S A 05 R M SR AR B
WS, 7 BRI 2 1 (2R B HEAT 0. T E
ICP S A W B, MR EL 23 N 4 R iR
ARBAITR, S 7 %R B R VE R YR JE, 51 BB B
BRI KA B 7 5 R 0 S (L B B 1 3 A
RSB ARI AR 0 T 2 S BOR M >, T LR B
BRI I 12 2 Bl A 1,

450 T, 08 B 4 5 97 S A
RO SR 5 SEL ST A A5 I 721 )
B B TSI B AT LT, 4509212 6] 0 B 8/
T3 VR 0 ey I, LEF 2501 48 P B
BRI 7. 10 T B 55 R AR B, o1 T 45 1805
B 5 B 5\ R, X252 1) e R A
RETER A B2 F T, 6 B YR 0 SR [R5 7
B, BELEWRAE. e DA e, S LR
B I FIBOR 5 7 B A RO 1, T L2 SR
BRI AT

2 2
e = (%“fL) H(er) o ©
i TR 0 IT, T AR PR S5 K 1 g
IR 5 B S (L P46,

249501-4



¥ I8 Z R Acta Phys. Sin.

Vol. 65, No. 24 (2016) 249501

€ra = <2Lr> + <2Re)2 ) (7)

TR 0 W 5 2 1 R R AN AR AR SR A T
R AR E, BT DA 3o SR BRI B 38 B e, 7T
UGt fE e i

4 ETEENAENES Bt =%
& 7 4% 4 B (adaptive threshold
ICP, ADT-ICP) % i

M LT 23 A 45 2 S AR, 38t ADT-
ICP 5Eik. B JehRis iR R el e AR 70 He R it
B ERAR T, SRR AR X A S B00 e HE Hh AU Sk
BRE AT EE B R AT W, 34T R a I HE. R
I EZ SR R BAR D RN 1 ER R 1

4.1 FELHE

R ¥ P A = 4 5 = Bt 2 o P AN Q, P A
Q T RS RN p Al q, M ADT-ICP 5910 A
SRR

1) EWIARAE. A HE A = s P AN
Qo, Py F1 Qo IR—AFIFEIIHOE =4 R R G A
JAGRL AR R AR i = B, R R] LA 538
BV 6 A B B S B A BUEYIME AR B RO
MR R BT, WUR RGEBCA S A B % 2515
B, MR R an A e ok R BB 0 (8) 2. RN it B i
KIEARKEL Niger, X BB T ZR AR AL OREEE
FIVCE, 8 S T AR I ) R

100 0
R°=1010|, T°=|0]. (8)
001 0

2) AR VLECHS B, SR Bl sl i 330 R
s, AEREAT XS DL R N R Kd-tree J7 iR AR
HWRESE, FREIZ R REE R N,/ N,

B2 I YEAN G BN B AT, 200 L TR R S /N T
N L I 2R N Y N 0 = B 2P A
VilZSER

4) THEASHGERE. R U A B R £, T
1o B AL DY T Bk S 2 RIS AR B e e FE RS RY
PR & TF, LR R i A i b RE,, A1

TRERETE .
Rk = RFRE-1 R — RO
Tk = RFTF-I 4Tk TO =170, )

5) thRECHE Rz, R EIERE RF AT B
TAFBCER) A B PR b, S ATk AR
X T RCHE R 72,

k 1 Né
= ;
6) JEARIF 11 2 B S S L BT, AR 4 i
10 B 2 R K AR AR G AR R 1) 20 % SR A0 ) B R 2 v
BT S T HUCSURE ene. AL & < eqne BR
k> Niger FeHE— 2, s 1E3EAR, 58 T HE,
By B 2T EAS B 0 R AR AR B R PSR
BRI HEGR 72 ek 35 AN 2 24, MIXT P
H TR 5 pt R R AR e RE PR AR e T, 15
B ph+t, TSI M B P R BRI, B 5D IR 3 4k
B —UaER.
pitt = RpF 4T (i=1,2,,N,). (11)

/ / 2
g - (R +74)|" (o)

4.2 EERIE
FEF DL B B 3E N R AR S R D IR

A FEERRAR G 4 Frs.

maBIEP HEIEQ

1 l

BEMILSE

l

FHASRL R
HHESR

l

Yes @ VAR
L I

TR R

Eif e
BUAEL, 5B
GO ITAS

BRI AN

2o,
i AH RS

K4 ADT-ICP HiEHEE
Fig. 4. Flow chart of ADT-ICP algorithm.

