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ABSTRACT

Here we describe and mitigate issues of optical aberrations related to wavelength-dependent blur caused by
miniaturization in hyperspectral pushbroom image sensors, which degrade spatial resolution and limit their
usefulness. Panchromatic sharpening algorithms are modified to enhance the spatial resolution of acquired
hyperspectral image cubes, explicitly focusing on optical aberrations associated with pushbroom scanners. The
study explores algorithms for component substitution and multi-resolution analysis, such as modulation and
Laplacian pyramids, adapting them for single image cubes while considering the characteristics of miniaturized
hyperspectral imagers. Simulations demonstrate the method’s effectiveness in improving the spatial quality of
images obtained from miniaturized hyperspectral imagers, expanding their potential applicability. The study
evaluates the method using metrics like the BRISQUE score and utilizes data from the HYPSO-1 CubeSat
platform.

Keywords: Sharpening, Hyperspectral, Miniaturization, CubeSat

1. INTRODUCTION

Hyperspectral images contain information about the spectral characteristics of the objects in a scene, as
revealed by the wavelengths of light they reflect or emit.! This information can be used to identify and
classify objects in the scene. However, the spatial resolution of a hyperspectral image is often less fine than
that of an RGB optical imaging system of similar size. This coarser spatial resolution is making it challenging
to see finer details in a remotely sensed scene.?3

This work defines a miniaturized optical imager as a small, compact imaging device. The correlation
between size and imaging artifacts is not immediately apparent. While a more miniature imager may not have
artifacts, it may require costly components. This work focuses on imaging systems that have prioritized other
objectives in the optomechanical design higher than removing optical aberrations, such as spatio-spectral
resolution and range. Miniaturized optical imagers are generally smaller than traditional optical imaging
systems and can be easily integrated into many devices and systems.* These images are ideal for applications
where size and weight are important factors, such as Earth Observation from small satellite systems or drone
flights.* %6 However, using a miniaturized optical imager has a few potential drawbacks. The smaller size
of the imaging components can result in reduced light-gathering ability and fewer degrees of freedom to
alleviate optical aberrations.! Miniaturized optical imagers may be more sensitive to motion and vibration,
which can cause image blur and degradation.?* Further challenges arise when it comes to balancing between
spatial, spectral and temporal resolution, especially in the case of the often-used push-broom design.'>?%7>8
The optical aberrations of a push-broom design have been extensively studied and are understood to some
extent. 8
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Image sharpening is a set of techniques to enhance spatial resolution in remote sensing.? % 101112, 13 Hy.

perspectral image sharpening consists of improving, post-acquisition, the spatial resolution of every recorded
wavelength. These techniques include spatial filtering, interpolation, and image registration. These techniques
can help to sharpen the image and make it easier to see finer spatio-spectral details, such as the edges of objects
or other small features in a given scene. Sharpening the images can be helpful for applications where high
spatial resolution is beneficial, such as surveillance, environmental monitoring, and geological mapping.

Unlike a hyperspectral image, a panchromatic image is a single-band image that blends light across a
wide range of wavelengths.® 1113 Panchromatic imaging systems can provide more detailed spatial features
compared to a similarly sized hyperspectral imaging system. Panchromatic sharpening is a set of techniques
to enhance the spatial resolution of multi- or hyperspectral images using a panchromatic image of the same
scene as a reference. This set of techniques combines information from multiple satellite images to produce
a single image with high spectral and spatial resolution. This combination can be done using images from
different sensors or captured at different times or angles.? However, the closer the imaging conditions compare
the better the methods is expected to perform. The resulting image can have higher spatial resolution and
more detailed information about the various spatial features. These methods require multiple cameras and
camera designs that resolve most optical aberrations optomechanically.

The performance of classical panchromatic sharpening algorithms under ideal conditions reliably provide
good results.® 1113 These algorithms aim to reconstruct high resolution hyperspectral images by combining
low spatial resolution hyperspectral images with panchromatic images. In recent years, machine learning and
variational optimization-based methods have been proposed as innovative solutions to the panchromatic sharp-
ening problem.'3 Despite utilizing state-of-the-art approaches, these solutions have yet to achieve outstanding
results compared to some baseline methods proposed decades ago in the classical panchromatic sharpening
literature.

