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ABSTRACT

Optical remote sensing (RS) uses optical sensors to create images of the Earth’s surface.
Those imaging sensors are mounted on spaceborne or airborne vehicles and capture
visible, near-infrared, and shortwave infrared radiation reflected from the Earth’s surface.
Optical remote sensing imaging systems usually provide multi-band images, such
as hyperspectral images (HSIs) and multispectral images (MSIs), often with band-
dependent spatial resolution. However, those images are often corrupted by noise
and have low spatial/spectral resolution. This is caused by several reasons, such as
atmospheric absorption, sensor imperfection, and a trade-off between spectral and
spatial resolutions. Therefore, denoising or sharpening the images is crucial for many
RS applications.

This thesis focuses on HSI denoising and RS image fusion. HSI denoising is the
problem of recovering the original true image from the noisy HSI. On the other hand,
in RS image fusion, one has a set of co-registered images, each acquired at a different
frequency band and having a different spatial resolution. The aim is to sharpen the
images so they all have a spatial resolution equal to the highest spatial resolution of the
input images.

The main objective of this thesis is to propose new HSI denoising and RS image
fusion methods using unsupervised deep learning (DL). The proposed unsupervised DL-
based methods are inspired by the deep image prior idea, which centers around training
a convolutional neural network (CNN) in an unsupervised manner. Moreover, several
novel points are proposed, such as sparse and low-rank ideas, the sensors’ modulation
transfer functions (MTFs) utilization, and the usage of Stein’s unbiased risk estimate
(SURE). The proposed HSI denoising and RS image fusion methods are summarized
below.

* The thesis proposes two HSI denoising methods based on unsupervised CNNs.
The first method incorporates the sparse and low-rank property induced by the
high spectral and spatial correlation of HSIs to a CNN. Training a CNN for HSI
denoising using the sparse and low-rank data significantly reduces computational
load and improves the results. The second HSI denoising method derives a SURE-
based loss function for training a CNN. Since SURE is an unbiased estimate of
the mean-square error (MSE) between the denoised and the reference images and
is calculated using only the noisy image, training a CNN with SURE loss avoids
overfitting and is unsupervised. Additionally, the SURE-based HSI denoising
method can be extended to deal with non-Gaussian noise and to work with low-
dimensional HSI data obtained by projecting the original data to a subspace. The
SURE-based method improves results and is more feasible in a practical HSI
denoising application.
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* The thesis proposes a Sentinel-2 (S2) image fusion method using a single unsu-
pervised CNN where the sensors’ MTFs are embedded as a network layer. The
proposed method uses a single CNN to sharpen both the 20 m and 60 m bands of
the S2 image, unlike traditional DL-based methods that usually use separate CNN
to sharpen each resolution band. Moreover, since the manufacturer provided the
S2 sensors’ MTFs, the proposed method employs an MTF-based degradation
model as a CNN layer. By doing this, training the CNN is unsupervised, and the
fused images are well-preserved in both spectral and spatial domains.

* A general framework for RS image fusion is proposed. In this framework, a
loss function based on SURE and a linear operator that maps an LR image to
its HR is derived for training a CNN. The loss function used in this method has
two main benefits. First, SURE is an unbiased estimate of the MSE between
the fused and the reference images and is computed without using the reference
image. Thus, the method is unsupervised and avoids overfitting. Second, the
linear operator is chosen to give upsampling results, at least better than a simple
interpolation method, e.g., bicubic. Therefore, the linear operator improves the
overall fusion results. The method is applied for three representative RS image
fusion problems, i.e., MSI and HSI fusion, S2 sharpening, and pansharpening,
where the back-projection operator is used as a linear operator in the SURE-based
loss. Experimental results show that the fusion quality is significantly enhanced
by using back-projection and SURE.
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UTDRATTUR

Ljésfredileg fjarkonnun (RS) notar myndskynjara til ad taka myndir af yfirbordi jardar.
Pessir myndskynjarar eru festir 4 gervihnetti eda flugvélar og fanga synilega, nar-
innrauda og stuttbylgju-innrauda geislun sem endurkastast frd yfirbordi jardar.

Ljésfredileg fjarkonnunarmyndkerfi eru skilgreind utfra fjolda tidnibanda og helstu
tegundir mynda eru margrasa myndir (e. multispectral images (MSI)), og fjolrdsamyndir
(e. hyperspectral images (HSI)). Af verkfredilegum og edlisfredilegum astedum
hafa pessar myndir rymisupplausn (e. spatial resolution) sem er tidnihad og einnig
innihalda pessar myndir oft sud. I pessari ritgerd er 16gd dhersla 4 ad auka gzdi MSI
og HSI b20di med pvi ad sudsia paer (e. denoising) og auka rymisupplausn peirra med
myndsambradslu (skerping) (e. image fusion).

Pessi ritgerd er préar nyjar adferdir sem eru byggdar 4 pvi ad nota 6leidbeindar
djapnamsadferdir (e. deep learning) sem byggja 4 foldunarnetum (e. convolution neural
networks) til ad sudsida og skerpa MSI og HSI myndir. Til pess ad préa pessar adferdir
eru notadar hugmyndir frd merkjafredi og tolfredi eins og t.d., notkun 4 tidnisvorun
myndskynjarana, SURE (e. Stein’s unbiased risk estimator), ryr merkjafradi (e. sparse
signal processing), og ad fjarkonnunarmyndir “lifa” oft { sterdfraedilegu rimi af miklu
leegri vidd en per eru teknar 4.

[ pessari ritgerd eru préadar tvaer adferdir til sudsiunnar 4 fjolrdsamyndum (e.
hyperspectral images (HSI)) med éileidbeindum féldunarnetum (e. convolution neural
networks (CNN)). Fyrri adferdin nytir ryra merkjafraedi (e. sparse signal processing)
og ad fjarkonnunarmyndir ma oft greina { sterdfredilegu rimi af miklu leegri vidd en
per eru teknar 4. Pjalfun foldunarneta med ryrum gognum af lagri vidd dregur verulega
ur reiknipunga og betir nidurstodur. Seinni adferdin leidir 1t tapfall (e. loss function)
byggt 4 SURE (e. Stein’s unbiased risk estimator) til pjalfunar 4 foldunarnetum. Par
sem sem reikna ma SURE qttfrda myndum sem innihalda sud og pad er 6bjagadur
metill & medalferskekkju milli sudsiadra mynda og vidmidunarmynda kemst pjalfun
tauganeta med SURE tapfalli hja pvi ad ofmata gbgnin og er dleidbeind. Einnig ma
tutvikka pessa SURE midudu sudsiunnar adferd til ad vinna 4 6gaussisku sudi og virka
med viddafekkudum fjolrasamyndum. Adferdin betir nidurstédur og er fysilegri {
raunverulegum hagnytingum til sudsiunnar.

Pessi ritgerd proar myndsambraedsluadferd (e. image fusion method) fyrir Sentinel-
2 (S2) myndir med 6leidbeindu foldunarneti par sem tidnisvorun myndskynjaranna
er innfeld sem lag 1 netid. Adferdin notar stakt foldunarnet til ad skerpa badi 20 og
60 m bond S2 mynda, 6likt morgum fyrri djipndmsadferdum (e. deep learning) sem
flestar nota adskild foldunarneta til ad skerpa bond af Slikri upplausn. Ennfremur
nytar adferdin malda tidnisvorun myndskynjaranna fra framleidanda peirra sem innfelt
sem lag 1 foldunarnetid til ad herma myndbreytingareiginleika peirra. Pannig ma nota
6leidbeinda pjalfun en vidhalda badi réf- og rimpattum sambraeddu myndanna.



Vidtekt fyrirkomulag til myndbradslu fjarskynjunar mynda er sett fram. Innan
pessa fyrirkomulags er tapfall byggt 4 SURE notad dsamt linulegum virkja sem varpar
mynd af 1agri upplausn { heaerri upplausn til ad pjalfa foldunarnet. Tapfallid hefur tvo
sérlega kosti. I fyrsta lagi er SURE reiknad 4n vidmidunarmynda ttfrd myndum sem
innihalda sud en er ébjagadur metill & medalferskekkju milli sudsiadrar myndar og
undirlyggjandi vidmidunarmyndar. Par af leidir ad adfedrdin er 6leidbeind og kemst hja
pvi ad ofmata gogn. I 6dru lagi er linulegi virkinn valinn til pess ad gefa trtakspéttingu
(e. upsampling) sem er alltént betri en einfold briun 4 bord vid tvivida pridja stigs
brdun (e. bicubic interpolation). Linulegi virkinn beatir med pvi méti heildargaedi
myndbradslunnar. Adferdinni er beitt 4 prjui einkennandi verkefni { myndbradslu
fjarskynjunarmynda, myndbradslu margrdsa mynda og fjolrdsamynda (e. multispectral
images (MSI) og hyperspectral images (HSI)), skerpingu S2 mynda og panskerping (e.
pansharpening), par sem afturvarpsvirki (e. back-projection operator) er notadur sem
linulegur virki med SURE tapfalli. Nidurstodur tilrauna syna ad gaedi myndbraedslu
aukast verulega med notkun afturvarps og SURE.

vi



CONTENTS

Abstract

Utdrattur

Contents

List of Figures

List of Tables

List of Original Publications

Abbreviations

Notations

Acknowledgments

1

2

Introduction

1.1 Remote sensingimages . . . . . . . . . ... .o e e

1.2 Remote sensing image restoration . . . . . . ... ... ... ...
1.2.1 Hyperspectral image denoising . . . . . . .. ... .. ....
1.2.2 Remote sensing image fusion . . . ... ... ........

1.3 Thesis contributions and organization . . . ... ... ... .....

1.4 Publications . . . . . . . . ...

Deep sparse, low-rank and SURE for unsupervised hyperspectral image

denoising

2.1 Problem formulation and motivation . . . . . ... .. ... ... ..

2.2 Deep sparse and low-rank for HSI denoising . . . . . . ... .. ...
2.2.1 Deep sparse and low-rank priorin HSI . . . . . . . ... ...
2.2.2 Experimentalresults . . . ... ... ... ..., . ....

2.3 Deep SURE-based unsupervised HSI denoising . . . . ... ... ..
2.3.1 The SURE-based unsupervised CNN HSI denoising method .
2.3.2 CNNarchitecture . . . . . . . ... ... ... ..
2.3.3 Experimentalresults . . . . ... ... ... ... ......
234 Furtherdiscussions . . . . . . ... ... ...

24 Conclusions . . . . . ... e

vii

iii

vii

ix

Xiv

XV

Xvii

Xix



Contents

3 Sentinel 2 image fusion using unsupervised convolutional neural network 37

3.1 Problem formulation and motivation . . . . . ... ... ... .... 37

3.2 Unsupervised CNN with MTF degradation model for S2 sharpening . 38

3.2.1 Network structure and optimization . . ... ... ... ... 39

3.2.2 MTF-based degradationmodel . . . . . .. ... ... .... 40

3.3 Experimentalresults . . . ... ... ... ... ... ..., 41
3.3.1 Verification of the MTF-based degradation model and multitask

learning . . . . . . ... 42

3.3.2 Reduced-resolution evaluation . . . . ... ... ... .... 43

3.3.3 Full-resolution evaluation . . . ... ... ... ... .... 47

34 Conclusions . . . . . .. Lo 50

4 Deep SURE for unsupervised remote sensing image fusion 59

4.1 Problem formulation and motivation . . . . . . ... ... ... ... 59

4.2 The SURE loss function for unsupervised DL-based RS image fusion 61

4.2.1 Deep image prior and back-projection . . . . . . . ... ... 61

422 Deep SURE for RS image fusion. . . . . ... .. ... ... 61

423 Computationofthe BP . . . .. ... ... ... ...... 63

424 Networkstructure . . . . . . . ... ... ... 65

4.3 MS-HS fusion: Experimental results . . . . . ... ... ... .. .. 66

4.3.1 Datasets and evaluation metrics . . . . . .. ... ... ... 66

4.3.2 Validation of SURE for MS-HS fusion . . . . . .. ... ... 67

4.3.3 Performance evaluation of SURE for MS-HS fusion . . . .. 68

4.4 MS-MS fusion: Experimental results . . . . . . . ... ... ... .. 70

4.4.1 Datasets and evaluation metrics . . . . . ... ... ... .. 70

4.4.2  Validation of SURE for S2 Sharpening . . ... ... .. .. 71

4.4.3 Performance evaluation of SURE for S2 Sharpening . . . . . 71

444 Pansharpening . . . . ... ... ... .. 73

45 Conclusions . . . . . . . Lo 74

5 Conclusions 83

Appendix 84

Al Datasets . . . . . ... 85

A.1.1 Hyperspectral image datasets . . . . . .. ... ........ 85

A.1.2 Multispectral image datasets . . . . . ... .......... 88

A2 Evaluationmetrics . . . . . . ... ... ... .. 91

References 95

viii



LIST OF FIGURES

1.1
1.2
2.1
2.2
23
24
2.5

2.6

2.7

2.8

29

2.10

2.11

2.12

2.13

An HSI collected by AVIRIS sensor. . . . . .. ... .........
IKONOS MSI and PAN spectral response. . . . . . . .. ... ....
DIP for different number of bands. . . . . . . ... ... .. .....
DIP-SLR framework. . . . . . .. ... ... ... ... .. .....
Denoising results for the DC dataset using DIP, DIP-S, DIP-LR, and
DIP-SLR shown as PSNR (dB) as a function of iterations. . . . . . . .
Denoising results for the PU dataset (¢ = 0.2). The bottom parts
(200 x 200 pixels) are shown in false color images using bands 57, 27,

Denoising results for the IP dataset. Top to bottom rows are the observed
noisy and denoised bands 2, 105 and 220. The numbers given in

brackets are the running time in seconds. Smallest running time is bold.

SURE-CNN network structure. Conv-128-3-1 represents a convolu-
tional layer with 128 filters of kernel size 3 and stride 1. The number
of conv-relu blocks is K = 5, and the number of filters in a skip
connection layeris F'=5. . . . . .. .. ... ...
PSNR as a function of iterations by SURE-CNN for different numbers
conv-relu blocks K, and number of filters F' in the skip connection
layers. The results are the average values over 10 runs. . . . . . . ..
The true MSE, SURE and DIP (fidelity) loss for denoising Case 1 with
o=03. . . e
The true and estimated noise standard deviations, and the SURE loss
using true and estimated noise standard deviation compared with the
true MSE for denoising Case 2 with 0 = 1, = 20 with the PU and
DCdataset. . . . . ... .. . ...
The SURE loss and true MSE of the ResNet and UNet for denoising
Case lwitho =03, ... ... ... ... ... . .. . .......
Denoising for the DC dataset band 60, Case 1 with ¢ = 0.3, using
different methods. The green square is a zoomed-in area shown in the
redsquare. . . . . ... e e e
Denoising for the DC dataset band 60, Case 2 with 0 = 1,n = 20,
using different methods. The green square is a zoomed-in area shown
intheredsquare. . . . . .. .. ... .. ... ...
Denoising for the DC dataset band 60, Case 3 with o ~ 1/(0.1,0.2),
using different methods. The green square is a zoomed-in area shown
intheredsquare. . . . .. .. ... ... ...

ix

17

18

21

23

24

25

26

29

30



List of Figures

2.14

2.15

2.16

2.17

2.18

2.19

2.20

221

2.22

3.1

32

33

34

3.5

3.6

3.7

3.8

Denoising for the PU dataset band 60, Case 1 with ¢ = 0.3, using
different methods. The green square is a zoomed-in area shown in the
redsquare. . . . . ... L. e e e 31
Denoising for the PU dataset band 60, Case 2 with ¢ = 1,7 = 20,
using different methods. The green square is a zoomed-in area shown
intheredsquare. . . . .. . ... ... ... ... 31
Denoising for the PU dataset band 60, Case 3 with o = 2/(0.1,0.2),

using different methods. The green square is a zoomed-in area shown
intheredsquare. . . . . ... ... ... ... ... 32
Denoising for the IP dataset using different methods, from top to bottom:
bands 2, 104, 149,and 219. . . . . . . . ... ... o oL 32
Denoising for the UB dataset using different methods, from top to
bottom: bands 108, 139, 144, and 208. . . . . . . . . . . . ... ... 33
Subspace SURE-CNN for denoising in Case 1 with ¢ = 0.3. The green
markers show SURE-CNN in full-rank (no subspace). . . . . . .. .. 33
Denoising results using Subspace SURE-CNN for the DC and PU
datasets, band 60. . . . . . . .. Lo 34
Poissionian denoising results using SURE-CNN for PU dataset, band 60. 34
Denoising results for isotropic Gaussian noisy data (a part of the DC
dataset) with o = 25/255 (a-e), o = 50/255 (f-j) and o = 100/255

(k-o) using DL-based methods. . . . . . . ... ... . ... ..... 36
S2SUCNN framework. The red arrow represents an MTF-based degra-
dation. . . . . ... 39
S2SUCNN network structure. In the bottom box, conv+cn+relu, (3x3)x 128
is a block of a 2-D convolutional layer with 128 filters of size (3x3),
followed by a channel normalization layer and ReLLU activation layer.
conv+sigmoid, (1 x1)x12 is a block of 2-D convolutional layer with 12

filters of size (1x 1), followed by a Sigmoid activation layer. kx degra-
dation (k = 2,6) and kx upsampler (k = 2,3) are the MTF-based
degradation layer and the bilinear upsampling layer, by a factor of k,
respectively. . . . . . ... 40
The effectiveness of MTF-based degradation layer and multitask learn-

ing. The graphs show MSRE (dB) as a function of optimization itera-

tions for four networks using reduced-resolution data. The results are
average values over 5 runs. (a) and (b) 20 m bands sharpening, (c) 60

m bands sharpening. . . . . ... ... Lo 43
Reduced-resolution 20 m bands sharpening results for Australia dataset,

the gray scale image shows apartofband 7. . . . . . .. . ... ... 47
Reduced-resolution 20 m bands sharpening results for Iceland dataset,

the gray scale image shows apartofband8a. . . .. ... ... ... 48
Reduced-resolution 20 m bands sharpening results for USA dataset, the

gray scale image shows apartofband 11. . . . . ... ... ... .. 49
Reduced-resolution 20 m bands sharpening results for Vietnam dataset,

the gray scale image shows apartofband 12. . . . . . . . ... ... 50
Reduced-resolution 20 m bands sharpening results for four datasets. The

images are residual structure shown in logarithm scale, log(1+‘X — )A(‘) 51



List of Figures

3.9 Reduced-resolution 60 m bands sharpening results for USA-60 dataset,
the gray scale images shown parts of bands 1 and 9. . . . . . . . . .. 52
3.10 Reduced-resolution 60 m bands sharpening results for USA-60 dataset.

The images are residual structure shown in logarithm scale, log(1+’X — )A(‘) 53

3.11 Full-resolution 20 m bands sharpening results. The images (410 x 410

pixels) are shown in false-color images using bands 12, 8a, and 5 as R,

G, and B channels. (a-f) Australia dataset, (g-1) Iceland dataset. . . . . 54
3.12 Full-resolution 20 m bands sharpening results. The images (410 x 410

pixels) are shown in false-color images using bands 12, 8a, and 5 as R,

G, and B channels. (a-f) USA dataset, (g-1) Vietnam dataset. . . . . . 55
3.13 Full-resolution 60 m bands sharpening results. The images (410 x 410

pixels) are shown in false-color images using bands 12, 8a, and 5 as R,

G, and B channels. (a-e) Australia dataset, (f-j) Iceland dataset. . . . . 56
3.14 Full-resolution 60 m bands sharpening results. The images (410 x 410

pixels) are shown in false-color images using bands 12, 8a, and 5 as R,

G, and B channels. (a-e) USA dataset, (f-j) Vietnam dataset. . . . . . 57
4.1 Upsampling the LR bands (SNR = 30 dB) of the S2 simulated APEX

dataset using bicubic and BP. The results are given in MSRE in decibels

between the upsampled and reference images. . . . . . ... ... .. 63
4.2 Fusion CNN architecture. The rectangles represent the images or la-

tent feature maps at the corresponding layers, and x5 means 5 times

TEPetition. . . . . . . ... e e e 65
4.3 The PU and DC datasets (high noise). The MSIs are shown in false

color images using bands 2, 1, and 3 as the Red (R), Green (G), and

Blue (B) channels. The LR images are show in natural color images

using a HSI to RGB color rendering method [165]. . . . . ... . .. 66
4.4  PSNR curves in training for MS-HS image fusion using different loss
functions for the PU dataset. . . . . ... ... ... ......... 67

4.5 Fusion results for the PU dataset (high noise). The first row are the
images shown in natural color using an HSI to RGB color rendering
method [165]. The images shown in big red rectangles are the 4 times
zooming in of the images shown in small red rectangles. The second
row are the RMSE-based residual images (shown in logarithm scale)
with respect to the reference. . . . . . .. .. ... ... ... ..., 75

4.6 Fusion results for the DC dataset (high noise). The first row are the
images shown in natural color using an HSI to RGB color rendering
method [165]. The images shown in big red rectangles are the 4 times
zooming in of the images shown in small red rectangles. The second
row are the RMSE-based residual images (shown in logarithm scale)

with respect to the reference. . . . . . .. .. ... ... ... ... . 76
4.7 MSRE curves in training for the APEX dataset using different loss
functions. . . . . .. ... 77

4.8 Image fusion results for the APEX dataset (SNR = 40 dB). Top row
are the images for band 11 (20 m) and bottom row are the respective
residual images shown in logarithm scale. . . . . . .. ... ... .. 78

X1



List of Figures

4.9

4.10

4.11

4.12

Al

A2

A3

A4

AS

A6
A7

Image fusion results for the APEX dataset (SNR = 40 dB). Top row
are the images for band 9 (60 m) and bottom row are the respective
residual images shown in logarithm scale. . . . . . . ... ... ...
Image fusion results of the 20 m bands for the Vietnam dataset. The
images are shown in false color images using bands 12, 8a, and 5 as the
R, G, and B channels. The images shown in big red rectangles are the 4
times zooming in of the images shown in small red rectangles.

Image fusion results of the 60 m bands for the Vietnam dataset. The
images are shown in false color images using bands 1, 9, and 1 as the R,
G, and B channels. The images shown in big red rectangles are the 4
times zooming in of the images shown in small red rectangles.

Pansharpening results for the Pleiades dataset. The reference, LR-MSI,
and the pansharpened images of 256 x 256 pixels are shown in natural
color using bands 1, 2, and 3 as the R, G, B channel. The PAN is shown
in gray scale. The number presented in brackets are the SAM in degrees
and ERGAS where the best results areinbold. . . . . . ... ... ..
The Indian Pines dataset shown as an RGB image using the HS to RGB
image rendering method [165]. . . . . . . . ... .. ... ... ...
The Urban dataset shown as an RGB image using the HS to RGB image
rendering method [165]. . . . . . ... ... ... ...
The Washington DC Mall dataset shown as an RGB image using the
HS to RGB image rendering method [165]. . . . .. ... ... ...
The Pavia University dataset shown as an RGB image using the HS to
RGB image rendering method [165]. . . . . . . . .. ... ... ...
The APEX dataset is shown as an RGB image. . . . ... ... ...
The real S2 datasets used for 20 m bands sharpening in this thesis. . .
The USA-2 dataset shown as an RGB image. . . . .. ... ... ..