5 ERER G

N T B UE SR A R, 23 SRk P AR AN [R] R A
A BRAR 5 2 B AT XS U ST 1) BRSO = 4k

249501-5



¥ I8 Z R Acta Phys. Sin.

Vol. 65, No. 24 (2016) 249501

B ARG BIH 5 =B 2) AHEOCRE R G155
= K.

WHE LT A 4R B RE SOt = 4R SR BE, 7205
HAP A FIRBOE L 5 H AR A8 A B IR R SEBLRE 51
WO =4ER B, B HOEIEH AT B B K
AU E LR, A E2S HARE A AR /17
AR HR =g i, FRAERUER T [ A e
AGGEEMENO, 72N R KRGS,

P 5 2 73 0l of i 8 BE 3zt 45 A 190 B4 38 58 H A
AR A5 BT B S (R R 2O = 4E AR HOTE

132N =4 i = E .
FIA b A7 B B ) A s E i 2R AT SR R BRI,
F= LA DY 5 T 0T S5V R A A8 AT 56 G R 6
bb: 1) BoHE R 22 2) FCHERS BE; 3) MCHERT[A]; 4) K1
BLZEFE (surface interpenetration measure, SIM).
XL o R 221X L i f 24 MO TR 58 1 e X B
oWl T} ER ol Sy U N o 7N WS

E =E,/C,, (12)

b B P A RO AE 5O BRI R 2 S, Cy
N RBCHE RO AL

7
6
5
4
3
2
1
6

K5 (M) BRSO MR S a8 (a) TO0 Z4ERR I (b) BuG i = Bi; (o) Mo Him S e -

(d) Bfg 5 = s
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points; (b), (d) Hubble model and data point cloud.
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Fig. 6. Comparisions of three algorithms under different conditions: (a) Registration error; (b) registration accuracy;

(c) registration time; (d) SIM of registration.

M6 FIE 7 AT LIS B &5 1) BT A
BRLVEAE O B % 2 b D o Aot 15 0 v o A2 ok B A
(1) 32 7 58 A, RV PR T AN B B I ) i 9
i 5% 5 15 B I B HE R 2 2 /N T AL R OT %, B
SR JH-1CP BELERCHEE FE A 0 20 HE e i3t 47 1 A
R AR T ICP s, HH TR E 4SS
SEBRII RS RS, BT AR ZZ T AR 2) A
DR AR SR T A VST S BB LA B R B A A B i
Y, A 45 0 o4 1o R e % B Pt S S 38 g A A B o
P00 T v o R R AN B kAR, AR v T T N
3) MNTCvHEAE FE 5 B B m LA, RDAE BT 5
K YR SL AL, A SR I R R T AR
FI A e ¢ 550 e B AR B OC &R A3 B 1 T o
i P55 B8 vy, JEE SIML(E RT LA Y, B v Y I VA
HA R 1 STM; 4) MAS[H) 43 3 2 R TE 1 45 R T LA
B, ASCHEIEERIR UG R T AR AT
HAR B HE S R, BT B RE T
TR 2 LR BB HBOG U R G 1) 4 FE AR X —
HESH A AR % RGN 2 B & R 32 i
SBRAE LA Sk B i [ B 25 B (E, 2 fie KPR 5 R g
AR A 7R 800 55 2 1) P 55 i 22 3k R0k e 4 7

5.2 IHEMCAE R BIREE

O BUE S B =4 0 2 5E, A
SCR FH A R 2 = 4 Bt e b R s AT S e
OAUE, BT ZEGEN ZRIEREAEER, Hin
EREROR. LA SCEENH TR G A
B, N5 RS RS Ik R B R R 2 ) R 1A 1Y
. TR R GG R A Y S R
B, Bt LLRT LUK 55 2 8] 8 39 20 B B AR 9 R Gi
) 73 3% 2N B v B I e . X a2 R
Dragon #7435 F|H ICP, JH-ICP, ADT-ICP 5
TRIATECAESZES, 45 R anfE 8 Fios.