These algorithms typically assume that images have consistent spatial and spectral resolutions across
all wavelengths. However, this is only sometimes the case for miniaturized hyperspectral imagers, as they
may suffer from various optical aberrations. This study aims to investigate whether the intrinsic values
of hyperspectral image cubes can enhance their quality and usability by adapting classical panchromatic
sharpening algorithms.

The research presented here offers a preliminary examination of how classical algorithms for panchromatic
sharpening and related methods can be applied to enhance images captured by miniaturized hyperspectral
imagers that encounter wavelength-dependent spatial blur. The underlying assumption is that some optical
aberrations can be compensated using the intrinsic values in the acquired image cube. These findings could
enhance the effectiveness of miniaturized sensors in diverse environments and platforms by mitigating some
of the common adverse effects of wavelength-dependent blur through post-acquisition processing.

In section 2, a discussion on the expected optical aberrations of miniaturized hyperspectral image sensors
describes the simulated hyperspectral scenes and reviews the explored panchromatic sharpening algorithms
and the spatial quality assessment metrics. section 3 describes how the aforementioned algorithms are adapted
and the underlying assumptions that justify the adaption.

2. BACKGROUND AND REVIEW

This section will cover the background theory of the methods. section 2.1 details the optical aberrations that
may occur in a push-broom imaging design. sections 2.3 to 2.5 give a brief overview of the different sharpening
algorithms that were deemed potentially useful for the specific system and how they were adapted for testing.

2.1 Pushbroom Imaging and Known Optical Aberrations

A popular design for hyperspectral imaging systems for remote sensing operated by satellites and aerial vehicles
is the push-broom design.*® This hyperspectral imager design will be the focus of this paper. The pushbroom
design provides certain advantages for mobile imaging platforms. This design also produces some known optical
aberrations. These aberrations include such effects as smile and keystone, where pixel misregistration can occur
in both spatial and spectral domains. Another common optical aberration in miniaturized hyperspectral



sensors is the non-homogeneous intensity distribution, which often displays a reduction of light intensity on
the edges. However, these are often compensated for by applying calibration coefficients.

In a pushbroom imaging system, optical aberrations can also cause the spatial resolution to vary depending
on the wavelength of light. These aberrations can arise from lens design, manufacturing imperfections, or
environmental conditions. Chromatic aberration causes color fringing or blurring at the image plane due to
different wavelengths of light having slightly different refractive indices when passing through a lens. In a
pushbroom imaging system, the image is formed by scanning a scene with a linear array of detectors while
the system moves along a path. Each pixel in the focal plane array corresponds to a specific wavelength or
spectral band; thus, different wavelengths will experience different degrees of blurring or focus at the detector
plane. This work adapts various methods used in panchromatic sharpening to improve the quality of the entire
hyperspectral image cube by utilizing the sharper wavelengths of the cube as a proxy for the panchromatic
image.

2.2 HYPSO-1 Data

The motivation of this study is to enhance data from miniaturized sensors. As a case study, we focus on
the hyperspectral imager onboard the HYPSO-1 6U cubesat.® We used 20 images of various scenes captured
with this platform, a selected subset of which is given in fig. 1. These have also been used to explore the
effects of various camera parameters, e.g., exposure time, frame rate, and viewing angle, on the estimated
spatial resolution of a scene.? In previous work aimed at characterizing the spatial resolution of HYPSO-1
images, the Full-Width at Half-Maximum (FWHM) was found to be in the range of 2.2 pixels.?1* Some of
the analysis to derive that estimate is given here as the baseline measurement in the results. It has been
previously demonstrated that the highest spatial resolution of the HYPSO-1 imager is achieved in the middle
of its spectral range, at about 550 nm.

