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Abstract: Image registration is the cornerstone of sonar for high-precision interferometry. This study presents
an innovative method for registering sonar interference images, utilizing the Fourth-order Partial Differential
Equation (FPDE) in conjunction with the scale-invariant feature transform. This technique is specifically
tailored for underwater sonar targets. This method specifically addresses the challenges associated with sonar
image registration. First, we establish the scale space by employing the FPDE. This process filters noise while
preserving image details, resulting in an improved accuracy of feature extraction. The proposed method utilizes
phase congruency information to counter false feature point detection due to the residual noise, thereby
screening and simplifying the sample set of feature points. Ultimately, the features point matching strategy
undergoes optimization, with an enhanced fast sample consensus matching strategy proposed to rectify feature
point mismatches. The algorithm increases the number of matching point pairs and augments their precision,
ultimately achieving precise registration of sonar interference images. Rigorous tests, both under controlled
conditions and lake environments, demonstrate the algorithm’s superior applicability to sonar images compared

with existing approaches. The root-mean-square-error and mean-square-error are calculated post-registration
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using leave-one-out analysis, both are under one pixel, attesting to the algorithm’s achievement of sub-pixel

registration accuracy.

Key words: Sonar image registration; Scale-invariant feature transform; Partial differential equation; Phase

congruency; Fast sample consensus

1 3§

T B T VEAE K PRI A I8 A B AR
FEMERME N G LR AR 2 R IR
FERRET O 3YERT AR A ISR R A T R
F o FLORER 73 87 FH 37 55 30 125 AN T PG I vhE o Ak 34
P25 G )R i T 7 2 SR R s AT LA R T
HERRE, BEEE SRR . R
ik, ZRAETHTREMmAE015%.
FH TV JECH TR S e — AN BN IR S B BN S, BRI
ZRITEAEMIE I & A E AR . (HKPH
PR AR T IR HL T, Ho i o B AR A A s
PRZE R HIRE, R IR AR RSO S AR R A AR,

HAT, K B bR ) BUR B AR S 2R
BETHRHER T R o Hh s AR ARERENEREAR
ARRFIEAR ¥ (Scale-Invariant Feature Transform,
SIFT) &AL, o fEA A RS 0] iR =%
KM S BCAE EME I A S % SRR A, AR (R
S mRE, HET SRR R R, SCHL R A, (H
TR AR AT 32 e P B M S ], ARSI STFT
AP TRt SRV NI o A R N (1] [E1 B = S A S B
OGN RRUUED, 52 e AR O 7R RS B2 o 7E A O
T, FHEFEMNRESE M. VCH SR R
TN TRE T2 E .

Bl R A, Filpgas NI 3 7 0%
TR BERA R EAASRHAE A e (1) G 5] 44 L E 3
PEECH TV, B T BFSIFTHE AN, Jlid il
VBV A [ 2 R G S A T, AT IR 1SR
e TR AR BB A R E . YuRE NP SRR
T APERE, S T XL YRS SR, Eid s
B AN (] B ROPE 25 A O B 320 5 1) [R] B 25 B /N RST 25
¥ o Fan%s NH]FAELPES HA: BRUE 23 8] (Non-
linear Diffusion Scale Space, NDSS), H#|H 5%k
IS8 L7 B AR 2 0 7 AT BB HL B v
S, SR TR N SRR S I BUA S R R
RERAR ) — o B LA SRS, A& G SIF TR FH Y
ZMHLFEA—F P (RANdom SAmple Consensus,
RANSAC) 5%, HAEWN f EEF R AR 1R X 25—
ANTATSEM A R G, Wuf AN ZERANSAC
Sl B T PEFE A — M (Fast Sample Con-
sensus, FSC) &%, 18 58 A0 B I b 25 B
KGRI UCHED £, AT SEIAE BE 2D Bk AR E 3R

BEZWIEMILAS . 5340, A BIEFEA—I
(Progressive Sample Consensus, PROSAC) %07,
2 R HLFE A — 2 (Universal Random Sample
Consensus, USAC) 500 5% 2 o, (A EiRek
BT AT R A U BCHE T AR A R BT RBOR

