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Abstract: Due to the natural or human factors, cultural relics are often presented in incomplete fragments and
it is a time-consuming and laborious task to accurately assembly many irregular fragments together to restore

the original appearance of cultural relics. Therefore, an automatic reassembly method for cultural relics based
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on fracture surface information is proposed, which includes two stages of matching and registration. In the first
stage, the fracture surface is segmented according to the contour curve, the matching point pair is searched
based on the fast point feature histograms ( FPFH) feature, and the contribution of the points on the contour
line is adjusted to obtain the matching relationship. In the second stage, a coarse-to-fine registration strategy is
proposed. The rough registration method based on principal component analysis ( PCA) is used to obtain the
initial position estimate, and then the deep closest point ( DCP) neural network is used for further adjustment.
Experimental results show that the rough success rate of the proposed registration method is 2.22% and
18.06% higher than those of the sub-methods, respectively, and the average absolute error is only 0. 929 2
mm. It can deal with the damage of the contour curve and complete the splicing of cultural relic fragments
when the fracture surface is relatively complete.
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deep closest point

Hi7eis 8l SRR AL MO AN 2 S R R Y
AR ] e SCH A , kR R
EEMME, R, PRHERE R LUK E SC) R 5 & — T
HETAE. Lo TF TR, 0 5 T 68
TEPFHEE AR X S 7 A R R L L
AR KR i PR AR U T TR A T
o TERKERFALEERR S, KB PLPH £ R AR S A
BB IE TR T PR, e A S IR A i
A RGN B BE: DURC SO/ , [ e
PR NP TE R, J5 2 0 ey Pfz

= YE PR DT C A 308 FH 7 e 4R B AR B
TEZ S5 XHRHE A 8 7 2R AT F X, 8 4 2 [8) (1)
VR ICZ o ARAEAS [A) Y AR AR 5, AT DORE X 2877
FEPSE S SR 7 Rl (B o TR I
PAN 535 12 A6 I 47 42 1y DX o5, %o JHL Jmy S AR A1 i
Fremty, A BE B pR B0 JRy R AE AR L HLAS L
fA[TR A 235 ) Pl SR A5 A AR AL R A 7 A8, 5 J A
IEVE AT 45 ' o 3 T 265 3 1o A4 T G 2 ) i Y
T} FI1 TR 5 0 0 B S ik 7 4R 5 T 4%
TE R B (2T TR X e B A 8 v (A AR
TERS B ™ F b i R BUAE . Son SRR T —
FhIEF 2R 1 (19 4 8 15 ( surface signature) , F T4
TRFETF A B LA R AE L DA 2 S ] 26 1 Y
FEARLPE ™ o BVHARTIT 75, M 80 £ 7 00 AT A9 R A0E
WAL E A5 B2 W7 T & X (T P AR
R

BEHE R R )T 2 A 43 3 Fh 0 S TR
B T e Y R TR R A A
A Hx T 5 ( iterative closest point, ICP) (=RE
JERE TR B0 =4k 5 S ECHE TR . ICP L =4k 55
= Z G B e B bR RIS = 5

23 (AL LRSI S B o R T M B B B AT
IR, BIFSEE AT T — R GV T ICP By ik
Ji kR T A AR TR IS
) K« Jrg 3 5 At LA B X R P A A e
Sandhu 45k FRL T~ I8 7 58 3K 3l s 4 9 E v
T, 0) W 7 5 4 4 g G A R) BB AT B4 R
P Jian SRR =2k 5 2 FOR R UTIR A,
T 1 2 TR T [ R A o A e B 5 A 7R g i
WM o A, A A 2 I D ph RS
WEAESR I 2 o Kim 25154 32 43 437 ( principal
component analysis, PCA) il ICP By fili A % T
PCA 14 Jay BC RIS X 5% = 4E 508 , 15 3007 8 1Y
WLEAIT . 9% 5, K F ICP il Levenberg-Marquardt
SR IEAT R RN 5545 B SRS 40 O BCHE S SR, 4R
TERERRCRARE ™ o IEsb, Wang % 2 2 4h
TIRE i /5 ( deep closest point, DCP) FHi £5 %]
%, i T HNZGAEACH BALIRS T 19 =414,
W 2 VR N T B SE )R, ORI A%
e

T AR R T 8 JE AR B R, AR SR
— LT W R £ S SO R R A S PR T
%7V RE RS RN 4 JAR 2 i M P2 2 [) A 58
iRl PCA BTy 5 1) 8 SCHE, O ELIE 3 44 1 i e
FELEN AN BC I 7 2%, 159 2 SRS HERY PR eSS SR o