2.3 Component Substitution by Principal Component Analysis

Component substitution is a widely used method for panchromatic sharpening.®? In this method, the spatial
component of the hyperspectral image is replaced with the panchromatic image. Histogram matching is
a technique that makes the difference between the high-resolution panchromatic and the most significant
component of the original image cube as small as possible.

The image cube is first decomposed into components (linear combinations of bands) to perform component
substitution with histogram matching. This paper uses Principal Component Analysis (PCA) to perform the
transformation. The first component contains the most information and will be substituted by the sharpest
band to achieve a sharpening of the entire image cube. The panchromatic image is then usually resampled to
a similar resolution as the image cube. With a miniaturized sensor and the poorer spatial resolution resulting
solely from optical aberration, we do not need to perform the resampling as the image cube already has the
exact image resolution, irrespective of the spectral band. Histogram matching is applied to the original image
of the sharpest band, the substitute panchromatic image, to make its histogram similar to that of the first and
most significant component of the image cube that PCA transforms. The first component of the image cube
is then replaced with the histogram-matched!'® sharpest band and inversely transformed by PCA to create a
high-resolution hyperspectral image cube.

In mathematical terms, this can be expressed as follows:

Firstly the hyperspectral image cube I, of M x N spatial pixels and p wavelengths is reshaped into a
two-dimensional matrix with the spatial elements as rows and the wavelengths as columns, that is,
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Figure 1: Selected séenés from the HYPSO-1 CubeSat used in this study. The images show various remotel;lf
sensed scenes that have distinguishable spatial features. They are rendered as RGBs using the wavelengths
603 nm, 564 nm, and 498 nm, respectively.

Furthermore, the singular value decomposition (SVD) provides the ordered principal components. The
first principal component is then replaced with a histogram-matched sharpest band and reconstructed.

An illustration of how the various principal components look is shown in fig. 2. Furthermore, the difference
between the first principal component and the histogram-matched center band can be seen in fig. 3.

2.4 Multi-resolution Analysis by Laplacian Pyramid

By multi-resolution analysis, we refer to a method known as the Laplacian pyramid. The generalized Laplacian
pyramid is a linear, invertible image representation consisting of band-pass and low-frequency Images. It is
used in image sharpening to obtain a fused product with high spatial resolution.

The Laplacian pyramid can be used to improve the sharpness of an image when a reference image is
available, e.g., a panchromatic image or a hyperspectral image cube where one of the bands is sharper than
the others. This method resembles the Gaussian pyramid, representing the same image at multiple scales.
These representations are often produced by using simple low-pass filtering and decimation techniques. The
Laplacian pyramid differs by saving the different images of the blurred versions between each level. Only
the lowest level, i.e., the sharpest image, is not a different image. This approach enables the algorithm to
reconstruct the higher resolution features found in the sharpest image to the other images in the cube via the
different images.

The sharpening is done by first constructing the Laplacian pyramid of the original image and the reference
image. Then, the Laplacian pyramid of the original image is modified by adding the difference between the
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Figure 2: The first six principal components found in the re-projected subspace of the hyperspectral Parana
River image cube. Note that most of the energy in the components is located in the initial principal component.
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Figure 3: Comparison of the first principal component and the histogram matched center band.




corresponding levels of the Laplacian pyramids of the original and reference images. An illustration of how the
different steps affect a given 2D image is given in fig. 4, where the baseband refers to the spectral wavelength
that is to be sharpened and the reference band is, in this case, the sharpest band in the hyperspectral image
cube. The reference band is normalized to match the variations found in the base image. The implementation
here follows the descriptions given in previous studies.?