Xii

79

80

81



LIST OF TABLES

2.1
2.2

23

24

2.5

2.6

2.7

2.8

3.1

32

33

Hyperparameter setting for DIP-SLR. . . . . ... ... ... .. ..
Quantitative results for denoising PU dataset. The uparrow (1) means
that higher values are better, the downarrow () means that the lower
values are better. Best results areinbold. . . . . . .. ... ... ...
Quantitative results for denoising the DC dataset. The uparrow (1)
means that higher values are better, the downarrow (|) means that the
lower values are better. Best results areinbold. . . . . . .. ... ..
The SURE-CNN performance given by PSNR in dB for different conv-
relu blocks K and number of filters F' in the skip connection layers for
various cases of noise. The results are the average values over 10 runs.
Denoising for the DC dataset using different methods. The evaluated
metrics are PSNR in dB, MSSIM, and SAM in degrees. The results
are the average values over 10 runs. The standard deviations for PSNR,
MSSIM, and SAM in each method are less than 0.1 dB, 0.0008, and
0.03 degrees, respectively. Best results areinbold. . . . . . ... ..
Denoising for the PU dataset using different methods. The evaluated
metrics are PSNR in dB, MSSIM, and SAM in degrees. The results
are the average values over 10 runs. The standard deviations for PSNR,
MSSIM, and SAM in each method are less than 0.06 dB, 0.0006, and
0.01 degrees, respectively. Best results are inbold. . . . . . .. . ..
Denoising results given by PSNR in dB and MSSIM using DL-based
methods. The results are the average values over 10 runs. The standard
deviations for PSRN and MSSIM in each method are less than 0.06 dB
and 0.0005, respectively. Best results areinbold. . . . . ... .. ..
Average running time (in seconds) over 5 runs for different denoising
methods. The standard deviations of SURE-CNN are 1.54 and 2.30

seconds for the IP and UB datasets, respectively. Best results are in bold.

MTF values at the Nyquist frequency for the S2 bands. . . . . . . ..
Australia dataset: Reduced-scale resolution performance for 20 m bands
sharpening. The columns B5 to B12 are SRE of each band from band 5
to band 12. SRE is given in decibels and SAM is given in degrees. Best
resultsareinbold. . . . . .. ... o o o o
Iceland dataset: Reduced-scale resolution performance for 20 m bands
sharpening. The columns B5 to B12 are SRE of each band from band 5
to band 12. SRE is given in decibels and SAM is given in degrees. Best
resultsareinbold. . . . . . .. ... Lo

Xiii

16

16

22

27

28

35

35
41



List of Tables

34

35

3.6

3.7

4.1

4.2

43

USA dataset: Reduced-scale resolution performance for 20 m bands
sharpening. The columns B5 to B12 are SRE of each band from band 5
to band 12. SRE is given in decibels and SAM is given in degrees. Best
resultsareinbold. . . . . ... ..o o oo
Vietnam dataset: Reduced-scale resolution performance for 20 m bands
sharpening. The columns B5 to B12 are SRE of each band from band 5
to band 12. SRE is given in decibels and SAM is given in degrees. Best
resultsareinbold. . . . . ... ..o oo oo oo
Reduced-scale resolution performance for 60 m bands sharpening. The
columns B1 and B12 are SRE of band 1 and band 9. SRE is given in
decibels and SAM is given in degrees. Best results are in bold. . . . .

Running time (in seconds) for full-resolution sharpening of all methods.

Bestresultsareinbold. . . . . . ... ... ... ... . ... ... .
MS-HS image fusion results for the PU dataset in terms of PSNR (dB),
ERGAS, and SAM (°). Bestresultsareinbold. . . . ... ... ...
MS-HS image fusion results for the DC dataset in terms of PSNR (dB),
ERGAS, and SAM (°). Bestresultsareinbold. . . . .. .. ... ..
S2 sharpening results (60 m and 20 m bands) for the APEX dataset in
terms of MSRE (dB), SAM (°) and MSSIM. Best results are in bold. .

X1v

45

46

46

49

68

69

71



LIST OF ORIGINAL PUBLICATIONS

Paper I:

Paper II:

Paper I11:

Paper IV:

Paper V:

Paper VI:

Paper VII:

Paper VIII:

H. V. Nguyen, M. O. Ulfarsson, and J. R. Sveinsson, “Hyperspec-
tral image denoising using SURE-based unsupervised convolu-
tional neural networks,” IEEE Transactions on Geoscience and
Remote Sensing, vol. 59, no. 4, pp. 3369-3382, 2020.

H. V. Nguyen, M. O. Ulfarsson, J. R. Sveinsson, and M. Dalla
Mura, “Sentinel-2 sharpening using a single unsupervised con-
volutional neural network with MTF-based degradation model,”
IEEE Journal of Selected Topics in Applied Earth Observations
and Remote Sensing, vol. 14, pp. 6882-6896, 2021.

H. V. Nguyen, M. O. Ulfarsson, J. R. Sveinsson, and M. D. Mura,
“Deep SURE for unsupervised remote sensing image fusion,”
IEEE Transactions on Geoscience and Remote Sensing, vol. 60,
pp- 1-13, 2022.

H. V. Nguyen, M. O. Ulfarsson, and J. R. Sveinsson, “SURE
based convolutional neural networks for hyperspectral image de-
noising,” in 2020 IEEE International Geoscience and Remote
Sensing Symposium (IGARSS), July 2020, pp. 1784-1787.

H. V. Nguyen, M. O. Ulfarsson, J. R. Sveinsson, and J. Sigurds-
son, ‘“Zero-shot Sentinel-2 sharpening using a symmetric skipped
connection convolutional neural network,” in 2020 IEEE Inter-
national Geoscience and Remote Sensing Symposium (IGARSS),
July 2020, pp. 613-616.

H. V. Nguyen, M. O. Ulfarsson, and J. R. Sveinsson, “Sharpen-
ing the 20 m bands of Sentinel-2 image using an unsupervised
convolutional neural network,” in 2021 IEEE International Geo-
science and Remote Sensing Symposium (IGARSS), July 2021, pp.
2875-2878.

H. V. Nguyen, M. O. Ulfarsson, J. Sigurdsson, and J. R. Sveinsson,
“Deep sparse and low-rank for hyperspectral image denoising,” in
2022 IEEE International Geoscience and Remote Sensing Sympo-
sium (IGARSS), July 2022, pp. 1217-1220.

H. V. Nguyen, M. O. Ulfarsson, J. R. Sveinsson, and M. D. Mura,
“Hyperspectral super-resolution by unsupervised convolutional
neural network and SURE,” in 2020 IEEE International Geo-
science and Remote Sensing Symposium (IGARSS), July 2022, pp.
903-906.

XV






ABBREVIATIONS

BP  Back-projection

CNN Convolutional neural network
DIP Deep image prior

DL  Deep learning

DWT Discrete wavelet transform
ERGAS Erreur Relative Globale Adimensionnelle de Synthese
FFT Fast Fourier transform

HSI  Hyperspectral image

HR  High resolution

LR  Low resolution

MC Monte Carlo

MSI  Multispectral image

MSE Mean-square-error

MTF Modulation transfer function
PAN Panchromatic image

PSF  Point spread function

PSNR Peak signal-to-noise ratio

RS  Remote sensing

SAM Spectral angle mapper

SRE Signal-to-reconstructed error
SRF  Spectral response function
SSIM  Structure similarity index
SURE Stein’s unbiased risk estimate

SVD Singular value decomposition

Xvii






NOTATIONS

X, X, x Original/reference image in 3-dimensional array, matrix and vector, respectively
V.Y, x Noisy/low resolution image in 3-dimensional array, matrix and vector, respectively
X, X, % Denoised/fused image in 3 dimensional array, matrix and vector, respectively
G Guided/high resolution image to be fused
M Downsampling matrix
B Blurring matrix
H Degradation operator
Hf Back-projection (pseudo inverse of H)
fo(*) Network mapping function
Network parameters
P Linear operator
R Spectral response matrix
N Noise matrix
n Noise vector
Q Noise covariance matrix
o Noise standard deviation of ith band
h,w Height and width of a noisy/low resolution image
HW Height and width of a guided/high resolution image to be fused
d Number of spectral bands of a noisy/low resolution image
D Number of spectral bands of a guided/high resolution image to be fused
N=hxw Number of pixels in a spectral band of a low resolution image

M = H x W  Number of pixels in a spectral band of a high resolution image

Xix






ACKNOWLEDGMENTS

I would like to express my deepest gratitude to my supervisors, Professor Magniis Orn
Ulfarsson and Professor Johannes Rinar Sveinsson, for their guidance, support and
encouragement. Specially, their lectures and discussions opened me to the new horizon
of knowledge. I am also thankful to my PhD committee member, Professor Mauro
Dalla Mura, for his valuable advice.

My sincere thanks go to Professor Danfeng Hong and Professor Farid Melgani who
accepted to be the thesis opponents, and they gave me positive comments that improved
the quality of my thesis. Also, I would like to thank Professor Lotta Maria Ellingsen for
being the chair of my thesis defence ceremony.

I acknowledge the financial support for my PhD study from the Icelandic Research Fund
under Grant 174075-05 and Grant 207233-051, and the University of Iceland Doctoral
Fund under Grant 1547-154305.

During my PhD studying in the University of Iceland, I have been with many great
friends and colleagues. For their friendship, help and encouragement to me and my
family, I would like to give sincere appreciation to Professor Jakob Sigurdsson, Dr. Bin
Zhao, Burkni Palsson, Sveinn Eirikur Armannsson, Magniis Magniisson, Li Mengyu,
my best friends Ninh Tang and Hung Pham, and all the teammates of the Viet-Ice
football team.

Finally, I would like to give special thanks from my heart to my family: My parents,
my wife Hang Thi Nguyen, my lovely sons Nam Quoc Nguyen and Phong Hai Nguyen.
Their unconditioned, unlimited love and encouragement motivate me to overcome all
difficulties.

xxi






CHAPTER 1

INTRODUCTION

This chapter introduces optical remote sensing imagery and the problem of remote
sensing image restoration. A comprehensive literature review on remote sensing image
restoration is presented, focusing on two critical issues, i.e., hyperspectral image de-
noising and remote sensing image fusion. The contributions and organization, along
with a list of publications, are given at the end of this chapter.

1.1 Remote sensing images

Remote sensing (RS) is acquiring the reflected radiation from the Earth’s surface using
sensors mounted in a spaceborne or airborne system. The radiation source can be an
artificial source, such as in a radar system, or the reflection from the sun. The observed
reflected radiation is often represented as an image. In this thesis, we are interested in
the optical RS image observed in the wavelength range of visible, near-infrared (NIR),
and shortwave regions. Those images to be processed are usually stored in the form of
digital images, which are characterized by spectral, spatial, and radiometric resolutions
[1]. Based on those characteristics, optical RS images are categorized into three main
classes, i.e., the hyperspectral image (HSI), the multispectral image (MSI), and the
panchromatic image (PAN).

HYPERSPECTRAL IMAGE

Hyperspectral imaging, also known as imaging spectroscopy, is a process of acquisi-
tion, analysis, and interpretation of the spectra of an objection which is usually given
by a hyperspectral image (HSI) composed of several hundred narrow bands. In RS,
HSIs are remotely acquired by using a hyperspectral spectrometer (sensor) carried in
an airborne platform. The hyperspectral spectrometer measures the sunlight reflected
from the Earth’s surface in the visible, NIR, and shortwave regions of the spectrum
(300 — 2500 nm). An HSI is given in a three-dimensional array of i X w X d. In a
spatial perspective, an HSI is a set of d gray-scale images of h x w pixels, and in a
spectral view, an HSI consists of h x w spectral vectors of length d. An example of
the HSI is the Indian Pines HSI dataset collected by the Airborne Visible Infra-Red
Imaging Spectrometer (AVIRIS) [2] shown in Fig. 1.1. This image contains 145 x 145
pixels and 220 spectral bands of the wavelength ranging from 400 nm to 2500 nm, with
the spatial and spectral resolutions being 20 m and 10 nm, respectively.
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Figure 1.1. An HSI collected by AVIRIS sensor.

Since HSI provides rich spectral information embedded in several hundred bands,
it gives more potential to analyze materials with high precision. HSIs are helpful in
many applications such as agriculture, environmental monitoring, mineral mining, target
detection and classification, and many more [3]-[5].

RS HSIs are corrupted with noise and have a low spatial resolution. This is because
there is always a trade-off between spatial and spectral resolution. Since HSI has a
very high spectral resolution, the radiation energy (i.e., signal-to-noise ratio: SNR)
received within a spectral band is low. To guarantee a sufficient image quality (e.g.,
SNR), the spatial resolution of HSI must be lower than one of a broadband image (e.g.,
a PAN). Additionally, the reflected sunlight reaches the HSI sensors via the atmosphere.
Atmospheric effects, such as absorption and scattering from water vapor and aerosol,
degrade the HSI quality [6]. HSIs also suffer from several kinds of noise, such as
Gaussian noise, thermal noise, and stripped noise [7], caused by the sensor imperfection.
Therefore, improving the HSI quality has to be concerned for further processing and
analysis of HSIs.

MULTISPECTRAL AND PANCHROMATIC IMAGES

Nowadays, many satellite imaging systems provide multispectral images (MSIs)
and a panchromatic image (PAN) for Earth observation. The MSI and PAN sensors are
mounted on the same platform and give the MSI and PAN that display the same scene
simultaneously. This means that MSI and PAN are co-registered but have different
characteristics. PAN is a single broadband image with a spectrum ranging from visible
to NIR wavelength. MSI comprises several narrow bands (but fewer than HST) with
spectra that overlap the PAN spectrum. Since PAN is obtained in a wider range of
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Figure 1.2. IKONOS MSI and PAN spectral response.

wavelengths than MSI, the spatial resolution of PAN is higher than the spatial resolution
of MSI. A typical multispectral imaging system, such as IKONOS [8], provides four
spectral bands from visible red, green and blue (RGB) to NIR and one PAN. The
IKONOS sensor spectral response is shown in Fig. 1.2. The IKONOS PAN has a spatial
resolution four times higher than MSI. Other system, e.g., Sentinel 2 (S2), has thirteen
spectral bands of three different spatial resolutions of 10, 20, and 60 m, without a PAN.

MSIs have relatively fine spatial and coarse spectral resolution, they are usually
used in vegetation and water mapping [9], [10], crop monitoring [11], object classifica-
tion [12]. In many applications, the spatial resolution of MSI is enhanced by merging
the MSI with the PAN. This process is called pansharpening and often benefits the
performance of the applications [13].

1.2 Remote sensing image restoration

As discussed above, RS images are usually corrupted, for example, suffering from
noises (Gaussian noise, stripe noise, impulse noise, mixed noise, etc.); missing data
(cloud, shadow, sensor malfunction, etc.); and spatial resolution degradation due to
equipment limitations, working conditions, limited radiance energy, and generally
narrow bandwidth. These phenomena severely degrade the quality of RS images
and limit the performance of the subsequent applications, e.g., classification [14],
unmixing [15], and target detection [16]. Therefore, restoration is a critical step to
improve the quality of RS images.

RS image restoration is recovering the true, unknown image from the observed,
degraded image [17]. Usually, the degradation is assumed to be known and used as prior
knowledge to reconstruct the image. Depending on the degradation, several RS image
restoration problems have been concerned. Denoising [18] is the task of removing noise
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from a perturbed image to obtain a clean image. Inpainting [19] is to estimate the true
image from the incompleted image. Super-resolution [20] is the problem of recovering
the original high (spatial) resolution (HR) image using its low (spatial) resolution (LR)
version. RS image fusion [21] is a special case of super-resolution where a part of the
original HR image is known and is fused with the LR image in the estimation process.
In this thesis, HSI denoising and RS image fusion are addressed.

1.2.1 Hyperspectral image denoising

Many HSI denoising methods have been proposed to improve the quality of HSI
applications. Those HSI denoising methods can be roughly divided into three categories:
The traditional single band methods, the multiband methods, and the deep learning
(DL)-based methods.

TRADITIONAL SINGLE-BAND METHODS

The most straightforward HSI denoising approach is to apply the classical two-
dimensional (2-D) image denoising method band-by-band. Examples of those methods
are the block-matching and three-dimensional (3-D) filtering (BM3D) algorithm [22],
the weighted nuclear norm minimization (WNNM) algorithm [23], and a learning model
such as expected patch log-likelihood (EPLL) [24]. Applying the band-wise denoising
methods to HSI data is simple, but the results usually suffer from spectral distortion
since those methods ignore the spectral information.

MULTI-BAND METHODS

HSIs are spectrally and spatially correlated. Therefore many HSI denoising methods
have exploited the high correlation between all bands of HSI to improve the denoising
performance. Those methods usually take into account multiband information in the
denoising process.

The first approach of the multiband methods [25]-[28] employ some linear transfor-
mations such as the principal component analysis (PCA), Fourier and wavelet transform
to obtain the sparsity in the transform domain. Then, the clean image is separated from
noise using a thresholding algorithm on the sparse coefficients. The second multiband
approach is model-based. In this approach, the denoising problem is formulated as an
inverse problem, and the denoised image is the result of solving a penalized regression
problem. The cost function to be optimized is the sum of a fidelity term and one or more
regularization terms. Here, the fidelity term tends to keep the solution not too far from
the observation, and the regularization term is used to constrain the solution space. The
regularizer is usually designed based on prior knowledge about the HSI to be restored.
The spectral-spatial total variation (TV) was used in [29]-[32] to deal with Gaussian
noise and sparse noise. The global and local self-similarity in a band and between
bands were utilized in the methods [33]-[35]. Low-rank approximation [36] is another
common idea used in HSI denoising. A tensor-based low-rank approximation using
the Tucker3 tensor decomposition was proposed in [37] for both HSI denoising and
dimensionality reduction. Similarly, a tensor-based low-rank approximation technique
using a learning tensor decomposition approach was proposed in [38]. The low-rank
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matrix recovery (LRMR) [39] and its extension with an iterative noise adjusted proce-
dure [40] were developed for Gaussian and mixed type of noise removal, respectively.
Additionally, the combination of more than one regularizer is often used. For example,
the joint of low-rank and sparse representation was proposed in [41]-[44], and the
low-rank and TV were used in [45], [46]. The multiband methods often yield good
results if the regularizers are chosen properly. However, those model-based methods
suffer from a high computational load, making it hard to select the tuning parameters
and regularizers since they are data-dependent.

DEEP LEARNING-BASED METHODS

In the last decades, many HSI denoising methods based on DL have been proposed
with the rapid development of computational resources and breakthroughs in artificial
intelligence, specifically in deep learning (DL). Early methods are inspired by the DL-
based denoising methods, which were developed for 2-D images [47]-[49]. Recently
developed DL-based HSI denoising methods focused on investigating more sophisti-
cated network structures that were designed to adapt to the HSI domain knowledge.
Convolutional neural network (CNN) and residual CNN [50] were used in [51]-[53],
to extract the useful spectral-spatial features, which leveraged the denoising results.
Three-dimensional (3-D) CNNs have been widely used in HSI denoising since the HSI
data are naturally a 3-D array. Examples are the 3-D atrous CNN used in [54], 3-D
CNN with attention gates proposed in [55] and 3-D quasi-recurrent CNN used in [56].
Another new trend is to embed the HSI characteristics with the DL models. The pa-
per [57] exploited the HSI sparse representation and incorporated it with a CNN, while
the papers [58], [59] used the low-rank and nonlocal similarity with the DL models.
Those methods have shown superiority over the ones using plain CNN. The limitation
of the DL-based methods mentioned above is that the networks must be trained using a
training dataset containing noisy-ground truth pairs (supervised learning). However, the
ground truth (i.e., the clean HSI) is hard to obtain in RS due to the technical limitation
and the high cost. To overcome this limitation, unsupervised DL-based methods for HSI
denoising have been proposed. The main aspect of the unsupervised DL-based methods
is to ignore the dependency on the ground truth. Representative unsupervised DL-based
methods are the work proposed in [60]-[62], which were based on the deep image prior
(DIP) [63]. Other methods in the unsupervised DL approach are the zero-shot denoising
method [64] and the hybrid model and DL-based method [65].

1.2.2 Remote sensing image fusion

Because of the technical limitation of the imaging sensors and the trade-off between
spectral and spatial resolution, an RS imaging system usually provides high spatial but
low spectral resolution and vice versa. This means a PAN has higher spatial resolution
but lower spectral resolution than an MSI and an HSI. In practice, many applications
require RS images with high spectral and spatial resolution [66]-[68]. This requirement
motivates researchers to combine a low spatial resolution but high spectral resolution
image with a high spatial resolution but low spectral resolution image to synthesize a
new image having both high spatial and spectral resolution. This process is known as
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(optical) image fusion [69]. Image fusion is a special case of image super-resolution
and is an ill-posed inverse problem. Optical RS has several kinds of image fusion
problems depending on the HR and LR images to be fused. Pansharpening [70]—[72]
and hyperspectral pansharpening [73]-[75] involve fusing of a PAN with an MSI, and
an HSI, respectively. Hypersharpening [76]—[78] is the fusion problem where the spatial
source (i.e., HR image) can be composed of several bands. Hypersharpening can be
further split into multispectral and hyperspectral (MS-HS) image fusion [79] where the
images to be fused are MSI and HSI, and MS-MS image fusion where the fused image
sources are both MSIs, e.g., the fusion of all bands of the S2 image [80], and fusion of
Landsat 8 and S2 data [81].

Existing optical RS fusion methods can be categorized into three approaches. The
first approach consists of classical component substitution (CS) and multiresolution
analysis (MRA) methods. The second approach contains model-based methods, and the
third approach includes DL-based methods.

CS AND MRA METHODS

The CS [82]-[84] and MRA [85]-[87] methods were originally developed for
pansharpening. In those methods, the sharpened images are obtained by estimating the
missing details (i.e., the high frequencies) of the LR images and injecting them into the
interpolated LR images. The main difference between CS and MRA methods is how the
details are estimated. In CS, details are estimated by substituting a component of the
MSTI in a transformed domain by the PAN. In contrast, the details are obtained in MRA
methods using a multiresolution decomposition applied to the PAN. The CS and MRA
methods have been extended for hyperspectral pansharpening [88], MS-HS fusion [89],
and S2 sharpening [90]. The limitation of the CS and MRA methods is that CS suffers
from some spectral distortion, and MRA suffers from some spatial degradation [91].

