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Abstract: RGB-Depth (RGB-D) salient object detection is a meaningful and challenging task. The current method
based on convolutional neural networks has achieved good detection performance in simple scenes, but cannot effectively
handle scenes with cluttered background information, low-quality depth maps, and complex object contours. In order to
solve the above problems, an RGB-D SOD model based on cross-modal fusion and boundary deformable convolution guid-
ance is proposed in this paper. Firstly, the Swin Transformer is used as an extractor to extract features from the RGB modal-
ity and depth modality, respectively, which fuse the two modalities by using a cross-modal attention enhancement feature
(CMAEF) module, to explore the common and complementary features of salient objects. Then, the proposed adjacent
multi-scale feature enhancement (AMFE) module is embedded deep-level into the encoder to obtain rich global contextual
feature information, which can locate the position of salient objects more accurately. Next, the boundary cue maps of sa-
lient objects are generated by boundary feature extraction decoder (U-Net architecture) constructed and repeated using cross-
modal fusion features to ensure the integrity of the generated salient object boundaries. Finally, we designed a boundary de-

formable convolution guidance (BDCG) module that uses boundary cue maps with deformable convolution to guide the de-
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coding of cross-modal fusion features to obtain more accurate saliency maps. Comprehensive experiments on six popular
benchmark datasets compared with 25 mainstream methods demonstrate that the proposed model shows significant improve-
ment in metrics, which proves the effectiveness of the proposed model.
Key words: salient object detection; cross-modal fusion; boundary features; deformable convolution; saliency map
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VST |0.892 0.871 0.863 0.054 0.928 0.917 0.913|0.920 0.897 0.882
0.870 0.864 0.868 0.066 0.905 0.901 0.889 |0.924 0.910 0.909
Swin | 0.889 0.874 0.879 0.059 0.921 0.912 0.899 | 0.936 0.920 0.908
Ours | 0.894 0.884 0.889 0.051 0.926 0.921 0.905|0.938 0.927 0.925

0.027 0.957 0.949 0.950|0.880 0.864 0.863 0.054 0.917 0.909 0.914
0.024 0.964 0.953 0.952|0.878 0.861 0.860 0.056 0.914 0.905 0.911
0.024 0.960 0.951 0.952|0.884 0.868 0.866 0.054 0.915 0.908 0.910
0.022 0.963 0.957 0.956|0.884 0.874 0.874 0.052 0.922 0.915 0.920
0.024 0.961 0.952 0.952|0.889 0.873 0.874 0.049 0.926 0.918 0.922
0.025 0.961 0.950 0.951|0.880 0.862 0.861 0.053 0.916 0.908 0.914
0.023 0.963 0.953 0.957|0.894 0.873 0.872 0.048 0.930 0.921 0.923
0.024 0.960 0.955 0.957|0.892 0.876 0.875 0.053 0.922 0.916 0.919
0.028 0.952 0.941 0.944|0.857 0.835 0.836 0.069 0.903 0.891 0.899
0.029 0.954 0.936 0.937 | 0.872 0.842 0.837 0.062 0.911 0.894 0.901
0.027 0.949 0.941 0.946|0.874 0.862 0.868 0.058 0.910 0.900 0.910
0.023 0.959 0.953 0.952|0.830 0.821 0.821 0.080 0.873 0.861 0.871
0.021 0.966 0.959 0.960|0.902 0.886 0.880 0.043 0.935 0.928 0.928
0.023 0.961 0.951 0.952|0.883 0.869 0.872 0.055 0.922 0.906 0.916
0.029 0.951 0.940 0.940|0.874 0.852 0.851 0.062 0.913 0.900 0.906
0.022 0.965 0.957 0.958|0.889 0.874 0.874 0.048 0.924 0.919 0.920
0.023 0.965 0.955 0.956|0.901 0.886 0.885 0.044 0.933 0.924 0.926
0.021 0.962 0.957 0.958|0.904 0.893 0.893 0.043 0.933 0.929 0.930
0.024 0.952 0.948 0.949 | 0.875 0.866 0.864 0.057 0.912 0.907 0.908
0.023 0.965 0.955 0.956 |0.897 0.880 0.879 0.052 0.925 0.913 0.918
0.020 0.965 0.961 0.962 |0.884 0.871 0.872 0.048 0.926 0.923 0.921
0.024 0.962 0.950 0.954|0.915 0.894 0.889 0.040 0.944 0.933 0.937
0.020 0.966 0.961 0.960|0.899 0.891 0.892 0.043 0.930 0.926 0.924
0.018 0.974 0.966 0.967|0.927 0.913 0.912 0.035 0.950 0.943 0.943
0.016 0.974 0.970 0.97310.914 0.905 0.905 0.041 0.937 0.932 0.931