More specifically, the sharper reference image, Iy, is normalized with respect to the image to be sharpened
or base image, Ip,se, by subtracting its mean and scaling by the ratio of the standard deviation of Iy, to the
standard deviation of I,..¢, then adding the mean of Ijgse:

Iref - H(Iref)
Trer = —————— I
ref J(Ibase)/U(Iref) + ﬂ( base)
A low pass filtered image of I,.¢ is obtained through butterworth filtering as Ijo., the high-pass filter
image Ip;gn is then obtained as

Ihigh = Iref %) (Ilow + 6)
and lastly the the sharpened image, Ispqrp, is obtained by the following haddmard product as

Ishan = Iygse © Ihigh

2.5 Multi-resolution Analysis by Wavelets

Wavelets are mathematical functions often used to analyze and process signals and images. They are potent
tools in signal processing, data compression, and image analysis.'%

Wavelet decomposition is a method used in image processing to remove noise and extract features. The
process involves breaking down an image into low and high-frequency components at different levels of detail
using filters. The low-frequency component is further decomposed into four sub-bands at each level: approxi-
mation, horizontal detail, vertical detail, and diagonal detail. The process continues until the desired level of
detail is reached. The wavelet coeflicients obtained from the decomposition process can be used for various
tasks such as compression, feature extraction, and denoising.!”

Let us assume we have an image I with dimensions M x N. The 2D wavelet decomposition involves
applying filters to the image in horizontal and vertical directions. The low-pass filter (LPF) extracts the low-
frequency components, while the high-pass filter (HPF) extracts the high-frequency components. With image
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Figure 4: The various steps of enhancing the sharpness of an image by the use of a Laplacian pyramid approach



I, resulting in the low-frequency coefficients L and high-frequency coefficients H in the horizontal, vertical
and diagonal direction,

L =LPF(I)
H = HPF(I).

The resulting coefficients should then be arranged into a 2D matrix, representing the wavelet decomposition
of the image, commonly expressed as
L Hy,

The dimensions of W,,, are identical to the original image I. The process is repeated on the low-frequency
image L to get to the next level. Certain conditions need to be satisfied for it to be a valid wavelet transfor-
mation. The mother wavelets must exhibit admissibility, regularity, orthogonality, and similarity.

The admissibility condition ensures that the wavelet is compact in frequency and has zero mean. Mathe-
matically, this condition is expressed as:

| P <o

— 00

where )(w) is the Fourier transform of the wavelet function ¢(¢). This condition guarantees that the continuous
wavelet transform (CWT) is invertible and allows for accurate reconstruction of the original signal or image.
The regularity condition states that the wavelet function should have smoothness and concentration in both
time and frequency. This condition ensures that the wavelet function has a well-defined shape and can
effectively capture the details of the signal or image. Furthermore, in some applications, wavelets are required
to be orthogonal. Orthogonal wavelets have the property that the inner product between any two wavelets is
zero. Lastly, The similarity condition requires that the wavelet function exhibit similarity or self-similarity at
different scales. This property allows for the efficient representation of signals or images with varying levels
of detail.

A wavelet can be a family of functions obtained by scaling and translating a single function called the mother
wavelet. The mother wavelet is a function localized in both time and frequency domains, meaning it has a
finite duration and bandwidth. Scaling and translating the mother wavelet produces functions with different
scales and positions across the signal or image, creating the family of wavelets. Applying Wavelet analysis can
improve the sharpness of an image given a reference image. This technique involves using wavelets to extract
high-frequency information from a blurry band image and then enhancing the Image’simage’s sharpness.

The basic idea is to decompose the blurry band image into the various wavelet coefficients at different levels
and then use these coefficients to estimate the high-frequency information missing in the blurry band image.
The wavelet coefficients of the sharpest band image or neighboring sharpest band can be used to estimate the
high-frequency information in the missing detail images in the blurry band image that has been decomposed
as an approximation image. This is the decomposition of the sharp reference band and the baseband, the
band to be sharpened, which can then be used to enhance the overall sharpness of the image cube. In fig. 5,
a three-level wavelet decomposition of the Parana River is included for illustrative purposes.
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Figure 5: Three-level wavelet decomposition of Parana River. Alongside the normalized full-size image, the
depth of the wavelet decomposition increases level by level towards the right. Each level makes a new set of
approximation and detail images from the previous level.