RN BB R R R — B iR, A3
MR FEZS ARG . R AE f O e . DL G SRR 046 377
TENT,  E RSO0 75 I GO I 75 0, $2
1T AW o3 7 R R AN AR R AE AR 4 (Fourth-
order Partial Differential Equation SIFT, FPDE-
SIFT) KA+ BER R HE T . &5, Eikapy
TR oy 77 R R R 23 6], HAHERNDSS 7%, 1E
AGARFF AN Z A AP B, S
B S AR AL — BUMEAE B 32 U R AE A 58 0T
%, EBR—HAAHT M S Sl AR &),
F2 g M FSCUL AL S0, 38 SURFAE AU J5T & A
Ty IR SR REAT T K SRS LR A i
Bk . LA E R B AR A SRR 5, R T TR
AR BT 7 W 7 PR A5 I A P DI A R S A
2 [REREE

T & JE B 1 R . AR A _EARRE —E
PR T S (B ) B T, S, 5 S, 70l ek
TCAMB BRI EES, & MANPBERE L%
Jial, WAL ZE Ag S KB N
A6 = angle (S,57) QﬂDcoi(H +n) _ ZﬂfR (1)
Horbr, angle(-) NTFE S BURAAKIREL N,
DNFEJTIAEE, o AFMWME TS EEIARMA, ARN
PR (W E LR E RN, Sp NS, L HI R 2.
AT AT DA SK AR B 2 MO T A S AL BAE B .

IR HE T TR SR A AL ZE P B AL RR AT IR R
K, BEDE 2 AR T BRI E SR E

B

1 AR T R R 1



14

XIERELE: T FPDE-SIFTHI A T35 BL B #7775 103

A —HLS o SR, WIE2FTR, BN T ]
— I ZI B WA 5 BT B O AR AP — W
), HEEEM AR, ARAEAR B bRk 2
WASRAHE, DR 7 256 BT R G AT T o S M
s, MIMHEs T B IR .

3 RHENEXE

KPR, R ECHE ST A = MR AL T I
%, ALK RS, BT AENEGR L
ANREPE, 75 I EUR I ECHEAT R DLT S A

(1) Bz AT ok, A E G
N R, HARE RSB —Ma g RS H
R, FE I EUR o H 2K, AR AR ORI H A5 B
SEIHEGESECE D, FEEWEE I E bR
TEAE B, S R 2 (B A i i R T
B EL .

(2) MRS - HHADN 7S, 7K
NI ONE g, R B2 B 2 R R ) G
Hodr, Tt AH M R R G L, R
Rl e P 75 5 e R B VR R I SR B A KT sl T
A RABREE, Sy )ESMLgE R i
BEOREH, A A5 R AE s A WU BF AN T 38 G Hb IR A
W, 5 S RHIE S UCECIE T4, L2 5 200 i
CRPRINE R

EEXFUA BT, $RHASCHEVE, RESNRE
I . RRAE 07 I 5 R VT BC S BR 330 4y, HE A
MR E 3R,

3.1 ETF4M RS HAENRETEMME
ocERE], CER[13] AT FINDSSZBLE

LRI GARFFE R B —p, HER AR M7
PES HCE B 2 18 1 20 w73k 7 77 72 (Second-order
Partial Differential Equation, SPDE)RSZILHT,
W A 4k B2 UG AL B BR B s 78 OR B A 2 (1) )
I, XTI IXIEAT & m F M, LGRS
ZBRME RS Z (R HEAT TR I AL . (H& I SPDEAL
S 2% 0] e A HEMR 2 32 3]« HOR BN Al
“Ohse” sz, X2 SEURIE SRR

WIFTRHME AL, NDSSXF i G )3 SRR
A HARN . K, AN T 4B m G 775
PA g3 BV T G SR I A AL B R . 5 SPDERTR
IR BREUE AR L, 20 BT BRI AL B 45 R H
R, g ths b,

X TRRBL RS, AT CUE B R B SR g,
A W) BEME 0a6 S A

W = =V [e(|V*f (z,y)]) sign (V2 (2.1))]
= _V2 C(’vgf(x’ymm 2)
1
UREENeT ®

Hdr,  f(x,y) N(e,y) SR FWBEME, V2RISR
Wi T, () AT HREL, kNHE.
A (2) ik o 5 FE 0T DA RSB AR 7 v AT
BUHIERL, RAAE AN
[ (@) = 1 (2,y) — AtVE" (z,y)  (4)