TE 1 AN GRS R (o



11

M

#

is

Py

RS il

BRI R AR B S F 9 RGB-D 354 H ARl

3161

x2

#HEEE NJU2K.STERE #0SSD 7 8 #iT M fstr THIE E b &

Jrik:

NJU2K

STERE

SSD

F;‘“T

F/r;canT F/“,d”T Ml E?axT Ei_ncunT

ad|
EXT

F};’"MT

F;\canT F;d"T

M l Eg\axT Ey;nc;mT

ad|
EXT

F;;“MT

F}fncunT F;de Ml Ey;n;\xT Eg\canT

E¥7

C’DF
CCAF
CDNet
CMDI

DCF
DOQIF
EENet
HDFN
HAIN
ICNet
LDCM

SSp

UIFN

CMVM
BBS

CMW

3DNet
BTS

SPNet
DSAM
DSAM
DIGR

UTA

VST
TTNet
Swin

Ours

0.909
0.910
0.879
0.921
0.915
0.907
0.912
0.910
0.915
0.890
0.910
0.902
0.910
0.924
0.920
0.902
0.914
0.927
0.928
0.907
0.907
0.936
0.914
0919
0.926
0.938
0.941

0.897
0.895
0.863
0.908
0.902
0.893
0.892
0.889
0.903
0.867
0.875
0.887
0.898
0.910
0.903
0.882
0.901
0911
0.917
0.898
0.898
0.919
0.904
0.898
0.918
0.924
0.932

0.897
0.895
0.864
0.907
0.901
0.890
0.857
0.852
0.900
0.863
0.821
0.853
0.896
0.872
0.902
0.880
0.901
0.908
0.917
0.897
0.897
0.917
0.908
0.856
0.919
0.921
0.932

0.039
0.038
0.048
0.035
0.036
0.043
0.038
0.039
0.038
0.052
0.046
0.043
0.039
0.032
0.035
0.046
0.037
0.035
0.029
0.040
0.040
0.028
0.038
0.035
0.030
0.027
0.025

0.942
0.944
0.927
0.951
0.950
0.946
0.950
0.944
0.944
0.924
0.947
0.938
0.942
0.924
0.949
0.936
0.947
0.957
0.957
0.938
0.938
0.963
0.952
0.951
0.955
0.963
0.964

0.936
0.936
0.916
0.944
0.944
0.936
0.940
0.934
0.938
0.912
0.925
0.930
0.936
0.910
0.938
0.923
0.940
0.947
0.952
0.934
0.934
0.953
0.948
0.939
0.951
0.956
0.960

0.919
0.919
0.907
0.925
0.924
0918
0.916
0.910
0.922
0.905
0.892
0.908
0.921
0.872
0.924
0911
0.918
0.926
0.932
0.922
0.922
0.928
0.919
0913
0.924
0.933
0.938

0.897
0.887
0.904
0.776
0.901
0.904
0.895
0.900
0.906
0.898
0.906
0.883
0.883
0.912
0.903
0.901
0.906
0.911
0.906
0.900
0.900
0914
0.912
0.907
0911
0.918
0.922

0.881
0.869
0.884
0.763
0.886
0.878
0.875
0.867
0.887
0.870
0.869
0.867
0.869
0.893
0.883
0.873
0.888
0.890
0.890
0.892
0.892
0.892
0.903
0.879
0.893
0.896
0.907

0.880
0.868
0.882
0.775
0.883
0.875
0.847
0.843
0.885
0.865
0.837
0.857
0.867
0.869
0.885
0.869
0.886
0.889
0.888
0.892
0.892
0.889
0.905
0.843
0.893
0.893
0.908

