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B E A G 2 FVC AR 05 —16(E (Gutman
FilIgnatov, 1998). B THHXIAE 5 E ik HE 2 L
B . BORUfRTEL, P 23 2 N (Zeng 55,
2003; HEKH %, 2013). BbAh, FERETTHE AL/
A WP K, HLES 2% > Jr ik w1z /g
FNFVCHEE. (Su, 2009; Huang%, 2008; Hansen
45 2002; ChenHlGe, 2022),
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TS Gy, L] 81 E e O W FVC PR
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2B A IR A UL BECKs E R R AR R S do A
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Sentinel-2 MSI £t# [ #£ ) 3% 2| = )2 TR M AF7E K
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G MTMEEBZMMAE, NDVIZSCRPa:  WIAERZK, I FRA TR T S By =3
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Fig. 1  The structure of the proposed FVC—Net
&1 FVC-Net M4 & ZEEMEILH
Table 1 Details of FVC—Net in each layer
Hibk JZH i AT LU EPNAN L AN
S B Deconv %PX%PX] 5x5x%x1 PxPx1
Layerl _NDVI_3x3 PxPx1 3x3x1x16 PXPx16
Layer] _NDVI_5x5 PxPx1 S5Xx5x1x%x16 PXPx16
Layerl _NDVI_7x7 PxpPx1 Tx7x1x%x16 PXPx16
CAblock (for Layer] NDVI) Layerl _NDVI_cat PXxPx16 — P X P x48
Layer]_NDVI_max1 P X P x 48 1x1x%x48 %12 PxPx12
Layerl_NDVI_meanl P X P x48 1x1x%x48 x 12 PXxPx12
Layer]l _NDVI_max2 PXxPx12 1 x1X%X12x48 P Xx P x48
Layer]l _NDVI_mean2 PxpPxI12 I x1x12x48 P x P x 48
Layerl _FVC_3x3 PxPxl1 3X3x1x16 PXPx16
Layerl _FVC_5x5 PxPx1 5X5x1x%x16 PXxPXx16
Layerl _FVC_7x7 PxPxl1 TX7x1X%X16 PXxPXx16
CA-block (for Layerl FVC) Layerl _FVC_cat PXxXPx16 — P X P x 48
Layer] _FVC_max1 P X P x48 1 X1Xx48x12 PxPxI12
Layerl _FVC_meanl P X P x48 1 X1Xx48x12 PxPx12
Layer]l _FVC_max2 PXPx12 1 X1Xx12x48 P x P x48
Layerl _FVC_mean2 PxPx12 1 X1Xx12x48 P X P x48
CA-block (for Layer2_NDVI) — P x P x96 — P x P x96
CA-block (for Layer2_FVC) — P X Px48 — PxPx48
CA-block (for Layer3_NDVI) — P X P x 144 — P x P x 144
Layer1_3x3 P x P Xx 144 3 X3 x 144 X 96 P X P x96
Layerl_5x5 P X P x96 5X5x96X%16 PXPx16
S A—blockl] Layerl_7x7 PXxPx112 7x7x%x16X 16 PXPXx16
Layer] _max PXxPx16 — PxPxl1
Layerl_mean PXxPx16 — PXPx1
Layerl_out PXxXPX16 — PXPx16
SA-block2 — PXxPXx16 — PXxXPx16
SA-block3 — PXxXPXx16 — PXxXPXx16
Re-convl PXxXPXx16 S5x5x16x%x4 PXxPx4
Pl
Re-conv2 PXxPx4 SX5%x4x1 PxPx1

TE P RBEIRD.
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UE X 26 X5 B I A 50 ) o TR ) BT R
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>
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o
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- ReLU
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2 G R
Fig. 2 The channel attention block (CA-block)
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Fig. 3 The spatial attention block (SA-block)
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P (A A0 O ASER  Sh DF i il o AR 4 [R) 4T
BIPRAE, SI T 25 T R Aliad ) e ] P& 45 5
HF5 45 UIQL (Universal Image Quality Index) (Wang
FiBovik, 2002) Xl IERIALIR, F£onh
o, Xy 20 .0