Hordr, (2, y) AnGERUE (2, y) FAR R BISREAE,
At RIERPK . K(4)H V2" (z,y) TTRR N

g"(x+1y)+g" (z,y+1)+g" (x —1,y) +g" (x,y — 1) — 49" (z,y)

V2" (z,y) =

e (5)

)P K" (o, y) Y HR S e (V2™ (2, 9)]) SN EHR S S RS V2 (2, y) SEFRE, AR

M N
2 PRI 1) 1] — I 22 S [ e 7 IS s

2EE(G AL
7 7
AR Hod o || s
EpE | [REAEASET, HEGE ST, H ik
v )
FHIE R TR
it i
5 |
VB S TR R
I
)
HAR MORFSC L5
9
v
4B X
Pl AT TR

K 3 SERE A



104 BT 5 fF B % M o 46 %
9" (x,y) = g (V2 [ (2,9)) = ¢ (|V2 [ (a,9)]) V2™ (2,9) (6)
Van(x’y):fn(x+1vy)+fn($7y+1)+fn(lf2_17y)+fn(xvy_l)_4fn(xay) (7)

(5) 5 R (7) R RS /N, e
B, Fk5E R T 3T FPDE R %5 ) K
G, T SSRIEE AR, T SRR A A B
= X S A i
3.2 ETHI—B M AOHSE S 5%

PR T R A 2, 7O P o 2
P TR E AR 145 0 R 4 S, A 7
BE 243 77 VR WA R E A o B 3
AR . B TR A B B 5 LR,
T8 — 35 B R VR A R AR B i/
KBS0, S AL — S SR BT A
BT . BB TR T

(1) B S0 0 P45 o 155 )
0 KR B AR — B . 5 S

> W) LA (5,9) Ay (2,y) — T

P (x,y) =
(z,y) S Artn) e
(8)
A¢k (as,y) = COSs ((bk (a:,y) — ¢? (Jj’y)>
— [sin (¢x (,9) — & (2,9))] 9)
t, t>0
= {0, t<0 (10)

A, (2, y) NRHIESSALRRR, ENIERES S, W (2, y)
RFETIERY R IR 7, Ay (z,y) Fl oy (w,y) 57
SN REE E EWIREEERIFAL . ¢ (z,y) AIACE 35 4H
fr, THAYERRE, e N— NG n B AER/NE
o P(x,y) BN (e, y) AR RIAAL — B R, H
AN 52 BG 2 B AR B FE AR IR R s Ay (o, y) N
THE AN — 3G BT R MM Z Rt |5
F I BRI =0 (10) BTr

(2) M TFWEIET S, MBS AR S A E
(AL — S LU AR 5SRO AR A, — BUPE S5 . #PTUR %
E ALPIARAL — BN T BIE, WA N IZ SO RS
W Rz, DR E % S ONRAE o B U Y
50.01~0.05.
3.3 ETXUHFSCEARIRITE SRR

FSCHEMGE HRANSACHZ:, HAMKRANSAC
FVE N SEUDI B R B s, A BRRE S AR
5 VR W 0 8 1) LB 130 R, SR EOPE 5 b/
1B ARFAE SR OB I REAR LR, TR IR b e 5 4
B SHL.

9T NS A 2 H A R S s, FR BRI

BRI B DR E AL PR, ANITTAEA
RAGFR BRI N RIL . A, R
T OCSRFAAR” WRBE S, A B RK IR 2 ]
SE AN R R TRV W T A AR T rh N RFAE AT
MIEFER, 4% HE 0T & IR 7 0 R s AT HE Y, B
2 SEHT I m AN RRAE UM RORS R AR T, o PR
TEXN

q (m) = min (Egistance) / Fdistance (1) (11)
HA, Egistance AFFAE SUE I RKIRIE &, WAAH
0<g<1,

B ESCRIE BB IRINT

B TR R AT AR BR ) B
B, /NTBE R AVITREAR ST ;

B2 A R A b SR A A
T WEREEAET,, KB R T &Kt
1THE

PR3 AEKE IR AR T, ik FRARTRRAE 5
KECEBENLRNG, e K B, ik HORE AR
e BARSEELTT A, ik HRHE RO T BT
g A, KT BEg B B AR, R e
B /N T BB I BT A, AT NIEARIEL