3. METHODOLOGY

This section provides an overview of the experimental setup used to test and validate the proposed meth-
ods. Data from HYPerspectral Small satellite for ocean Observation (HYPSO)-1 is used in the qualitative
assessment of the algorithms given in section 4.

The parameters used for the different Wavelet transformations are namely different mother wavelets, be-
ing Daubechies, Haar, Symlet, and Coiflets'” ran at one to three different decomposition levels. The best
performing from each family at the best performing level is given in section 4.

The quantitative evaluation uses data from other sensors. The data are simulated from historical hyper-
spectral images. The images are collected from two different missions, EO-1 and PRISMA, in total, three
scenes. The image capture process is simulated by modeling a camera directly above each scene, and ray
tracing from the pixels onto the camera sensor, according to the sensor’s pixel footprint function (PFF). Two
images are created for each scene, one in which the PFF is constant for all wavelengths and a second in which
its size increases at the edges of the spectrum. This is done to simulate the optical aberrations in miniaturized
push-broom imagers with a center wavelength being sharper than the rest.

Three different methods to evaluate the performance of the algorithms are given below: No-reference based
methods that look at the intrinsic properties of an image The aggregated results for an image cube A method
that relies on a reference value to compare with

3.1 Spatial quality evaluation by BRISQUE

Image Quality Assessment (IQA) is an essential task in image processing. It’s used to evaluate the quality of
an image after it’s been distorted in some way, such as through compression, noise, or blur. Here IQA is used
to see if the image has been enhanced without an available reference. In this article, the NR (No-Reference)
IQA model called the Blind/Referenceless Image Spatial Quality Evaluator, or BRISQUE is used to evaluate
the blurriness of an image. BRISQUE is an IQA model that is not dependent on the distortion apparent
in the image for natural scenes and operates in the spatial domain. The model is based on natural scene
statistics. It is derived empirically based on statistics from other images, whereas this work uses the model
from OpenCV.!®

Unlike other NR IQA models, BRISQUE uses the scene statistics of locally normalized luminance coeffi-
cients to measure the loss of “naturalness”, that is, to which extent pixels follow a normal distribution after a
localized normalization procedure in the image caused by distortions. The original BRISQUE paper!'® demon-
strates that the metric can have certain advantages over the full-reference peak signal-to-noise ratio and the
structural similarity index.

An illustration of the BRISQUE score for different images is given in fig. 6. The BRISQUE score is
computed for the entire scene, but the images show a sub-image of the Kuwait scene given in fig. 1.
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Figure 6: The BRISQUE Score for the Kuwait scene at different wavelengths. The score is abbriviated bgq.

A lower score indicates a more natural looking image. The score is computed for the entire scene, and a
sub-image is displayed to portray the details of the scene better.



The score of this metric ranges from 0 to 100, with a lower value being desirable, and is demonstrated to
indicate which band in the hyperspectral image cube can be perceived as the sharpest. Although BRISQUE
was not specifically developed for nor calibrated on remote sensing images, it enables the detection of generic
image distortions that affect any digital imaging pipeline, such as thermal noise, blur, and optical aberrations.

3.2 Perceived Line Spread Function (PLSF)

The PLSF, in addition to the global metric, is also used manually to identify edges in various HYPSO-1
images to assess the sharpness of a band. This evaluation is a continuation of previous work that assessed
which camera parameters provided the optimal spatial resolution that the HYPSO-1 imager could provide.?
The Line Spread Function (LSF) is a concept of the blurriness of an image resulting from the imaging system.
This function is defined as the imaging system’s response to an infinitely long and infinitely thin line. Thus,
the LSF is a one-dimensional function that shows how light intensity is distributed along a line perpendicular
to the direction of the line object. How many pixels a sure edge takes up can then be used as a proxy for
the spatial resolvability of an image, i.e., the sharpness. Here, this function is estimated based on manually
selected edges occurring in natural images and used to determine the spatial resolution of the hyperspectral
image cubes before and after an intervention. This function is also used to indicate which bands are the
sharpest.

