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Abstract: Quantitative studies on surface elements require satellite hyperspectral images with high
spatial resolution. The identification of different surface elements requires different characteristic
bands and their corresponding optimal spatial-spectral fusion methods. To address these problems,
the harmonic analysis (HA), guided filtering, and Gram-Schmidt (GS) algorithms were integrated
to propose a spatial-spectral fusion method called HGFE. The fusion experiment and validation of
the hyperspectral images of GaoFen-5 (GF-5) and ZY1-02D were conducted separately using the HGF
method, and the fusion effect was evaluated in three band intervals according to the spectral response
of the ground class. First, HGF was used to fuse the GF-5 and GaoFen-1 (GF-1) images, and the fusion
effect was evaluated both qualitatively and quantitatively. Second, the optimal fusion method
was selected for the corresponding characteristic bands of the different surface elements. Finally,
the hyperspectral image obtained by ZY1-02D and multispectral image of Sentinel-2B were used for
validation to improve the accuracy and efficiency of satellite hyperspectral images in quantitative
studies. The results show that for further studies on soil, vegetation, and water bodies, the best fusion
methods in the 390-730, 730-1400, and 1400-2260 nm intervals are the GS, HGF, and HGF algorithms,
respectively. Further analysis showed that the HGF or GS methods can be selected for quantitative
studies on vegetation and water bodies and that the HGF method exhibits outstanding advantages
for quantitative analysis of each soil element.
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1. Introduction

Advances in remote sensing technology are helpful in the timely acquisition of remote
sensing data, especially for hyperspectral images, such as Hyperion, HJ-1A, Gaofen-5 (GF-5),
and ZY1-02D. However, it is very difficult for satellite-based hyperspectral image to have
both high spatial and spectral resolution. This limitation is an impediment in the devel-
opment of earth observation technology and hinders quantitative monitoring of surface
elements. To alleviate the contradiction between the spatial and spectral resolutions of
satellite imaging systems, scholars have applied spatial-spectral fusion techniques and
related theoretical methods to remote sensing image data. These techniques can generate
remote sensing images with high spatial and spectral resolution, thereby achieving more
comprehensive and accurate land surface monitoring [1].

Traditional methods for image fusion include component replacement, multiresolution
analysis, and Bayesian matrix decomposition. The most used component replacement
techniques are hue saturation intensity, principal component analysis (PCA), and the Gram—
Schmidt (GS) adaptive algorithm. Common multiresolution analysis methods include
intensity modulation based on a smoothing filter and MTF-GLP-HPM. Image fusion al-
gorithms based on matrix decomposition include nonnegative matrix decomposition and
coupled nonnegative matrix decomposition, whereas common Bayesian algorithms include
Bayesian sparsity. Numerous studies have found that between the two most commonly
used methods, component replacement and multiresolution analysis fusion, the latter
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exhibits better spectral fidelity [2]. Subsequently, scholars performed the fusion of panchro-
matic and hyperspectral images based on a model with mixed pixel decomposition [3].
With the rapid increase in the spatial resolution of satellite-based images, the ratio in
the spatial resolution of images has gradually increased. To effectively integrate the spatial
and spectral information of images with large spatial resolution differences, a strategy of
stepwise fusion has been proposed with the help of images that exhibit similar spatial
resolutions [4]. In recent years, deep learning methods have shown excellent application
prospects and are widely used in the fusion of hyperspectral images [5-7]. Although these
methods require a large number of training samples, they can be trained in an unsuper-
vised manner [8,9]. In 2013, Yang et al. first used the harmonic analysis method to detect
small target information in hyperspectral images [10]. From the perspective of the spectral
curve of a single image element, better results have been achieved through the fusion
of panchromatic and hyperspectral image data from the same satellite as compared to
the traditional component replacement method combined with harmonic analysis tech-
niques [11,12]. Based on the research of Yang et al. (2014) [11], Zhang et al. (2015) [12] found
that the combination of harmonic analysis and GS transform methods can reduce the pixel
gray difference between the harmonic residual terms obtained from the decomposition of
high-spatial-resolution images and hyperspectral images.

Further analysis reveals that the above algorithms and models are mainly used for
feature interpretation [1,13-15] and that their application to the quantification of surface
elements needs to be explored further. A quantitative study of surface elements requires
hyperspectral satellite images with high spatial resolution and spectral fidelity. The optimal
image fusion methods and their applicable wavelength intervals differ in the various studies
conducted on surface elements. Therefore, the construction of an efficient hyperspectral
satellite image fusion model that can be used on satellite data is crucial, considering
the need for quantitative studies on different surface elements.