P4 KRORRE S SRR A R,
HHALER S S B RHE B IREE RS, X4 s 55k
RPN RAE T,

BIRS AN R T, O R T R BT B A
BN (B T7RARZE) BUE B B RIS K, Rt =
ARG 75k B IR3,

Y6 M N SR T, SRR, SERILAC.
4 KBRS

9T WA ST R T I A S
BT AR T AR 3K AR A B T A B i
K AT 22 A8 A5 1 X T e K SE 56 5 4 7
5o ASCILFELL AP FE AR -

(1) VLHC i

(2) IBEI ]

(3) BITTRARE

¥ 777 % (Root Mean Square Error, RMSE)
e VPO R A BT B R FR bR, BRI RS
EAW|

RMSE = $

2:@%—$ﬂ2+(%—yﬂ2 (12)

3=



1 R i 4% <

HEFFPDE-SIFTF 7 W5 MG B HE T v

105

Hf, (2,4:) 5 (25, y;) N5 % UG ULR SHTALFR,
n NVLHED 5 8 .
(4) BT H LR TR
SCHR[23]42 H T —Fh & T B —¥%(Leave One
Out, LOO)MiFM 4 bR . BARTHE TN

1 n
RMSpo0 = \l EZ (5

—xa) (g —yai)® (1)

=1

Hh, (2, y) NS fAb bR RS, X n NRRAE
AR B R BR B B AR 0 — TANRRAE
AU AR AR AL TH U AR AR (26, yag) o
THE LR E B 7 (Root Mean Square,
RMS), #3E|RMSLo0 -
4.1 FKith3EL8

AT LI F A R VE AR RS K A BOR 4 [
SIS FAEEAKMWITRE, FEKBIEC m, 5 m,
AINET T mit, FrH B AEL280 mm K
Bk, SRIGAT O B B W E4FTR .

PEHBFSIFT!M, GFSIFT!?, SIFT+NDSS!
3PV RE BT () SIF TS0 5 5 A U H I FPDE-

1) BFSIFTULAC 4, H

SIFTHEFAT X RN IEBCRANSA CH LR
FSCHEE XA MU FSCHEIESHTX T, A
[E) SR I EC 5 a5 BT

FKAHIH T 3F0X} L5V SFPDE-SIFTH VA TE
KIS H AL HESE R B Gt TEKISEL
GFSIFT5SIFT+NDSSH 2 K VL AC 5 50 R 1A it
O B8 45 B B 7 R S AR AT DS AT 2k %, FPDE-
SIFTHIEM B BFSIFTH %A % W R T S
IR BCHE AR . MAEARANSACH VL 5FSCHEI%L,
%;%tljﬁﬁaﬁziﬁFscﬁiizta’Jma AECE | LA

F . @i RMSE 5RMSroo I AL T8 #5 AT LA E
T AERE
/ / Dt

WAL
; N\
P Han

4 AR SRS A R

(b) GFSIFTULHC LS

c) SIFT+NDSSILAC 45 R

(d) FPDE+RANSACILc 45 e) FPDE+FSCULHC4 f) FPDE-SIFTICHL 4G
[ 5 KISER MBRIER L RESS 0T
%1 ACHSRIEANER AL,

- R £ ‘
i3k SEEE  REAR  Ram | SERE) RMSeo®F)  HEe
BFSIFT 35 60 5 0.4465 1.1818 8.979
GFSIFT 31 31 3 / / 6.275

SIFT-+NDSS 8 17 3 / / 7.1
FPDE+RANSAC 97 73 8 0.8687 1.3220 8.012

FPDE+FSC 97 73 7 0.7313 1.2478 7.978

FPDE-SIFT 97 73 14 0.4139 0.6292 7.372




106 G

()

B ok 546 %

FPDE-SIFTHESLHL 1 AR 2R 2 BMG FCE »
4.2 IMHRLE
RIS T 2 R R T e b X T Jg . s
IR AR B AR, BB A S K185 cm, ZFRL
AL, TEAKH SR P AT E G, AN RKS R R
BN H A 5K R A s dn Ean 6 s o 75 I XS
BRI H AR 1 g R an B 7R
PISXTEL 7 it B 23 1] . NDSS R 25 ] 5 A
ST FPDE R B 23 (AN H bR BRFE
MR ZE S Horb, R I RURE 2 Al A 21 (1) AR ik R
BERL, HZMTYFEEWN, 4K2 58N

