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Abstract: Three-dimensional point cloud models hold significant application value in fields such as digital copyright
protection and content authentication. However, reversible data hiding for 3D point clouds still faces the challenge of
balancing embedding capacity with geometric fidelity. A reversible data hiding algorithm for 3D point clouds was pro-
posed by integrating multi-scale spherical coordinate transformation with adaptive hierarchical clustering. The point
cloud was processed through a three-level hierarchical scheme based on local cluster point density and scale features.
A Gaussian-weighted radial distance predictor was constructed within the local spherical coordinate system of each
cluster, and reversible watermark embedding and accurate extraction were achieved based on Prediction Error Expan-

sion (PEE) technique. Experimental results showed that the proposed algorithm achieved a significant improvement in
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embedding capacity, while the signal-to-noise ratio was maintained above 65 dB under the condition of threshold

T<2, and the bit error rate was zero (recovery rate 100%) when parameter 7'<3; ablation experiments further vali-

dated the effectiveness of each module, including the spherical coordinate transformation, the adaptive hierarchical

strategy, and the Gaussian-weighted predictor. The embedding density of the proposed method demonstrates a marked

improvement over existing plaintext-domain point cloud methods.

Key words: 3D point cloud, reversible data hiding, adaptive hierarchical clustering, multi-scale spherical coordinate

transformation, prediction error expansion
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w;= (e,-’—ep) mod 2#(25)

[
@={“2%J+%#u®

BHATIRAN R, AT RIS -
ei— (T+1),ej—e,>2T+1

- ei+ (T+1),ej—e,<-2T

(3) EM B AR R R IR 1% 7 T 5 Az
1A KE ri= Pl e G S BEALAR (0:, ¢ ) HEAT R
AR AR, TR E B A R AR RAF B pit . Y
JIr A SRRy e AL B 5, BRI AT 315 58 B K
ENE BB W={w1, 0, ... 0} F15E 2 K I R
UR R P

gx b, ARSCRN S $E UL R 1) 56 B 73l
WA L AR 2 I

HE L AR

HR2: RIS R

3 SLWERRMEDT
S8 BN CLR LA 7 T A RE#EAT VF

#(27)

x1 BRAGIMERFHGIT

HHENE BT iR Bunny Horse Armadillo
JRC AR p 3 x float64 192 192 192
- u ek "
%%M%k%kl RIK/INTFF, M x3bits 5442 7341 26181
WEHIR % e, FEONHRRKIY, SMH M % 2.5bits 4535 6117 21817
BE T R, 8bits 8 8 8
HENE BA T (bits) 10177 13658 48198
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'

IEER S

fil HRE Az
Ak
b IS —e EHEE -
TARER A b A 5
A
I . |eieg =T I
: T -

% PREOACED+$5 82 2 JLR 4 %)
H oy = (e'ey) mod 2 e=e, F (T+1)
& e=|(eie)2] te : i
fii [ |

v

08 [5T45 47 1) ¢
n=ri+e

S EE?
__________ wL*_____~,"mv
WS |

| X

ki

it

It

& PR
{eon, w2, .., O}
BV 15 0 SE L
P SR

3 RIUE B

B ABNRRERE D REHREH PEE A

BE2: S RBHKEIRERE RE R ok E

A: AP KA, BHK ok L1, 1))
W A% A P, HEE A

1 Pl L IA—1E (P ;3% p'; |, FHFHESI

2: 4 By =domax | p'; | WUFA KR, B{CHY

3 RN (Crupj.s;) F 4L Level (C )

4:for j=1 to M do

50 EHGABER BB, Lo Ly a); FROV C; 1 4 AER
TRABBRAZ

6: for TPp;eC; FEERRSITIF)  do

7:4 i3 A2)A3)E BT e; < round((r; — 77 )
107)
8: if |el-'76p/_} <THWARFER:
9: Wb« W.pop(): 1A JE e, ef
10: else : 3% (19)TH e; — el (HF ANTE TR X F+E)
11: 12 3(20)-(22) 1 ][5 p§™, [l P
12: end for
13: end for
M
14: iﬁﬁﬁ%l%(—(ﬁ,{q}/_:l,ep, T); return pembed gy e

fli: HEHRAEMGES . SIARIERERE
B TR AR DL AL T B PR . SRR
Intel Core Ultra 7 155H #b ¥ 45, 32GB N 1%, Py-
thon 3.11, Meshlab 2023,
3.1 ZEHIE\ESITNIER