XTABEBOCRE NG RG, RENAEREZ
B ) 73 F IR — S 4, (BB R R ARG 2
XF E ARSI AIEARE, B AT DK A 38 ) 1
PEEEAE AME A 4 R IO NAS SRR . INEC i
SR BT L E AT LB R A, ADT-ICP H kx4
RO BB AT BN R = HARE FREA BOR, 533119 EC
TR 225 SR A LAt P P ARV B I3 LS 1) B b .

249501-7



¥ I8 Z R Acta Phys. Sin.

Vol. 65, No. 24 (2016) 249501

M1 AT CUE Y, TERCHE R 22 | FC RS B SIM =
[l ADT-ICP B [FIFE B A — s L%, JLHAER
HERS 18] |, BT 1% Dragon #8054 B K& 1 &,
HC AE 2> VH FE R ) T H S [a] ) T A SRV BT oot
TR Rk R P S 7 AR SRS, A R
RE A% 5 PR b Se S8 31 d A0 e P I, ELAG B v 1 TG 44
Ve

®1 ZRERERELLEL

Table 1. Comparision of three algorithms.

Error  Accuracy Time/s SIM

ICp 0.0025 0.1386 1263.684 0.521468
JH-ICP  0.0018 0.1054 325.1480 0.569841
ADT-ICP 0.0014 0.0940 162.5060 0.609734
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Fig. 7. (color online) Registration of T90: (a) Point cloud P; (b) point cloud Q; (c¢) ICP; (d) JH-ICP; (e) ADT-ICP.
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Fig. 8. (color online) Registration of Dragon: (a) Point cloud P; (b) point cloud Q; (c¢) ICP; (d) JH-ICP;

(e) ADT-ICP.
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Abstract

Laser three-dimensional (3D) image is a novel non-cooperative target 3D image acquisition technology, and the
improvements in detection capability and imaging accuracy of the system are critically dependent on efficient echo-signal
processing technique and 3D reconstruction method. The registration process is an essential step in array 3D imaging
laser point cloud data processing. Registration of point clouds is an effective method that solves the problem caused by
the target self-occlusion in the laser 3D imaging system. The accurate registration result will help provide better support
for subsequent applications, such as object reconstruction and target recognition. In this study, a set of thresholds in
the iterative closest point (ICP) algorithm is analysed on the basis of the characteristics of the laser array 3D imaging
system and is combined with the range error and visual lateral resolution of the system, which are both important
parameters in the imaging system. To improve the accuracy and speed of registration, the stop threshold of the iterative
algorithm and the corresponding point-distance threshold in the algorithm are established in a novel way based on the
range error and visual lateral resolution of the system. This forms the foundation, based on which an adaptive threshold
ICP algorithm is proposed. The principal idea of the algorithm is to improve the threshold set that has a considerable
effect on the accuracy and speed of registration. At first, the characteristics of the imaging point clouds of the laser array
3D imaging system are analysed in the algorithm. Based on this analysis, the distance between the two point clouds
and corresponding points with ideal registrations are estimated theoretically, according to the range error and visual
lateral resolution of the system. The simulation results show that the theoretically estimated results and actual results
have the same variation tendency, thus providing a theoretical basis for subsequent improvements. Next, the estimated
results are added according to the iterative closest point algorithm. This implies that the registration thresholds are
capable of changing and adapting under different iterations and imaging systems, thus improving the speed and accuracy
of registrations. This phenomenon is not seen in other algorithms. Experiments involving laser array imaging of a point
cloud and laser scanning of depth imaging data show that the algorithm is practical and effective for both imaging types
of point clouds and can improve the speed and accuracy of registration notably. The effectiveness and feasibility of the
proposed algorithm are thus verified. In addition, for its full consideration of the imaging system, the basic idea of the

proposed algorithm can be used for designing future applications as required.
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