K 6 sz RIe IR H An A i

(o) 0T R 2 TS5

(b) NDSSJJE 2% [H4FAE 547

B, 815 )5 S BRFAE AT ECAR MEMERS ; NDSSR
2 (ARG B O RRAE S B /b, HLAER R A 2
s M2 R, AR HBIFPDER B 25 [ A& I 2]
(PVRFAIE o B0 R0 SO JE SR UT I, R T th i o B
1, SO EUG RS RO HESR O T IR RE . A7 ae Xt
bt 5L S FPDE-SIF TS L AL #E 45 F a1 E9F s

2T X LBV SFPDE-SIF T SE7E M)
RGP AELSE R E ST, AN P S M EE
VIR e RCHE, AR EVE G 2 RHE s 5
VT HC S SR AS T IRk . Bskd, &b
LRI %% HGFSIFT >SIFT+NDSS >FPDE-

8-6-4-20 2 4 6 8
ACEAEFR ()

P 7 Sh7 e AR A R

c) FPDEJR B 25 [AI4FE

& 8 IR 2 AVRRAE s A 5 5

1) BESIFTVGAC S,

d) FPDE+RANSACILAC4S

(b) GFSIFTILHEL S

c) SIFT+NDSSULFL 4,

¢) FPDE+FSCILEL 45

f) FPDE-SIFTULAC 45

< 9 SRR AN H FRBCHESS KXt t



1M XFERGAE: 2T FPDE-SIFTHI WA EUR R 77 % 107
% 2 IMFRIBE AN AR ILRILL
4GRS ot RMSE(12%) RMS; 0 (15%) i1 (5)
b SEEG Tic P 5 VLR A 5 : LOOREER ®
BFSIFT 119 145 5 0.504 4 1.8628 9.488
GFSIFT 62 50 4 0.2934 3.8227 5.498
SIFT+NDSS 18 19 4 0.3344 2.2831 6.683
FPDE+RANSAC 191 215 7 0.4907 1.2073 7.944
FPDE+FSC 191 215 6 0.3357 0.7378 7.443
FPDE-SIFT 191 215 10 0.2820 0.5512 7.167
SIFT>FPDE+FSC>FPDE+RANSAC>BFSIFT, 5 £EFRIiE

Ko v 2% B NFPDE-SIFT>FPDE+FSC~FPDE+
RANSAC>BFSIFT >SIFT+NDSS~GFSIFT. 74
SR F AR i 20 77 FE R R R S TR, AR
& EAAE R, (HRRTE T 2 AR I RE A
N b MG FSCRIDTRC S, i 753 5 SE B A il AR
BCHEIPERES T A/ NIt .

VA S G P, 7E SES0 I Hh S B A
BN B A5 mi A0 R I (AR A 5, %o LA [R] A R St
FPDE-SIFTHEIEMERE IR o A SCKEHR I 3 A e
SCNBEFIUAB N B FR BT 7E - T -5 504055 i i 72 - T (1)
Je sy, RIS ERIM A 800, AR A &
L HE S5 R ATE0 TR AN [RIER I A BE B v &5 SR 1)
EG IR 3FR

PR3 R AT LA B, ASFEIERI A BT B
J5 BFJRMSE 5 RMS 00 I E AL IR AR /N T 1B K,
Al LA SRRIA R T AR R RS 20

*® 3 TRRNAEEEERES UL

RUIEC) i __ RMSE RMSi00
SEMER MR LRAK (9%) (4%)

30 129 95 7 0.4414 0.7393

45 110 161 10 0.3523 0.7326

60 104 62 6 0.4308 0.7872

90 162 152 11 0.4922 0.8178

(b) HRI fis BE45° VLR 45 5

(c) HRI A GO L RELE S

(d) HA0F8 FEEO0° VL A 45 S
B 10 7R IR AR N AR 45 S0 b

AR P N B A TR, B e
Merl, $EH T —FEE T FPDE-SIFT 175 W 1 ]
BECHET V. AR 4R Wi 77 FE M FPDE
R, HEA RIS R R,
e RS A I SRR s AR B — Bl
RS I B R AE R BEAT IR 8, — e R LT B
TR TS R RS T [, SR T
M ECHEFSCRIRILECHIBR 75, SOl 1 A T A )
R RVLEC ST, 3800 7 IERRIC R SR . 45
KSR AR I IRAIE T iR AR HET T S
DUk, 8 ECHE SRR R AR bR XY EL, IER] T
AT DR AR R ) R BCHE