SIS T WrEARE = 4E 4 P2 Bunny . Ar-

WiIN: BT PO RS, BRI
. KENW, WRE ST PO
1 IR P BB s B (s, | osE b {3 s
1%3(7) I Level
2: W«
3:for j=1 to M do
4 for WP e CHEARRIITHF) do
5: F O WERAA R, #%30(12)(13) T 75
e}« round((r;/ - #)a)
6: if e, —2T<ej<e, +2T+1
W < (ei'— epj) mod 2; W.append(w); 1%3(26)

E e;

else: #%NQNYETFIKE e;

T’ﬁiﬁ(Zl)(ZZ)ﬁH eiiﬁg\p’r_ecover: jﬂpﬁﬁpﬁecover %Tﬁ
PSS I A
10: end for

11: end for
12: return W,PmcoVer

© % sx N

madillo A Horse =M B AGRME ) |l s AR N
M. IR UM KT, AT E
77 A HARE A, A E PP AL REE AR L
PR TR B BE

N T E BV EIEMERE, R T LR VR
Eizgas

(DR ANEE(EC) SR N % E(ED):
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EC
ED =~ #(28)

HNAR SR ST A SEI0 Pl & A
BEOHBREE S SR, e TH
N

(2)iEfh . (BER): H -1 & 7K B4 B
L S AT = A7 S e I BN NG ER 5 = T

BER = e 4(29)

total

B fgn

(3)fi 1 EL(SNR): L& R N K Bl s 5 1) LA
RESE

2
pi—D|
2

SNR =10 log #(30)

>l
> lpi-pi
Horb p ARG TS AR, p, N8 K ED T s A4 FR
PANRIE R BTG

(4175 HR % 2 (RMSE): M4 5 1 JE i i =
AR 22 o BUAE R /DN, R B LA R BB

o
1 2
RMSE = Nz"pl —Pi" #(31)
i=1

3.2 HmhSCIG

N ZRGE VTl AR ST AZ O VTR B A B ) DT
Bk, 7F Bunny £ (N=35,947,T=2) L@
YHRhERLG, A AIRIEERARFRAR . HIE N 2
Flg . T AR BTE AR/ N e TR RS
DL PEE BIE THIA 2. B S8 [ e BE LR
T, KEFFIREE, B HirdaE, HAR
Z B RN (Kpin=16,K,0=20,0=
0.05,k=8,T=2).
321 BRAAFE A HOHIEIE

G UEER AL AR R AE 12 AT S SRR R
W, WENEA CRERAFR: REFRAER
W&, 432 SREE A PEEAESE 56 4 — 3, (CKBRAAR
A4 (Sph-PEE) & A /KA bR (Cart-PEE)
BT, RIS JRERALAR R T & M Xy ys z=
A4y 53 Sl A8 g v BT D BT 25 I 44T PEE ik

Ao SERREERAR 2 s

F2 BRAFRITILERL(Bunny, T=2)

Jie & EC(bits) ED(bpv) SNR(dB)
Cart-PEE 18026 0.501 63.0
Sph-PEE 27733 0.771 68.21

B2 Al 51, 5] ANBRARAR AR ¥ 5 EC #2 7+
53.8%, SNR¥ZJ}5.21dB. X—45REH, S
JR 0 45 K v A T B S 1 S TR Gk R SR T R
IRAARR AN B, BRAKAR AR i e 0% A RO b TN R 22
BT B oA, (EIEEE R WA R 2,
NI [ B B R N2 B 5 T LA DR B
322 AEEHERBA BEIE