3.3 Spectral Angle Mapper

The Spectral Angle Mapper (SAM) is a frequently used metric in hyperspectral image analysis.! If a spatial
pixels is viewed as a vector with all the different wavelengths as its elements, then the SAM score is the angle
between these two vectors. We can use the dot product formula to compute the angle between two vectors.
Let @ and b be the two vectors in R™. Then, the angle § between them is given by

=0
@l ol

where @ - b is the dot product of @ and b, and ||@|| and ||b] are the magnitudes of @ and b, respectively. The
main advantage of SAM over other basic distortion measures, such as RMSE;, is that it is less sensitive to
shadows and wavelength-independent variations in luminance in the scene.

4. RESULTS AND DISCUSSION

This section provides the plots resulting from testing the different sharpening methods. We note that more
wavelet-based sharpening methods were tested than what is presented here. Due to their performance, a
subset of four combinations of mother wavelets and decomposition levels is given here. The name of the
mother wavelet is given before the dash, and the level of decomposition is given after the dash. Beyond
that, the PCA-CS refers to Principal Component Analysis based Component Substitution. Lastly, the name
Laplacian refers to the approach using the Laplacian pyramid, and the baseline is the original image. For all
sharpening-algorithms, the sharpest band has been selected to be 555 nanometers for the HYPSO-1 images.

Violin plots have been used to show the summary statistics of the applied methods. A violin plot is a type
of data visualization that combines a box plot with a kernel density plot to show the distribution of numerical
data. It helps compare summary statistics, such as the median and interquartile range, while showing the
entire data distribution, including any peaks or modes.

The results from the simulated scenes are given in figs. 7a and 7b as a set of violin plots. In the case of
the SAM metric found in fig. 7b, the image cube that is used as the truth is simply the image cube before the
blurring effect is added. The results from the HYPSO-1 scenes are given in figs. 8a and 8b as another set of
violin plots. While the sharpening is somewhat quantified in this section, it is essential to remember that we
are only quantifying the perceived sharpness of the images.

The mean average of the estimated FWHM and BRISQUE score for the HYPSO-1 Images for different
sharpening algorithms as a function of wavelength can be seen in fig. 9 and fig. 10, respectively.
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Figure 8: Violin Plot for the HYPSO-1 scenes.
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Figure 9: The mean average of the estimated FWHM for the HYPSO-1 Images for different sharpening
algorithms as a function of wavelength.



60 4 —— haar-3, u=52.79
db2-2, u=52.90
—— syml2-2, u=53.45
357 —— Coif4-2, u=53.47
5 / | — PCA_CS, u=46.20
8 50 4 oA —— Laplacian, u=53.73
gg Baseline, u=56.83
45
40 T T T T T T T T
450 500 550 600 650 700 750 800

Wavelength (mm)

Figure 10: The mean average of the BRISQUE score for the HYPSO-1 Images for different sharpening algo-
rithms as a function of wavelength.

Lastly, a visualization of how the different sharpening algorithms perform is given in fig. 11. This figure
shows how the different algorithms alter the original data and indicate how the different artifacts present at the
given wavelengths can sometimes be transmitted from the reference image to other parts of the electromagnetic
spectrum.

4.1 Limitations and Interpretations

In terms of the BRISQUE Score, the baseline mean average given in fig. 8a and fig. 7a appear to have a
smaller range than the image cubes exhibit for the various algorithms used. From fig. 8a, it appears that the
different wavelet-based sharpening algorithms produce image cubes that exhibit a spatial image quality per
the BRISQUE score across an extensive range but that the majority of the images lie close to the performance
of the other sharpening algorithm families. In fig. 11, some artifacts from the sharper reference image seem
to be carried over into other bands as well, and perhaps especially so for the wavelet transform. This carrying
over of sharpening artifacts could cause the BRISQUE score to provide more favorable results without the
spectral image features one is looking for being improved.