2 % X u

[1] SINTES C, LLORT-PUJOL G, and GUERIOT D.
Coherent probabilistic error model for interferometric
Sidescan sonars[J]. IEEE Journal of Oceanic Engineering,
2010, 35(2): 412-423. doi: 10.1109/JOE.2010.2043574.

2] SAEB@® T O, SYNNES S A V, and HANSEN R E.
Wideband interferometry in synthetic aperture sonar[J].
IEEE Transactions on Geoscience and Remote Sensing,
2013, 51(8): 4450-4459. doi: 10.1109/TGRS.2013.2244900.

(3] 1, R, RES, 5 LB TERREEOR[I]. KR

TR K254, 2013, 34(9): 1159-1164. doi: 10.3969/j.issn.
1006-7043.201302007.
CHAO Xu, LI Haisen, CHEN Baowei, et al. Multibeam
interferometric seafloor imaging technology[J]. Journal of
Harbin Engineering University, 2013, 34(9): 1159-1164.
doi: 10.3969/j.issn.1006-7043.201302007.

M AR, hER, AR, 5. FETKhatri-RaofH ) =4 i 4  m4

TR TTOAG TR [T). T 515 B R, 2021, 43(3): 857-864
doi: 10.11999/JEIT200657.
ZHOU Tian, SHEN Jiajun, DU Weidong, et al. DOA
estimation technology based on Khatri-Rao product for 3D
forward-looking sonar[J]. Journal of Electronics &
Information Technology, 2021, 43(3): 857-864. doi: 10.
11999/JEIT200657.

(5] AR, VEHR, BRFEA, S5 A YRR B S ) = 4k LA
Jr ALl TH[I]. M RVE LR RS2, 2020, 41(10): 1450-1456.
doi: 10.11990/jheu.202007031.


https://doi.org/10.1109/JOE.2010.2043574
https://doi.org/10.1109/JOE.2010.2043574
https://doi.org/10.1109/TGRS.2013.2244900
https://doi.org/10.1109/TGRS.2013.2244900
https://doi.org/10.3969/j.issn.1006-7043.201302007
https://doi.org/10.3969/j.issn.1006-7043.201302007
https://doi.org/10.3969/j.issn.1006-7043.201302007
https://doi.org/10.3969/j.issn.1006-7043.201302007
https://doi.org/10.11999/JEIT200657
https://doi.org/10.11999/JEIT200657
https://doi.org/10.11999/JEIT200657
https://doi.org/10.11999/JEIT200657
https://doi.org/10.11990/jheu.202007031

108

G

o

=]

¥k

4635

(6]

(7]

(8]

(9]

(10]

(11]

(12]

(13]

(14]

ZHOU Tian, SHEN Jiajun, CHEN Baowei, et al. Direction-
of-arrival estimation of three-dimensional forward-looking
sonar with two-dimensional sparse array[J]. Journal of
Harbin Engineering University, 2020, 41(10): 1450-1456.
doi: 10.11990/jheu.202007031.

L IS, BT, A T B R il T LA I InSAS &
BEUGECAERT 7715 [T, BRBUR 2 40 18 B EAR, 2019, 44(4):
601-607. doi: 10.13203/j.whugis20170167.

HUANG Pan, TANG Jinsong, ZHONG Heping, et al. A
new InSAS registration method based on rational function
surface fitting[J]. Geomatics and Information Science of
Wuhan University, 2019, 44(4): 601-607. doi: 10.13203/j.
whugis20170167.

TEE EINRL, BT UG LA R I R G v ) Bt
HAAIET]. UK B AR R, 2021, 46(8):
1259-1264. doi: 10.13203/j.whugis20190306.