0.038
0.045
0.039
0.077
0.039
0.040
0.041
0.042
0.040
0.045
0.043
0.047
0.047
0.034
0.041
0.043
0.037
0.038
0.037
0.039
0.039
0.037
0.033
0.038
0.033
0.033
0.030

0.943
0.934
0.946
0.872
0.945
0.948
0.940
0.943
0.944
0.942
0.946
0.930
0.933
0.953
0.942
0.944
0.947
0.949
0.949
0.942
0.942
0.954
0.949
0.951
0.953
0.956
0.956

0.936
0.926
0.936
0.860
0.939
0.936
0.930
0.929
0.936
0.927
0.926
0.921
0.925
0.945
0.929
0.929
0.939
0.938
0.943
0.937
0.937
0.941
0.946
0.937
0.948
0.947
0.951

0.925
0.920
0.927
0.875
0.929
0.918
0.916
0.915
0.925
0.915
0912
0.919
0.915
0.931
0.925
0.917
0.927
0.931
0.930
0.927
0.927
0.927
0.928
0917
0.927
0.929
0.932

0.860
0.749
0.813
0.846
0.851
0.781
0.847
0.870
0.838
0.841
0.867
0.763
0.854
0.859
0.859
0.871
0.851
0.758
0.863
0.863
0.863
0.846
0.842
0.876
0.873
0.878
0.882

0.846
0.738
0.794
0.831
0.835
0.764
0.827
0.846
0.829
0.816
0.835
0.751
0.837
0.846
0.844
0.837
0.830
0.741
0.853
0.851
0.851
0.830
0.834
0.849
0.865
0.866
0.869

0.845
0.754
0.789
0.827
0.826
0.762
0.816
0.831
0.836
0.799
0.816
0.756
0.829
0.835
0.849
0.820
0.829
0.741
0.855
0.847
0.847
0.823
0.838
0.818
0.865
0.863
0.869

0.048
0.075
0.060
0.056
0.050
0.072
0.052
0.046
0.052
0.064
0.054
0.079
0.048
0.042
0.044
0.051
0.048
0.077
0.044
0.048
0.048
0.052
0.049
0.045
0.041
0.040
0.037

0.917
0.861
0.900
0.899
0.909
0.877
0.914
0.925
0.903
0.902
0.921
0.866
0.918
0.926
0.919
0.930
0.904
0.867
0.920
0913
0.913
0.898
0.898
0.935
0.934
0.925
0.928

0.910
0.835
0.884
0.889
0.902
0.860
0.900
0911
0.894
0.888
0.899
0.841
0.909
0.916
0.905
0.906
0.892
0.830
0.915
0.909
0.909
0.889
0.895
0.920
0.929
0.917
0.924

0.910
0.869
0.901
0.899
0.897
0.876
0.899
0.906
0.901
0.879
0.895
0.864
0.902
0911
0.912
0.900
0.905
0.867
0911
0.903
0.903
0.889
0.892
0.907
0.926
0912
0.923

T = ER AL S G RN A R

VSTHLHY (A i T RH o AR RS . 7E SSD #di 4
HE FR et F R =I5 AR, A SCRCB RS T £
I ESSH, H 5 Swin AH FL #4051 0.004,0.003
0.004. 23 REHEE SIS T il g5 1, 5 AR
25 A A o i B R PR R AT 2R A e M T LAk B
A SCOTVEAE SN EOE B2 Y6 7 T0H8 bR 24 U T B
M55, F AR SO 1 B B (R PR B [RIRE 3
X H &S SR FR B A SO v BT B 2 AL g

P 7 R T A7 i 5 HAh 12 Fhos 2 i Mk (2 3%
Bl M 1~6 17T EME 0T LUE H 8 3 H br i A5 R R
Z= 0T 24T 0 B AR VF 2RO R TR 4 5 3 i
FEAERG I HR8 T ARSI Z T,
AT AR SOKs i B R 5 I AR rp | DT RE %41 A 1l
1) d 2 Pl EL A T AT S8 2 i SRS G . AR 10111247
A& YRS S AL 7E58 1217 i 2
D7 R AR N B R Y A B R B E R, A VST
TIOR3 B AR R A RSO | T
ARSI A 2 P B SE SR I . A, Az

it T RH A 22 R R AR 1 i A B (R 3R, AR SO A A X
KEFRCETHAT) /NAARCEE 917) M Z bR (B 1
AR B Lt 2 A RAF R . 2R 5K F AL
f10 T LA S 5 P B I T AR Y O L LG A A

