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Abstract
The Compressive Sensing (CS) theory is a useful technique to retrieve a sparse signal, for exam-

ple the images, from a number of measurement fewer than the minimum required by the Nyquist

theorem. This application is different from the classical imaging, because the utilization of lenses is

not essential, and the image is not directly acquired, a recovering algorithm is necessary.

The reconstruction is not unique, there are several methods that are investigated. Between the classi-

cal methods that use the Total Variation (TV) minimization and the Deep Learning (DL) methods, the

simulations have established that the DL methods are the most suitable for a better reconstruction in

less time.

This work has been proposed by the Centre Spatial de Liège (CSL), in order to analyze the uti-

lization of the CS technique in space application. The CS space instruments use the concept of Super

Resolution (SR) and single pixel imaging to retrieve the scene in spectral bands different from the vis-

ible one.

The objective is to study and analyze the basic concept of CS technique and its feasibility for the

space application. At the end of this study, the CS technique appears to be an optimal solution for the

space application, specially in UV and IR spectral bands, with great quality.

viii



1 INTRODUCTION

1 Introduction

1.1 Context

Traditionally, the method of acquisition of an image is realized using lenses or mirrors and a
sensor, such as shown in Figure 1.

Figure 1: Classical representation of an optical instrument composed by an object, a lens and a sensor.
From [1].

This kind of method is really useful when the target is in the spectrum of the visible wave-
lengths. Some problems appear when the object is in wavelengths far from the visible ones, like
in far infrared, far and extreme UV and in γ and X-rays. The limitations are due to the difficulty
or impossibility to manufacture the lenses. Also, the sensors, in these wavelengths, are extremely
expensive and thus not always available. The instruments tend to be large, their dimensions makes
them difficult to manufacture.
A solution can be the lensless imaging. This technique does not use a lens, but other optical
elements to collect the light and send it to a sensor. The principal benefits of the lensless imaging
are a small thickness and different kinds of form, the large possible spectrum (only limited by
the detector sensitivity), the reduced cost, and the small amount of data. Figure 2 represents an
example of lensless imaging.

1



1 INTRODUCTION

Figure 2: Representation of the lensless instrument composed by an object, a mask, a sensor and a
computer to reconstruct the image. From [1].

One of the first examples of the lensless imaging is the Pinhole camera or camera obscura
(see [1]) in which the light, coming from an object, passes through a single aperture to reach the
sensor. This technique required very long exposure time to have an acceptable quality.
The idea of the pinhole camera was improved by replacing the single hole by a mask containing
several apertures, the so-called "coded aperture imaging (CAI)". This technique was primarily used
for X-ray and γ-ray imaging because this kind of rays contain so much energy that they interact at
the level of atoms and make impossible the use of lenses and mirrors. There are several examples of
space missions based on the coded aperture imaging, such as the SWIFT [2] space telescope used
to observe the γ-ray bursts, the AXGAM mission [3] to study the γ-ray bursts but also the x-ray
binary cyclotron lines, the SuperAGILE [4] used to observe the γ-ray sky, the EXIST [5] mission
that uses several masks arranged radially to observe the hard X-ray sky and the INTEGRAL [6]
mission conceived to study the hard X-ray emission from the galactic nuclear region.
In order to reduce the cost and the size of the cameras while keeping a good resolution, the coded
aperture imaging is used for the creation of cameras like the FlatCam [7] or the Noise Reduced
Dynamic Synthetic Coded Aperture Imaging Camera (NoRDS-CAIC) [8], which will be described
in section 3.2. Another example of a camera that uses the principle of the lensless imaging is the
DiffuserCam [9]. It uses a diffuser in front of the sensor to reduce the number of measurements.
A practical case of a DiffuserCam will be shown in section 4.
Lensless imaging is not used only in space imaging, but there are some other applications. Let’s cite,
the microbial identification for the mid-infrared spectroscopy [10] and a holographic microscopy
system for monitoring cells that can be used for the biological experiments in the International
Space Station (ISS) [11].

2



1 INTRODUCTION

1.2 Methodology

The mathematical concept that drives the coded aperture imaging is the Compressive Sensing
(CS). The theory asserts that the image can be reconstructed with a great quality, taking only a
few measurements with respect to the ones dictated by the Nyquist theorem. The latter expresses
that the frequency at which the measurements have to be taken has to be at least twice the maxi-
mum frequency of the signal. An in-depth study of the CS and the algorithms used to reconstruct
the image will be carried out in section 2.