N T B EAR ST 1 3E B R LRI
AR, ASCEA T A SRR R 3 prs, KA
AEARSHECE T R R AT . Bk
Mma, WK T =FAcETE:

HRIUTSE, Uni-SCT): Xf i B4
gt I BRAL KR A% S KL (L, = Lo=Lys=8) MR 51
J& (0=0.002);

HR2PEDE, Bi-SCT): ¥ EX S NE
2 PRE TR 25 FE R 28, 20 Sl SR A TR 4

TR IAELTHE, MS-SCT): KA IR
=2 FE R SR

MEIFTLLEH, =M EKIBER®INO,
BHIE T BVETEAE 4 JZ I E T 0 AT i

FER NI, MS-SCT £ =/MER |1
B IR AN & (5 LR, MS-
SCT ] SNR 1 RMSE [FI#AR T A 4F A 5 % . fH
FRERMZ, Bi-SCT RN ELETA A EI
X F Uni-SCT, XAZRF AFZ Level-2 P E,
[F) 70 5 25 4 98 1) N Level-3 LKL EE IR, S8
e 22 H 7 WA, AT s R kD
MS-SCT i@ i Level-2 22/ 2 A Bk 71X — A
B, FERESJURREER LSS ERI
A
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3 BHENSEREEHMSIELER(T=2)
ED .
-t T A HR EC (bits) (bits/v) SNR (dB) RMSE(x107%) BER

Bunny 35947 Uni-SCT 28827 0.802 65.25 3.079 0
Bi-SCT 19893 0.553 67.44 2.825 0

MS-SCT 27733 0.771 68.21 2.573 0

Horse 48485 Uni-SCT 30292 0.625 62.16 2213 0
Bi-SCT 19423 0.401 65.01 1.589 0

MS-SCT 31842 0.657 69.92 0.902 0

Armadillo 172974 Uni-SCT 92367 0.534 69.66 1.636 0
Bi-SCT 79279 0.458 70.13 1.560 0

MS-SCT 120560 0.697 71.35 1.349 0

323 BmlE KAk

FERFF HAD S EAAL I AT, X EE =T
WM MERE: O RKHME BN (Cluster-Mean
Predictor, CM-Pred): LAERZENITA miftmiEE
S EAE N T AE s O KNN ¥4 i (K-
Nearest-Neighbor Mean Predictor, KNN-Pred) :
Bk AN PR AT AR AR 1) BE B 3ME s O ey S DA Tt
M (Gaussian-Weighted Predictor, GW-Pred, A<
SCOTVED s R kAN PR SR T 1844 2 [ i it v 446
H, LA RWME 4PN,

F4  FUNERREIHRASIEEE R (Bunny, T=2)

i EC(bits) ED(bpv)  SNR(dB) BER
CM-Pred 19967 0.555 64.4 0
KNN-Pred 25791 0.717 65.5 0
GW-Pred 27733 0.771 68.21 0

BH 4 R D0, s A Tt 5 AR 5 R 2R 3 4
T EC $2 71 39.9%. SNR #2721 3.9dB; i ¢
KNN ¥ {8 it #ll EC 42 F+ 10.8%. SNR #2 F+ £
2.7dB. X — S5 RIGE 7T AR AL SR W (1) B
Xof 7 [ 2 AT ) U T B A L, T A A
PRI M AT A B SR RS, A AU 4 T i
ZHITE, #EE RN .
3.2.4  ARBRAK S k#GRE

[F] 7 TR 2% 2 By s T A, SO R B 4T
Bk, MRA=3. 5. 8. 12WFHIGLIERE, 45
WK 4 s

4R 50, BEAM3IEES, ECFISNRY
BTG, KREAEZ MR SR T ER
SRR ILAE S, TR R 3w, Mk
WME 128, VEREREAB T PREERA N, R

EC(bits)
1o

T T0.0

! i fRic=8

SNR(dB)