MODEL-BASED METHODS

In model-based RS image fusion methods, the fusion problem is formulated as an
ill-posed inverse problem, and the fused image is the solution to this inverse problem.
The common approach to solve this inverse problem is to regularize a regression
problem using prior knowledge (i.e., image prior) about the estimated images. One
of the most widely used characteristics is the low-rank property which is induced by
the high correlation between the bands of the RS image. Low-rank means that it is
possible to represent a multi/hyperspectral image in a lower-dimensional space. Low-
rank has been exploited in several RS image fusion methods that benefit computation
and fusion results. The representative low-rank based methods are [92]-[96] for MS-
HS image fusion, [97]-[100] for S2 sharpening, and [101], [102] for pansharpening.
The other characteristics of an RS image are spectral-spatial piece-wise smoothness,
repetitive patterns across spatial and spectral dimensions, and sparsity in a transform
domain. Those characteristics were used in many model-based methods including the
TV methods [103], [104], the non-local similarity methods [105], [106] and the methods
based on sparse representation [107], [108]. The main drawbacks of those model-based
methods are hard to design an image prior, high computation load, and sensitivity to
tuning parameters.
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DEEP LEARNING-BASED METHODS

Early RS image fusion methods using DL were inspired by the super-resolution DL
models developed for computer vision applications. Masi et al. [109] extended the three
layers CNN originally used in RGB image super-resolution [110] for pansharpening
with several maps of nonlinear radiometric indices to boost the results. Yang ef al. [111]
proposed a pansharpening method that used a residual network with high-pass filters
to estimate the missing high frequencies of MSI that obtained improvement in fusion
results and reduced running time. Similarly, residual CNNs were proposed in [112]
and [113] for S2 sharpening and MS-HS image fusion, respectively. Nowadays, more
advanced network architectures have been developed for RS image fusion. Examples are
3-D CNN [114]-[116], recurrent structure [117], [118], attention structure [119]-[121],
transformer vision [122], [123], and generative adversarial networks (GANs) [124]—
[126]. In those DL-based methods, a complex network mapping function was trained by
using a big dataset containing observation and ground truth pairs (supervised learning).
Although the supervised DL-based methods have demonstrated their efficiency and
obtained state-of-the-art results, the performance of those methods depends heavily
on the training data. In practice, it is hard to acquire the observation and ground truth
image pairs due to the high cost and sensor limitations. Thus, the training datasets
are artificially synthesized using a sensor degradation assumption. Training a network
with a synthesized dataset may not be correct for real applications [127]. Various
unsupervised DL-based methods have been proposed to overcome the limitation of
supervised DL-based methods. Most unsupervised DL-based methods [128]-[131] used
the DIP [63] that was refined to the RS image. Other unsupervised DL-based methods
are based on the spectral and spatial constraint [132], [133] and unmixing model [134],
[135].

1.3 Thesis contributions and organization

This thesis addresses image restoration in RS with particular concentration in HSI
denoising and RS image fusion. The thesis’s main contribution is to propose new
methods for HSI denoising and RS image fusion. All the proposed methods in this
thesis are unsupervised DL-based and can also be considered as hybrid model-based and
DL-based methods. The reason is that those methods require no ground truth to optimize
(train) CNN models, and the optimization of the CNN is similar to the model-based
methods in which the DIP [63] is used as a regularizer, and the DL optimizer (e.g.,
Adam [136]) plays the role of the optimization algorithm. Several novel points have
been proposed to extend the DIP in the context of RS imagery, such as the HSI sparse
and low-rank property, the RS imaging sensor modulation transfer function (MTF), and
Stein’s unbiased risk estimate (SURE) [137]. Those aspects have shown improvement
in both HSI denoising and RS image fusion.

In Chapter 2, two HSI denoising methods are presented. The first method incor-
porates the sparsity and low-rank to an unsupervised CNN. Since HSIs are spectrally
and spatially correlated, using the singular value decomposition (SVD) and the 2-D
discrete wavelet transform to obtain the low-rank representation and sparse coefficients
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of the HSIs significantly improves the denoising results and reduces the computational
complexity. One downside of the unsupervised DL denoising methods based on DIP is
that it is prone to overfitting. In DIP, the CNN is optimized by using only the corrupted
images. Therefore the output of the CNN (i.e., the denoised image) will be overfitting
the noisy image if the training iteration is too long. The second denoising method
proposed in this thesis overcomes this limitation by using SURE [137]. Here, SURE
is the unbiased estimate of the MSE of the denoised and the reference images and
is calculated without using the reference image. By using SURE, training a CNN is
unsupervised and avoids overfitting. Additionally, the proposed SURE-based method
can be extended to deal with non-Gaussian noise (e.g., Poissonian noise) and with
subspace HSI data via the SVD. Various experiments with both simulated and real
HSI datasets verify that the proposed unsupervised DL-based HSI denoising methods
using sparse, low-rank, and SURE yield good results and outperform the competitive
methods.

Chapter 3 details an unsupervised DL-based method for S2 sharpening. The novelty
of this method is that it uses a single CNN to sharpen both the 20 m and 60 m bands, and
the S2 sensors’ MTFs are embedded as a CNN layer. Those ideas are motivated by the
facts that S2 bands are highly correlated and the manufacturer provides the S2 sensors’
MTFs. By using the MTFs, the sensors’ point spread functions (PSFs) are derived and
are used for building a degradation model using convolution and downsampling. Several
experiments have been done to demonstrate the advantages of implementing a single
CNN with the sensors’ MTFs used in a convolutional layer. Four real S2 datasets are
used to evaluate the performance of the proposed method in both reduced-resolution and
full-resolution. The results show that the proposed method gives good sharpened images
and better quantitative and qualitative performance than the competitive methods.

In Chapter 4, a general framework for RS image fusion is proposed, which is based
on SURE and unsupervised CNN. A new loss function to train a CNN is derived using
SURE with a linear operator mapping an LR image to its HR space. Unlike the gener-
alized SURE [138], [139] specified for an orthogonal projection operator, the SURE
formula derived here is more straightforward and holds for any linear operator. The
advantages of the new SURE loss function are twofold. First, SURE is the unbiased
estimate of the MSE of the fused and reference images and is calculated without a
reference image. Training a CNN with the SURE loss is unsupervised and avoids over-
fitting. Second, since the linear mapping operator is a pre-processing step, incorporating
it into the SURE loss function improves the fusion results. Three RS image fusion
examples, i.e., MS-HS image fusion, S2 sharpening, and pansharpening, are addressed
in Chapter 4. In those examples, the back-projection operator [140] is chosen as the
linear operator. Experiments show that the proposed method yields superior results in
both simulated and real datasets.

The remaining of this thesis is organized as follows. Chapters 2, 3 and 4 present
the unsupervised DL methods for HSI denoising, S2 sharpening, and RS image fusion,
respectively. Chapter 5 presents some conclusions and future directions, and the
Appendix describes the datasets and evaluation metrics used in this thesis.
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CHAPTER 2

DEEP SPARSE, LOW-RANK AND SURE FOR
UNSUPERVISED HYPERSPECTRAL IMAGE DE-
NOISING

Hyperspectral image (HSI) denoising is addressed in this chapter. Two HSI denoising
methods are proposed, which both use unsupervised convolutional neural networks.

2.1 Problem formulation and motivation

An HSI is represented as a 3-D array of size h X w x d where the first two dimensions
represent spatial space and the third dimension represents spectral space. For the ease of
mathematical expression, an HSI is reshaped into either a vector by stacking a vectorized
band on top of each other, or into a matrix where each column is a vectorized band.
The denoising problem is to estimate a clean HSI, X € RV*4 having N = h x w
pixels and d bands, which is related to the observed noisy HSL, Y € RV %4 via the
observation model given by

Y=X+N, (2.1)

where N = [ni]f.l:l is an N x d matrix whose each column contains vectorized additive
noise for corresponding band, i.e., n; ~ N(0,02I), i = 1,...,d, where o; is the noise
standard deviation for the ith band.

The main motivation for developing new HSI denoising methods is to take advan-
tages of both modern DL and traditional model-based methods. Recent developments
in DL show that the structure of a CNN provides an implicit image prior called deep
image prior (DIP) [63] which can be used to to solve the ill-posed inverse problem in
image reconstruction. The reason behind the success of DIP is that a CNN provides
higher impedance to an unstructured image (e.g., noise) than an image. It means that the
CNN tends to fit an image faster than noise during its optimization. Early stopping the
optimization iterations can yield a good result. In the context of HSI denoising using
DIP, the reconstructed HSI X € RY %4 is obtained by early stopping optimization using
the following loss function [60]

Lowp(0) = Y — fo(Y)]]3, (2.2)

where X = fg(Y) is the output of the CNN with parameters 8. The optimization
problem (2.2) is similar to the one in the model-based methods and is unsupervised,
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2 Deep sparse, low-rank and SURE for unsupervised hyperspectral image denoising

because it does not require any ground truth and the DIP implicitly acts as a regularizer.
However, the limitation of DIP is that its performance depends on the CNN structure
and is prone to overftting. To maximize the use of DIP, recent works have strengthened
the DIP by incorporating with explicit prior [51], designing better CNN structure [128],
and other works have focused on reducing overfitting [141].

The work in this thesis falls into the same the above-mentioned directions, i.e.,
strengthening the DIP and overfitting avoidance, with focusing on HSI denoising.
Since HSI is a kind of image having high correlation between bands, it induces the
low-rank and sparsity. The first denoising technique exploits the sparse and low-rank
by transforming the data (i.e., using singular value decomposition (SVD) and two
dimensional discrete wavelet transform (2-D DWT)) and incorporating them with a
CNN. The second denoising technique optimizes a CNN using a loss function based
on the SURE which is an unbiased estimate of the MSE between the denoised and the
ground truth HSI. The interesting point is that the unbiased MSE estimation requires no
ground truth, thus the method is unsupervised. More importantly, the method optimizes
the (estimated) MSE with respect to the ground truth, it significantly avoids overfitting.
Experimental results demonstrate that the methods are efficient and outperform the
competitive methods in both simulated and real HSI datasets.

2.2 Deep sparse and low-rank for HSI denoising

This section presents an HSI denoising method (called DIP-SLR) based on DIP and
sparse and low-rank prior. First, with HSI data, DIP is experimentally justified that
it implies sparse and low-rank prior. Second, the sparsity and low-rank are incorpo-
rated with DIP by transforming the HSI data to leverage the performance of DIP and
accelerate the method. Finally, experiments are performed to verify the efficiency
of the proposed method. Codes of the proposed DIP-SLR method are available at
https://github.com/hvn2/DIP-SLR.

2.2.1 Deep sparse and low-rank prior in HSI

The DIP implicitly implies correlation in both spectral and spatial domain for HSIs.
This claim is justified experimentally by using the same CNN in [60] with different
inputs and outputs for the Pavia University (PU) and Washington DC Mall (DC) datasets
(refer to Appendix for datasets and evaluation metrics) as follows:

 One band input and one band output, i.e., X;J = fo(Y.1)

 Ten bands input and ten bands output, i.e., X:,MO = fo(Y.1.10)
* One hundred bands input and one hundred bands output, i.e., X:71:100 = fo (Y:71:100)
« All bands input and all bands output, i.e., X = fo(Y)

The results are shown in Fig. 2.1 in terms of peak-signal-to-noise ratio (PSNR) as a
function of iterations for both PU and DC datasets. In the case where only one band
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Figure 2.1. DIP for different number of bands.
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Figure 2.2. DIP-SLR framework.

is used at the network input and output, it means that there is no spectral correlation,
the CNN gives the worst results. For example, in Fig. 2.1a, the PSNR curve reaches a
peak at 80 iterations and decreases quickly after that indicating overfitting. The results
are improved when more bands are used at the network input and output. Therefore,
the high correlation in the spectral-spatial domain of HSI which promotes low-rank
property significantly improves the DIP performance.

Although the DIP implies low-rank property obtained by using all HSI bands for
the CNN, one of its downside is the computational burden. To overcome this downside,
an explicit rank reduction method (i.e., SVD) is applied to a noisy observed HSI and
obtained

Y ~ ZET,

where E is a d x k (k < d) matrix, and ETE = I. The N x k matrix called
"eigenimage" is computed as Z ~ YE. Replacing the high dimensional HSI, Y, by
the low dimensional eigenimage, Z, not only retains the low-rank property but also
significantly reduces the running time. In addition, it is observed that the eigenimages
have local correlation [43] by which the coefficients are sparse by using a transform
(e.g., 2-D DWT). Thus, incorporating the spare prior by using the wavelet transform to
the eigenimage, the final loss function to optimize the CNN is given by

Low-sir(0) = |Z — fo(Z)|5 + A|D fo(Z)||1, (2.3)

where D is the forward 2-D DWT basis, and A is a positive scalar controlling the
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DIP-SLR shown as PSNR (dB) as a function of iterations.

cpntribution of sparsity. The denoised HSI is obtained at the output of the CNN, i.e.,
X = fo(Z)E.

General framework of the proposed method is depicted in Fig. 2.2. There, the CNN
is an hourglass with skip connection architecture as used in [60], [63].

2.2.2 Experimental results

DATASETS AND EVALUATION METRICS

Both simulated and real datasets are used to evaluate the proposed method. The
simulated datasets are the Pavia University (PU) and Washington DC Mall (DC). The
real dataset is the Indian Pines (IP) dataset. Those datasets are described in detail in the
Appendix.

To simulate the noisy data, two parts are cropped from the PU and DC datasets
resulting in 400 x 200 x 103 and 400 x 200 x 191 data cubes for the PU and DC datasets,
respectively. Those data cubes are considered as the clean HSIs. The noisy HSIs are
generated by adding Gaussian noise to all bands. Here, we address only the identical
independent isotropic noise, i.e., 07 = 02, i = 1,...,d. The clean PU data cube is
shown as a false color image in Fig. 2.4a. In the simulated case where the references
are available, the following metrics are used: The peak-signal-to-noise-ratio (PSNR) in
decibels, the mean structural similarity index (MSSIM) and the spectral angle mapper
(SAM) in degrees. The Appendix describes all the metrics in detail. For the real IP
dataset, denoising results are evaluated visually due to the lack reference image. For
all datasets, the intensity values are normalized between 0 and 1 band-by-band before
further processing.

EVALUATION OF SPARSE AND LOW-RANK WITH DIP FOR HSI
DENOISING
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Here, the performance of sparse and low-rank prior incorporating with DIP are
examined by an ablation study using different configurations. Those configurations are
listed below:

e DIP: Only the DIP is used, the loss function to be optimized is (2.2).

* DIP-S: The DIP, and sparse prior are used, the loss function to be optimized is
Lowrps(0) =Y — fo(Y)||3 + n||Dfe(Y)| 1, where the balance parameter 7 is
a positive number.

e DIP-LR: The DIP, and low-rank prior are used, the loss function to be optimized
is Low1r(0) = ||Z — fo(Z)]]3.

* DIP-SLR (the proposed method): The DIP, sparse, and low-rank priors are used,
the loss function to be optimized is (2.3).

Fig. 2.3 shows the denoising results for the DC datasets with o = 0.1 and 0 = 0.2
using DIP, DIP-S, DIP-LR, and DIP-SLR. For DIP-SLR, k and X are manually chosen
as in Table. 2.1; for DIP-S, n = 0.07 (¢ = 0.1) and n = 0.1 (¢ = 0.2); and for DIP-LR,
k=8 (c =0.1)and k = 5 (¢ = 0.2). It is clear that DIP-SLR gives higher PSNR than
DIP, DIP-S, and DIP-LR. For higher noise level, DIP and DIP-S overfit quickly since
the PSNR curves decrease at higher iterations (see Fig. 2.3b). Overfitting is reduced
in DIP-SLR, because it uses low-rank approximation which can be considered as a
pre-denoising process.

COMPARISON WITH OTHER HSI DENOISING METHODS

This section shows the comparison of the proposed method (DIP-SLR) against the
HSI denoising methods which are based on sparse, and low-rank priors. The first method
is the 3-D Wavelet [26] which is a wavelet shrinkage denoising method using a 3-D
undecimated DWT. The second method is the HSI denoising method via noise-adjusted
iterative low-rank matrix approximation (NAILRMA) [40]. The parameters of the 3-D
Wavelet and NAILRMA methods are set as default values, while the hyperparameters
for DIP-SLR (i.e., k and )\) are listed as in Table 2.1.

Table 2.1. Hyperparameter setting for DIP-SLR.

Parameters DC PU

o 0.1 02 01 02
025 055 02 05
8 6 4 4

For the simulated datasets, the quantitative and qualitative results are given in
Tables 2.2 and 2.3 and Fig. 2.4, respectively. Note that the results for DIP-SLR in
Tables 2.2 and 2.3 are obtained based on the highest PSNR during 3000 iterations. In
the real applications, there is no criteria for stopping the iterations, and the results have
to be observed based on empirical visualization. The results in Table 2.2 and Table 2.3
highlight that DIP-SLR outperforms the competitive methods in all evaluation metrics
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for all datasets. Visual judgment of the denoised images for the PU dataset (0 = 0.2)
using all methods pictured in Fig. 2.4 reveals that 3-D Wavelet and NAILRMA cannot
completely remove the noise, while DIP-SLR gives good results and looks similar to
the reference image.

For the real IP dataset, the same setting for all methods as in the simulated case
are used, and the stopping iteration for DIP-SLR is manually chosen as 1000 iterations
by monitoring the denoised image visually. The restored images are shown in Fig. 2.5.
Apparently, noise is still visible in the 3-D Wavelet results. Both NAILRMA and
DIP-SLR successfully remove the noise and give clean denoised images. However,
NAILRMA cannot remove the dead pixel noise that exists in bands 105 and 220.
Running times for all methods are also given in Fig. 2.5 where the fastest to slowest
methods are ranked as: 3-D Wavelet, DIP-SLR, and NAILRMA. Note that 3-D Wavelet
and NAILMA were implemented in Matlab using a Linux computer of 16 GB of RAM,
3.2 GHz of Intel Core 17-6900K CPU, and DIP-SLR was implemented using the same
computer and was run in GPU mode (12 GB Nvidia TitanX).

Table 2.2. Quantitative results for denoising PU dataset. The uparrow (1) means that
higher values are better, the downarrow (|) means that the lower values are better. Best
results are in bold.

Dataset Noise std. dev. Metrics Noisy  3-D Wavelet NAILRMA DIP-SLR
PSNR (dB)t 20.00  33.82 34.99 36.23
0.1 MSSIM? 0324 0911 0917 0.943
PU SAM (°),  29.185 5.597 4.672 3.853
PSNR (dB)! 13.97  30.18 30.18 32.86
0.2 MSSIMT  0.127 0813 0.803 0.889
SAM (°), 46732 7.817 7.084 4.916

Table 2.3. Quantitative results for denoising the DC dataset. The uparrow (1) means
that higher values are better, the downarrow (].) means that the lower values are better.
Best results are in bold.

Dataset  Noise std. dev. Metrics Noisy  3-D Wavelet NAILRMA DIP-SLR
PSNR (dB)t 20.00  31.47 36.2 37.02
0.1 MSSIMT 0361  0.888 0.941 0.965
DC SAM (°)] 20969 5.467 2.806 2.428
PSNR (dB)! 1397  28.03 31.22 33.67
02 MSSIMT  0.155  0.789 0.862 0.937
SAM (°),  37.080 7.877 4736 3.498
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(a) Reference (b) Noisy (c) 3-D Wavelet (d) NAILRMA (e) DIP-SLR

Figure 2.4. Denoising results for the PU dataset (¢ = 0.2). The bottom parts
(200 x 200 pixels) are shown in false color images using bands 57, 27, and 17.

2.3 Deep SURE-based unsupervised HSI denoising

One of the limitation of the DIP is overfitting, because optimization of the loss func-
tion (2.2) until convergence results in an approximation of the input (noisy image) at
the output. To overcome this problem, a new loss function which is derived by SURE
is proposed. In HSI denoising, SURE is an unbiased estimate of the MSE between
the estimated and the ground truth images, and is computed by using only the noisy
image. Therefore, optimization a CNN with the SURE-based loss function is not only
unsupervised but also avoids overfitting. Moreover, the proposed denoising method
based on SURE and unsupervised CNN is capable to remove the non-Gaussian noise,
and works with reduce-rank data to reduce the running time. In the following, the
proposed method is called SURE-CNN for short. Codes of the SURE-CNN method are
available at https://github.com/hvn2/HSI_Denoising_SURE_CNN.

2.3.1 The SURE-based unsupervised CNN HSI denoising method

THE SURE LOSS FUNCTION

For the ease of mathematical formulation, in this section, images are represented as
vectors. The model (2.1) is rewritten in vector form as

y=x+n, 24

where x € RV4*1 and y € RVX! are clean and noisy HSIs, respectively. The additive
noise is represented by n ~ A (0, ), where € is a block diagonal matrix with the ith
diagonal element is o21.

As discussing above, a DIP denoising method using the loss function (2.2) is prone
to overfitting. To avoid overfitting, a loss function should involve with the ground truth
such as,

R =E|x— fo(y)ll3, (2.5)

where E is the expectation. However, x is not observed and therefore R is not com-
putable. To make use of (2.5), R is exchanged to its unbiased estimate, R, using
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(a) Observation (b) 3-D Wavelet (3.4s)  (c) NAILRMA (68.7 s) (d) DIP-SLR (27.3 s)

Figure 2.5. Denoising results for the IP dataset. Top to bottom rows are the observed
noisy and denoised bands 2, 105 and 220. The numbers given in brackets are the
running time in seconds. Smallest running time is bold.

SURE [137], given by

R=Ely - fo3) 13 + 2:(2220)) — ], @6

where tr(-) is the trace of a square matrix. For any variable z, the unbiased estimate
of E[z] is z. Therefore, the SURE-based loss function is obtained by dropping the
expectation in (2.6), given by

Lsure(0) = ||y — fo(y)|3 + 2tr(Q 8fg}(’y)) — tr(£2). 2.7

Training a CNN with the loss function (2.7) not only avoids overfitting but also is
unsupervised since it does not require any ground truth.

Computation of the network divergence (i.e., the trace of the CNN output Jacobian
matrix tr(%;y))) is hard, because the CNN is a non-linear function and there is
not available a close form for the Jacobian matrix. Recent DL frameworks, such as
Tensorflow and Pytorch, are able to compute the exact value of the network divergence,
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2.3 Deep SURE-based unsupervised HSI denoising

but it is very inefficient in terms of memory and running time [142]. This limits the
SURE loss function in practice, since the network divergence is needed to compute for
every training iteration. A solution for fast computing the network divergence is to use
the Monte-Carlo SURE (MC SURE) approximation [143] as follows,

dfe(y) fo(y + Bb) — fo(y)
dy B ’
where b is a vector drawn from Gaussian distribution with zero mean and unit variance,

and S is a small number. Integrating the MC SURE approximation of the network
divergence to (2.7), the final SURE-based loss function is

fo(y + Bb) — fo(y)
5

In a real application, the noise standard deviation o; is unknown. It is estimated using
the HySime algorithm [144] or the median absolute deviation estimator in the highest
subband (HH) of the wavelet transform of each band as in [145]

tr(Q ) ~ b’

Lsure(0) = |ly — fo(y)|3 +2b" Q2

— tr(9). 2.8)

R median( ‘Wg)H’ ) ‘

;= aia=1,..., 2.
7 0.6745 ! p 2:9)

EXTENSION OF SURE FOR NON-GAUSSIAN NOISE REMOVAL AND
FOR SUBSPACE-BASED DENOISING

Theoretically, the assumption under SURE is Gaussian distribution. However,
SURE-CNN can be extended to deal with non-Gaussian noise such as Poissonian
noise. For Poissonian noise, the noisy data are approximated to Gaussian one [43]
by applied the Anscombe transform [146]. Then, the approximated Gaussian noisy
data are denoised using the SURE-CNN method and the results are inverse-Anscombe
transformed to obtain the final denoised HSI. Algorithm 1 below details the steps of
SURE-CNN applied for Poissonian noise removal.