The CS ratio establishes the rate of measurements of the image, dictated by the number of
apertures in the mask. The light coming from the object passes through the mask, then each hole
creates a shadow on the sensor where there is the superposition of each beam of light. The image
captured by the sensor has to be decoded by a computational algorithm to reconstruct the image
of the original object. This means that this technique does not allow to reproduce the images
directly at the sensor level, but they need a post-processing reconstruction algorithm.
The mask used in the coded aperture imaging is a set of holes that let light pass through. The
holes can either be arranged randomly, or they can be structured following a set of rules that is
user defined. In this report, the structured mask that is used is the Modified Uniformly Redundant
Arrays (MURA) [12]. A comparison between the MURA and random masks will be carried out in
section 3.2.2. There are several methods to construct a mask. The amplitude masks can be created
using a programmable Liquid Crystal Display (LCD), which allows to pass only a part of the light,
or a Spatial Light Modulator (SLM), particularly the Digital Micromirror Device (DMD), in which
the mirrors are arranged in such a way that part of the light is sent in the target direction, and
the other part in another direction. The SLM can also be used to create the phase mask, in which
the part of the light has a different phase with respect to the original one.
The data, recollected at the sensor, are used to reconstruct the original image using some algorithms
described in section 3.3.

1.3 Objective and structure of the work

The objective of this project is to study the theory of the Compressive Sensing and its appli-
cation in space imaging. Starting from the mathematical definition, it is interesting to analyze how
a signal can be reconstructed with few measurements. The particularity is that the reconstruction
is not unique, there exist a lot of decoding algorithm to retrieve the original image. Therefore, it
has to be found what is the best one that gives the best results, particularly the most useful one

3



1 INTRODUCTION

for the space application.
The CS could really be one of the future technique in space exploration and Earth observation. It
allows to create small instruments with excellent resolution not only in visible light, but especially
in wavelengths not totally experimented yet.
Therefore, this projects aims to find how the CS technique could be used for the future of the
space technology, and study the possible future missions using the CS technique.

After the introduction, a state of the art about the CS will be carried out in section 2. Then a
numerical analysis of the coded aperture camera, for example the NoRDS-CAIC, and a comparison
between different methods to reconstruct the CS images will be carried out in section 3. Afterwards,
a practical case based on the CS theory, the DiffuserCam, will be described in section 4. Finally,
the use of CS for space application and the future that it can have will be discussed in section 5.

4



2 STATE OF THE ART

2 State of the art

Since the important information of the image is contained in less pixels than the total num-
ber of pixels N , the Compressive Sensing (CS) theory aims to take only fewer measurements M

with respect to the total number of pixels to reconstruct the image. This technique has several
advantages, like the diminution of the amount of data to transmit, the simplicity and reduction of
the architecture, and the improvement of the single pixel detector for specific application. Indeed,
the single pixel detector is used especially for the Infra Red (IR) imaging, in which the price of
the traditional detector is a thousand times higher than the price of visible light detectors [13].

One of the first examples of a CS camera is the single-pixel camera developed by the Rice
University [14], [15]. This camera is able to capture the image using only a single photodetector
instead of an array of detectors.
The structure is very simple, it is composed of a DMD, two lenses, a single photodetector and
an A/D converter. A light source illuminates the scene. The light of the scene passes through
the first lens, and it is sent to the DMD, which reflects only a part of the light. Then the light
goes through the second lens to be concentrated on the single photodetector. Finally, the output
voltage is digitized by the A/D converter. This method, shown in Figure 3, is repeated to acquire
M values, that are used to reconstruct the image.

Figure 3: Diagram of the single-pixel camera. The DMD reflects only part of the light towards the
single photodetector. The part of light transmitted is random, dictated by the pattern of the DMD.
From [14].