- SHRE) &40

R Kk
B4 ASIFISBIRR N kX 45 SR IR R
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DRTE T B AR A0 A LN T LA e s, 1055 1 73
DUKG FE BT BOR . B IE B 8 B S MR R I 2%
G, ASCER k=8 {FNERINELE .
325 REFRBRAHNTA

AR R A P B & RLZE KR 1B
B R AL Opm=0xmax (d;)), BLIEHREH
BMMEEN SR s, oz K sH,
Mk 6=0.03. 0.05. 0.07. 0.10FF S IEMERE, 45
Rk 5 s

R56 RBRAFERKIMFMW

FHo FEHM  ED(bpv)  SNR(dB) BER
0=0.03 2267 0.663 65.9 0
4=0.05 1814 0.771 68.21 0
5=0.07 1541 0.725 67.0 0
5=0.10 1233 0.671 65.3 0

HESTW, i/ RE LR AE, BHE
M Z ARG TR A S U/, R E TR
Gt AR TER TS, WEEAR M, TR SR,
EC[#K: o1 RIS EEANEEN UM ERE R, F
HETRIIAS B R BE, SNRFEK. 6=0.05 75 RSN
5 R0 U — B 2 [ AR e P, 2R A MR
k.

3.2.6 BUATAMALHh

B S8 T BRI AT IR SRV, 2%
5 U RAEEEZ Mo 5. KS. 64
H 7 A SCEEAE Bunny £ BT M1 36 K& 4 1)1
EC FISNRAALHIZ. FET N1 23, AR E

Frol K, B0EIA 11.6%, SNR M 69.47 dB %
%60.54 dB. M T=4 1, KARERIMIEIKT T=
3, FEREETREREBTEEEX NS, T=3
B ORI AT, kSR R T SBCOFR U 2 Wi
AR SR PR

LGAKRE, T=2 %85 REE R
R: ECIA #|27,733bits, SNR {# #F 7F 68.21dB.
YT RF AR E ERE N A5, #ICRH T=1
DA S PR AE LTS FE s 6 T 25 & 75 R = 3%
B, AR T=3. T4, B L Y
PE, {HSE6 R W RN 2 BER BB T 3 KM
DR Lt S B 92 FH R T U AS R 3.
3.3 R[S

B 70 EGE fis KB fl s AR R = HEAT
T M. EEBA (b ev h) HJELAHA
(av dv @) FEREARECEEAN LT 4540 _EARFr i g —
B, WM FICEH AT ZE S, R IK K
YNGR Rk i AL N (S BUR R T
WERER (o £ 1) XN R AR AE L 58
4 —3, =ANERUE BER ¥ 0, IAE T 50
Fb A5 B E RIS R B AR
34 S5MBEFHERELE

N A TV AR SC 5 VEAE TR R 0F 7 Hh i) 3 4
77, JEHCCLE = AR R M D5k AT L : Zhang
s N 2l By Wi 2 5. st
KB B AR T2 IR 10 5535 L K Zhang 25 NP3E
LI B 7 G BRI = 4 DA% AT 30 A R B 7 2

EC(bits)

TTOT T
S I T =N

23,000 24,000 25,000 26,000 27,000 28,000 29,000
5 RSN T AN
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SNR(dB)

55 60

70 75

K6 fEmbth T4

(b)the Watermarked Bunny

(c)the Recovered Bunny

(e)the Watermarked Horse (f)the Recovered Horse

(g)the Original Armadillo

K7 SRR s RN B R Mz B RE S R BOR

(h)the Watermarked Armadillo  (i)the Recovered Armadillo

FITVEIRHEXT LE W2 6.