TR T LA
3.5 HEBSCIE

3.5.1 ENMERHNERE

T o T RS IR 1A RS R X AR A B 7 A YRR
W, FE RN YR AL (1) FE2E BLA AL (U-Net Zi
i 2S5 B 454 L E UM ABAY) 5 (2) BL+CMAEF (&
Xk BAEHL) 5 (3) BLFCMAEF+AMFE (58 Xk CHEHY )
(4)BL+CMAEF+AMFE+BDCG (5 X hy DAY ).

SR EE RN 3 BT, 6B 45 B FRATT AT LI
Z23 DAY (A) ~ (D) B A FE IR AT A [ 72 B2 ) L T
FRE. SO0, B SIBJBI/R T 4 A I 7= 1 (g 35 4
I 8 (e)~Ch) HRmT LB W8 7 5] 18 28 PR 330 i T 4 30T
FAEE . AR E 5 e P S0 R R R B i AR
R ER REHRE A A PERE
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RGB Depth  GT Ours Swin VST TTNet SPNet DIGR UTA UIFN BTS LDCM CCAF DASM
E17 A SOk A 12 Fh S #E 5 vk i T Ak 5 2 TR
F3 BMERBMERE
Hm BL. CMAEF LFSD NLPR SIP NJU2K STERE SSD
AMFE BDCG | Fp>T EXt M) | Fpot E2T ML | Fpt B2t ML | FpoT B2t ML | FRT EMT ML | R OETT M
A J 0.886 0.914 0.055|0.930 0.969 0.020 | 0.907 0.928 0.045| 0.933 0.954 0.028 | 0.914 0.950 0.033 | 0.864 0.915 0.044
B N 0.889 0.918 0.054 | 0.933 0.972 0.018 | 0.910 0.930 0.043 | 0.936 0.959 0.026 | 0.917 0.953 0.032 | 0.872 0.919 0.042
C NN 0.890 0.920 0.053 {0.934 0.971 0.017|0.911 0.932 0.043 | 0.938 0.961 0.026 | 0.918 0.952 0.031 | 0.876 0.922 0.041
D v v V¥ V0894 0926 0.051|0.938 0.974 0.016 | 0.914 0.937 0.041 | 0.941 0.964 0.025 | 0.922 0.956 0.030 | 0.882 0.928 0.037

TN L1

(a) RGB

b) Depth

) BL+CMAEF

K8 AT [ B i 2 3

) BL+CMAEF
+AMFE

) BL+CMAEF

+AMFE+BGCG
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3.5.2 CMAEF#&EHRAGHERE

AR SN CMAEF LH 4 R 1A AT T 5T, 36
IIARSE T = FhF L0, 20 5088 BRFFAE S B (wio FI) |
IR (who CA) R [RIFETE ) (who SA). SEERAER
N 4R, 1T LA BIRFIESE ARG R , K Al

ET™ 7£ LFSD . NLPR il SIP X 3 /> #4064 1 ) P e 4%
CMAEF A I T . 5340, K 8125 CMAEF BEbe 5Bk CA
15 SA I, A RS RS AR A B R 245 R R V4%
ZHL Xk TG 0 4 A7 A — R BRI, TR 0k S R b AR T i
=R AR S e HECR

=7 T"n

R4 CMAFEF#ERAGHERME

LFSD NLPR SIP SSD
TR
F;mx T E?ax T M i F;Xnax T Ergax T M i F/Tax T E?ax T M l F;]ax T El;ax T M i
wlo F1 0.892  0.921 0.052 0937 0974  0.016 0910 0932  0.043 0.884  0.930  0.036
wlo CA 0.892 0920  0.053 0937 0974  0.017 0911 0.933  0.042 0.880  0.926  0.038
wlo SA 0.891 0.919 0.053 0.937 0.973 0.017 0911 0.932 0.043 0.881 0.926 0.038
CMAEF 0.894 0926 0.051 0.938 0974  0.016 0914 0937 0.041 0.882  0.928 0.037