Ls= a'o}'x%:- yyz . o’ + nyz 3
Ah, 2 y RS E RN IYE; o
o AT BRI ; 0.0, FARPIEIH
T5 2% o R EMR i 48 B it e iad, nl RLER
U 2 R G A R B S A AR

3 SR

3.1 EIgigIt

VAL RO FVC B ARG , BT Wald
PP 7 (Wald, 2000), F&AT#HT 30 m
B S (3.27), Jfal it B LA E & 19 5 20
Fl A5 AR VA o 7R 3.3 B L s,
5% 30 m Landsat FVC F1 10 m Sentinel-2 NDVI %4
P 43 AR 4K %2 90 m A1 30 mo 38 ALY 90 m
Landsat FVC 5 30 m Sentinel-2 NDVI @ &, 15 %
30 m Landsat FVC 2558 . 24 R SRR CfH
30 m FVCEUH, #A7E WA . M I UE M 25 1A
RO DA R 8 R R 2 3 28, AT T
HAESCE: (3.3719) X MZEIFATE5 | Rk = R/
HES A K SR a8 AT 0. e, TE3 44
110 m B AR

AR SCHEFE DL BT X Sy vt i = A T
YERBFSEIX . Qa4 Fros , b DXt 390 % B 45
. FEHY A SR RAE D . R EKI (T
) ARH LA R I EHE 45 Landsat 8
LI M Sentinel-2 £{#% . H. ', Landsat 8 OLI 34
ARUCHFR] A 2021 4F 2 H 8 H, Sentinel-2 MSI 45
AR E] 2 2021 423 H 16 H . FIAHENVIS.3, LU
Landsat 8 %4l A 1, 16 HIW] 44 15 0 X0 0 b 25 3
AT JUAIAZIE,, JETF Landsat 8 $50 % FHAR XS A 4%
JEARAT 30 m FVCEHE . 3RAs e Bl i 2l
YNGR, FATEIC T 8 i FE Y0 741
X (i 4 sp e, HRARIE 9 X 1—7)
VEJrN Rt , PR b 1A DXCBAE D9, 5
SRR, X TAR I X, 6 XA
S50k, BIEEETRIA 64~ XU T 25125

15 € BV J7 T, BT SR A G &R % ec
(Correlation Coefficient) , il HEMG FiE+ehs (UIQD) |

Y7122 RMSE (Root Mean Square Error) LA A AH
X4 mLE 1R 2Z ERGAS (Relative Global-dimensional
Synthesis Error) PFM#EA5R . HARHL, ZERIHIS0 56
t, USRS FVCBAEE N S E -G, MRS K
%30 m FVC fil& 45 R 47 € 1P il 5 HPF
(Chavez %%, 1991) . Indusion (Khan %5, 2008) .
SFIM (Liu, 2000) ., ATPRK (Wang %, 2016) .
PanNet (Yang%§, 2017). PNN (Masi %, 2016) .
HPGAN (Xie%%, 2021) LA NDVI-Net (Zhang?¥,
2020) A8 FHITILHEATRS L, BRAEER 19 FVC-Net
TERH . e, @ ET 10 m BE a4 SL g,
FE AR 30 m FVC S AR RS 9 10 m FVC 25
R0 2 [ 20 25 5, SR 7R FVC=Net J5 ¥ 19 B )
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Fig. 4 The study area (True color; seven regions were selected for
training or test, that is, for each tested region, it was not involved

in training, and the other six regions were used for training )
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Fig. 5 The 30 m fusion results of different methods for the three regions
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Fig. 6  The results of the sub—area in Fig. 5
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Fig. 7 The 30 m error images of different fusion methods for the three regions
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0 Q.\Q'}Qﬁ Q.b‘ Q.‘) Q.b Q’.\ Q‘.b Q.q \.Q
Tou{EL