In this study, an image fusion model (HGF) was constructed by employing harmonic
analysis (HA), guided filtering (GF), and Gram-Schmidt (GS) transform, aiming to per-
form the fusion of panchromatic-hyperspectral images. By analyzing and comparing
the evaluation metrics of the processing results from different fusion algorithms at different
wavelength intervals, we determined the optimal fusion model for monitoring surface
elements such as soil, vegetation, and water. Our exploration contributes to the high-quality
application of hyperspectral satellite images for quantitative inversion of surface elements.

2. HGF Model

Figure 1 shows the spatial-spectral fusion model (called HGF) constructed in this study,
which mainly involves the following steps: (1) harmonic decomposition of hyperspectral
images to obtain the harmonic amplitude, phase, and residual term; (2) GS transformation
of the harmonic residual term of hyperspectral images and multispectral bands of high-
spatial-resolution images to obtain the fused data of the residual term; (3) reconstruction
of the fused residual term, harmonic amplitude, and phase, and the implementation
of optimization using a guided filtering to obtain fused images; and (4) evaluation of
the accuracy of the fused image in three spectral intervals and four feature elements.
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Figure 1. HGF spatial-spectral fusion model.

2.1. Data and Preprocessing

The 30 m resolution hyperspectral images used in this study were obtained by the GF-5
and ZY1-02D satellites, with 330 and 166 spectral bands, respectively. The multispectral im-
ages were obtained by the Gaofen-1 (GF-1) and Sentinel-2B satellites. The spatial resolution
of multispectral bands for the former is 8 m and the latter is 10 m. The basic information
of the image is shown in Table 1. Considering that multisensor images may have some
differences in sensor attitude, angle, atmospheric conditions, acquisition time, and other
aspects, it is necessary to conduct geometric and radiation normalization for multisensor
remote sensing images [2]. Images from different sensors were processed with radiometric
correction, orthorectification, and geometric correction.

Table 1. The basic information of the images used in this study.

GF-1: Band 4 GF-5 Sentinel-2B: Band 4 ZY1-02D
Acquisition time 25 May 2019 29 May 2019 20 June 2020 28 June 2020
Pixel 8m 30m 10 m 30m
Spectral resolution _ VNIR: 5 nm SWIR: 10 nm _ VNIR: 10 nm SWIR: 20 nm
Dims 510 x 455 x 1 136 x 121 x 303 420 x 354 x 1 140 x 118 x 151

2.2. Fusion Algorithm of Hyperspectral Images

The HA of a spectrum can be approximated as a representation of a spectral curve
as a superposition of sine (cosine) curves [11]. In particular, the HA of a spectrum is
the decomposition of a spectral curve into several spectra of different frequencies, which
are multiples of a basic frequency, that are then superimposed to represent the original
spectrum. In other words, HA first decomposes the spectrum and then reconstructs it.
Based on the Fourier expansion of a periodic waveform, for the image element spectral
curves in hyperspectral remote sensing images, the transform expansion can be expressed
as a Fourier series:

x(n) =% + y [Ap cos(2htn/L) + By sin(2hn /L))
= )
=y L Cysin(2hrn/L + 1)
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where Cysin(2hnin/L + ¢@y) is the ht" harmonic component, and Ay, By, Cj, and ¢y, are
calculated as follows:

Ay

N

x(n) cos(2hnn/L)

=T

By,

I
=N

x(n)sin(2hmtn/L) (2)

Cp =+ Ahz + th

¢y = arctan(—Ay,/By,)

i
I

where x(n) is the discrete spectral curve, 7 is the band number, L is the total number of bands,
Ap/2 represents the harmonic residual term, & represents the number of decompositions
and its value range is 0-151, C, represents the amplitude of the hth harmonic component,
@y, represents the phase of the hth harmonic component, and the spectral curve dimension
equals W = 2h + 1 after harmonic transformation.

From the above equation, it can be observed that each element spectrum is a super-
position of a series of sine (cosine) component curves, and each sine (cosine) curve is
composed of the harmonic residual term Ag/2, amplitude Cj,, and phase ¢;,. According
to the Equation (1), Ag/2 is a constant that does not affect the waveform of the spectral
curve. It is the integrated response of the feature to the reflection of electromagnetic waves
and contains the spatial information of the image. Replacing the high-spatial-resolution
image with Ag/2 for harmonic reconstruction inversion can realize spatial-spectral fusion.
However, there is a large difference between the high-spatial-resolution image and the gray
value of the @;, image element.