5



2 STATE OF THE ART

2.1 Mathematical approach

The signal of the image is represented by x ∈RN , after M measurements, with M << N and M
N

the CS ratio, an image y ∈RM is formed on the sensor [15]. This last is expressed in the following
form

y =Φx +e =ΦΨs +e, (1)

where Φ represents the M ×N measurement matrix, that is non-adaptive. It means that it does not
depend on the image x, Ψ the N × N basis matrix, s is the coefficient sparse vector (only K << N

coefficients are nonzero) and e represents the sensor noise and the model loss. The number of
measurements M is related to the coefficient sparse vector in such a way that M =O(K log(N /K )).
The number of measurements should satisfy this relation in order to have a robust reconstruction
of the vector x.
Therefore, the characteristics of the CS is that it directly takes a compressed representation y with
M linear measurement without acquiring N measurements and then compresses them.

Since M << N the problem is ill-posed, this means that there is an infinite number of solu-
tions to reconstruct the image. The critical problems are thus to establish the matrix Φ and the
reconstruction algorithm. One possible solution is that the sensing matrix A = ΦΨ satisfies the
Restricted Isometric Property (RIP) ([14], [15], [16]).
The property of order K = 1,2, ... with the isometry constant δK ∈ [0,1] is satisfied if

(1−δK )||x||2ℓ2
≤ ||Ax||2ℓ2

≤ (1+δK )||x||2ℓ2
, (2)

where ||x||ℓ2 =
√∑N

i=1 x2
i holds for all K -sparse vectors x. Therefore, if the matrix A respects the

equation (2), it follows the RIP.

2.2 Reconstruction of the image

The dimensions of the image, y , at the sensor are smaller than the original image. This means
that some information is lost. Since M << N , for a given y , there are multiple solutions x ′ such
that Φx ′ = y . However, the matrix Φ can be designed in such a way that a sparse/compressible x ′

can be retrieved quite well from the values of y [15].
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2.2.1 ℓ1 norm minimization without noise

The classical solution to recover the initial image, without considering the noise, is the mini-
mization of the ℓ1 norm [17]:

x̂ = arg min ||x||ℓ1 such that Ax = y . (3)

where ||x||ℓ1 =
∑ |si |1. This method allows to reconstruct K -sparse and compressible vectors stably

using M ≥O(K log(N /K )) random measurements.
The ℓ1 minimization can be represented in a 3-dimensional space.

X

Subspace of
ℓ1 norm

Subspace of
possible solutions

x

y

z

Figure 4: Representation of the subspace of the unit vectors in the ℓ1 norm (red octahedron) and the
subspace of possible solutions (green plane). The point X represents the solution that minimize the
ℓ1 norm. Adapted from [13].

The polygon in red in Figure 4 is an octahedron, and it represents the set of the unit vectors
in the ℓ1 norm. Since the vector x is sparse (it contains a lot of zero coordinates), it has to be
at one of the vertices of the octahedron. All the possible solutions x that give Φx = y constitute
the green plane in Figure 4 and this plane passes through the point x. In order to constitute a
solution, the plane has to intersect the octahedron only at the point x.

The measurement matrix Φ is taken randomly to have a great probability of finding a plane
that intersects the octahedron only in point x. This random method does not always work because
some planes pass inside the octahedron. However, the three-dimensional figure does not represent
the real space of the image because it is of the order of thousands or millions of dimensions. In
a space with this number of dimensions, the octahedron is called the cross polytope, and in a
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multiple dimensional space it is extremely pointy. This means that if a plane passes through a
vertex, it almost certainly misses the inside of the cross polytope. Therefore, thanks to the high
dimensions of the images, the ℓ1 minimization will almost always give the right solution.

2.2.2 ℓ1 norm minimization with noise

Until now, the reconstruction method has not considered the noise, and the image on the
sensor was measured without any measurement error. In reality, the signal itself and the sensor,
for example, are sources of errors. Thus, the methodology has to be stable even in presence of
noise. The noise e in equation (1) is a stochastic or deterministic error ||e||ℓ2 ≤ ε, where ε is a
limitation on the noise magnitude.
The noise is taken into condition in (3) as:

ŝ = arg min ||s′||ℓ1 such that ||y −ΦΨs′||ℓ2 < ε. (4)

This new solution has to satisfy the equation

||ŝ − s||ℓ2 <CNε+CKσK (x), (5)

where CN and CK are respectively the noise and the approximation error constants, and σK (x) is
the ℓ2 error that occurs when s is approximated using its largest K terms [15].