Algorithm 1: Poissionian noise removal using SURE-CNN.

1. Input: Additive Poissionian noisy HSI'Y.

2. Approximate Gaussian noise from Poissionian noise by applying Anscombe
transform, Y = 24/Y + %.

3. Denoise Y using SURE-CNN, Z = f(Y).

4. Output: Inverse Anscombe transform to obtaine denoised image,

~

2 -
X= (%) -2

The SURE-CNN HSI denoising method works with big volumetric data, and it
may run slowly. To accelerate the method, the noisy HSI is reduced its dimension by
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utilizing a dimensionality reduction technique, e.g., the SVD. For a noisy HSI in matrix
form, Y, we can write (by using SVD)

Y ~ ZET,

where E € R™*(k < d) is a matrix containing the orthonormal basis that spans Y (i.e.,
ETE = I,). The matrix Z (called eigenimage) are the coefficients of Y represented
in E, and are computed as Z ~ YE. Since Z is the result of a linear transformation
of Y, it also follows a Gaussian distribution with zero mean and covariance of EQET.
Then, the SURE-CNN denoising method is applied to the eigenimage. Note that the
eigenimage has a low (spectral) dimension of £ < d, therefore the running time is
significantly reduced. Finally, the the denoised eigenimage is transformed back to the
original HSI space to obtain the noise removal HSI. The above-mentioned procedure is
call as the subspace SURE-CNN and is described in Algorithm 2.

Algorithm 2: The subspace SURE-CNN HSI denoising algorithm.

1. Imput: Noisy HSI Y, dimension of subspace k.
2. Find a subspace base E using SVD, compute noisy eigenimage, Z = YE.
3. Denoise noisy eigenimages using SURE-CNN, 7= fo(Z).

4. Output: Transform denoised eigenimage to denoised HSI, X = ZET.

2.3.2 CNN architecture

Inspired by the success of the skip-connection CNN [60], [63] which was proved to
provide strong DIP, the CNN used with SURE for HSI denoising is also a kind of
skip-connection CNN. Fig 2.6 shows the network structure. It consists of three main
parts: The encoder part, the decoder part, and the skip connection part. The encoder
part is composed of K blocks of convolutional and LeakyReLLU (conv-relu) layers are
stacked consecutively. The decoder part is also composed of K block of conv-relu
layers and one convolutional layer at the output. In each block of the encoder and
decoder, a convolutional layer has 128 filters, a filter size of 3, and a stride of 1. The
last convolutional layer in decoder has d filters, the filter size and strides of 1, and and is
followed by the Sigmoid activation function. The encoder extracts feature maps of the
input image and merges those feature maps with the decoder via the skip connections.
Each skip connection is a convolutional layer with F' filters, and the filter size, stride,
and activation function are the same as the those in the convolutional layer of the
encoder and decoder. Denoised HSI image is obtained at the output of the last layer in
the decoder. The proposed network is different from the networks in [60], [63] since
the downsampling, upsampling and the batchnormalization layers are not used. Instead,
the spatial size of the HSI is kept constant throughout the network. Although using
the downsampling and upsampling layers narrow down the network scale and reduce
running time but they may lose information, and the batchnormalization layers do not
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Figure 2.6. SURE-CNN network structure. Conv-128-3-1 represents a convolutional
layer with 128 filters of kernel size 3 and stride 1. The number of conv-relu blocks is
K =5, and the number of filters in a skip connection layer is F' = 5.

improve the result. The network is optimized with the SURE loss as in (2.8) using the
Adam [136] optimizer with a learning rate of 0.001, and is implemented in Tensorflow
2.0.

The network depth, i.e., the numbers of conv-relu blocks, K, and the numbers of
filters, F', in the skip connection layers, directly influences to the DIP and the results.
To find a network depth which best suits to the HSI denoising problem, an experiment
with the PU dataset has been conducted. In this experiment, the values of PSNR during
training are monitored with respect to different values of K and F'. Fig. 2.7a and
Fig. 2.7b show the PSNR as a function of training iterations for K € {3, 5, 7} and
F =5, and for F' € {5, 25, 64} and K = 5, respectively. Table 2.4 gives the PSNR
for the networks using various values of K and F, for different cases of noise. By
addressing those parameters, the network with five conv-relu blocks (K = 5) and five
filters (F' = 5) in the skip connection is chosen, since it gives the best trade-off between
PSNR and the network complexity.

2.3.3 Experimental results
DATASETS AND EVALUATION METRICS

The datasets used in the experiments are both simulated and real datasets. The
simulated datasets are the PU and DC datasets, and the real datasets are the IP and the
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Table 2.4. The SURE-CNN performance given by PSNR in dB for different conv-relu
blocks K and number of filters F' in the skip connection layers for various cases of
noise. The results are the average values over 10 runs.

n =20
K=3 3090 37.23 34.94
F=5 ' kg_5 3145 3734 35.29
K=7 3150 37.03 35.37
F=5 3145 3734 35.29
K=5 p_25 3090 36.89 35.05
F=64 3067 3693 34.78

Urban (UB) datasets. Those datasets are detailed in the Appendix. The DC and PU
datasets are assumed to be noise-free HSIs. Small parts of 400 x 200 x 191 for the DC
dataset and 400 x 200 x 103 for the PU dataset, respectively, are used to simulate the
noisy HSIs by adding noise. The intensity values are normalized band-by-band between
0 and 1 before adding the noise. The noisy simulated datasets are created as follows:

1. Case 1: Isotropic Gaussian noise with zero mean and standard deviation o is

added to each band, i.e., 02 = o2. We consider the following values of standard

;=

deviation, o € {0.05, 0.1, 0.2, 0.3}.

2. Case 2: Band-wise Gaussian noise with zero mean and variance that varies
according to a bell shape is added to each band. The variance varies according to
_ Gi=d/2)?

2
2 2 e 2n

R S — (2.10)

_(i=d/2)2

Z;l:l e =

where o = 1 and n = 20 are two numbers that control the noise intensity and the
bell width, respectively.

3. Case 3: A zero mean Gaussian noise is added to each band. The standard
deviation for each band is drawn from a uniform distribution between 0.1 and 0.2
(0; ~U(0.1,0.2)).

The real datasets (IP and UB) are contaminated by various types of noise, such as
Gaussian noise, Poissonian noise, stripped noise, and missing pixels noise.

To evaluate the denoising performance in the simulated case where the references
are available, the same metrics used in Section 2.2.2 (the PSNR, MSSIM and SAM) are
used. In the real datasets case, only visually inspection is concerned since there is no
ground truth.

PARAMETERS VALIDATION
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Figure 2.7. PSNR as a function of iterations by SURE-CNN for different numbers
conv-relu blocks K, and number of filters F' in the skip connection layers. The results
are the average values over 10 runs.

This section validates that SURE is an unbiased estimate of the MSE and training
the CNN with SURE loss function avoids overfitting. Fig. 2.8 shows the training losses
and the true MSEs as functions of training iterations for both PU and DC datasets in
denoising Case 1 with 0 = 0.3. In these experiments, the CNN structure as in Fig. 2.6
is used. The training losses are the SURE and the DIP (fidelity) losses, and the true
MSEs are computed between the denoised and ground truth HSIs. It can be seen that
the SURE loss approximates almost perfectly the true MSE while the DIP loss fails to
do so. Furthermore, the network that uses DIP loss tends to overfit at 300 iterations
(for PU) and 400 iterations (for DC), because the training loss decreases while the true
MSE starts increasing. Therefore, training the network with DIP loss needs a validation
scheme, such as early stopping, to reach an optimal point. However, in a real application
it is hard to choose an optimal stopping point due to the lack of ground truth. On the
other hand, the network using SURE loss does not overfit, thus it does not require early
stopping. This makes the SURE-CNN method more feasible in practice.

Next, the SURE loss with noise standard deviation o; estimated by the wavelet (2.9)
and the HySime algorithms are evaluated. Fig. 2.9a and Fig. 2.9¢ depict the true o;
in (2.10) and their estimated values by wavelet and HySime algorithms for the PU and
DC datasets, respectively. Fig. 2.9b and Fig. 2.9d show the SURE loss using o; and 7;
with the CNN sketched in Fig. 2.6, for denoising Case 2 of the PU, and DC datasets,
respectively. It is observed from these figures that both wavelet and HySime give a
relatively good estimate of the true o;, and there is almost no difference in the SURE
loss between using true o; and estimated o;.

Furthermore, the performance of different CNN architectures using SURE loss is
assessed. Fig. 2.10 shows the SURE loss and the true MSE during training using the
modified UNet [63] and the ResNet [112] for denoising of the PU and DC datasets in
Case 1 with 0 = 0.3. The numbers of input and output channels for both the UNet and
ResNet are changed to fit with HSI data. For the UNet, the number of filters in the skip
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Figure 2.8. The true MSE, SURE and DIP (fidelity) loss for denoising Case 1 with
o=0.3.

connections is 4. The number of residual blocks in the ResNet is 5. It is clearly verified
that the SURE loss works well for both UNet and ResNet structures. The PSNR, for
each dataset and network, shows that the UNet gives approximately 2 dB higher than
the ResNet for the same number of training iterations.

PERFORMANCE EVALUATION USING SIMULATED DATASETS

Here, with the simulated DC and PU datasets, the performance of SURE-CNN and
the competitive methods are presented by using quantitative metrics and visualization
of the denoised images. SURE-CNN is compared to the following competitive methods:
Two HSI denoising method based on tensor decomposition that are low-rank tensor
approximation (LRTA) [37], and tensor learning dictionary (TDL) [38], an HSI de-
noising method using the first-order spectral roughness penalty in the wavelet domain
(FORPDN) [28], the nonlocal transform-domain filter for volumetric data (BM4D) [27],
an HSI denoising method via noise-adjusted iterative low-rank matrix approximation
(NAILRMA) [40], an HSI restoration technique using sparse and low-rank model
(HyRes) [42], and the fast HSI denoising and inpainting based on low-rank and sparse
representation (FastHyDe) [43]. All the competitive methods use the parameters recom-
mended in the corresponding papers. The proposed SURE-CNN method uses the CNN
architecture as shown in Fig 2.6 (KX = 5 and F' = 5), and the noise standard deviation
0; is estimated by the wavelet algorithm (2.9).

The denoising results are given in Table 2.5 and Table 2.6 in terms of PSNR,
MSSIM, and SAM for the DC and PU datasets, respectively. The PSNR and MSSIM of
SURE-CNN are higher than other methods in most cases. For high noise levels, such
as in Case 1 with o € {0.3, 0.2, 0.1}, and in Case 3, SURE-CNN outperforms all the
competitive methods. The margins are nearly 0.4 dB of PSNR, and a few percents of
MSSIM in comparison with the second best method, FastHyDe. However, FastHyDe
gives the best PSNR in Case 1 with ¢ = 0.05 for both DC and PU datasets; and HyRes
gives the best PSNR and MSSIM in Case 2 for the DC dataset.
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Figure 2.9. The true and estimated noise standard deviations, and the SURE loss using
true and estimated noise standard deviation compared with the true MSE for denoising
Case 2 with o = 1,1 = 20 with the PU and DC dataset.

The denoising results for Case 1 (¢ = 0.3), Case 2 and Case 3 are pictured to
demonstrate the visual quality. Figs. 2.11, 2.12, and 2.13 show the denoised results of
a sub-scene of band 60 of the DC dataset, while Figs. 2.14, 2.15, and 2.16 show the
denoised results of a sub-scene of band 60 of the PU dataset. LRTA, TDL, FORPDN and
NAIRLMA can not completely remove the noise as there is still noise in the denoised
images. BM4D gives over-smooth denoised images. HyRes, FastHyDe, and SURE-
CNN work well in filtering out the noise in all cases and provide clean denoised images.
But, for denoising PU dataset Case 1 (Fig. 2.11), and Case 2 (Fig. 2.12), HyRes is
slightly worse than FastHyDe and SURE-CNN.

PERFORMANCE EVALUATION USING REAL DATASETS

The results by means of visual perception of the denoised images for the real IP
and UB datasets are shown here. To obtain the results, the proposed method and the
competitive methods are run with the parameters set as in the simulated case. SURE-
CNN are run 500 iterations for the IP dataset and 150 iterations for the UB dataset.
Fig. 2.17 shows the denoising results for the IP dataset. Since the dominant noise in
the IP dataset is Gaussian noise, all the denoising methods significantly remove the
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Figure 2.10. The SURE loss and true MSE of the ResNet and UNet for denoising Case 1
with o = 0.3.

noise and improve the visual quality of the denoised images. However, FORPDN
produces artifacts. The denoised images by BM4D are over-smooth. For the strongly
contaminated noise band such as band 104, only SURE-CNN can recover the image
from noise while all the other methods fail to remove the noise.

The denoised UB dataset is shown in Fig. 2.18. It is harder to remove the noise in
the UB dataset because it contains mixed types of Gaussian and stripped noise. All the
competitive methods can filter out the Gaussian noise, but they are unable to remove the
stripped noise. It is easy to recognize that SURE-CNN can separate the images from all
types of noise. Specifically, for very strongly noise affected bands such as bands 144
and 208, SURE-CNN yields very clean denoised images, in contrast to the competitive
methods. It is also noticed that, for bands 108 and 139, which have low noise levels,
FORPDN and NAILRMA also work well.

PERFORMANCE EVALUATION OF SUBSPACE SURE-CNN AND
SURE-CNN FOR POISSIONIAN NOISE REMOVAL

As discussed above, the SURE-CNN method applying to the reduced dimensional
data can benefit the running time and may improve the result since the dimensionality
reduction is a pre-denoising technique. To validate the claim, experiments are conducted
using the simulated PU and DC datasets in Case 1 with ¢ = 0.3. The subspace is found
by using SVD. The subspace SURE-CNN performance is evaluated in term of PSNR
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2.3 Deep SURE-based unsupervised HSI denoising

Table 2.5. Denoising for the DC dataset using different methods. The evaluated metrics
are PSNR in dB, MSSIM, and SAM in degrees. The results are the average values over
10 runs. The standard deviations for PSNR, MSSIM, and SAM in each method are less
than 0.1 dB, 0.0008, and 0.03 degrees, respectively. Best results are in bold.

DC  Noise level Metic  Noisy LRTA TDL  FORPDN BM4D NAILRMA HyRes FastHyDe SURE-CNN
PSNRT 2602 37.65 4043 3527 3654 4073 4049 4173 4132
o =0.05 MSSIMT  0.628 0962 0981  0.946 0955 0977 0979  0.983 0.987
SAM| 10910 2.626 1781 2919 3516 1.765 1744 1506 1.555
PSNRT 2000 3413 3524 32.39 3249 3620 3662 37175 37.89
Casel =01 MSSIMT 03617 0934 0952  0.898 0899  0.942 0949 0962 0973
SAM| 20977 3595 3.005 4521 4881 2816 2645 2.266 2.266
PSNRT 1398 30.18 3041 29.39 2878 31.3 3215 3398 34.15
o=02 MSSIMt  0.1549 0867 0870 0818 0792 0862 0888 0924 0.941
SAM| 37072 5228 5.174  6.834 6819 4725 4208 3321 3.390
PSNRT 1046 2785 2833 2748 2673 2823 2990 31.84 3207
o =03 MSSIMT  0.081 0799 0808  0.740 0698 0793 0834 0892 0911
SAM| 48258 6581 6490 8.653 8232 6448 5332 4281 4439
PSNRT 2281 24.809 24.59 34.19 3406 38.60 4059 3975 39.86
Case2 o=11=20 ‘\vssiMt 0743 0785 0790 0956 0955  0.985 0.990  0.985 0.985
SAM| 15515 12392 12.663 3.829 3956 2.074 1685  1.876 1.808
PSNRT 1652 2487 2949  30.59 3037 33.52 3457 3564 35.87
Case3 o ~U(0.1,02) Mot 02475 0594 0803  0.853 0.844  0.906 0925  0.942 0.959
SAM, 29517 11940 6731 5.787 5800  3.705 3264 2819 2.816

in decibels and running time in seconds. For the denoising Case 1 with o = 0.3, the
denoising process is run over 500 iterations, since the loss does not decrease more. The
hardware is a Linux computer equipped with an Nvidia TitanX GPU of 12 GB memory.
Fig. 2.19 shows the PSNR and running time of SURE-CNN in different subspace
dimensions, and the full-rank dimension (i.e., do not use subspace). It is shown that the
subspace SURE-CNN not only reduces the running time but also improves the PSNR
over the full-rank HSI, such as kg,;, = 5 gives PNSR = 32.39 dB for the PU dataset,
and K, = 10 gives PSNR = 32.65 dB for the DC dataset. The results are pictured in
Fig. 2.20 for bands 60 of both datasets.

Results for denoising Poissionian noise are shown in Fig. 2.21 using the PU dataset.
SURE-CNN is compared against FastHyDe [43]. Both methods give good results and
FastHyDe is better than SURE-CNN for lower noise case, but SURE-CNN outperforms
FastHyDe in the higher noise case.

2.3.4 Further discussions

Further discussions on the comparison performance between SURE-CNN and the

DL-based methods and the running time are presented in this section.
COMPARISON OF SURE-CNN AND THE DL-BASED METHODS

The first method to be compared is a supervised DL denoising method, HSI-
SDeCNN, proposed in [53]. The second method is an unsupervised DL denoising
method, DIP-HSI, proposed in [60]. HSI-SDeCNN used a CNN which was trained
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Table 2.6. Denoising for the PU dataset using different methods. The evaluated metrics
are PSNR in dB, MSSIM, and SAM in degrees. The results are the average values over
10 runs. The standard deviations for PSNR, MSSIM, and SAM in each method are less
than 0.06 dB, 0.0006, and 0.01 degrees, respectively. Best results are in bold.

PU  Noise level Metic  Noisy LRTA TDL  FORPDN BM4D NAILRMA HyRes FastHyDe SURE-CNN
PSNRT 2602 3567 3924 37.84 3801 3846 3875 39.62 39.17
o =005 MSSIMT 0593 0922 0967 0955 0957 0959 0963  0.970 0.969
SAM| 16584 5172 3287 3.934 3938 3752 3541 3.185 3.149
PSNRT 2000 3243 3546 3426 3435 34.65 3524 3675 37.12
Casel =01 MSSIMT 0320 0.863 0935  0.904 0914 0910 0925 0950 0.955
SAM|  20.683 6462 4559  5.536 5495 5336 4845  4.053 3.643
PSNRT 1398 2881 31.68 3033 3039 3020 3167 33.62 3391
=02 MSSIMT 0.125 0741 0868 0.795 0815 0.800 0852 0913 0.918
SAM| 47376 7947 5952 7915 7892 7.689 6571 5287 4.695
PSNRT 1046 2653 2938 27.86 2825 2747 2069 3175 3191
o=03 MSSIMT 0062 0629 0799  0.689 0723 0.694 0790  0.878 0.878
SAM|  57.886 9401 6937 9.670 9.545 9501 7520 6334 5769
PSNRT 2013 2567 2681 3506 3483 3549 3632 37.19 37.66
Case2 0=1n=20 osiM 0403 0612 0699 0920 0921 0926 0940 0952 0.957
SAM| 29304 16609 14.081 5.326 5235 4875 4284 3916 3.593
PSNRT 1663 2536 2838 3191 3213 3240 3354 34.98 35.67
Case3 o ~U0.1,02) \ogiMr 0212 0573 0740 0.855 0.867  0.866 0899 0932 0.941
SAM|  39.816 16371 11497 6.840 7272 6.448 5766 4755 4269

using small noisy-clean image patches extracted from the synthesis DC dataset. As
shown in [53], HSI-SDeCNN concerned the noisy simulated dataset only as in Case
1 with various values of o. The experimental results presented here are carried out
by using a pre-trained network for HSI-SDeCNN, a 2-D CNN for DIP-HSI (default
setting), and the setting as used in the simulated cases for SURE-CNN. To be fair, all
the methods are tested on the simulated dataset that was used in [53]. It is a part of the
DC dataset which has 200 x 200 pixels of 191 bands. It is shown in false color using
bands 57, 27, and 17 in the first column of Fig. 2.22.

Table 2.7, and Figs. 2.22 shows the denoising results using SURE-CNN and com-
petitive DL-based methods. SURE-CNN outperforms HSI-SDeCNN and DIP-HSI in
terms of PSNR and MSSIM. Also, the denoised images from SURE-CNN are cleaner
than the denoised images obtained by HSI-SDeCNN and DIP-HSI.

RUNNING TIME

Running times for all methods for denoising the IP and UB datasets are given in
Table 2.8. There, SURE-CNN implemented using Tensorflow 2.0 GPU was run on a
Linux computer with eight cores Intel CPU 3.2 GHz, 64 GB of RAM and the Nvidia
Titan X GPU of 12 GB memory. The remaining denoising methods are implemented
using Matlab R2019b, and were run on the same computer. The fastest method is
FastHyDe with less than 1 second for denoising the IP and UB datasets, while BM4D
is the slowest method. The average running time of SURE-CNN is in the middle
between the slow group methods (BM4D, and NAILRMA) and the fast group methods
(FastHyDe, HyRes, and FORPDN). SURE-CNN running time is 89.87 seconds for the
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(a) Reference image  (b) Noisy image (c) LRTA (d) TDL (e) FORPDN

() BM4D (g) NAILRMA (h) HyRes (i) FastHyDe (j) SURE-CNN

Figure 2.11. Denoising for the DC dataset band 60, Case I with o = 0.3, using
different methods. The green square is a zoomed-in area shown in the red square.

IP dataset and 126.42 seconds for the UB dataset.

2.4 Conclusions

Two new HSI denoising methods are proposed, which both are unsupervised DL-
based methods. The first method (DIP-SLR) explicitly exploits the sparse and low-rank
characteristic of HSI and incorporated those characteristic with the DIP, where the results
and the computational efficiency are improved. The second method (SURE-CNN) uses
the SURE-based loss function to train a CNN which overcomes the overfitting problem.
SURE-CNN can be also extended to work with non-Gaussian noise and with the low-
rank data to leverage the results and reduce the running time. However, there are
still some open questions such as the exact computation of the network divergence in
SURE-CNN, the automatic parameter selection for DIP-SLR and denoising of other
noise kinds (e.g., stripped noise, salt and pepper noise), that will be concerned in the
future work.
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(a) Reference image  (b) Noisy image (c) LRTA (d) TDL (e) FORPDN

(f) BM4D () NAILRMA (h) HyRes (i) FastHyDe (j) SURE-CNN

Figure 2.12. Denoising for the DC dataset band 60, Case 2 with o = 1,71 = 20, using
different methods. The green square is a zoomed-in area shown in the red square.