Therefore, the fusion of Ag/2 and high-spatial-resolution images is performed using
the GS transform to improve the spatial resolution of Ay/2 while rendering the gray
value of image elements of the GS-transform-fused images closer to Ag/2. Then, the GS-
transform-fused image, Cj, and ¢}, are harmonic-reconstructed and inverted to complete
the fusion of hyperspectral and high-spatial-resolution images that are closer to the real
feature spectral reflectance.

2.3. Guided Filtering

The guided filter not only attenuates the noise but also preserves the edge when
the guided image is the original image (Figure 2). Thus, it is an edge-preserving filter.
Furthermore, it has applications in image fusion [16,17], image enhancement [18], target
detection [19], defogging, and classification [20]. The principle of the guided filter is
as follows:

Input (Image to be filtered) Guidcnce image

O=p—n,

Grneznanans Y. R R, T <.
7;= noise / texture

Input img P ' \\

output O >|
VO, =aVl, l Output (Filtered Image)

O,=al,+b

Guidance image 7

Figure 2. Schematic of the guided filter.
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For an input image p, the output image O is obtained after filtering using the guiding
image I, which acts as the guided filter. For a pixel point at position i, the filtered output is
a weighted average, and the guided filter can be represented using the following equation:

O; = ZWij(I)Pj 3)
j

where i and j denote the pixel subscripts, and Wj; is the filter kernel associated only with
the guided image I. The filter is linear with respect to p.

An important assumption of the guided filter is that there is a local linear relationship
between the output image O and the guided image I over a window wy, centered at pixel k.

O; = ail; + by Vi € wy 4)

where wy is a square window of size (2r + 1) x (2r + 1), i denotes the pixel index, and a;
and by, are coefficients that remain constant in the window wy.

2.4. Evaluation Metrics

When evaluating hyperspectral image fusion accuracy, the evaluation metrics are
broadly divided into two categories: spatial information incorporation and spectral in-
formation fidelity. Spatial information incorporation includes the correlation coefficient
(CC), standard deviation (STD), peak signal-to-noise ratio (PSNR), structural similarity,
relative global error, etc. Spectral information fidelity includes the spectral angle (SAM),
deviation index, etc. To verify the effectiveness of the image fusion algorithm, we evaluated
both qualitative and quantitative aspects. Qualitative evaluation was performed using
the visual effect, and quantitative evaluation was performed by employing the original
hyperspectral image as the standard. Four indexes were used for this evaluation: CC, STD,
PSNR, and SAM. The evaluation of the indicators showed that the fused image had richer
gray levels and information content, clearer spatial texture information, and better spectral
fidelity [2,16]. The four indexes were calculated as follows:

CC is an objective evaluation index reflecting the correlation between the fused image
and the ideal reference image.

% L (1) = ) (o f) ~ T)
CC(Iy, Iw) = —= ;]’ —— (5)
¢ £ L (1) - T £ L (i)~ T’
i=1j= i=1j=

where M and N represent the height and width of the fused image, respectively; Ig(i, j) and
Iw(i, j) are the pixel gray values of the fused image and the ideal reference image located in
row i and column j, respectively; and Iy and I, are the average pixel values of the fused
image and the ideal reference image, respectively.

STD is used to represent the gray level distribution and contrast of the fused im-
age, that is, the richness of the information contained. The larger the value, the richer
the information contained.

M N
STD = J Y ) (FGj) — ) ©)

i=1j=1

where F (i, j) is the value of pixel points in row i and column j of the fused image, and y is
the mean value of the fused image.
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PSNR is mainly used to measure the ratio between the effective information and noise
of an image, which can show whether the image is distorted. The PSNR reflects the fidelity
of the fused image.

1 M N .. N4
MSE(Iy, Iw) = jin & £ (In(i,j) = Iw (i, )

PSNR = 10lgZe

where the smaller the mean square error (MSE) is, the smaller the difference between
the source image and the fused image is, the higher the similarity is, and the better the qual-
ity of the fused image is. Z is the difference between the maximum and minimum gray
levels of the ideal reference image.

SAM is the included angle between spectra, representing the similarity between
two spectral curves. The smaller the value, the closer the shape of the two spectral curves is.

Y. XY
Y (X)X (Y)?

SAM = cos !

®)

where X is the spectral vector of the ground object on the original hyperspectral image, and
Y is the spectral vector of the same ground object on the fused image.