2.2.3 Total Variation minimization

Another method for the reconstruction of the CS images is the Total Variation (TV) min-
imization. This method is better than the ℓ1 minimization because it recovers the images with
better quality: the edges and boundaries are more faithful, that is a key characteristic for the
reconstruction of the images [18].
The TV method aims to reconstruct the image x using the compressibility of the images with
respect to their discrete gradient. The term xm,n represents the pixel of x at the position m,n.
The discrete gradients D1xm,n and D2xm,n are defined asD1xm,n = xm+1,n −xm,n

D2xm,n = xm,n+1 −xm,n

. (6)
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The TV and its minimization are given by

||x||TV =∑√
(D1x)2 + (D2x)2 =∑ |(▽x)m,n |. (7)

(TV) min ||x||TV such that ||y −ΦΨs||ℓ2 ≤ ε. (8)

The equation (8) is a non-linear and non-differential method that makes the resolution too complex.
One possible solution is to use the least-squares problem combined with the TV method in the
following equation

min
x

∥y −Φx∥2
ℓ2
+λR(x). (9)

The first term, minx ∥y −Φx∥2
ℓ2

, represents the least-squares problem and estimates the image ac-
curacy. The second term R(x), the TV model R(x) = ||x||TV, represents the regularization term
that enforces an image prior. The constant λ is a tradeoff between the least-square problem and
the TV method, and thus between the accuracy and regularization. The equation (9) is now a
convex problem that can be resolved easily [1].

Among all the methods that use the TV for the reconstruction of the image, the TV based
image CS recovery algorithm by nonlocal regularization (TVLNR) and an improved TV based on
the augmented Lagrangian method algorithm (TVAL3) are used in the simulations in section 3.

2.2.4 Deep learning reconstruction

The previous algorithms are not applicable in practice because the computation time and costs
are too high. This will be demonstrated in the next section 3, during the comparison between the
algorithms.
Deep Learning (DL) algorithms are a real innovation in this field because they directly learn the
inverse mapping to the original image from the CS measurements. The results are better both in
accuracy and computation time and costs domains [19].

The DL algorithms are based on neural network models that have been developed to solve
some complex optimization problems, such as the ℓ1 minimization described in section 2.2.1.
The DL for the CS reconstruction methods consists in simulating the classical iterative CS algo-
rithms using the neural network structure [20]. Figure 5 represents the scheme of the DL for the
iterative reconstruction.
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Figure 5: Signal reconstruction of a CS image using an iterative algorithm unrolled over a deep neural
network. Adapted from [20].

The technique that is shown in Figure 5, called algorithm unrolling, identifies each iteration
into a network layer and assemble some layers together. All parameters, including the transforma-
tion matrix, are discriminately learned, unlike the traditional iterative methods where the value of
parameters are chosen at the beginning. After the unrolling, the training data is fed through the
network and the stochastic gradient descent is used to improve and optimize the parameters [20].

The improvement of the reconstruction iterative method with the DL is given by the fact that
the data is processed faster with the neural network layers. Moreover, the number of layers in DL
is smaller with respect to the number of iterations in the classical methods and so the computation
time is reduced drastically [19].

Among all the DL methods, the improved Iterative Shrinkage-Thresholding Algorithm (ISTA)
cast into deep network form (ISTA-Net+) and the imaged Compressed Sensing using the Convo-
lutional neural Network (CS-Net+) are used in the simulation section 3.

2.3 Super resolution

The Super Resolution (SR) technique aims to improve the quality of a given image. In order
to achieve the objective, the best is to increase the density of the pixel of the detector. This type
of solution is optimal, despite the increase in cost. Actually, the high resolutions detectors with
tiny pixel size are really expensive, especially in wavelengths different from the visible ones.
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A cheaper solution is using an SLM with a number of elements N ×N times greater than the
number of pixels of the detector. In this way, each pixel of the detector is associated with N × N

elements of the SLM. Since the dimensions of the detector are lower than the dimensions of the
SLM, a specific number of pixels of the SLM are focused on a macropixel of the detector that acts
like a single pixel camera. Figure 6 shows the principle of the SR.