(a) Reference image  (b) Noisy image (c¢) LRTA (d) TDL (e) FORPDN

(f) BM4D (g) NAILRMA (h) HyRes (i) FastHyDe (j) SURE-CNN

Figure 2.13. Denoising for the DC dataset band 60, Case 3 with o ~ U(0.1,0.2), using
different methods. The green square is a zoomed-in area shown in the red square.
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(a) Reference image  (b) Noisy image (c) LRTA (d) TDL (e) FORPDN

(f) BM4D () NAILRMA (h) HyRes (i) FastHyDe (j) SURE-CNN

Figure 2.14. Denoising for the PU dataset band 60, Case 1 with o = 0.3, using
different methods. The green square is a zoomed-in area shown in the red square.

(a) Reference image  (b) Noisy image (c¢) LRTA (d) TDL (e) FORPDN

(f) BM4D (g) NAILRMA (h) HyRes (i) FastHyDe (j) SURE-CNN

Figure 2.15. Denoising for the PU dataset band 60, Case 2 with o0 = 1,1 = 20, using
different methods. The green square is a zoomed-in area shown in the red square.
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(a) Reference image  (b) Noisy image (c¢) LRTA (d) TDL (e) FORPDN

(f) BM4D (g) NAILRMA (h) HyRes (i) FastHyDe (j) SURE-CNN

Figure 2.16. Denoising for the PU dataset band 60, Case 3 with o = U(0.1,0.2), using
different methods. The green square is a zoomed-in area shown in the red square.

Observation FORPDN NAILRMA FastHyDe SURE CNN

Figure 2.17. Denoising for the IP dataset using different methods, from top to bottom:
bands 2, 104, 149, and 219.
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Observation FORPDN NAILRMA

Figure 2.18. Denoising for the UB dataset using different methods, from top to bottom:
bands 108, 139, 144, and 208.
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Figure 2.19. Subspace SURE-CNN for denoising in Case I with o = 0.3. The green
markers show SURE-CNN in full-rank (no subspace).
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(a) Reference image (DC) (b) Noisy image (DC) (c) Subspace SURE-CNN
(ksup = 10)

(d) Reference image (PU)  (e) Noisy image (PU) (f) Subspace SURE-CNN
(ksub =5)

Figure 2.20. Denoising results using Subspace SURE-CNN for the DC and PU datasets,
band 60.

(a) Reference image (PU) (b) Noisy image, (c) FastHyDe, (d) SURE-CNN,
PSNR=26.48 dB PSNR=39.94 dB PSNR=39.14

(e) Noisy image, (f) FastHyDe, PSNR=35.19 (g) SURE-CNN,
PSNR=21.47 dB dB PSNR=36.06

Figure 2.21. Poissionian denoising results using SURE-CNN for PU dataset, band 60.
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Table 2.7. Denoising results given by PSNR in dB and MSSIM using DL-based methods.
The results are the average values over 10 runs. The standard deviations for PSRN and
MSSIM in each method are less than 0.06 dB and 0.0005, respectively. Best results are

in bold.

. . . HSI- DIP- SURE-
Noise level Metric Noisy SDeCNN  HSI CNN
o = 25/255 PSNR (dB)t 20.17 33.18 3488 36.07

MSSIMT 0.491 0.963 0.949  0.975
o = 50/255 PSNR (dB)t 14.15 31.03 3120 33.23
MSSIM?T 0.238 0918 0.924  0.953
o = 100/255 PSNR (dB)t  8.13 27.65 27.71 28.98
MSSIMT 0.080 0.852 0.825 0.888

Table 2.8. Average running time (in seconds) over 5 runs for different denoising
methods. The standard deviations of SURE-CNN are 1.54 and 2.30 seconds for the IP

and UB datasets, respectively. Best results are in bold.

NAIL- SURE-
Dataset FORPDN BM4D RMA HyRes FastHyDe CNN
1P 2.08 281.21 94.09 1.19 0.15 89.87
UB 5.79 12377  362.44 3.99 0.79 126.42
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Ji51.5DeCN SuRE c

(a) Reference image  (b) Noisy image (c) DIP-HSI (d) HSI-SDeCNN (e) SURE-CNN

Noisy image oip-rst +451.5DeCNN SURE-CAN

(f) Reference image  (g) Noisy image (h) DIP-HSI (i) HSI-SDeCNN (j) SURE-CNN

D! 51.5DeCNN SURE C

Reference image N

(k) Reference image (1) Noisy image (m) DIP-HSI (n) HSI-SDeCNN (0) SURE-CNN
Figure 2.22. Denoising results for isotropic Gaussian noisy data (a part of the DC

dataset) with o = 25/255 (a-e), o = 50/255 (f-j) and o = 100/255 (k-0) using
DL-based methods.
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CHAPTER 3

SENTINEL 2 IMAGE FUSION USING UNSUPER-
VISED CONVOLUTIONAL NEURAL NETWORK

The recently launched Sentinel-2 (S2) constellation provides multi-resolution MSI at 10
m, 20 m and 60 m, which is useful in many remote sensing applications. To maximize
the use of the S2 spectral and spatial resolution, this chapter introduces a fusion method
to obtain all S2 bands at their maximum resolution (10 m). The S2 fusion proposed
here uses a single unsupervised CNN for sharpening both the 20 m and 60 m bands
simultaneously, and also takes into account the degradation model which is based on
the S2 sensors’ modulation transfer functions (MTFs). Hereafter in this chapter, the
proposed method is called S2SUCNN for short. Codes of the S2SUCNN method are
available at https://github.com/hvn2/S2S_UCNN.

3.1 Problem formulation and motivation

S2 is a constellation of two polar-orbiting satellites S2A and S2B placed in the same
sun-synchronous orbit and phased at 180° to each other. The twin satellites cover almost
all the Earth’s land surface with a revisit time of five days. The S2 MSI has 13 spectral
bands. Four bands at visible and NIR wavelength region have a spatial resolution of 10
m. Six bands at shortwave infrared spectrum have a spatial resolution of 20 m. Three
bands have 60 m resolution, which are used for atmospheric correction. S2 sharpening
(fusion) is categorized as a hypersharpening technique and also can be considered as a
special case of the pansharpening problem where the PAN is the 10 m bands and the LR
images are the 20 m and the 60 m bands. However, S2 sharpening is more difficult than
pansharpening since the spectrum of the 10 m bands only partially overlaps the spectrum
of the 20 m and 60 m bands, and the LR bands have more than one resolution ratios
(i-e., the resolution ratios are 2 and 6 for the 20 m and the 60 m bands, respectively),
while in pansharpening the PAN usually has spectrum fully overlapping the spectrum of
the MSI, and there is only one resolution ratio between the PAN and MSL
S2 sharpening is the problem of estimating the HR image (10 m) of the 20 m and 60
m bands subject to the observation model behind the LR and (unknown) HR images,
which is given by
y = Hx + ¢, 3.1

where x € RM*1 and y € RV*! (M = r2N, where r is the HR and LR ratio) are the
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original HR and LR images, respectively. The degradation operator H € RM*¥ is a
block diagonal matrix, i.e.,

H = bdiag(H,, Ho, ..., Hy)

where L = 12 is the number of bands (band 10 is ignored since it does not contain the
Earth’s surface information). For the ¢th band, the degradation operator H; is composed
of blurring and downsampling operators and is written as H; = M;B;, where B, is a
block-circulant-circulant-block (BCCB) matrix that represents the blurring, and M is a
downsampling matrix by a factor of r;, and € ~ N (0, ) is the additive noise. Note
that the 10 m bands are assumed to be a part of the HR bands, and degradation matrices
applied to the 10 m bands are identity.

Early S2 sharpening methods [90], [147] are based on pansharpening algorithms
where the PAN is selected or synthesized from the 10 m bands. Modern approaches for
S2 sharpening are model-based and DL-based methods. The model-based methods [97]-
[100] define explicitly image priors used to seek a solution for (3.1) via an optimization
algorithm, while the DL-based methods [148]-[150] learn a network that maps the
LR image to its HR counterpart by a training process with a huge dataset containing
input-ground truth pairs. Both model-based and DL-based methods have pros and cons,
for example, the model-based methods are unsupervised but they require hand-crafted
priors and the performance heavily depends on several tuning parameters; the DL-based
methods are fast and usually parameter-free, but they require the ground truth, which
is hard to obtain, in the training phase. The above-mentioned pros and cons are the
main motivation to develop a hybrid method that inherits the advantage and overcomes
the disadvantage of both model-based and DL-based methods. In fact, the proposed
method relies on the DIP which is discussed in Section 2.1 to optimize a CNN in
a similar way to the model-based methods where the DIP replaces the pre-defined
prior and the DL training mechanism (e.g., back-propagation algorithms) is used as an
optimization algorithm. The proposed method has several novel aspects. Firstly, it is
an unsupervised DL-based method, since there is no ground truth required. Secondly,
unlike the traditional DL-based methods [148]-[150] that train each CNN for sharpening
the 20 m and 60 m bands, separately, the proposed method uses a single CNN for both 20
m and 60 m. This setting exploits the high correlation between all the S2 bands and the
multitask learning to enhance the sharpening results. Finally, since the MTFs of the S2
sensors are available [151], the proposed method implements a MTF-based degradation
as a network layer, which is as identical as the sensor’s observation model. By doing
this, the spectral information of the sharpened images is preserved. Experiments with
both simulated and real datasets show that the proposed method yields good results and
outperforms the competitive methods in both quantitative and quality evaluation.

3.2 Unsupervised CNN with MTF degradation model
for S2 sharpening

The proposed unsupervised CNN S2 sharpening method in this section is based on the
Wald’s protocol [152] stating that the image obtained by spatially decimating the fused
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L(6) = [ly - MBfy(y)ll;

Figure 3.1. S2SUCNN framework. The red arrow represents an MTF-based
degradation.

image to the resolution of the LR image should be as identical as possible to the LR
image. Note that the filter kernels used in the decimated process should ideally match
the PSFs of the MSI sensors. In the context of S2 sharpening, the Wald’s protocol
means that the estimated 20 m and 60 m bands at 10 m resolution whenever they are
degraded to the 20 m and 60 m resolution should be identical to the observed 20 m and
60 m bands, respectively. Since the S2 sensors’ MTFs are available [151], the PSFs can
be computed and the degradation model is constructed. Assuming that the observed
LR bands are obtained by applying the MTF-based degradation model to the original
HR bands, and the estimated HR bands are obtained by a CNN. The Wald’s protocol
motivates the proposed method to minimize the difference between the observed LR
bands and the decimated version of the estimated HR bands. This idea is depicted
in Fig. 3.1. Here, the CNN output is the sharpened bands, i.e., X = fo(y), and the
MTF-based degradation, M B, is implemented as a CNN layer. The loss function to be
optimized involves only the observed image. Thus, the method is unsupervised. In the
following subsections, the CNN structure and the implementation are detailed.

3.2.1 Network structure and optimization

The CNN structure sketched in Fig. 3.2 is used to demonstrate the proposed method.
In Fig. 3.2, the CNN explicitly works with an image represented in multi-dimensional
array, the 10 m, 20 m, 60 m bands and the fused image are denoted as 1o, V2o,
and Vg0, and X, respectively. The network is comprised of two subnetworks. The
first subnetwork (called the 60 m subnetwork) sharpens the 60 m bands to the 20 m
resolution, and the second subnetwork (call 20 m subnetwork) takes the output of the 60
m subnetwork, and fuses with the 10 m bands to produce all bands at 10 m resolution.
In the 60 m subnetwork, the features of the 60 m bands are extracted by using four
conv+cn+relu blocks where each block consists of a 2-D convolutional layer with
128 filters of size (3 x 3) and a stride of 1, followed by a channel normalization layer
and a LeakyReLU layer. Those 60 m bands features are fused with the 20 m bands
features which are obtained by an autoencoder-like network with skip connections to
produce the 60 m features map at the 20 m resolution. The skip-connection network
is used because it gives good DIP and converges fast [153]. The 20 m subnetwork is
similar to the 60 m subnetwork with the main components are four conv+cn+relu blocks
and the autoencoder-like network with skip connections. There, the skip-connection
autoencoder-like network extracts the 10 m bands features and the conv+cn+relu blocks
extract the features of the output of the 60 m subnetwork. Those features are merged to
result in the sharpened bands at 10 m resolution via a conv+sigmoid block composing of
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Figure 3.2. S2SUCNN network structure. In the bottom box, conv+cn+relu,

(3x3)x 128 is a block of a 2-D convolutional layer with 128 filters of size (3x3),
followed by a channel normalization layer and ReLU activation layer. conv+sigmoid,
(I1x1)x12 is a block of 2-D convolutional layer with 12 filters of size (1x 1), followed
by a Sigmoid activation layer. kX degradation (k = 2,6) and kx upsampler (k = 2,3)
are the MTF-based degradation layer and the bilinear upsampling layer, by a factor of
k, respectively.

a 2-D convolutional layer with 12 filters of size (1x 1) and a Sigmoid layer. In practice,
the interested targets are only the 20 m and 60 m bands. But the 10 m bands are also
included in the CNN output, since it is benefited by the high correlation between all
S2 bands and the multitask learning [154], [155]. Finally, the estimated 60 m and 20
bands are degraded using the MTF-based degradation layers with factors of six and two,
respectively. The degradation of the estimated image is required to compute the loss
function, given by

L(0) = [y —Hfo(y)ll1 = [ly — MBfo(y)l1- (3.2)

Note that the degradation operator for the 10 m bands is identity, and the ¢; is used for
the loss function since it converges faster and outperforms the ¢5 one [148], [150]. The
network is implemented by using Tensorflow 2.1, and is optimized by using the Adam
optimizer [136] with a learning rate of 0.001

3.2.2 MTF-based degradation model

As it was mentioned in (3.1) and depicted in Fig. 3.1, the observed LR image, y, is
assumed to be a degraded version of the (unknown) original HR image, x, by applying
the degradation operator, H. In S2 imagery, it is hard to estimate the correct degradation
operator. It is common practice to assume the degradation model to be an MTF-filtering
and downsampling process [97]-[100], where the information to construct the MTF-
filters are the S2 PSFs [151]. We would like to minimize the difference between the
observed LR image, y, and the decimated version of sharpened image, MB fg(y),
by optimizing the loss function (3.2). Therefore, it is naturally to incorporate the
degradation operator as a part of the network. The degradation operator used in the
network should be as identical as possible to the degradation operator in the observation
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model (3.1), as it was stated in the Wald’s protocol. Therefore, the degradation operator
here is created as a depth-wise convolutional layer with fixed Gaussian filter kernels
taken from the S2 MTFs, followed by downsampling with the ratio between the HR and
LR images. The procedure to implement the MTF-based degradation layer is described
as following steps,

* Step 1: Create Gaussian kernels for the filters with standard deviations [97]

—2In(MTEF;)

Sdi =7 5

i=1,2,..,12,
™

where r; = 1,2,6 for different resolutions and MTF; is the MTFs given in
Table 3.1 [151].

» Step 2: Create depth-wise convolutional layers for 20 m and 60 m bands using
fixed kernels sd;,i € {5,6,7,8a,11,12} and sd;,i € {1,9} given in Step 1,
respectively. The kernel size is 7 x 7.

» Step 3: Apply the filters created in Step 2 to the sharpened bands and downsample
the results by factors of 2 and 6 for 20 m and 60 m resolution bands, respectively.

Table 3.1. MTF values at the Nyquist frequency for the S2 bands.

Bands Bl B2 B3 B4 BS B6

MTF 032 026 028 024 038 0.34
Bands B7  BS B8a B9 B11 BI2
MTF 034 026 033 026 022 023

3.3 Experimental results

DATASETS AND EVALUATION METRICS

The datasets used to evaluate the proposed method are the real S2 data which are
publicly available on the ESA/Copernicus portal. Four datasets called Australia, Iceland,
USA and Vietnam, where each dataset is a S2 image captured a scene in Australia,
Iceland, the USA and Vietnam, respectively. The Australia, Iceland, USA and Vietnam
datasets are used for the 20 m bands sharpening experiments. One dataset called USA-
60, which is a S2 image captured a scene in the USA, is used for the 60 m bands
sharpening experiment. Those datasets are described in detail in the Appendix.

The sharpening results are evaluated in reduced-resolution where references are
available and in full-resolution where the references are missed. For reduced-resolution
evaluation, the following metrics are used, the signal-to-reconstruction error (SRE) and
the mean SRE (MSRE) in decibels, the Erreur Relative Globale Adimensionnelle de
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Syntheses (ERGAS), the spectral angle mapper (SAM) in degrees, and the structural
similarity (SSIM) index. The definition and description of those quantitative metrics are
given in the Appendix.

3.3.1 Verification of the MTF-based degradation model and multitask learn-
ing

As discussed above, the proposed method employs the MTF-based degradation model as
a network layer, and exploits the multitask learning advantage by adding the 10 m bands
at the output according with the 20 m and the 60 m bands. To verify the effectiveness of
this setting, four networks with or without the MTF-based degradation layer and the 10
m bands at the network output are constructed. Those networks have the same structure
as described in Fig. 3.2 but different degradation layers and outputs. The experiments
are conducted in reduced-resolution for both 60 m and 20 m bands sharpening where
the observed data are decimated to a lower resolution to synthesize the LR bands (i.e.,
20m — 40 m and 60 m — 360 m), and the observed data can be used as references.
The experiments with each network and reduced-resolution data are described as below:

* Network 1: Uses the MTF-based degradation layer. The reduced-resolution data
are synthesized by the MTF-based degradation model. The output includes all
bands. This configuration indicates that the degradation layer implemented in the
network and the degradation model assumed in (3.1) are identical with the MTFs
taken into account, and the multitask learning is utilized.

* Network 2: Uses the bicubic-based degradation layer. The reduced-resolution
data are synthesized by the bicubic-based degradation model. The bicubic-based
degradation model and layer are the function ¢ f.image.resize(-) of Tensorflow
2.1. The output includes all bands. This configuration indicates that the degrada-
tion layer implemented in the network degradation model assumed in (3.1) are
identical but the MTFs are not used, and the multitask learning is utilized.

* Network 3: Uses the MTF-based degradation layer. The reduced-resolution data
are synthesized by the bicubic-based degradation model. The output includes all
bands. This configuration indicates that the degradation layer implemented in the
network and the degradation model assumed in (3.1) are not matched, and the
multitask learning is utilized.

* Network 4: Uses the MTF-based degradation layer. The reduced-resolution
data are synthesized by the MTF-based degradation model. The output includes
only 20 m bands (for 20 m bands sharpening), or 60 m bands (for 60 m bands
sharpening). This configuration indicates that the degradation layer implemented
in the network and the degradation model assumed in (3.1) are identical with the
MTFs taken into account, and the multitask learning is not utilized.

Fig. 3.3 shows the results for 20 m bands sharpening using Iceland and Vietnam datasets,
and for 60 m bands sharpening using USA-60 dataset. The graphs plot MSRE as a
function of optimized iterations. Clearly, the agreement between the degradation used
in the observation model and in the network significantly improves the fusion results.
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It can be seen that Network 3 gives worse results and overfits quickly, while Network
1, Network 2, and Network 4 give significantly higher MSRE than Network 3 for both
20 m and 60 m bands sharpening. Besides, the MTF-based degradation model is more
appropriate than the bicubic-based one. Fig 3.3 indicates that Network 2 not only
produces lower MSRE than Network 1 but also begins overfitting after 2000 iterations,
especially for the images having more details such as in Vietnam, and USA-60 datasets.
The reason is likely that the bicubic-based degradation smooths out the image details
more than the MTF-based degradation does. Finally, a single network for both 20 m and
60 m bands sharpening (Network 1) performs slightly better than the separate networks
(Network 4). The results verify the effectiveness of multitask learning obtained by the
high correlation of all S2 band.
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Figure 3.3. The effectiveness of MTF-based degradation layer and multitask learning.
The graphs show MSRE (dB) as a function of optimization iterations for four networks
using reduced-resolution data. The results are average values over 5 runs. (a) and (b)
20 m bands sharpening, (c) 60 m bands sharpening.

3.3.2 Reduced-resolution evaluation

In S2 sharpening, the HR image (reference) is unknown. Therefore, it is unable to
evaluate the methods quantitatively using the criteria such as SRE, ERGAS, SAM, and
SSIM in original (full) resolution. However, one widely adopted solution is to evaluate
the performance in reduced-resolution [71], [156]. To make this solution practical, the
observed LR image must be reduced the resolution spatially r times, which is equal
to the resolution ratio between the HR and LR images, by using the decimated filters
that match the sensors” MTFs. As a result, the observed LR image can be used as a
reference. It is obvious that the evaluation in reduced-resolution may not perfectly
indicate the quality of the methods when they perform in full-resolution. However, it
gives reasonable information to compare the methods.

20 M BANDS SHARPENING

To evaluate the 20 m bands sharpening using the reduced-resolution data, all ob-
served S2 bands are filtered by using the MTF-based low-pass filters and downsampled
by a factor of two. This process results in the data at a lower resolution (i.e., 10 m —
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20 m, 20 m — 40 m, and 60 m — 120 m), and the 20 m bands are the references. The
proposed method is compared against both model-based and DL-based methods. The
model-based methods are ATPRK [147], SupReME [97], S2Sharp [99], and SSSS [100].
And, the DL-based methods are one supervised DL-based method using a skip connec-
tion CNN (SSC-CNN) [157] and the S2SUCNN network without the 10 m at the output
(called S2SUCNNH+, i.e., Network 4 described in Section 3.3.1). To find the optimal
parameters for the model-based methods, a tuning pipeline suggested in [80] is applied.
The SSC-CNN network is trained 300 epochs by using small patches in another lower
reduced-resolution (i.e., in training, the network maps 80 m — 40 m) and tested on
this reduced-resolution (i.e., in testing, the network maps 40 m — 20 m). The network
structure and parameters used for S2SUCNN+ and S2SUCNN are described in Fig. 3.1,
and the MSRE is monitored during training and the model giving highest MSRE is
chosen.

Tables 3.2-3.5 show the quantitative results in terms of each band SRE, MSRE,
SAM, ERGAS, and mean SSIM (MSSIM) for Australia, Iceland, USA, and Vietnam
datasets, respectively. The best results are highlighted in bold. The DL-based methods
significantly outperform the model-based methods in all metrics and all datasets. The
gaps between two groups for all datasets are approximately 4 — 8 (dB), 0.6 — 3.1,
0.5 — 1.1 (°), and 0.05 — 0.12 of MSRE, ERGAS, SAM, and SSIM, respectively.
The results are not surprising since the model-based methods heavily depend on the
regularizers and hyperparameters which are data-dependent. While the DL-based
methods implicitly learn them from data or by the network structure. Among the model-
based methods, SSSS generally gives better results than the other three methods for all
datasets. SupReME and S2Sharp results are quite similar, while ATPRK is considerably
worse than SupReME, S2Sharp and SSSS. For the DL-based methods, S2SUCNN
outperforms S2SUCNN+ and SSC-CNN in terms of MSRE and SAM for all datasets.
But, SSC-CNN gives better structural similarity of the sharpened images for Australia
and USA datasets, which is indicated by the MSSIM for SSC-CNN lower than ones for
S2SUCNN+ and S2SUCNN with a margin of nearly 0.005 — 0.01.