3.5.3 AMFE#&ERAGHE

S IAIEAR SR 22 ROBERRAF 8 S TR (R R0 , A SO T
TOCHR[49] SCHRL 14 JRISCERL 1S 13 0 & Fh 22 RUBE R
TSR UL, 23 516 3% 5 H Y PPM L PAFEM F1 MSR £
Yoo IWFRHEE T LUE W R SCHE 19 AMFE A8 7E
LFSD SIP 1 SSD %4k 4 L (P 6 b 24 i - Hoth SCk

e Hh AR, WA SCHR H Y AFME BEERBEHT 2K B 4= 5
{194 Jm T SCRAIRAR L, DT BT 2 e o7 . 35 1k H
PROZE . 350 AR SOU AR AE RS AR (FM) 5 CA R
ey HZNEEAT TOF9E, 3R S AR FERS BRI — A
BeJe, 2 B AR TR AR A 0T R [, X WA AR IR SR
FREHUMIEE 3 TR R R B H 2

#£5 AMFEEREAGFHERE

LFSD NLPR SIP SSD
(87N
Fy 1 Ee t oml e 1 ET t oMl Fy 1 Ee t oml e 0 B t oMl

PPM 0.890 0922  0.055 0.936  0.973 0.017 0.911 0.936  0.041 0.879  0.925 0.038
PAFEM 0.892 0924  0.051 0.938 0.973 0.017 0912 0935  0.042 0.880  0.924  0.038
MSR 0.888 0919  0.055 0936  0.971 0.017 0911 0935  0.042 0.879 0924  0.038
AMFE 0.894 0926 0.051 0938 0974 0.016 0914 0937 0.041 0.882 0928  0.037
wlo FM 0.892 0923  0.053 0.935 0.971 0.018 0.911 0.934  0.042 0.879 0924  0.038
w/o CA 0.893 0.925  0.053 0.937 0.973 0.017 0912 0936  0.042 0.882  0.927  0.037

3.5.4 BDCGEREAHFHBHE

AT A B i AL 51 T B H (wio BG) il ] A
JE 26 BUBL L (wlo DFG ) LA UF HAE A . 5256 45 2% an
6 FTR - M Bk BG BLHLHI DFG B L5, £ Il 45

U AR T G N S S AL S LIS o e S i
S WXL R B TR E O T DL AR
M5 3 - [R] IE S S E B mT LR Ik B e 4 B

#6 BDCCHERAMGMNERME

LFSD NLPR SIP SSD
(8N
P 1 B r oMl P 1 B ' P 1 B ' P toEm™ o
w/o BG 0.890  0.921 0.052 0935 0970 0.017 0911 0.935 0.041 0.879  0.923 0.038
w/o DFG 0.892 0924  0.051 0.938  0.973 0.016 0912  0.935 0.041 0.880  0.924  0.037
BDCG 0.894 0926 0.051 0938 0974 0.016 0914 0937 0.041 0.882 0928  0.037

3.5.5 BXHAEHRRE

UG AR ST R B R R SR (H R A e
R W e A AE R BRAE /19 SR T AR SOy K 2k
W1 2 L, B PR T LR S VA AR B bR RS (57 1

1) MOE IR R 217) MEFOE B AL AN K (55 347) 17
OUT S TH2ERRINACR . W2 1L AT PR, AR S07 1%
DR AAE R RIS . 540, e 247 PR 1652
WARBI 5T A SO I ARSI 2 9 Hh b ifi o vk
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GT Ours
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ARTCER A T —FF P 20 39 RGB-D 35 1 H AR K
T oy il B R T O SO IR 0 3T Ah A
SGRERI T 3B TR m A I A PR BE . SCgR g R
WA SO SR A8 L 1 Z PR 1 bn 3 B R AR
BL, IF EB T Y 2 1S AR LA b R
FUE A R TAE R A PREDTTE A F1l AN R 2
YRR AEZEA T Rl 5 LA i 7 22 H RS FMEDI 7 57
ARG P RE , M B 4 (4 S AT 55 9 )2 AT
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