It should be noted that we analyzed the spectral characteristic band distribution of
surface element studies, such as water body studies mainly in the visible band, vegetation
studies mainly in the visible and near-infrared bands, and soil studies in the visible, near-
infrared, and mid-infrared bands. Therefore, for the quantitative evaluation, considering
the need for the quantification of surface elements at a later stage, the water vapor absorp-
tion bands, and the number of bands of hyperspectral satellite images, the whole spectral
range was divided into three band intervals (band 1: 390-730 nm, band 2: 730-1400 nm,
and band 3: 1400-2260 nm). Furthermore, the soil, vegetation, and water bodies were
evaluated separately using the spectral angle index, facilitating the selection of an optimal
algorithm for the quantitative analysis of surface elements at different band intervals.

3. Results and Analysis

Fusion experiments were performed based on the GF-1 and GF-5 images, which were
acquired on 28 May 2019 and 29 May 2019, respectively. The types of land cover are mainly
rivers, vegetation, soil, and buildings. Figure 3 shows the image data after preprocessing,
and Figure 4 shows the fused images after applying the PCA, GS transform, HA, and HGF
methods. It can be seen from the figure that the visual effect of the fused image is better
than that of the original image, with clearer textures and improved spatial resolution.

(a) (b)
Figure 3. Preprocessed image data: (a) GF-1 Band 4 (b) GF-5 image.
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4500

Figure 4. Fused images obtained using (a) PCA, (b) GS transform, (c¢) HA, and (d) HGF processing.

Furthermore, CC, STD, PSNR, and SAM were used as metrics to quantitatively evalu-
ate the spatial information incorporation and spectral information fidelity of the different
fusion methods, as shown in Figure 5 and Table 2. Figure 5 shows the spectral curves of the
pure image elements at the same position in different fusion images.
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Figure 5. Land cover spectral information using different fusion methods.

Table 2. Fusion accuracies.

Wavelength Range 390-730 nm 730-1400 nm 1400-2260 nm
Method PCA GS HA HGF PCA GS HA HGF PCA GS HA HGF
CcC —-0.14 0.86 0.74 0.79 0.08 0.76 0.93 0.82 —-0.62 071 0.82 0.85
STD 0.90 3.64 2.82 4.22 1.10 3.75 2.92 3.91 3.48 4.29 2.65 4.59
. PSNR 1392 19.80 13.68  18.02 8.35 1563 1375 16.78 9.14 1569 13.62 17.62
Evaluation
metrics Soil 0.39 0.02 0.20 0.10 0.16 0.01 0.02 0.01 0.17 0.01 0.03 0.02
Building 0.26 0.01 0.47 0.04 0.09 0.01 0.04 0.01 0.16 0.01 0.05 0.01
SAM

Vegetation 0.03 0.03 0.49 0.07 0.01 0.01 0.02 0.01 0.01 0.02 0.11 0.01

Water bodies 0.32 0.31 0.31 0.35 0.79 0.84 0.75 0.74 0.95 0.98 0.89 0.87

By comparing the original and fused image obtained after applying different process-
ing methods, we can observe from the CC index that the optimal methods in the 390-730 nm,
730-1400 nm, and 1400-2260 nm intervals are GS, HA, and HGF, respectively. A larger STD
reflects richer spatial information in the image; thus, the optimal method in all three in-
tervals is HGFE. PSNR can reflect whether the image is distorted; the higher the value,
the better the image fusion quality. Therefore, the best method in the three intervals is
HGEF. The smaller the SAM, the smaller the angle between the two spectral curves, and
the better the fusion effect. In the 390-730 nm, the GS method is best suited for studying
soils, buildings, vegetation, and water. The best fusion method for the four features is HGF
in the 730-1400 nm interval. In the 1400-2260 nm interval, the best fusion method for soil
studies is GS, while HGF is more suitable for buildings, vegetation, and water. To further
analyze the applicability and accuracy of the fusion methods for different data sources,
we used ZY1-02D and Sentinel-2B images. The fused images obtained using the PCA,
GS, HA, and HGF algorithms are shown in Figure 6. Both qualitative and quantitative
analyses were performed, and it was confirmed that the HGF method had the best per-
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formance (see Figure 7 and Table 3). It provided a filtering effect and improved image
quality. Figure 7 shows the spectral curves of the pure image elements at the same position
in images obtained using different fusion methods. For studying soil, buildings, vegetation,
and water bodies in the 390-730 nm interval, the GS fusion method was observed to have
the best performance. It was followed by HGF, while PCA and HA were less effective.
In the 730-1400 nm and 1400-2260 nm intervals, HGF was the best, followed by GS, HA,
and PCA.

A
l‘ '

o
= 2000 -
S
g
1500 -
1000 - /
5004

0y

Figure 6. Preprocessed images (a,b) and fused images obtained through (c) GS, (d) PCA, (e) HA, and
(f) HGE.
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Figure 7. Spectral information of features obtained using different fusion methods.