Table 3.2. Australia dataset: Reduced-scale resolution performance for 20 m bands
sharpening. The columns B5 to BI2 are SRE of each band from band 5 to band 12. SRE
is given in decibels and SAM is given in degrees. Best results are in bold.

Dataset Methods B5t B6f B7t BSat BIIf BI2f MSRE? ERGAS| SAM| MSSIM{
ATPRK 2931 23.82 2305 21.58 2088 2070 2322 4570 1.847 03818
SupReMe 3043 27.66 2731 2669 2242 2124 2596  3.617 1.696  0.883

Australia  S2Sharp 2935 2900 29.13 28.69 2140 1995 2625  3.917 1.891  0.882
SSSS 29.81 2849 2826 2743 2260 18.08 2578  4.329 1835  0.886
SSC-CNN 3677 3294 3261 3207 29.68 27.89 3199 1716 0.784  0.944
S2SUCNN+ 34.60 32.04 3242 3213 2985 2740 3141  1.786 0.905  0.928

S2SUCNN  36.42 34.05 34.02 3420 30.64 2793 32.87 1.593 0.782  0.939

The qualitative results for all methods are pictured in Figs. 3.4-3.7 for small parts of
bands 7, 8a, 11 and 12 of the Australia, Iceland, USA and Vietnam datasets, respectively.
Overall, all methods give good quality sharpened images. However, ATPRK and SSSS
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Table 3.3. Iceland dataset: Reduced-scale resolution performance for 20 m bands
sharpening. The columns B5 to B12 are SRE of each band from band 5 to band 12. SRE
is given in decibels and SAM is given in degrees. Best results are in bold.

Dataset Methods B5f B6f B7t BSal BIl1+ BI2¢ MSRE! ERGAS| SAM| MSSIM}

ATPRK 2698 21.81 21.03 20.61 2450 2437 2322 3.988 1.805  0.854
SupReMe 28.82 26.01 2558 2485 2538 2632 26.16 2.708 1.693  0.899
Iceland S2Sharp 2976 2622 2572 2531 2590 2599 26.48 2.623 1.669  0.906
SSSS 28.58 28.09 27.47 2742 2771 2587 2752 2.284 1.532 0928
SSC-CNN 31.94 30.03 2959 2956 31.53 3052 3053 1.624 1.166  0.961
S2SUCNN+ 3191 30.02 29.43 2936 31.39 29.59 30.28 1.673 1.200  0.950

S2SUCNN  33.70 30.83 31.06 31.17 32.68 30.66 31.68 1.427 1.093  0.962

Table 3.4. USA dataset: Reduced-scale resolution performance for 20 m bands
sharpening. The columns B5 to BI2 are SRE of each band from band 5 to band 12. SRE
is given in decibels and SAM is given in degrees. Best results are in bold.

Dataset Methods B5 B6f B7t BSal BIlI+ BI2¢ MSRE! ERGAS| SAM| MSSIM?t

ATPRK 2329 2953 2842 2843 2518 20.64 2592 3.152 1.228 0819
SupReMe 26.03 2898 31.57 31.57 2545 23.02 27.77 2.508 1.209  0.854
USA S2Sharp 2695 2829 3210 3224 2542 2389 28.15 2.366 1.211  0.866
SSSS 2628 31.34 3226 3230 2695 24.86 29.00 2.146 1.112  0.879
SSC-CNN 30.64 3536 35.88 36.11 3469 3090 3393 1.156 0.609  0.942
S2SUCNN+ 30.12 35.62 3584 3640 3447 3096 33.90 1.174 0.645  0.925

S2SUCNN  31.79 36.13 3694 37.77 3513 32.51 35.04 1.0078 0.579 0935

introduce some slight artifacts to the reconstructed images. The ATPRK images look
more pixelated and blurrier as can be seen clearly by zooming in the image (shown
the river) for the Australia dataset and the image (shown the hill at the upper right
corner) for the Iceland dataset. SSSS creates grid-like noise in the image (at the upper
right corner) for the USA dataset. The images estimated by SupReME and S2Sharp
are roughly identical, and they are slightly blurrier than the images estimated by the
DL-based methods. All DL-based methods produce high quality super-resolved images
which look almost indistinguishable with the reference. S2SUCNN is slightly better
than S2SUCNN+ and SSC-CNN. The superiority of S2SUCNN over the competitive
methods is indicated in Fig. 3.8 that shows residual images of bands 7, 8a, 11, 12 in

logarithm scale (i.e., log(1 + ‘X - )A(‘ ) for Australia, Iceland, USA, and Vietnam

datasets, respectively. It is clear that the residual structures of the images for S2SUCNN
are less pronounced than the ones for the competitive methods.

60 M BANDS SHARPENING

Here, the evaluation of the 60 m sharpening results using the reduced-resolution data
is performed. Similar to the 20 m bands, all the observed S2 bands are filtered by the
MTF-based low-pass filter and downsampled by a factor of six, to create the simulated
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Table 3.5. Vietnam dataset: Reduced-scale resolution performance for 20 m bands
sharpening. The columns B5 to B12 are SRE of each band from band 5 to band 12. SRE
is given in decibels and SAM is given in degrees. Best results are in bold.

Dataset ~ Methods B5f B6T B7t B8at BIIt BI2t MSRET ERGAS| SAM| MSSIM{
ATPRK 19.84 21.14 2137 2140 19.65 1689 20.05  5.486 2697 0.822
SupReMe ~ 23.03 23.09 2346 2390 2247 1635 2205 4766 2735  0.858

Vietnam  S2Sharp 2348 24.16 2455 2474 2193 1815 2283  4.197 2770 0.891
SSSS 2287 2386 2431 2463 2462 2088 2353  3.623 2385 0912
SSC-CNN 2617 2693 2730 27.60 2696 2249 2624 2723 1770 0.951

S2SUCNN+ 27.00 2691 2725 2746 27.06 22.17 26.31 2.7315 1799 0.948
S2SUCNN  28.06 28.17 2839 2841 2748 2270 27.20 2.499 1.745  0.958

data. The proposed S2SUCNN method is compared against SupReME, S2Sharp, SSSS,
and S2SUCNN+. The same tuning parameters technique applied for the 20 m bands
sharpening is used for all methods.

The sharpening results for the USA-60 dataset are given in Table 3.6 and Figs. 3.9-
3.11. Once again, S2SUCNN+ and S2SUCNN strongly outperform the model-based
methods in all numerical metrics. For example, S2SUCNN gives 27.84 (dB) of MSRE
which is about 7 (dB) higher than the model-based methods. In terms of ERGAS, SAM,
and SSIM, S2SUCNN+ and S2SUCNN outperform the best model-based method, SSSS,
with the gaps of 0.9, 1.3 (°), and 0.3, respectively. S2SUCNN+ and S2SUCNN give
similar results on MSE, ERGAS, and SAM. However, S2SUCNN performs considerably
better than S2SUCNN+ on the structural similarity of the reconstructed images, since
the MSSIM achieved by S2SUCNN (0.725) is higher than one by S2SUCNN+ (0.687).
Surprisingly, S2Sharp is considerably worse than SupReME in all cases, although
SupReME is a special case of S2Sharp with fixed subspace. The reason is more likely
that the parameters of S2Sharp are not optimal for those datasets.

Table 3.6. Reduced-scale resolution performance for 60 m bands sharpening. The
columns Bl and B12 are SRE of band 1 and band 9. SRE is given in decibels and SAM
is given in degrees. Best results are in bold.

Method Blt B9t MSRE} ERGAS| SAM| MSSIM{
SupReME 2093 21.18 21.06  1.489 1519 0.525
S2Sharp 19.63 2492 2228 1410 1920  0.580
SSSS 1925 2082 2003  1.687 2266 0513
S2SUCNN+ 2846 2603 2724  0.745 1017 0.687

S2SUCNN  29.24 26.44 27.84 0.700 0970  0.725

Fig. 3.9 displays parts of the estimated 60 m bands (band 1 and 9) for the USA-60
dataset. Apparently, SSSS fails to estimate the 60 m bands, since the images for bands
1 and 9 are significantly noisy. SupReME and S2Sharp also generate strong artifacts
to the reconstructed images that look blurry and unnatural. The images obtained by
S2SUCNN+ and S2SUCNN are also blurry, since the six times super-resolution for 60
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(a) Reference (b) ATPRK (c) SupReME (d) S2Sharp

(e) SSSS (f) SSC-CNN (g) S2SUCNN+ (h) S2SUCNN

Figure 3.4. Reduced-resolution 20 m bands sharpening results for Australia dataset, the
gray scale image shows a part of band 7.

m bands sharpening is naturally a hard problem. S2SUCNN gives a sharpened image
that is visually sharper and closer to the reference image than the other methods. The
better quality of the image obtained by S2SUCNN is verified in Fig. 3.10, where the
residual structures for bands 1 and 9 are less than the other methods.

3.3.3 Full-resolution evaluation

This section presents the sharpening results in full-resolution for the Australia, Iceland,
USA, and Vietnam datasets. The sharpened images obtained by ATPRK, SupReME,
S2Sharp, SSSS, and S2SUCNN are the 20 m and 60 m bands estimated at 10 m
resolution. The parameters for all methods are set the same as in reduced-resolution
evaluation. In the 10 m resolution, there are no ground truth for the 20 m and 60 m
bands. Therefore, the sharpened images are only assessed visually. In addition, the
observed LR bands are upsampled to the 10 m resolution using the bicubic interpolation,
and are used as a baseline.

Fig. 3.11 and Fig.3.12 show the results for 20 m bands sharpening, where the
images are shown in false-color images using bands 12, 8a, and 5 as the R, G, and
B channels. The images estimated by all five advanced methods are clearly sharper
than ones interpolated by the simple bicubic method. However, the ATPRK images
look more pixelated in all datasets. S2Sharp and SSSS also generate artifacts and a
grid-like effect that can be seen in the zoomed-in areas of Australia, USA, and Vietnam
datasets. The SupReME images are slightly blurrier than S2SUCNN images. We further
assess the spectral information by inspecting the colors of the sharpened images and the
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3 Sentinel 2 image fusion using unsupervised convolutional neural network

(a) Reference (b) ATPRK (c) SupReME (d) S2Sharp

(e) SSSS (f) SSC-CNN (g) S2SUCNN+ (h) S2SUCNN

Figure 3.5. Reduced-resolution 20 m bands sharpening results for Iceland dataset, the
gray scale image shows a part of band 8a.

bicubic interpolated images. SSSS and S2Sharp cause stronger spectral distortion in
the Vietnam and USA datasets than other methods. S2SUCNN gives sharpened images
which have both best spatial and spectral quality among the methods.

Fig. 3.13 and Fig. 3.14 display the sharpened 60 m bands shown in false-color
images using bands 1, 9, and 1 as the R, G, and B channels. The quality of the
sharpened images is remarkably improved more than the interpolated images by bicubic.
Spatial details of the images are clearly recovered. However, SupReME and S2Sharp
cause spectral bias on Australia and USA datasets, since the color of recovered images
differs far from the color of the bicubic images. SSSS images are surprisingly sharp,
but SSSS also creates the grid-like noise in the sharpened images for all datasets and
a spectral distortion in the Vietnam dataset. The images obtained by S2SUCNN have
spatial resolution quality as comparable as the competitive methods, while the spectral
information is considerably better than the other methods.

RUNNING TIME

The running time in seconds for all methods is measured in the full-resolution
experiments with the Australia, Iceland, USA and Vietnam datasets. S2SUCNN was
implemented using Keras framework of Tensorflow 2.1 and was run in GPU mode
of a Linux computer equipped 3.2 GHz Intel core I7 CPU, 12 GB of memory Nvidia
Titan X GPU, and 64 GB of RAM. The running iterations are empirically chosen as
1000 iterations based on the visualization of the reconstructed images, for all four
datasets. The competitive methods were implemented in Matlab R2020 and were run in
CPU mode using the same computer. It should be noticed that SSSS handles a large
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3.3 Experimental results

(a) Reference (b) ATPRK (c) SupReME (d) S2Sharp

=, T, -,

(e) SSSS (f) SSC-CNN (g) S2SUCNN+ (h) S2SUCNN

Figure 3.6. Reduced-resolution 20 m bands sharpening results for USA dataset, the
gray scale image shows a part of band 11.

image by dividing it to smaller overlapping subimages to accelerate the algorithm. The
smaller subimages are the faster the algorithm runs. In this experiment, SSSS used two
subimages. The running times for all methods are given in Table 3.7. The fastest method
is ATPRK which has computing time of approximately 9 seconds for all datasets. The
S2SUCNN method is slower than SupReME and S2Sharp, but is faster than SSSS. The
S2SUCNN running time is from 310.13 to 315.55 seconds, while the SSSS running
time is from 1271.31 to 1291.66 seconds, for all datasets.

Table 3.7. Running time (in seconds) for full-resolution sharpening of all methods. Best
results are in bold.

Method/Dataset  Australia Iceland  USA Vietnam

ATPRK 8.70 8.60 8.61 8.81
SupReME 11.95 13.56 12.42 11.96
S2Sharp 21.16 19.52 23.36 23.75
SSSS 1276.63  1271.31 1291.66 1274.06
S2SUCNN 314.77 315,55  312.16  310.13
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3 Sentinel 2 image fusion using unsupervised convolutional neural network

(a) Reference (b) ATPRK (c) SupReME (d) S2Sharp

-
L]

(e) SSSS (f) SSC-CNN (g) S2SUCNN+ (h) S2SUCNN

Figure 3.7. Reduced-resolution 20 m bands sharpening results for Vietnam dataset, the
gray scale image shows a part of band 12.

3.4 Conclusions

A new method called S2SUCNN has been proposed to address the S2 sharpening
problem where the 20 m and 60 m are fused with the 10 m bands resulting in all bands
at 10 m resolution. The innovation of the proposed method is that it is an unsuper-
vised DL-based method that works directly on full-resolution of S2 data. Moreover,
S2SUCNN uses only a single CNN for sharpening both the 20 m and the 60 m bands,
and investigates the MTF-based degradation model as a network layer. Those aspects
have been verified to improve the results since it takes advantage of multitask learning
and the high correlation of all S2 bands. However, the proposed method requires an early
stopping to obtain good results, which is manually chosen. Therefore, to automatically
determine when to stop the iteration is a question that will be concerned in the future
work.
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3.4 Conclusions

S2Sharp SSss SSC-CNN S2SUCNN+

(a) Australia dataset, band 7

S2Sharp SSss SSC-CNN S2SUCNN+

(b) Iceland dataset, band 8a

SSSS SSC-CNN S2SUCNN+
(c) USA dataset, band 11

SupReME S2Sharp SSss SSC-CNN

(d) Vietnam dataset, band 12

Figure 3.8. Reduced-resolution 20 m bands sharpening results for four datasets. The

images are residual structure shown in logarithm scale, log(1+ ‘X - )A(’ ).
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3 Sentinel 2 image fusion using unsupervised convolutional neural network

(a) Reference (B1) (b) SupReME (B1) (c) S2Sharp (B1)

(d) SSSS (B1) (e) S2SUCNN+ (B1) (f) S2SUCNN (B1)

(g) Reference (B9) (h) SupReME (B9) (i) S2Sharp (B9)

() SSSS (B9) (k) S2SUCNN+ (B9) (1) S2SUCNN (B9)

Figure 3.9. Reduced-resolution 60 m bands sharpening results for USA-60 dataset, the
gray scale images shown parts of bands 1 and 9.
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3.4 Conclusions

SupReME S2Sharp SSSS S2SUCNN+ S2SUCNN

(a) USA-60 dataset, band 1
S2SUCNN+ S2SUCNN

SUpREME S2sharp SSsS.

(b) USA-60 dataset, band 9

BN W A OB N ®

Figure 3.10. Reduced-resolution 60 m bands sharpening results for USA-60 dataset.
The images are residual structure shown in logarithm scale, log(1+ ‘X — )A(‘ ).
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(g) bicubic (h) ATPRK (i) SupReME

(j) S2Sharp (k) SSSS () S2SUCNN

Figure 3.11. Full-resolution 20 m bands sharpening results. The images (410 x 410
pixels) are shown in false-color images using bands 12, S8a, and 5 as R, G, and B
channels. (a-f) Australia dataset, (g-1) Iceland dataset.
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3.4 Conclusions

> & >

(j) S2Sharp (k) SSSS (1) S2SUCNN

Figure 3.12. Full-resolution 20 m bands sharpening results. The images (410 x 410
pixels) are shown in false-color images using bands 12, S8a, and 5 as R, G, and B
channels. (a-f) USA dataset, (g-1) Vietnham dataset.
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(a) bicubic (b) SupReME (c) S2Sharp

(d) SSSS (e) S2SUCNN

(f) bicubic (g) SupReME (h) S2Sharp

(i) SSSS (j) S2SUCNN

Figure 3.13. Full-resolution 60 m bands sharpening results. The images (410 x 410
pixels) are shown in false-color images using bands 12, S8a, and 5 as R, G, and B
channels. (a-e) Australia dataset, (f-j) Iceland dataset.
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3.4 Conclusions

(a) bicubic (b) SupReME (c) S2Sharp

(d) SSSS (e) S2SUCNN

(i) SSSS (j) S2SUCNN

Figure 3.14. Full-resolution 60 m bands sharpening results. The images (410 x 410
pixels) are shown in false-color images using bands 12, S8a, and 5 as R, G, and B
channels. (a-e) USA dataset, (f-j) Vietnam dataset.
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CHAPTER 4

DEEP SURE FOR UNSUPERVISED REMOTE
SENSING IMAGE FUSION

Recently, several RS image fusion methods [60], [128]-[130], [134] based on the
DIP [63] have been proposed. Those methods bridge the gap between the model-based
and the DL-based methods. However, the main limitation of those methods is that under
the noisy scenario they suffer from overfitting problem, and their performance heavily
depends on the CNN structure. To overcome this limitation, a fusion method based
on SURE [137], [158] is proposed and described in details in this chapter. The novel
point of the proposed SURE-based method is to derive a loss function using SURE
and a linear operator that maps a LR image to its HR space. Optimizing a CNN with
this SURE loss function significantly avoids overfitting. Three representative fusion
problems (e.g., MS-HS fusion, S2 sharpening, and pansharpening) are addressed to
demonstrate the proposed method, where the back-projection (BP) operator is chosen
as an example of the linear operator in the SURE loss function. Experimental results
verify that the proposed method yields high quality fused images and outperforms the
competitive methods. Hereafter in this chapter the proposed, method is call SURE for
short. Codes of the proposed SURE method are available at https://github.com/
hvn2/Deep-SURE-Fusion.

4.1 Problem formulation and motivation

In RS, many researchers treated image fusion as separate problems, such as pansharpen-
ing [71], hypersharpening [77], and hyperspectral pansharpening [75]. There, MS-HS
fusion and S2 sharpening are considered as hypersharpening which is defined as a fusion
technique where the spatial source (i.e, the HR image to be fused) is a set of bands.
However, image fusion in RS can be formulated as an unique problem that is to estimate
the missing spatial details of the LR image, from the HR image to be fused (also called
the guided image). Mathematically, the fusion problem is expressed as both spatial and
spectral degradation as below

y = Hx + ¢, 4.1
G = XR + Nq. 4.2)

Here, the spatial degradation (4.1) is the same as (3.1), where the degradation operator
H includes the blurring (B) and downsampling (M) operators (i.e., H = MB). The
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spectral degradation (4.2) is characterized by the spectral response function (SRF), and is
represented as a matrix R. The spectral degradation is the process that decimates d bands
of the original HR image X € R™*4 to the HR image to be fused, G € RM*P(D < d).
The noise matrix, N, = [n;,]2 ,, is Gaussian noise, i.e, n;; ~ N(0,9Q;,),i =
1,..., D. The information for constructing the blurring matrix, B, (using the sensors’
PSFs) and the SRF matrix, R, is either known (e.g., given by the manufacturer) or
unknown. In the latter case, B and R can be estimated by using the observation
data [93], [94]. Here, B and R are assumed to be known.

Recently, the RS image fusion methods using the DIP have been proposed. The
earliest method [60] simply extended the vanilla DIP [63] for hyperspectral data. Other
works have improved the DIP results by adding explicit constraints and designing better
CNN structure. For example, the spectral degraded constraint was used in [128], [159],
and the unmixing constraint and the spectral-spatial attention mechanism [95] were
added to the DIP in [129], [134], [135]. However, those methods have not addressed the
fusion of noisy data, which is usually dominant in the real HSIs (e.g., the IP and UB
datasets). Under the high noise scenario, those DIP-based methods are susceptible to
overfitting problem in which the fused image tends to fit the observed noisy data. To
overcome the overfitting problem, the proposed method employs a loss function based
on SURE incorporating with a linear operator. Here, the linear operator maps a LR
image to its HR version, and is assumed that the HR image obtained by this operator is
at least better than one obtained by a simple interpolation method (e.g., bicubic). Since
SURE is the unbiased estimate of the MSE, and is computed without using ground truth,
training a CNN with the SURE-based loss function avoids overfitting and results in the
fused image that fits the ground truth. Additionally, the linear operator improves results
because it can be considered a pre-processing operator that assists the fusion algorithm.
Main contributions of the proposed method are summarized as follows:

* A new loss function based on SURE is derived to optimize a CNN without ground
truth. The proposed method is an unsupervised DL-based and overcomes the
overfitting problem in many DIP-based image fusion methods.

* The loss function includes SURE and a linear operator which is a pre-processing
operator mapping an LR to its HR space. As an example, the BP [140] is chosen
as the linear operator, because the BP is constructed using the sensors’ PSFs, and
is computed very fast. Experimental results show that the SURE loss function
with BP gives better performance than one with a simple upsampling operator.

» The SURE with BP loss function is derived in a more straightforward way than
the GSURE [138], [160], and is specified for RS image fusion rather than RGB
image super-resolution using GSURE. Experimental results for three fusion
representatives (MS-HS fusion, S2 sharpening, and pansharpening) verify that
the method is effective and outperforms the competed methods.
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4.2 The SURE loss function for unsupervised DL-
based RS image fusion

4.2.1 Deep image prior and back-projection

The proposed method is inspired by the DIP [63] which was discussed in Section 2.1.
Using DIP, the fused image is obtained at the output of a CNN optimized by using the
following loss function

Low(0) = |ly — Hfo(2)]3, (4.3)
where z is the CNN input, which is formed by concatenating the LR image, y, and the
guided image, g, and fg(-) is the CNN output. In DIP, optimization of the loss function
tends to make the degraded version of the fused image close to the LR image. One
idea to leverage the DIP performance is the back-projection DIP (BP-DIP) [161] which
optimizes a CNN using the loss function

Lgp.oip(0) = |[P(y — Hfp(2))]]3. 4.4)

where

P=H'=HTHHT) 4.5)
Optimization of the loss function in BP-DIP tends to keep the BP versions of the LR
and the degraded version of the fused images close. BP-DIP outperformed DIP in the
low noise fusion case [140], [161]. However, the main issues of both DIP and BP-DIP
are that their performances depend on the CNN structure, and overfitting in the fusion
problem with noisy data. To make the DIP and BP-DIP efficient, one should carefully
design the CNN structure, and use an early stopping schedule to avoid overfitting.
However, in a real application, it is hard to choose a proper stopping point, because
there is no criterion to make a stopping decision.