1 sk

1.1 BrRMERE

53O AR A TR W 28 T DA I 2R T ™ A
FRBT 2 THT, AP 1 FT s o I 2 5 i B Ay o
L o345 B RES D BC B BE i B+ 5 10 4s



53 4]

YK [ #25 BT R B B ST ) ST R B 1 S PR T 1% - 399 -

AN JIH 4 o AR CS % Li 27 ik 2 T 42
U 3 AR 22 RUBE 1 R0 58 W 24 1hT 48 R 2k, Fh g
VTR REURE 2 R DX 73 W 284 T D A 2R AT, DT 8 i 4
Iz S 2 iR o

B AR RIS Sk
Fig.1 Terracotta Warriors fragment from different per—

spectives

A TR 5 A ER AR (L)

B 32 B B 17 2 i

&2 W m iR s R
Fig.2 Extraction result of fracture surface

1.2 $ERENS LA

PR SRR AR BT I ( fast point feature histo—
grams, FPFH) ™) 5 = 2k g7 25 SCHE SR L D 12 A
BCHESFSUSAT T IZ IR o ST I W28 AR 1Y
RO LA B R A T 2L Ay, &1
M AR LA R N R B2 b o B bt . AL
1o JEE AR 7 S8 4 ) 015 T BE R AR AR A T S 1
FERE N B BT, A SCHR R T Y
FPFH RFE Y SC ) B 22 T 45 E $12 5 DR e 59092
RER AT X 40 I8 2 P AR 2 o Rt iR AN 8T 3 s
PL—X i A B W 2L TR Ry g A, 423 FPFH KR
AEFZIBURT G XS 45 2 VT IE A, PR 98 3 2 1 02
SRR b, VA O W T ) R A DC TBC T AR
S2S T UNIWE S, .

K3 SR R E SR S D Bk R R
Fig.3  Schematic diagram of the feature extraction and
matching algorithm of cultural relics fracture sur—
faces
PAWrSETT A, B 945, o il iy m Al n A i 21
B R A = la,,ay,*",a,} B = {b,by,,"",b,} ¢
R4 S FPPH FRME, 158 F, = {f, /0
fund sFp = Ao ofios o ofon) oA AR — KW LAY
VLRC sk B e FPPH HRAE ] 2 0] P R

FEALH R B2 || fuofy | < €M a, 5 b, h—
SFVGIE R L& Sy T A2 705 DG TR £ 50 1 o AR 4 DG T
B TS R R AR B R T
i DE LA 45

S =

L (1)
2w

Horp 3558 0N SO USRS W M, = 1,50 M, =
0: A58 i RN ER S L Mw, = w,, 700 w,
= w,ow, FRFERL LA MIAE ,w, FRIERE
2k ORI, How, < w, 434 S R, I W
SATAT () DTG g L PRI K S (B Ry T 79 4 e
R R VT e X B A H o
1.3 HAEZIHEE

VTGRS T — AT Be i 45 — 4k
VIR PRI Q , FCHEAT 55 1T LAk Ry SRR e 2 i 1
R FPFR i T Lk 24k BAn, ik 5 & PR
+ T RS QEA.

F T 7 24 12 TR R AR, A = ]
— AR L R AR IS T 2 T ARSI S EUR
T T RESR R AT SE AR . DCIC A BT 34 1T 22
6], JE AR AT A BT o KT — DR ER X,
ASCRIH PCA 43 SIARAFIE 3 A F 07 1) B HAE R
BC VXS G, U T X Wi 28 i 4 (AR A A T A L iR
FELTC o () 2 5 ML TC v s AR AN ] 4 BT o

A W

C EHHEERE

B4 W2 e it 7
Fig.4 Fracture surfaces coarse registration process
ICWI A A, B F 05 m R0 M, =
X, Yo ] FIM, = (x5 ¥ zp JoPIAHTRL
T2 W AR CAERE H = MM, o 833 7 SAE 4
f#( singular value decomposition,SVD) RJJ A] 3K 15 fig
T A5 1) T 2 L -



- 400 - PUdbRF 4R ( AARFIEIR)

51 &

H = USV,R = VU', (2)
Horb: UMV A0 B , o PR A4 4 5
FEFE: S 1 F XMLk oA (e, HAT R N 0; R
RIh sk e e e P it T = €, - C,,C,
5 Cy il WM A 5 B 5T B T E AT
WAL Y = AR A AR B RS LA S A