Table 3. Fusion accuracies.

Wavelength Range 390-730 nm 730-1400 nm 1400-2260 nm
Method PCA GS HA  HGF PCA GS HA  HGF PCA GS HA  HGF
cC -053 079 0.71 0.71 0.10 0.74 0.76 078 —057 079 0.78 0.79
E‘;ﬁgtlraltcl;’n STD 0.89 2.40 2.81 2.73 0.56 1.89 1.85 1.89 1.42 3.79 3.51 3.45
PSNR 1440 2076 1364 1887  11.04 1806 1361 1817 1232 1881 1342  18.89

4. Discussion

The spectral response interval related to the quantitative inversion of feature parame-
ters is different. According to the characteristic band requirements of parameter inversion,
choosing the optimal hyperspectral image fusion process will help to improve the accuracy
of quantitative analysis.

At present, quantitative analysis of soil mainly includes the inversion of organic
matter, moisture, and heavy metals, among which the organic-matter-sensitive spectral
response is distributed between 800 and 1000 nm [21,22]. The image fusion technique can
be selected using HGF. There are many soil heavy metals, including Hg, Cu, Cr, Cd, Zn, Pb,
Sn, Ni, As, Se, and other metalloids, and numerous studies have been conducted on metal
pollutants such as Cu, Cr, Cd, Zn, Pb, and As [23]. However, the characteristic bands of
different heavy metals tend to vary [24]. In general, the sensitive spectra of Cu, Pb, Cr, and
Zn are intermittently distributed in the visible-near-infrared range. For this wavelength
range, as discussed in the previous section, HGF or GS is suitable. The characteristic band
of As is narrower and is distributed in the near-infrared range of 1000-2400 nm; thus,
HGEF is applicable. The sensitive spectral range of Cd is the narrowest and distributed at
1300-1400 nm and around 1900 nm, where HGF should be applied. The spectral absorption
peaks of soil moisture are concentrated around 1400, 1900, and 2200 nm [25], and thus soil
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moisture inversion can be performed using HGF. Quantitative studies on vegetation and
water bodies mainly involve the inversion of chlorophyll concentration, and the sensitive
spectral features are relatively stable and distributed in the range of 350-800 nm [26,27],
where GS or HGF should be applied.

This method starts from the spectral dimension, deeply analyzes the characteristics of
the harmonic components (harmonic residual term Ay /2, amplitude Cj, and phase ¢,) of
the spectral curve, and completes the image fusion while keeping the spectral waveform
unchanged, so as to better improve the fidelity of the spectral information and spectral
waveform of the fused image. At the same time of image fusion, the guided filtering algo-
rithm is introduced to denoise the spectral curve. After quantitative evaluation, the PSNR
index of the fused image at 730-2260 nm was improved. The ZY1-02D and Sentinel-2B
satellite images were used for experimental verification, and the fusion effect evaluation
results were consistent with those of the GF-1 and GF-5 images. When the research area
is large, the method requires high computer configuration, and the algorithm needs to be
further improved to improve efficiency.

5. Conclusions

To improve the accuracy associated with the quantitative analysis of surface elements
using hyperspectral satellite images, we propose an HGF fusion method, which mainly
integrates guided filtering and harmonic analysis. The proposed method was validated
on two sets of hyperspectral satellite images, including GF-1 and GF-5, ZY1-02D and
Sentinel-2B. The following conclusions are drawn: (1) The fused images were evaluated
for soil, buildings, vegetation, and water bodies. The GS fusion techniques performed
the best in the 390-730 nm interval and HGF performed the best for the 730-1400 nm and
14002260 nm intervals. (2) Different objects were targeted for studying surface elements,
and the spectral ranges selected for their quantitative analysis were different. The HGF or
GS method can be selected for performing a quantitative study on vegetation and water
bodies, while the HGF method proves to be advantageous for a quantitative analysis of
soil elements.

6. Future Studies

The image after spatial spectrum fusion has the characteristics of both hyperspectral
resolution and high spatial resolution, and it has prominent advantages in the assessment
of soil, vegetation, and water bodies properties. However, because of the large number of
bands, there is also a problem of data redundancy. In future research based on this study,
feature bands will be extracted according to the spectral response mechanism of different
land cover types and combined with deep learning and machine learning algorithms to
improve the classification accuracy. Furthermore, in the quantitative inversion of soil,
vegetation, and water elements, the latest technology of feature band optimization will be
studied to reduce the cross redundancy of spectral responses of different surface feature
elements, so as to enhance the application of hyperspectral remote sensing in the quality
assessment of various land use types.
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