=0.874

0 Q\Qm@gmﬁs 090 o 249
e

0 Q\Qm@@@ NSNS
e

R*=0.864

0 Q.\Qr} Q’b QP‘ Qﬁ Q.b Q’.\ Q‘.b Q.q
ToE

- R=0912
s

0 Q\Q%s%%sﬁb T
TEE



TR 45 FVC-Net: 5 %5 [B) 43 HF A8 iR o P A il 5 T 245 3193
K2 BXEHEHEE
Table 2 Fusion accuracy of the three regions
K BEE A
ik
o UIQI RMSE ERGAS
Indusion 0.9125 0.8110 0.1412 12.0498
HPF 0.9056 0.8419 0.1255 10.7153
SFIM 0.9059 0.8434 0.1246 10.6364
ATPRK 0.8940 0.8936 0.1029 10.9889
X2 1 PanNet 0.9107 0.8969 0.1188 10.1376
PNN 0.9062 0.8572 0.1540 13.1459
HPGAN 0.9164 0.8793 0.1382 11.7973
NDVI-Net 0.9011 0.8432 0.1617 14.5876
FVC-Net 0.9211 0.9044 0.1287 8.78290
Indusion 0.8522 0.7642 0.1326 10.8794
HPF 0.8539 0.7749 0.1322 11.9875
SFIM 0.8522 0.8126 0.1204 10.8794
ATPRK 0.8705 0.8377 0.1192 11.2418
X 4k 2 PanNet 0.8874 0.8779 0.1196 11.3580
PNN 0.8960 0.8551 0.1259 11.3816
HPGAN 0.9151 0.8469 0.1515 13.6983
NDVI-Net 0.8859 0.8322 0.1644 14.0039
FVC-Net 0.9157 0.8831 0.1177 10.6403
Indusion 0.8721 0.8422 0.1361 11.2075
HPF 0.8851 0.8153 0.1402 11.5463
SFIM 0.8326 0.8025 0.1692 15.0241
ATPRK 0.8939 0.8804 0.1227 11.1248
X5 3 PanNet 0.9369 0.8924 0.1248 10.2810
PNN 0.9348 0.8642 0.0970 13.5635
HPGAN 0.9495 0.8935 0.0883 11.9798
NDVI-Net 0.9296 0.9076 0.0914 14.8064
FVC-Net 0.9552 0.9085 0.0952 10.1089
TE: PR 25 T50RS BE S bR h i s LA
3 EHMXBWESEENER
Table 3 Quantitative evaluation results for the ablation experiments

HATEHY RN R 2 PR cC RMSE

N 3x3.5%5.7x7 a=02 0.9211 0.1287

N TXT IXT IXT a=02 0.9055 0.1415

N 5x5 .55 .55 a=02 0.9047 0.1531

N 3%3.3%3.3x3 a=02 0.9024 0.1577

N 5x5.7%7.3x3 a=02 0.8676 0.1978

N 3x3 .7x7 .5%5 a=02 0.8411 0.2105

x 3X3.,5%5.7x7 a=02 0.8045 0.1988

N 3%3.,5%5,7x7 a=06 0.9100 0.1349

N 3x3,5%5.7x7 a=08 0.8966 0.1541

TE : PR I SR AE A [R) 28088 T CC I RMSE R {E .



3194 National Remote Sensing Bulletin i & 54k 2024, 28(12)

N RAEAR SO B IR AT AR, AT S
BT BEAT R L, RIVRIH S B R E 206 Fve
FINDVI AR KN GE— , Bt J7 R P of 530 7 2 3
GHE) bR rHES, MSEBls e —If Ak
HOSCRAURRY], AT A BB L T HER
APREYIE A, BA—E R O R, 7EiE
TR AE S RS B 3 B R/ N BETH FIHES I Hp, 3%3
5x5 FTXT B 22 RO FRAE $ BUBE R A JE 20RT L3R
WA G 45 R

34 1I0mEZHEMEER

A3 3125 30 m NDVI 5 90 m FVC 2Z ] %)
PAEXFR, KHITHEZE 10 m NDVI 5 30 m FVC [#)
G, 5% 10 m FVC RS 258, 9%
T 110 m FVCRLA LR . MRk #
AU B AW, AR 10 m FVC R 4G 30 m
FVC EMGENEW, S0 T HEZR AN EE,
fET AR TS BALE N ESEE .