4.2.2 Deep SURE for RS image fusion

As discussed above, DIP and BP-DIP have overfitting problem, since optimizing (4.3)
and (4.4) for long iterations leads to results that replicated the LR images. To avoid
overfitting, the loss function should ideally involve the ground truth x, such as

R =E|P(Hx — Hfo(2))||3, (4.6)

where E is the expectation operator, P is a linear operator that maps a LR image to its
HR space.

Unfortunately, R is unable to compute since x is unknown. To overcome this
problem, R is exchanged to its unbiased estimate which is based on SURE. The SURE-
based unbiased estimate of (4.6) is derived as following with the main goal is to eliminate
the dependency of x from (4.6).

Adding and subtracting u = Py in (4.6), we have

R =E|(u—PHx) — (u - PH/fy(2))3
=E|n—e|3

=Elle||3 + E[n||5 — 2E[e"n]. 4.7)
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where n = u — PHx = P(y — Hx) and e = u — PH fg(2). Since, from (4.1) y is
a Gaussian random variable with mean Hx and covariance 2, u is also a Gaussian
random variable with mean up = PHx and covariance Q2p = PQPT. We also have
that ||e||3 is an unbiased estimate of E||e||3, and

E|n[|3 = E[n"n] = u(Enn"]) = u(2p),

where tr(-) is the matrix trace. Thus, the difficulty is raised from the term E[e”n]. By
using the Stein’s lemma [137] we get

Ele"n] =E[e"P(y — Hx)]

—E[r(@%F°)]
L)
~sfr(2? _p)]

= Eftr(25 )]
_ 5ju(n, 20~ PHols),

— () — Eftr(2p PHafe( .

Substituting this in (4.7) and use the fact that, for any random variable z, z is an unbiased
estimator of E[z], an unbiased risk estimate for R is given by
. 0
R=||P(y —Hfo(z))|3 + 2tr (QPPH fgl(l )) —tr(Qp).
To train (optimize) a CNN using R as aloss function, the term tr(Q2p) which does not
depend on the network parameters can be ignored. The SURE loss function to train a
CNN is written as

01o(2)
bu )

The SURE loss function (4.8) is meaningful. Firstly, it not only overcomes the
overfitting problem but also allows one to train a CNN in an unsupervised manner,
because no ground truth is required. Secondly, the trace term in (4.8) can be viewed as
correction for overfitting and this can clearly been seen, for example, in Fig. (4.4) below.
Finally, another insight in the trace term is that it arises from the term E[e”n]. In the
supervised setting e is a function of training data, and n is a function of independent
validation data. Due to independence E[e’n] = E[e?]E[n] = 0. Therefore, in the
supervised setting the trace term is zero indicating no overfitting.

The trace term in (4.8) does not have a close form expression because the CNN
function is highly non-linear and has too many parameters. It is possible to compute the
trace term by using the automatic differentiation of the deep learning framework [142],

Lsure(0) = [[P(y — Hfo(2))[|5 + 2ur(Q2pPH 4.8)
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4.2 The SURE loss function for unsupervised DL-based RS image fusion

e.g., Tensorflow and PyTorch. However, the exact computation of the trace term using
DL automatic differentiation package consumes a lot of memory and running time since
it builds a computational graph for every single pixel. This problem is a barrier of SURE
because the trace term needs to be computed in every training iteration. To overcome
this problem the MC SURE [143] can be used to approximate the trace term owing to
its simplicity and fast execution. The MC SURE computation of the trace term in (4.8)
is given by

(9f9 (Z)
du

fo(z + Bb) — fo(z)

B b
where b is a vector drawn from a zero-mean, unit variance Gaussian distribution, and 3
is a small number.

tr(QpPH ) ~b"QpPH 4.9)

4.2.3 Computation of the BP

25 T T
I Bicubic
EmmP-H

MSRE (dB)

5 6 7 8a 11 12 1 9
Bands

Figure 4.1. Upsampling the LR bands (SNR = 30 dB) of the S2 simulated APEX
dataset using bicubic and BP. The results are given in MSRE in decibels between the
upsampled and reference images.

We are interested in using BP given in (4.5) as a linear operator P. The reason is that
the BP, P = HT, applied to a LR image gives better result than a simple interpolation
method, such as bicubic. This is shown in Fig. 4.1 where the LR bands of the simulated
S2 APEX dataset (see Section 4.4.1 for the simulation of APEX dataset) are upsampled
by using bicubic and BP. Clearly, BP gives higher MSRE than bicubic. More detail
analysis of different kinds of linear operator P with SURE is given in Sections 4.3.2
and 4.4.2 below. Additionally, computation of BP is very fast by using the poly-phase
decomposition and the fast Fourier transform (FFT) described as following.

The computation of BP (4.5) involves computing a transpose term, H”, and an
inverse term of the blurring and downsampling matrices, (HH”)~1, consequently. The
first term can be interpreted as upsampling by inserting zeroes between samples (M7
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4 Deep SURE for unsupervised remote sensing image fusion

and filtering (B”') with the blurring kernel F(h), where h = [h(®]9_, is the PSF vector
of B and is constructed by stacking the ith band PSF vector, h(_ on top of each other.
The notation F(-) means FFT and F(-) is its conjugation. The second term can be
interpreted as the inversion of sequence operators of upsampling (M), filtering (BB”)
and downsampling (M). These sequence operators can be efficiently computed using
the polyphase decomposition of the filter BB [162]. Note that HH is ill-conditioned
(i.e., having many singular values close to zero). It is needed to regularize zero singular
values by a small number «, which is manually chosen as a constant of 10~ for all

bands. The computation for P = H' applied to an LR image Y is summarized in

Algorithm 3.
With P = HT, the SURE loss function (4.8) becomes
dfe(z
Lsure(©) = Lpp.oip(O©) + 2tr(2p fg)li )), (4.10)

since QpHH = Qp. Although the objectives of (4.10) and the GSURE [138], [160]
are similar, the derivation of (4.10) is simpler than GSURE. Remember that for this case
(P = H') the MC SURE computation (4.9) has to be modified accordingly. The MC
SURE approximation of the trace term in (4.10) involves Qp = HQ(H')? which
can be computed using the poly-phase decomposition technique above. In practice,
the noise covariance matrix {2 is unknown. However, it can be estimated using the
HySure [144] algorithm or the median absolute deviation of the details sub-band (HH)
using 2-D wavelet decomposition [163].

Algorithm 3: Fast computation for linear inverse filter P = H' applied to LR
image Y

Input: LR image Y = [y;]%,,
blurring kernel h = [h(®"]¢_,
up/downsampling factor r = [r;]9_,,
regularized value o = [oy;]9_; = 1073

Output: Filtered image X = [x;r|L,

/+ Repeating for all bands x/

1 for i=1/:d do

2 | RO = FIIFRO)R)

3 héi) =r) h® // Downsampling by r;
71 F(yi)

4 yir =F ]-'(h(()i))+ai }

5 X;UP :MiTyiF // Upsampling by inserting zeros
between samples

6 X;Fp = .F_l{f-(inp)]:(h(i))}

7 end
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Attention Gate (AG)

Legend
— {conv (3 x 3) x 128, BN, LeakyReLU}
— {conv(l x 1) x 4, BN, LeakyReLU}
— copy and concatenate
—— upsampling (Py)

conv (1 x 1) x C, Sigmoid

guided sub-network

fusion sub-network

Figure 4.2. Fusion CNN architecture. The rectangles represent the images or latent
feature maps at the corresponding layers, and x5 means 5 times repetition.

4.2.4 Network structure

As one of the method inspired by the DIP approach, the proposed method using the
loss function (4.8) works with a wide range of CNNs [63], [153]. In this section, a
CNN with skip connections [164] and attention gates (AG) [95], [128], [134] is used
to demonstrate the proposed method. The network architecture is depicted in Fig. 4.2,
where it is composed of a guided sub-network and a fusion sub-network. The guided
image G is propagated through the guided sub-network, which is an autoencoder-
like network with skip connections to extract multilevel guided feature maps. The
guided feature maps merge with the feature maps at the fusion sub-network using
several AGs. Since the autoencoder-like network uses skip connections, the fusion
sub-network requires only the guided feature maps at the decoder to be fused in every

AG. Denoting the guided feature maps and the fusion feature maps at layer ith as zéi)

and zg(f) , respectively, the output of each AG is
z{™) = LeakyReLU(F, (") ® F,(z{")),

where © represents an element-wise multiplication. F(-) is a function of 128 con-
volution filters with filter size of 1 (conv(1 x 1) x 128), followed by a LeakyReLU
and a Sigmoid layer. F),(-) is a function of conv(1 x 1) x 128 followed by a batchnor-
malization (BN) layer. Note that AG is a multiplicative transformation that scales the
guided feature maps with different weights. Therefore, the guided feature maps are
better aligned with the fusion feature maps yielding a better fusion result [95], [128].

The network is implemented in Pytorch using Adam optimizer [136] with a learning
rate of 0.01.
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4.3 MS-HS fusion: Experimental results

The first example to demonstrate the proposed method is MS-HS fusion. In MS-HS
fusion, the guided image is the MSI, and the LR image is the LR HSI. The ideal objective
function to be optimized is

Ryn = E||P(Hx — Hfp(2))|3 + AE[(Fo(z) - X)R|%,

where Fg(z) is the CNN output presented in matrix form, and A is a non-negative
number controlling the trade-off between two terms. However, X is unknown, and Ry
is not computable. By using SURE in (4.10), Ryy is exchanged to its unbiased estimate,
as follows, . . R

Lsureovm (0) = Rvu = Ru + AR, (4.11)

where
fo(z + 5b) — fo(2)
/6 b)

By = |P(y — Hfs(2))|% + 2b7Qp
and

FQ(Z + ﬂb) — Fg(z)
g

Here g is the guided image represented as a vector and 2, is a block-diagonal matrix
where each element is £2;.

Ry = ||g — vec[Fo(2)R]||3 + bT' Q2 vec(

R).

4.3.1 Datasets and evaluation metrics

(a) PU: MSI (b) PU: LR HSI (c) DC: MSI (d) DC: LR HSI

Figure 4.3. The PU and DC datasets (high noise). The MSIs are shown in false color
images using bands 2, 1, and 3 as the Red (R), Green (G), and Blue (B) channels. The
LR images are show in natural color images using a HSI to RGB color rendering

method [165].

The PU and DC datasets (referring to Appendix for the dataset description) are
used as the synthesized datasets to evaluated the fusion methods. The simulated data
are generated using a procedure described in [93]. First, the data are pre-processed by
removing some noisy bands, cropping parts of the original data, and normalizing the
intensity values between 0 and 1, resulting in 200 x 200 x 93 and 200 x 200 x 191
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data cubes for the PU and DC datasets, respectively. Those data cubes are used as the
ground truth (original HR HSI). Then, the LR HSI is generated by applying the spatial
degradation (4.1) to the HR HSI. The spatial degradation is a process of filtering with
a Gaussian low pass filter having a standard deviation ¢ = 2.0 and support 5 x 5 and
followed by downsampling with a factor of 4, band by band. The MSI is generated
by applying the spectral degradation (4.2) to the HR HSI where the spectral response
matrix R is constructed usinng the IKONOS SRF [93]. One low level noise and one
high level noise are added to the data, which is described as follows:

* Low noise: Isotropic Gaussian noise is added to LR HSI and MSI such that the
signal-to-noise ratio (SNR) is SNR = 30 dB and SNR = 40 dB, respectively.

* High noise: Band-dependent Gaussian noise is added to LR HSI, n; ~ N(0, afI),
where i = 1,...,d, and o; is randomly chosen between 0 and 0.1 resulting in
SNR = 11.56 dB and SNR = 13.75 dB for the PU, and DC datasets, respectively.
For the MSI, the additive noise is isotropic Gaussian noise with SNR = 40 dB.

The noisy MSI and LR HSI of the PU and DC datasets are shown in Fig. 4.3 for the
high noise case.

The numerical metrics used to evaluate fusion performance are the PSNR in decibels,
ERGAS, and SAM in degrees, which are computed with respect to the original HR
HSIs without noise added. Those evaluation metrics are detailed in the Appendix.

4.3.2 Validation of SURE for MS-HS fusion

PSNR (dB)
N
a
PSNR (dB)

20

15 —— SURE P=H', Max PSNR = 42.712 dB 151 —— SURE P=H", Max PSNR = 39.373 dB
SURE P = H", Max PNSR = 39.209 dB SURE P = H', Max PNSR = 38.404 dB
10 —— BP-DIP, Max PSNR = 42.774 dB 104 —— BP-DIP, Max PSNR = 39.17 dB
0 1000 2000 3000 4000 5000 6000 7000 0 1000 2000 3000 4000 5000 6000 7000
Iterations Iterations
(a) Low noise (b) High noise

Figure 4.4. PSNR curves in training for MS-HS image fusion using different loss
functions for the PU dataset.

This section verifies that optimizing a CNN with the SURE loss function (4.11)
prevents overfitting. Additionally, two kinds of the linear operator P, i.e., BP operator
(P = H") and an upsampling filtering operator (P = H”), are analysed with the
SURE loss function (4.11). Fig. 4.4 shows the experimental results for the PU dataset
where the same CNN as in Fig. 4.2 is trained by using the BP-DIP loss function (4.4),
the SURE loss functions (4.11) with P = H” and with P = HT, respectively. The
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hyperparameter X is manually chosen as A = 0.1 for both SURE and BP-DIP loss
functions.

BP-DIP significantly overfits in the high noise scenario, as can be seen in Fig. 4.4b
where the PSNR curve reaches its peak at 1200 iterations and falls down quickly after
that. To obtain good results for BP-DIP, training should stop at the point giving highest
PSNR. Due to the lack of ground truth in real applications, the PSNR is not computable,
and there is no criterion to stop training in BP-DIP. In contrast, the PSNR curves of both
SURE loss functions rise and saturate at 4000 iterations, clearly shows that overfitting is
avoided. Therefore, the proposed SURE-based method is feasible for real applications
because it does not depend on an early stopping schedule to avoid overfitting. In a low
noise case (Fig. 4.4a), the performance of SURE and BP-DIP losses are similar. This
is not surprising since the BP-DIP and SURE losses are different up to a value (the
trace term) which depends on the noise variance and is very small in the low noise case.
Ideally, BP-DIP and SURE loss functions are exactly the same in the noiseless case.

Fig. 4.4 also reveals that the performance of the SURE loss with P = HT is better
than the SURE loss with P = H” (the average PSNR is about 2.0 dB higher) under
the low noise scenario, while they give roughly the same highest PSNR in the high
noise case. The reason might be that the BP is degraded when the noise level increases
causing H to be more ill-conditioned [140], [161].

4.3.3 Performance evaluation of SURE for MS-HS fusion

Table 4.1. MS-HS image fusion results for the PU dataset in terms of PSNR (dB),
ERGAS, and SAM (°). Best results are in bold.

Low noise: SNR (MSI) = 40 dB, SNR (HSI) = 30 dB

SupRes
PALM

PSNR (dB)t 3632  41.43 34.24 39.83 42.11
ERGAS| 2.456 1.309 3.085 1.563 1.23
SAM (°)J 2.836 2.14 3.241 2578  1.927
High noise: SNR (MSI) = 40 dB, SNR (HSI) = 11.56 dB
PSNR (dB)t 32.39 34.81 32.33 36.31 393
ERGAS| 3.853 3.209 3.915 237  1.725
SAM (°)J 5368  4.049 4773 4436 2.879

CNMF HySure GDD SURE

The proposed SURE method is compared to both the model-based and unsupervised
DL-based methods, which are described as follows. The first two model-based methods
are CNMF! [92] and SupResPALM2 [94] which rely on a matrix factorization and

'http://naotoyokoya.com/Download.html
’https://github.com/lanha/SupResPALM
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4.3 MS-HS fusion: Experimental results

Table 4.2. MS-HS image fusion results for the DC dataset in terms of PSNR (dB),
ERGAS, and SAM (°). Best results are in bold.

Low noise: SNR (MSI) = 40 dB, SNR (HSI) = 30 dB

SupRes
PALM

PSNR (dB)? 3737 3576 3451 38062 39.71
ERGAS/ 1682 1734 2842 156 1325
SAM (°),  3.677 4077 4263 339  2.979
High noise: SNR (MSI) = 40 dB, SNR (HSI) = 13.75 dB
PSNR (dB)T 34.62 3396 3319 3567 37.10
ERGAS/ 2312 2577 3157 2199  1.749
SAM (°), 4974 5767 5791 4720 4113

CNMF  HySure GDD SURE

unmixing constraints, the third model-based method, called HySulre3 [93], uses a
subspace decomposition and TV regularization. The fourth method is GDD* [128]
which is an unsupervised CNN using the DIP loss. The performance of HySure
and SupRePALM strongly depends on the subspace dimension (k) and the number
of endmembers (p). The optimal parameters for those methods are found by using
a grid-search based on PSNR in the searching spaces of k € {3,5,7,10,15} and
p € {3,4,5,6,7,10,15}. For low noise, the best parameters of HySure are k¥ = 10
and £ = 15 and the best parameters for SupResPALM are p = 15 and p = 15 for the
PU and DC datasets, respectively. For high noise, the best parameters of HySure are
k = 3 and k = 7 and the best parameters for SupResPALM are p = 5 and p = 10 for
the PU and DC datasets, respectively. On the other hand, CNMF is a parameter-free
method since it utilizes an automatic algorithm to select tuning parameters. The balance
parameters in GDD and SURE are manually set to A = 0.1 for all datasets and noise
levels. Since there is no criterion to stop training GDD, the stopping point is chosen
as 3000 iterations for both datasets, and the fused image is the exponential average
of the CNN output with a weight of 0.99 [63]. The same strategy used to obtain the
fused image in GDD is also applied to SURE for a fair comparison. One important
point is that the competitive model-based methods are allowed to use the ground truth
to find the best parameters, while the SURE method does not need the ground truth.
Thus, the SURE method is more practical in real life applications than the competitive
model-based methods.

Tables 4.1 and 4.2 show the results of all methods for the PU and DC datasets,
respectively. the proposed SURE-based method gives better results than the competitive
methods in all metrics for both datasets. In general, the unsupervised DL-based methods
perform better than the model-based methods. However, it is noticeable that HySure
works comparably as well as SURE and better than the GDD method in terms of PSNR

3https://github.com/alfaiate/HySure
4https://github.com/tuezato/guided-deep—decoder
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for the PU dataset under the low noise scenario. Figs. 4.5-4.6 show the fused images
obtained by all methods in the high noise case for the PU and DC datasets, respectively.
For the PU datasets, although the numerical result of SURE is better than GDD, the
fused images yielded by GDD and SURE are not noticeably different and closer to the
reference than the other methods. HySure yields a blurry image for the DC dataset,
while the SupResPALM image seems to be spectrally distorted. The difference in the
results between CNMF, GDD, and the proposed SURE-based method is not visually
pronounced and looks closer to the reference than the other methods. Further inspection
of the root mean-square-error (RMSE)-based residual images (i.e., the RMSE computed
along the third dimension of an HSI) of the estimated HR HSIs with respect to the
original HR HSISs tells us that the proposed method yields less residual structure than
the competitive methods. In contrast, SupResPALM yields the highest residual structure
among all methods.

4.4 MS-MS fusion: Experimental results

Here, the proposed SURE-based method is applied for the MS-MS fusion, where the
representative examples are S2 sharpening and pansharpening.

The S2 satellite imaging system provides 13 multispectral multiresolution bands.
A S2 MSI comprises of four bands at 10 m (spatial) resolution, six at 20 m resolution,
and three at 60 m resolution. In this example, one 60 m band (band 10) is ignored since
it does not contain the Earth’s surface information. The S2 sharpening problem is to
estimate the 20 m and 60 m bands at 10 m resolution by fusing them with the 10 m
bands. In S2 sharpening, there is no explicit relationship between the guided image
(the 10 m bands) and the estimated LR image (the 20 m and 60 m bands). The guided
image is assumed as a part of the fused image, so that the linear mapping operator P
applied to the guided image part is identity. Although we are interested in estimating
the LR images at their maximum resolution, adding the guided image to the fused
image improves the fusing results since it exploits the correlation between all the S2
bands [130]. To apply the proposed SURE method for the S2 sharpening, the CNN in
Fig. 4.2 is used and is optimized with the SURE loss function (4.8).

4.4.1 Datasets and evaluation metrics

The experiments are performed using both simulated and real S2 datasets. The simulated
dataset is based on the Airborne Prism Experiment (APEX) HSI dataset, which is
described in the Appendix. The APEX MSI is obtained by applying the S2 spectral
response to the APEX HSI resulting in an MSI having 12 bands of 198 x 198 pixels
per band and a resolution of 2 m. The MSI is then used as the reference. The 20 m and
60 m bands are simulated by filtering the reference with the PSFs taken from the S2
sensors’ MTFs [151] followed by a downsampling operator with a factor of 2 and 6,
respectively. Isotropic Gaussian noise is added to the 20 m and 60 m bands, such that
the images have SNR = 30 dB and SNR = 40 dB for all bands.

The real S2 dataset is a level 1C product and can be publicly downloaded from
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the ESA/Copernicus portal. This real S2 dataset (called Vietnam) shows a part of a
sub-urban area in Khanh Hoa province, Vietnam, and was acquired in April 2019. The
spatial size of the 10 m bands of the Vietnam dataset is 420 x 420 pixels.

For performance evaluation using the APEX dataset where the reference is available,
the following evaluation metrics are used, the MSRE in decibels, the SAM in degrees,
and the MSSIM. All the metrics are computed with respect to the original HR bands
without noise added. Those metrics are given in detail in Appendix. For the Vietnam
dataset, due to the lack of reference images the results are assessed visually.

4.4.2 Validation of SURE for S2 Sharpening

As was done with MS-HS fusion, this section verifies that using SURE loss ovoids
overfitting. Also the SURE loss performance with different linear operators P is
analysed. For the experiments presented here, the same CNN as in Fig. 4.2 is optimized
with the BP-DIP loss function (4.4), the SURE loss functions (4.8) with P = H' and
with P = HT, respectively.

Fig. 4.7 shows the MSRE curves in training for three loss functions mentioned
above using the APEX dataset with SNR = 40 dB and SNR = 30 dB. The same
trend as in the MS-HS image fusion is observed. There, training a CNN with the
BP-DIP loss function suffers an overfitting problem, specifically in the higher noise case
(Fig. 4.7b). In contrast, training a CNN with the SURE loss functions ignore overfitting.
The performance of the SURE loss with P = HT is significantly better than one with
P = H” when the noise level decreases.

4.4.3 Performance evaluation of SURE for S2 Sharpening

Table 4.3. S2 sharpening results (60 m and 20 m bands) for the APEX dataset in terms
of MSRE (dB), SAM (°) and MSSIM. Best results are in bold.