From fig. 10, it is clear that all of the sharpening algorithms improve the apparent spatial quality of the
image in terms of the BRISQUE metric. Interestingly, for the Wavelet-based methods, the sharpening is
limited to the reference band. In contrast, the reference band also appears to be sharpened for the Laplacian
and component substitution. The performance of the component substitution in terms of the BRISQUE
metric is significantly better for most wavelengths on average, as can be seen in fig. 10. However, from fig. 11,
the component substitution appears to impose more of the artifacts from the selected center band into the
sharpened bands than, for example, the Laplacian approach in the same anecdotal illustration. As a result of
this duality, the choice of sharpening, algorithm will naturally depend on the intended end-use, whether the
spectral fidelity is of utmost importance or if the spatial resolvability needs to take priority.

None of the sharpening algorithms perform considerably differently regarding the estimated FHWM in
fig. 9. From the figure, the component substitution gives the best improvement in estimated FWHM for the
wavelengths closest to the reference wavelength. On average, the Laplacian approach gives an improvement
in terms of the estimated FWHM across all wavelengths. In this regard, some of the wavelengths are greatly
improved by using component substitution. However, at the same time, other parts of the spectrum are
significantly degraded, leading to a poor mean average performance for this approach. The various Wavelets
perform similarly to the other methods, and the db2-2 and sym12-2 appear to give an improved estimated
FWHM for the wavelengths lower than the reference image and poorer performance for the wavelengths higher
than the reference image. This variation in performance for the wavelets could be related to how the different
wavelengths correlate for a given scene; that is, if the edge being enhanced is prominent in both the blurry
band and the reference band, the wavelets would provide a good improvement, but in the other case it will
have the opposite effect.
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Figure 11: A visualization of one representative from all families of sharpening algorithms used here with the
original image at different wavelengths. Alongside the image, the BRISQUE score for the full cube that they
produce is given as well, denoted as bg. A sub-image is displayed to portray spatial details of the scene better.



In the aforementioned figures, there is some evidence that a single reference band does not best sharpen
the wavelength-dependent blur observed in image cubes from miniaturized push-broom hyperspectral imagers.
That is, the spatial resolvability of the reference band relative to the blurry band will affect the overall
performance, as indicated in the past.!! Thus, it would be an exciting topic for future research to investigate
strategies to incorporate more of the apriori knowledge of the nature of the observed optical aberrations.

This work mainly concerns adapting classical methods for spatial sharpening of Earth Observation data.
A consequence of this is that new and novel approaches, relying more heavily on modern machine learning
such as,'? 2% are not included in the evaluation presented here. It is reasonable to expect that these methods
could be adapted to the type of optical aberrations that are focused on here and beyond. This study uses
a limited data set, and a more extensive data set could have strengthened the conclusions. This extends to
both the simulated and the real-world data set. The number of wavelets transformation shown in this study is
limited. Albeit the transformations tested here yielded near identical results, it is fair to assume that a more
extensive analysis and potential further adaptations and modifications to the suggested approach could have
resulted in better performance.

5. CONCLUSIONS AND FUTURE WORK

This body of work evaluates different spatial sharpening algorithms for Earth Observation data from a single
camera using the BRISQUE score and estimated FWHM under the assumption of wavelength-dependent blur
found in miniaturized hyperspectral push-broom sensors. The results show that all sharpening algorithms
improve the spatial quality of the image in terms of the BRISQUE metric, but the choice of algorithm
depends on the intended end-use. The Laplacian approach gives the best improvement in terms of estimated
FWHM across all wavelengths. In contrast, in this regard, the component substitution approach performs
significantly better for most wavelengths on average. However, the component substitution approach imposes
more artifacts from the selected center band into the sharpened bands than the Laplacian approach. The
various wavelets perform similarly to the other methods regarding estimated FWHM. An exciting way forward
is to incorporate more apriori knowledge of the nature of observed optical aberrations to improve the overall
performance of spatial sharpening algorithms. The study mainly concerns adaptations of classical methods
for spatial sharpening, and new and novel approaches relying more heavily on modern machine learning are
not included in the evaluation. Lastly, a more extensive dataset and analysis could have strengthened the
conclusions, but the presented results provide the basis for further development.
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