(a) 10 m FVC %
(a) The 10 m FVC result

(b) 30 m Landsat FVC £5 4
(b) The FVC image of 30 m Landsat

0

1.0

K19 10 m Bl 454 (KK 1)
Fig. 9 The 10 m fusion result by FVC—Net (Region 1)
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FVC-Net: A fusion network for producing fine spatial resolution
fractional vegetation cover

ZHANG Zhihao, WANG Qunming,DING Xinyu

College of Surveying and Geo-Informatics, Tongji University, Shanghai 200092, China

Abstract: Fractional Vegetation Cover (FVC) is defined as the percentage of the vertical projected area of vegetation to the total area of the
projected subsurface. It is an important indicator to characterize the spatial distribution of vegetation on the land surface, which plays an
essential role in quantifying the capacity of terrestrial ecosystems for carbon sequestration. Remote sensing satellites (such as Landsat and
Sentinel-2) can acquire fine spatial resolution FVC data at the 10 m level, which are crucial sources for studies on the global ecosystem.
However, a large amount of fine spatial resolution FVC data are unavailable in the temporal domain due to the relatively coarse temporal
resolution of satellites, coupled with cloud contamination. This study considers the combination of 30 m Landsat 8 and 10 m Sentinel-2 to
increase the temporal frequency of 10 m FVC data to obtain vegetation information timely.

A deep learning-based method called FVC-Net was proposed to address the difference in spatial resolution. FVC-Net fuses 30 m
Landsat FVC with the 10 m Sentinel-2 Normalized Difference Vegetation Index (NDVI) directly to produce 10 m Landsat FVC. Specifically, a
two-branch network based on the multiscale attention mechanism is designed. In this network, channel enhancement blocks are used in FVC
and NDVI branches for feature extraction and fusion. Then, the spatial attention blocks are employed to increase the spatial details of the fused
FVC features. The scheme designed with FVC-Net can help to characterize the nonlinear relationship between 10 m NDVI and 30 m FVC.

In the experiments, the proposed FVC-Net method was validated based on three regions selected in the urban area in Shanghai, China.
FVC-Net was compared with four typical non-deep learning-based (i.e., HPF, Indusion, SFIM and ATPRK) and four deep learning-based (i.
e., PanNet, PNN, HPGAN and NDVI-Net) fusion methods. Both visual and quantitative evaluation reveals that: 1) in non-deep learning-
based methods, ATPRK is more accurate than the other three methods; 2) the results of the deep learning-based methods are closer to the
reference FVC data; 3) the proposed FVC-Net method outperforms the eight benchmark methods in terms of the fusion accuracy, with
results presenting the smallest errors. Finally, the experiments on fusion of real 30 m Landsat FVC and Sentinel-2 10 m NDVI show that the
10 m FVC produced by FVC-Net presents more spatial detailed texture than original 30 m input Landsat FVC.

The proposed FVC-Net is an effective solution to downscale 30 m Landsat FVC to 10 m by fusion with 10 m Sentinel-2 NDVI, thus
effectively overcoming the differences between Sentinel-2 and Landsat data at different time points. The generated 10 m FVC data by FVC-
Net not only enhance the ability of Landsat data to express spatial details, but also serve as an additional supplement resource to increase the
temporal resolution of the existing 10 m Sentinel-2 observations. In future, FVC-Net can be potentially applied to downscale existing 30 m
Landsat FVC products at a larger scale (e.g., the global scale), and the predictions may support studies in various related fields.

Key words: remote sensing, Fractional Vegetation Cover (FVC), Normalized Difference Vegetation Index (NDVI), deep learning, downscaling,
data fusion
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