Hirh Zhang 212V 15 BA B IR S =
YEMIRE AL, SARSCAERIARG N FAAERE R H
TV FIRE J& T B SIS (A 38 PEE HEZE, {5 FH AH
[F] (1 SNRE S, #ls ol | RS, B — @ sn)
SHEME . =FITERBERYI N0, REFEN
100%, S0IE T PRIk, R T4 H T & ITIELE

=6 IMBFEEFMEXTEE

Ak

Jiik 5 AbER I T 7 5% e 5o B
Zhang M i WSO ZE{EEITE 4 JF%— BER=0
HOER fim IS0 DCT AR 4 J7%— BER=0

Zhang ZE0 pUfg BISCEL XA BT EIZE HIERENE BER=0
A Rz WSOR BEBUEE TN BENZE BER=0

SN A | R ARV
HETLLEH, SHEERANEE (ED)
LH{EmE (SNR) MAMEFr E 23 B 3% % R,
O R - R EAUE R RIAT LR G T
FEMRN BT, ARSI VEAE =AY
FHIED ¥I{EZ180.708 bpv, NG .
0 A5 M L U7 T, R R 5 VA ) SNR £ 0K
83dB, T4 7741 13~15dB; Zhang!' 1772
SNR £/ 57~60 dB, XA 7Jj%%) 8~12 dB.
T EAR AL, SNRIEFRS BN %5 BE 2 A] 7 7E [i]
AMAERE-REBM R R 1E0 W5 B R EUHE 42
T, ASBEEE . X EERTE, XEAL
AL AR 5 N R AR K, SNR 4 SR B 2 %
. FAPERYIT 0 SNR, AR B LUK ik

RT BREBRANMEEEENEE

S Bunny B Horse B Armadillo
ED(bpv) SNR(dB) BER ED(bpv) SNR(dB) BER ED(bpv) SNR(dB) BER
Zhang % 0.31 59.8 0 0.26 57.5 0 0.24 55.6 0
H Y 0.16 83.65 0 0.12 83.01 0 0.10 83.57 0
Zhang % 0.30 59.67 0 0.45 58.43 0 0.21 76.67 0
A3 0.771 68.21 0 0.657 69.92 0 0.697 71.35 0
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NEEHILT), %7715 1E Bunny #5280 1 (1) 52 B ik
A & &AL 2y 5749bits, I K T A SC VAW
27733bits. fEULIR AN B FEKAE T, JLAT LB 1)
/N, SNROETRIILE B, AR 75 AE LA R L E
Bt s

LA MNEE SEMR A4, A
TPERIURA : RN L) By 5 4%
DL ERIZ6AE R, SNRATIRERR & PR FF1E 68dB LA I
(T=2), T mAES m ) LR IR SGk
JBi; A Zhang!', AR SCAE RN FEARTE) 2.6 1%
()[Rl SNR 48 7+ 27 10dB, L & PERESR THIH & .
PONS N Zhang[zs]WTﬁji&L, EE RS A NE R AP e
S, A 77 4E ED A1 SNR B ANEFE I
TAZITE, B T A HER S EHELE S
e TR TI A BT A . = RO T VE
BER¥JNO, E A 100%, A7 [FIFEH
JE RS AT PR R

4 HRIE

KRR T —FhEh & 2 REERAA AR i 5 B
TR IR = 4 S s A E BRI, K
5 TR R R 0 s P 5 RO AR K A 2 B R R 4
NEANREER, ISR RS FCAH ROKE B 3K
AR BRI G o FECIERE b, T 2R Rk
AT 2 A8 FE v ST IASUARS [ BE S TN 25, 455 T
WHRZEY & (PEE) HARTERUKEN ik N5
A, SEEREE RFEW], ASCT7IAAE Bunny. Horse
AT Armadillo =AM AL E 35 HUAR T %8 v 1) ik
AN, SNRIRFFAE 65dB LA L, HMNEEL
0.65~0.77bpv, ®IGFE T (KHE F100%), fit
B 76 ORFF T 4 TP S8 LA R B AT T
TERFMAR R, BARE LN HMME .
T Rl SzIe MERARBRAR e, FIEN S E . T2
B ARIR KN keSS R GIIE T SRR
A REE, k=85 0=0.05 A2 AT MR HE T )
RRSHIE .

H AT SEN 5 W SRR A A — € IR
B, W T REEMA SN R, REFETRE
SN L4 P I F 32 DI BUR RSN S8 AL U
AR AR B R R EVEEINE R a5 h iy
J&, VUSRI B A RAE A B Rk
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