HUANG Pan, TANG Jinsong, and ZHONG Heping.
Piecewise surface fitting method for complex image
registration of interferometric synthetic aperture sonar|[J].
Geomatics and Information Science of Wuhan University,
2021, 46(8): 1259-1264. doi: 10.13203/j.whugis20190306.
WANG V T and HAYES M P. Synthetic aperture sonar
track registration using SIFT image correspondences|J].
IEEE Journal of Oceanic Engineering, 2017, 42(4): 901-913.
doi: 10.1109/JOE.2016.2634078.

LOWE D G. Distinctive image features from scale-invariant
keypoints[J]. International Journal of Computer Vision,
2004, 60(2): 91-110. doi: 10.1023/B:VISI.0000029664.99615.
94.

Fligk, S, AT T RREXLSTFTIISAR K R 44
FEREUTE]. BT 5E RS, 2012, 34(2): 287-293.
doi: 10.3724/SP.J.1146.2011.00568.

WANG Shanhu, YOU Hongjian, and FU Kun. An
automatic method for finding matches in SAR images based
on coarser scale bilateral filtering SIFT[J]. Journal of
Electronics & Information Technology, 2012, 34(2):
287-293. doi: 10.3724/SP.J.1146.2011.00568.

WANG Shanhu, YOU Hongjian, and FU Kun. BFSIFT: A
novel method to find feature matches for SAR image
registration[J]. IEEE Geoscience and Remote Sensing
Letters, 2012, 9(4): 649-653. doi: 10.1109/LGRS.2011.
2177437.

YU Qiuze, ZHOU Shan, JIANG Yuxuan, et al. High-
performance SAR image matching using improved SIFT
framework based on rolling guidance filter and ROEWA-
powered feature[J]. IEEE Journal of Selected Topics in
Applied Earth Observations and Remote Sensing, 2019,
12(3): 920-933. doi: 10.1109/JSTARS.2019.2897171.

FAN Jianwei, WU Yan, WANG Fan, et al. SAR image
registration using phase congruency and nonlinear diffusion-
based SIFT[J]. IEEE Geoscience and Remote Sensing
Letters, 2015, 12(3): 562-566. doi: 10.1109/LGRS.2014.
2351396.

WU Yue, MA Wenping, GONG Maoguo, et al. A novel

point-matching algorithm based on fast sample consensus

[15]

[16]

[17]

[18]

[19]

[20]

[21]

22]

23]

Xk 5,
B R 5,
FRT: H
AR 5,

for image registration[J]. IEEE Geoscience and Remote
Sensing Letters, 2015, 12(1): 43-47. doi: 10.1109/LGRS.
2014.2325970.

CHUM O and MATAS J. Matching with PROSAC-
progressive sample consensus[C]. IEEE Computer Society
Conference on Computer Vision and Pattern Recognition,
San Diego, USA, 2005: 220-226. doi: 10.1109/cvpr.2005.221.
RAGURAM R, CHUM O, POLLEFEYS M, et al. USAC: A
universal framework for random sample consensus[J]. IEEE
Transactions on Pattern Analysis and Machine Intelligence,
2013, 35(8): 2022-2038. doi: 10.1109/TPAMI.2012.257.

)7 BRI R O W R BHE SRR BT FE D). (Bt ig
3], M/RIE LR RS, 2015.

JIN Guang. Research on side-scan sonar image mosaic based
on feature point[D]. [Master dissertation], Harbin
Engineering University, 2015.

TEMS. TR LA > B A4 i R BCHERT 72 (D). (i8],
Wi LRI R 2, 2022, doi: 10.27075/d.cnki.ghzdc.2022.
000898.

HUANG Peng. Research on forward-looking sonar image
registration based on deep learning[D]. [Master dissertation],
Hangzhou Dianzi University, 2022. doi: 10.27075/d.cnki.
ghzdc.2022.000898.

BAVIRISETTI D P, XIAO Gang, and LIU Gang. Multi-
sensor image fusion based on fourth order partial differential
equations[C]. The 20th International Conference on
Information Fusion (Fusion), Xian, China, 2017, 701-709.
doi: 10.23919/ICIF.2017.8009719.

YOU Y L and MOSTAFA K. Fourth-order partial
differential equations for noise removal[J]. IEEE
Transactions on Image Processing, 2000, 9(10): 1723-1730.
doi: 10.1109/83.869184.

WONG A and CLAUSI D A. ARRSI:
registration of remote-sensing images[J]. IEEE Transactions
on Geoscience and Remote Sensing, 2007, 45(5): 1483-1493.
doi: 10.1109/TGRS.2007.892601.