SNR=40 dB
SupReME  S2Sharp SSSS BP-DIP SURE
MSRE (dB)1 22.86 26.89 2543  27.58 27.53
SAM (°)} 3.855 4.250 4914 2421 2.533
MSSIM T 0.921 0.937 0911  0.955 0.955
Time (s)J 317 11.60 182.84 277.01 392.54
SNR=30 dB
MSRE (dB)T 22.34 23.13 20.6 23.72 25.85
SAM (°)} 4.499 5.637 9.033  3.908 2.893
MSSIM?T 0.905 0.896 0.836  0.906 0.940
Time (s)J 3.28 10.01 180.15 273.06  390.16

Experimental results of SURE for S2 sharpening using the simulated APEX dataset
and the real Vietnam dataset are presented here. Moreover, the proposed SURE-
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based method is compared against the recently published S2 sharpening methods. The
competitive methods are three model-based methods (SupReME? [97], S2Sharp® [99],
and SSSS’ [100]) and one unsupervised DL-based method that is our proposed method
trained with the BP-DIP loss function (4.4). SupReME and S2Sharp exploit the low-rank
property of the S2 data, where the fused images are the solutions to the penalized least
square problems in a reduced-rank domain with a roughness regularizer. The difference
between SupReME and S2Sharp is that while SupReME assumes the parameters
(e.g., the dimension of subspace and the regularization weights) are fixed, S2Sharp
automatically estimates those parameters using a Bayesian optimization method. SSSS
also relies on the low-rank property of the S2 data, but it solves the reduced-rank least
square problem with the self-similarity regularizer. It is experimentally observed that
the main parameters affecting the results of SupReME and SSSS are the dimension
of subspace k and the regularization weight A. Using a grid-search for the APEX
dataset, the best parameters (based on highest MSRE) of SupReME and SSSS for
both SNR = 30 dB and SNR = 40 dB was found to be £ = 8, A\ = 0.01032, and
k = 8, A = 0.01, respectively. Similar to the MS-HS fusion, there is no criterion
stop optimizing the BP-DIP method, the training iteration is chosen manually at 3000
iterations, and the result is the running average of the CNN output with an exponential
weight is 0.99 [63]. For a fair comparison, the same schedule to obtain a result in
BP-DIP is also applied in the SURE method.

The quantitative results are shown in Table 4.3 for the APEX dataset. In the low
noise scenario of SNR = 40 dB, BP-DIP and SURE yield similar results as was
discussed in Section 4.4.2. However, in a higher noise scenario of SNR = 30 dB, SURE
is considerably better than BP-DIP since BP-DIP overfits at 3000 iterations. Both SURE
and BP-DIP outperform the model-based methods in all metrics and noise cases. For
example, SURE give results which are roughly 1.5 and 2.7 dB in terms of MSRE higher
than the best model-based method, S2Sharp, for SNR = 40 dB and SNR = 30 dB,
respectively. The images sharpened by BP-DIP and SURE have remarkably less spectral
distortion than the model-based methods, with 1.2 to 6.2 degrees lower in terms of
SAM for all noise cases. Fig. 4.8 and Fig. 4.9 show the sharpened bands 11 (20 m band)
and 9 (60 m band), and their residual images (in logarithm scale) of the APEX dataset
obtained by all methods and the reference image. Zooming in the reconstructed images
of band 11 reveals that SupReME generates some grid-like artifacts, and the images
generated by SSSS and S2Sharp are slightly noisy (see the top left corner). The images
of BP-DIP and SURE are similar and very close to the reference image. Band 9 has
high contrast, and it is very hard to differentiate between the sharpened images visually.
However, the residual images of both bands 11 and 9 indicate that SURE and BP-DIP
yield less residual structure than the competitive methods.

Computational complexity of all methods is assessed in term of running time
in seconds, and is reported in Table 4.3. The proposed SURE-based method was
implemented in Pytorch 1.8 GPU, and was run on a Linux computer with a Linux
computer with eight cores Intel CPU 3.2 GHz, 64 GB of RAM, and 12 GB memory
of GPU (Nvidia Titan X). The competitive methods were implemented using Matlab

Shttps://github.com/lanha/SupReME
Shttps://github.com/moul2/S2Sharp
Thttps://sites.google.com/view/chiahsianglin/software
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4.4 MS-MS fusion: Experimental results

R2019b, and were run on the same computer. The fastest to slowest methods are ranked
as SupReME, S2Sharp, SSSS, BP-DIP, and SURE.

The experimental results for the real S2 dataset (Vietnam) are shown in Fig. 4.10
and Fig. 4.11. In this experiment, the parameters for all methods are set as the same
as in the simulated case. Noise is estimated using the median absolute deviation of the
details sub-band (HH) using 2-D wavelet decomposition [163]. Sharpened images of
the 20 m bands are shown in Fig. 4.10. SupReME produces some grid-like artifacts, the
remaining methods yield well-looking images, and the difference between those images
is not visually pronounced. For the 60 m bands shown in Fig. 4.11, the SupReME image
has some artifacts, and the SSSS image is noisy and blurry. S2Sharp, BP-DIP, and the
proposed methods give good sharpened images, which are sharper than SupReME and
SSSS images. The results of BP-DIP and SURE are very similar, that is because the
noise might be small for this dataset. Noting that BP-DIP and SURE seem to generate
spectral distortion in the 60 m bands sharpened images since the color of those images
deviates from the observed bands.

4.4.4 Pansharpening

In pansharpening, the guided image is a PAN, and the LR image is an MSI. Since
the PAN is a linear combination of the bands of an HR MSI, pansharpening can be
considered a special case of the MS-HS image fusion where the PAN and LR MSI play
the roles of the MSI and LR HSI, respectively. The proposed SURE method is applied
to pansharpening by optimizing a CNN with the SURE loss function (4.11), where the
LR HSI and MSI are replaced by the LR MSI and the PAN, respectively.

The pansharpening algorithms are evaluated using simulated Pleiades dataset [71].
The Pleiades dataset was collected by an aerial platform, showing a scene of Toulouse
(France) in 2006. It has four MS bands (HR MSI) with 60 cm resolution and lacks a
PAN. The LR MSI is simulated by band-wise filtering the HR MSI using a Gaussian
low-pass filter with a standard deviation of 2.0 and kernel support of 15 pixels and is
downsampled with a factor of 4 [71]. The simulated PAN is the average of all bands of
the HR MSI. The proposed method is compared against the representative CS, MRA,
and supervised DL-based methods, i.e., BDSD [82], MTF-GLP [871%, and PNN? [109].
The BDSD and MTF-GLP methods are fine tuned by modifying the MTF-based filter
with the Gaussian filter described above (i.e., a standard deviation of 2 and kernel
support of 15 pixels). For the PNN method, the pre-trained network provided by the
authors is used.

Experimental results are shown in Fig. 4.12. The SURE result is significantly better
than the competitive methods in quantitative metrics and the pansharpened images’
quality. SURE yields 2.76° and 1.74 in terms of SAM and ERGAS which are roughly
2.3° and 1.2 lower than the second best method, BDSD. The competitive methods
suffer some degrees of spectral and spatial distortion where the resulted images look
blurry, and the color deviates far from the reference image. It is not surprising that PNN
performs poorly, although it is a supervised DL-based method, since the pre-trained

8Codes for BDSD and MTF-GLP are available at https://openremotesensing.net/knowledgebase/a-critical-
comparison-among-pansharpening-algorithms/
9https://github.com/sergiovitale/pansharpening-cnn-matlab-version
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CNN of PNN was trained using the bicubic degradation model that does not match the
degradation model assumed in this section.

4.5 Conclusions

A general RS image fusion problem has been addressed by using a novel method
based on SURE. The main innovation of the proposed method is that it incorporates
a linear mapping operator and SURE to prevent overfitting and improve the results.
Also, the proposed method is a hybrid model and DL-based method, which overcomes
the difficulty in the hand-crafted designed image prior for the model-based methods
and the dependency of the ground truth for training in supervised DL-based method.
Experimental results for three representative RS image fusion problem using SURE
and BP verify that the proposed method yields significant improvement results over
competitive methods. However, there are still open questions that need to be addressed
in the future works, for example, different kinds of the pre-processing operators P (e.g.,
a non-linear operator such as a neural network mapping function), the more efficient
way to compute the trace of the derivative of the network with respect to its input,
and applying the SURE for the other MSE-related loss function (e.g., ERGAS) is an
interesting idea.
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Figure 4.5. Fusion results for the PU dataset (high noise). The first row are the images
shown in natural color using an HSI to RGB color rendering method [165]. The images
shown in big red rectangles are the 4 times zooming in of the images shown in small red
rectangles. The second row are the RMSE-based residual images (shown in logarithm
scale) with respect to the reference.
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Figure 4.6. Fusion results for the DC dataset (high noise). The first row are the images
shown in natural color using an HSI to RGB color rendering method [165]. The images
shown in big red rectangles are the 4 times zooming in of the images shown in small red
rectangles. The second row are the RMSE-based residual images (shown in logarithm
scale) with respect to the reference.
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Figure 4.7. MSRE curves in training for the APEX dataset using different loss functions.
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(a) Reference (b) SupReME

(d) SSSS (e) BP-DIP (f) SURE (Ours)

Figure 4.8. Image fusion results for the APEX dataset (SNR = 40 dB). Top row are the
images for band 11 (20 m) and bottom row are the respective residual images shown in
logarithm scale.
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(a) Reference

(d) SSSS (e) BP-DIP (f) SURE (Ours)

Figure 4.9. Image fusion results for the APEX dataset (SNR = 40 dB). Top row are the
images for band 9 (60 m) and bottom row are the respective residual images shown in
logarithm scale.
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(d) SSSS (e) BP-DIP (f) SURE
Figure 4.10. Image fusion results of the 20 m bands for the Vietnam dataset. The

images are shown in false color images using bands 12, 8a, and 5 as the R, G, and B

channels. The images shown in big red rectangles are the 4 times zooming in of the
images shown in small red rectangles.
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(d) SSSS (e) BP-DIP (f) SURE

Figure 4.11. Image fusion results of the 60 m bands for the Vietnam dataset. The
images are shown in false color images using bands 1, 9, and 1 as the R, G, and B

channels. The images shown in big red rectangles are the 4 times zooming in of the
images shown in small red rectangles.
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(a) Reference (b) LR MSI (c) PAN (d) BDSD
(5.08°,2.93)

(¢) MTF-GLP (f) PNN (g) SURE
(5.45°,4.58) (5.59°, 4.99) (2.76°,1.74)

Figure 4.12. Pansharpening results for the Pleiades dataset. The reference, LR-MSI,
and the pansharpened images of 256 x 256 pixels are shown in natural color using
bands 1, 2, and 3 as the R, G, B channel. The PAN is shown in gray scale. The number
presented in brackets are the SAM in degrees and ERGAS where the best results are in
bold.

82



CHAPTER 5

CONCLUSIONS

This chapter gives the conclusions of the thesis and future directions.

The main topics of this thesis are HSI denoising and RS image fusion which are
the special cases of RS image restoration. Several HSI denoising and RS image fusion
methods have been proposed. All the proposed methods are unsupervised DL-based.
The core idea is based on the DIP theory stating that the structure of a CNN provides a
good image prior to reconstructing an image. This allows one to train a CNN for RS
image restoration similarly to the model-based methods without any ground truth. In
this thesis, several techniques are added to the DIP in the proposed methods to improve
the results of HSI denoising and RS image fusion. The main remarks and conclusions
are listed below

* RS images have high correlation in both spectral and spatial domains. This
property allows us to represent an RS image in a low-rank subspace and very
few sparse coefficients using a transform. The DIP-SLR HSI denoising method
proposed in this thesis exploited the sparse and low-rank properties using the
SVD and 2-D wavelet transform. Then a CNN was trained in the transform
domain to obtain better performance in denoising results and computational time.
Additionally, it was also shown that the high correlation of RS image benefited
the results of the SURE-based HSI denoising method and the S2 sharpening with
the MTF-based degradation model method proposed in this thesis.

* SURE was used to derive the loss functions for unsupervised training CNNs in
both HSI denoising and RS image fusion. In the SURE-based HSI denoising
method, SURE was applied to estimate the unbiased value of the MSE between
the denoised and reference images. In the SURE-based RS image fusion method,
SURE, accompanied by a linear mapping operator, was applied to estimate the
unbiased value of the linear transform of the MSE between the fused and reference
images. In both cases, the unbiased estimate MSEs were calculated without using
any information about the reference images. By training CNNs with the SURE
loss functions, overfitting was avoided, and the methods were unsupervised.

¢ The SURE-based methods could work with non-Gaussian noise, such as Poisso-
nian noise, although the theoretical assumption behind SURE is Gaussian noise.
To deal with the non-Gaussian, the data were first approximated to Gaussian via
a transform (e.g., the Anscombe transform) and then applied the SURE methods.
Moreover, the SURE-based HSI denoising method could work with subspace
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data. In some cases, using the SURE-based method in subspace improved the
results and significantly reduced the running time.

SURE has been used for parameter selection in many model-based methods where
only a few parameters need to be selected. Applying SURE in the DL context,
the proposed HSI denoising and RS image fusion methods showed that SURE
was successfully used to select the optimal values for the network weights and
bias of DL models.

In the proposed SURE-based RS image fusion method, an unsupervised CNN
assisted by a pre-processing operator, such as a linear mapping operator that
maps an LR image to its HR one, improved the results. As an example where the
degradation model, i.e., the sensors’ PSFs and downsampling factor, was known,
a BP operator was constructed and was used as the linear operator. Experiments
showed that the BP gave a significant improvement in fusion results for MS-HS
fusion, S2 sharpening, and pansharpening.

The sensors’ MTFs were an important factor in modeling the degradation in S2
sharpening. It was shown that the correct implementation of the MTF-based
degradation model that matched the observation model yielded better S2 fusion
results in both reduced and full resolution.

For a multi-factor super-resolution problem, such as S2 sharpening, the study in
this thesis showed that using a single CNN for the super-resolution of all bands
was better than using separate CNNs for the super-resolution of each band.

However, the RS image restoration problem addressed in this thesis can be extended
in many directions. Some ideas and recommendations that will be addressed in future
works are listed as follows
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The network divergence in the SURE loss functions was computed using the
MC-SURE in this thesis. Another approach to computing the network divergence
is available by using the automatic differentiation packages of the DL framework.
However, those approaches are limited in accuracy and computational time.
Therefore, a more efficient technique to compute the network divergence will be
developed in future work.

The BP operator was chosen as the linear operator in the SURE-based RS image
fusion method. However, the other linear mapping operator will be analysed
carefully to find the optimal operator for this task.

Applying SURE to MSE-related metrics (e.g., ERGAS) to construct the loss
function for training a CNN is another exciting idea that will be done in future
work.

The HSI denoising method in this thesis focused on only Gaussian noise. Several
kinds of noises, such as impulse noise, dead pixel noise, and mixed noise, will be
addressed in a future study.

Another direction is to use advanced DL techniques (e.g., generative adversarial
network (GAN)) and architectures (e.g., transformer) for RS imagery.



APPENDIX

This appendix describes the datasets, and defines the evaluation metrics used in the
thesis.

A.1 Datasets

A.1.1 Hyperspectral image datasets

THE INDIAN PINES DATASET

The Indian Pines!® dataset is an HSI that was gathered by the Airborne Visible
InfraRed Imaging Spectrometer (AVIRIS) sensor over the Indian Pines test site in
North-western Indiana. It consists of 145 x 145 pixels and 224 spectral reflectance
bands in the wavelength range 400 — 2500 nm. The Indian Pines dataset contains mostly
Gaussian noise and is used as a real dataset to evaluate the denoising algorithms in this
thesis. Fig. A.1 shows an RGB image of the Indian Pines dataset where the RGB image
is created using the method [165].

Figure A.1. The Indian Pines dataset shown as an RGB image using the HS to RGB
image rendering method [165].

10http://lesun.weebly.com/hyperspectral-data-set.html
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THE URBAN DATASET

Urban'! is an HSI collected by Hyperspectral Digital Image Collection Experiment
(HYDICE). The image has 307 x 307 pixels and 210 spectral bands ranging from 400
nm to 2500 nm. The spatial and spectral resolutions are 2 m, and 10 nm, respectively.
Gaussian, death pixels, and stripped noise are dominant in the Urband dataset, and
this dataset is used as a real dataset to evaluate the denoising algorithms in this thesis.
Fig. A.2 shows an RGB image of the Urban dataset where the RGB image is created
using the method [165].

Figure A.2. The Urban dataset shown as an RGB image using the HS to RGB image
rendering method [165].

http://lesun.weebly.com/hyperspectral-data-set.html
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WASHINGTON DC MALL DATASET

The Washington DC Mall HSI dataset!? was collected by the Hyperspectral Digital
Imagery Collection Experiment (HYDICE) sensor. The image has 191 bands of 1208 x
307 pixels per band. The spatial and spectral resolution is 2 m and 10 nm, respectively.
This dataset is relatively clean, and it is used as ground truth to simulate the noisy and
low resolution data in this thesis. Fig. A.3 shows an RGB image of the Washington DC
Mall dataset where the RGB image is created using the method [165].

Figure A.3. The Washington DC Mall dataset shown as an RGB image using the HS to
RGB image rendering method [165].

Zhttps://engineering.purdue.edu/ biehl/MultiSpec/hyperspectral.html
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THE PAVIA UNIVERSITY DATASET

The Pavia University dataset '3 is hyperspectral dataset acquired by the Reflective

Optics System Imaging Spectrometer (ROSIS) sensor showing a scene of Pavia, northern
of Italy. The wavelength covered by the sensor is in the range of 430 — 860 nm.
The spatial and spectral dimensions for the Pavia University are 610 x 610 and 103,
respectively. In this thesis, the first few noisy bands of the Pavia University dataset are
removed and the rest is used to simulate the noisy and low resolution data. Fig. A.4
shows an RGB image of the Pavia University dataset where the RGB image is created
using the method [165].

Figure A.4. The Pavia University dataset shown as an RGB image using the HS to RGB
image rendering method [165].

A.1.2 Multispectral image datasets

APEX DATASET

APEX' is an open science dataset provided by the Airborne Prism Experiment

Bhttps://www.ehu.eus/ccwintco/index. php?title=Hyperspectral_Remote_Sensing_Scenes
4https://apex-esa.org/en/data/free-data-cubes
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(APEX). APEX is a hyperspectral image acquired by the APEX imaging spectrometer,
which covers the wavelength from 413 nm to 2412 nm. The APEX hyperspectral image
was obtained by the sensors mounted on a flight at 4600 m altittude. The image has a
spatial resolution of 1.8 m and shows a scene in the vicinity of Baden, Switzerland, in
2011. In this thesis, the APEX hyperspectral image is used to simulate the S2 image.
Fig. A.5 shows the APEX dataset as an RGB image.

Figure A.5. The APEX dataset is shown as an RGB image.
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THE REAL SENTINEL 2 DATASETS

The real S2 data which are publicly available on the ESA/Copernicus portal'>. The
data are Level 1C product obtained at top of the atmosphere (TOA) by the Sentinel-2A
constellation. The S2 constellations provide data in terms of tiles, where each tile
covers an area of approximately 110 x 110 km?. It means that the 10 m bands having a
spatial resolution of approximately 11,000 x 11,000 pixels. In this thesis, each dataset
is a part of an S2 tile. For 20 m bands sharpening evaluation, four datasets called
Australia, Iceland, USA, and Vietnam are used. The datasets have the spatial resolution
of 410 x 410 pixels (4.1 x 4.1 km?) for the 10 m bands. They are described as follows:

» Australia dataset covers a coastal area in the Keep River National Park, northern
Australia. It is acquired on September 2020.

¢ Iceland dataset covers a mountain area in Varmahlid, northern Iceland. It is
acquired on August 2020.

* Vietnam dataset covers a sub-urban area in Khanh Hoa province, central coast of
Vietnam. It is acquired on April 2019.

» USA dataset cover an agriculture area of Mississippi River Delta, in Mississippi
state of the USA. It is acquired on June 2020.

The Australia, Iceland, USA, and Vietnam datasets are shown in RGB images for the
10 m bands as in Fig. A.6. Another real S2 dataset used for 60 m sharpening evaluation
is called USA-60 which has the spatial resolution of 1,800 x 1,800 pixels (18 x 18
km2) for the 10 m bands. This dataset is obtained at the same tile of the USA dataset
mentioned above, and is shown as an RGB image in Fig. A.7.

Bhttps://scihub.copernicus.eu/dhus/#/home
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A.2 Evaluation metrics

(c) USA (d) Vietnam

Figure A.6. The real S2 datasets used for 20 m bands sharpening in this thesis.

A.2 Evaluation metrics

PSNR

The peak signal-to-noise-ratio (PSNR) in decibels is the highest signal-to-noise
ratio of a reconstructed image with respect to the reference. The higher value of PSNR
implies that the better image is reconstructed.

max?(x
PSNR (dB) = 10log,, (Wi%)

where x and x are the reference and fused image, respectively. The maximum value
of the reference is represented by max(x) and MSE(x, X) is the mean square error
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Figure A.7. The USA-2 dataset shown as an RGB image.

between the reconstructed image and the reference.

SRE

The signal-to-reconstructed error (SRE) in decibels for the ith band of an image is
computed as
SRE (dB) = 10log,, (M) )
1% — %13
where x; and X; are the reference and reconstructed image at band ith, respectively. The
mean SRE (MSRE) in decibels is the average value of SRE calculate over all bands of an
image. The higher value of SRE and MSRE imply that the better image is reconstructed

ERGAS

Erreur Relative Globale Adimensionnelle de Synthése (ERGAS) [166] computes
the amount of spectral/spatial distortion of the reconstructed image with respect to the
reference. Smaller value of ERGAS is desired for a good reconstructed image.

d
ERGAS = —, | = —_—
r\d ; -
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where d is the number of spectral bands, r is the resolution ratio between the HR and
LR images, and uii is the mean value of the ¢th band of the reference image.

SAM

The spectral angle mapper (SAM) [167] in degrees indicates the spectral similarity
of two vector as an angle. The value of SAM for an entire image is given by the average
of SAM for each pixel, and is computed as below

(p) ( ) 180
AM(° E
S =5 arccos < I ) ,

p)”HX(;D)H

where x(p) andx(, are two vectors containing data of reference and reconstructed
image at pixel p, respectively. The smaller values of SAM indicates better reconstructed
image. The optimal value for SAM is 0 meaning that there is no spectral distortion.

SSIM

The mean structural similarity index (MSSIM) is the band-wise mean of SSIM. The
SSIM of ith band is calculated as [168]

(2/1’% RILR, + 01)(20Ii,j511,j + 02)

SSIMZ i )
T2, ek )0+ ok +c)

where piy, ;, Uiz, 50z, ;» and oz, ; denotes mean and standard deviation for the reference
and reconstructed image in a local window centered at pixel j, respectively. oy, .z, .
is the cross-covariance between two images. ¢; = (K1 D)? and c; = (K2 D)2, where
K; =0.01, K2 = 0.3, and D is the dynamical range of the image. The optimal value
of SSIM is 1, and the closer to 1 of SSIM value indicates the better reconstructed image.
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