0L 2.0
.0 D”z 0
' 04 O
C, = 0= . 3
1 BC}E C-Y 0 (3)
. 01 0
SR

SRINT, 2T PCA HMLCHETr ¥k 2 AR e Ty
i) 7 A 5 SR ) R o A A A —A> 07 1) #R ml 5 B
PRy P AR I 7 207 T AR O B ey 5 e B, B
X ITLA 3 AN ET5 18] 2357 A 8 FRBCHETT 1], 78 07
] [ AENS AL & B 20 R i T BE RO O HE DT 1) A7
4 Fift, S A

ey yo 2l Hlxy yy 2],

[—xy —yi 2] 5 yp 2z,
[—xi yio -~z )5 yp 2z,
o =y —zl 5 ¥y oz,

X 4 il BERBCHETT 1) B9 ECHEST R ANIEL S B o

&5 4 FhBCHETT )
Fig.5 Four registration directions
YT g SRR, AR S ) SE B T 13k 4
FOT ] Y FCHE PP HECHERCR , SR A PR I
TEIG , LA 2400 22 8] A B B A P e, B

D =D, + Dy, (4)
D=3 oy =pa I (5)
py, = argmin( | py = py ) (6)
Do =~ Iy = pu I ()

py, = argmin( || p, = py 1) (8)

Hrb,D,, F/RAF| B IS, BRI A A58 B
SR - BIE, Dy, [FBLD VRN AN I 2
(] S A S £, TT DU i = B S AR B, AT
PricHEST L AN SA XFRLAY D f/)s, R 2
N ERZ R

R BT 45, ( deep closest point, DCP) A5 #Y 2
— Pl R = A IO )RR A TR B 25 > T 1 ol G
R 4 R BB DL R A S 70 fif 45 Bk, DCP
AL SR £ 150 1 4 1R 18] A4 e B L R ORI
itk To DCP BYZmfSBHR FH s 5 B dy-
namic graph convolution neural network, DGCNN) ,
PR = WO TR BE AR, T B ) B T I B 1 i
WEVIIR A SCBEERAE, SVD Bt H T8 R #1 T,
DCP BRIGSF4NIE] 6 ffr7n . 7858 72 f, DCP
I 2 5 AR 1 Oy BRATDIRAS, BDRCHEXS S 2
PR e G ANTEN S B DO SR SE BR
T 005 BEAEDIR A AR R 28 3 A R A i i A
H L AN TR SO SR DAy B ) SRR 0 T AR 3L i
TR K B LA SR ARG B2 22501, B L
H4HF DCP BT SO HE ORI A FAR

6 DCP 42fy
Fig.6  Structure of DCP
ARSCER XSO A R R #3858 4 B SO B
PR B s 45, %) DCP 478 I 25, 15 23
FHTSCHBCHER) DCP W24, 3f H 5 PCA 454,
it PCA Z55€ W) IR W A0 24 31, -4 1] DCP 347
YRR L , e 2SI EC MRS BE T

2 X

2.1 3LIGiAA

SEBSEE A A % E AR R, R 0 R s
YRR, PG R 2 SOk st 7 R Ak [
BA TR LR PEAJE i Artec Eva F-4F
FREBGRIC I8 R PSR o3 — 25 ELSL5G
TRAESYER.
2.2 (HEXE

D5 EL 25 T PR B 45 PR 43 o o 300 4
ModelNet40 Fil 5 i fif B ¥4 . DCP W 4% SE 7



53 4]

YK [ #25 BT R B B ST ) ST R B 1 S PR T 1% - 401 -

PRUEERAE [ EAT IS5, K5 1088 % 12 T i
He BRSO T IS E A , A S O RE AL
ekt PR R BT AE AL P 1S R 1 800 X 1 IiC
YRR 24 T B R L O B T ISE g . K
PEAELL 4 1 By e g 43 R I 2R e ANk 45 o A
R B BR T A B2 A, el T 1CPM
DCP™ ughfdi ] PCA, L) & PCA 5 ICP B4 4k
4 FOTAE IR L, X LSS R 1 iR AN
FebR £ 84 3 A4

1) BCHE R AR GETICHE L2 B REAS o5 B
AT SLIREAS B L A1), T T 445 2R v R B bk 2R T 22 1)
P8 11 2 LA % B g A — Y 11 P BV A T A 1l 2
(FERZEAE 10°Z N, IR IR 227E 20 mm ZIN) o

2) BEE IR 2E . Gt B B R AR W i 2
(] S (1) 329 07 Bk 22 MSE P2 48 % 1% 22 MAE,
W SR 2 R B R A LA SK(4) o

3) WIS . GEit A AR AS BT i 1 SF- X ik
(ANZEZR/S

K1 ARFEBCHETT AR IS B IR L SC R4 1T L

Tab.1 The experimental results comparison of different registration methods implemented on the Terracotta Warriors fragments
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