FIEE], JR0H. FETHF RIS SIFT RIS AR B BT #E 75 72 ).
RETREHETFHA, 2017, 39(12): 2697-2703. doi: 10.3969/
j.issn.1001-506X.2017.12.10.

WANG Yanzhao and SU Juan. SAR image registration
algorithm based on speckle reducing SIFT[J]. Systems
Engineering and FElectronics, 2017, 39(12): 2697-2703.
doi: 10.3969/j.issn.1001-506X.2017.12.10.

GONCALVES H, GONCALVES J A, and CORTE-REAL

L. Measures for an objective evaluation of the geometric

Automatic

correction process quality[J]. IEEE Geoscience and Remote
Sensing Letters, 2009, 6(2): 292-296. doi: 10.1109/LGRS.
2008.2012441.

A, BESETT KRR S A
IR, WHITTINK A (G S AT /KA E AR
A, WEFCT 1 P e R AR B
RIBSE, W7 K (5 5 A B

Ve T OH


https://doi.org/10.11990/jheu.202007031
https://doi.org/10.11990/jheu.202007031
https://doi.org/10.13203/j.whugis20170167
https://doi.org/10.13203/j.whugis20170167
https://doi.org/10.13203/j.whugis20170167
https://doi.org/10.13203/j.whugis20170167
https://doi.org/10.13203/j.whugis20190306
https://doi.org/10.13203/j.whugis20190306
https://doi.org/10.13203/j.whugis20190306
https://doi.org/10.1109/JOE.2016.2634078
https://doi.org/10.1109/JOE.2016.2634078
https://doi.org/10.1023/B:VISI.0000029664.99615.94
https://doi.org/10.1023/B:VISI.0000029664.99615.94
https://doi.org/10.1023/B:VISI.0000029664.99615.94
https://doi.org/10.3724/SP.J.1146.2011.00568
https://doi.org/10.3724/SP.J.1146.2011.00568
https://doi.org/10.3724/SP.J.1146.2011.00568
https://doi.org/10.1109/LGRS.2011.2177437
https://doi.org/10.1109/LGRS.2011.2177437
https://doi.org/10.1109/LGRS.2011.2177437
https://doi.org/10.1109/JSTARS.2019.2897171
https://doi.org/10.1109/JSTARS.2019.2897171
https://doi.org/10.1109/LGRS.2014.2351396
https://doi.org/10.1109/LGRS.2014.2351396
https://doi.org/10.1109/LGRS.2014.2351396
https://doi.org/10.1109/LGRS.2014.2325970
https://doi.org/10.1109/LGRS.2014.2325970
https://doi.org/10.1109/LGRS.2014.2325970
https://doi.org/10.1109/cvpr.2005.221
https://doi.org/10.1109/TPAMI.2012.257
https://doi.org/10.1109/TPAMI.2012.257
https://doi.org/10.27075/d.cnki.ghzdc.2022.000898
https://doi.org/10.27075/d.cnki.ghzdc.2022.000898
https://doi.org/10.27075/d.cnki.ghzdc.2022.000898
https://doi.org/10.27075/d.cnki.ghzdc.2022.000898
https://doi.org/10.23919/ICIF.2017.8009719
https://doi.org/10.1109/83.869184
https://doi.org/10.1109/83.869184
https://doi.org/10.1109/TGRS.2007.892601
https://doi.org/10.1109/TGRS.2007.892601
https://doi.org/10.3969/j.issn.1001-506X.2017.12.10
https://doi.org/10.3969/j.issn.1001-506X.2017.12.10
https://doi.org/10.3969/j.issn.1001-506X.2017.12.10
https://doi.org/10.3969/j.issn.1001-506X.2017.12.10
https://doi.org/10.1109/LGRS.2008.2012441
https://doi.org/10.1109/LGRS.2008.2012441
https://doi.org/10.1109/LGRS.2008.2012441

	1 引言
	2 问题阐述
	3 提出的算法
	3.1 基于4阶偏微分方程的尺度空间构建
	3.2 基于相位一致性的特征点筛选
	3.3 基于改进FSC算法的误匹配剔除

	4 实验及分析
	4.1 水池实验
	4.2 外场试验

	5 结束语
	参考文献