Ground Scene SLM Matrix
Detector

Macropixel
GSD (super-

resolved)

Micropixel

(= SLM

micromirror)

Detector

Pixel

Spectral

Band 1

Spectral

Band 2

Figure 6: Scheme representing the working principle of SR method. Adapted from [21]

In the case of IR images, in which the more suitable sensor is a single pixel detector, it is not
possible to increase the number of pixels to improve the resolution. Therefore, the dimensions of
each element of the SLM have to be equal or larger to the size of the diffraction-limited spot blur
created by the foreoptics at the level of the image plane to assure the acquisition of the highest
spatial frequency presented in the image [21].

In space application, the production of the high spatial resolution IR images remains a prob-
lem. One possible solution is to combine the SR and the CS techniques. In this manner, CS
directly acquires compressed data stream without using compression board on the satellite and,
at the same time, it allows to acquire super resolved images [22]. Figure 7 shows an idea of a
super-resolved instrument.
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Foreoptics /
focusing optics

ConcentratorSLM
Detector + spatially
distributed spectral

filter

High spatial
resolution

Low spatial
resolution

Figure 7: Scheme of an instrument using CS and SR approach. Adapted from [22]

In Figure 7, four principal blocks are presents, starting from the left:

• The foreoptics/focusing optics: it acquires and focuses the light on the next block;

• SLM: the image coming from the previous block passes through a binary spatial mask pro-
duced by the SLM. The mask has a great number of pixels that corresponds to the number
of pixels of the final image;

• Concentrator: it concentrates the image coming from the SLM on the detector;

• Detector+filter: the detector has lower dimensions than the SLM and the final image. The
filter allows the separation of the different spectral bands.
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3 Simulation analysis

In this section, the concept of Code Aperture Imaging is simulated thanks to the Noise Re-
duced Dynamic Synthetic Coded Aperture Imaging Camera (NoRDS-CAIC) decoding algorithm.
It will be described in details in section 3.2. The algorithm developed by [8] is studied and opti-
mized for the Compressive Sensing in coded aperture imaging. However, the CS is not used only
for the coded aperture imaging, but also, for example, for the DiffuserCam (see section 4), and for
the single pixel imaging, like in space application (see section 5).
Therefore, four different algorithms (TVLNR, TVAL3, ISTA-Net+ and CS-Net+), conceived for
the application of CS in all domains, are compared in section 3.3. These algorithms are executed
using the same set of 11 gray test images for a fair comparison. The original images are shown in
Figure 8.
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(a) Barbara (b) Boats (c) Cameraman (d) Fingerprint

(e) Flintstones (f) Foreman (g) House (h) Lena

(i) Monarch (j) Parrots (k) Peppers

Figure 8: Images used for the simulations that constitute the set 11. The size of the images is 256×256
pixels for all the images except "Fingerprint" and "Flintstones". These last have 512 × 512 pixels.

All the decoding algorithms come from the original developers [8], [18], [23], [24], and [25],
who have shared them freely. In this work, the algorithms have been adapted to work on a device
equipped with an Intel Core i7-8565 CPU, an 8 GB RAM and NVIDIA GeForce MX230 GPU.
The different parameters used to compute the comparison are defined in the next section 3.1

3.1 Parameters of comparison

The parameters used for the evaluation of the quality of the images are the Mean Squared
Error (MSE), the Peak Signal to Noise ratio (PSNR), and the Structure Similarity Index Method
(SSIM) [26]. Furthermore, other parameters, like the computation time (CPU time cost) and
the number of iterations for the algorithms using the TV method, are also taken into account to
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compare the decoding algorithms.

3.1.1 Mean Squared Error

The MSE estimates the absolute error between the original image and the decoded one.
Each pixel of the images is compared as follows

MSE= 1

Nx Ny

Nx∑
n=1

Ny∑
m=1

[ĝ (n,m)− g (n,m)]2, (10)

where Nx , Ny represents the dimensions of the image, in this case the image is squared of dimension
N , ĝ represents the reconstructed image and g the original image. The best quality is achieved
when the value is the closest to zero.
For the simulations, the Matlab function immse is used. This function computes automatically
the equation (10).

3.1.2 Peak Signal to Noise ratio

The PSNR gives the ratio between the maximum possible signal power and the power of the
distorting noise, represented by the MSE. The value is the logarithm term of decibel scale because
the dynamic range varies between the largest and the smallest possible values.
The PSNR is computed as follows,

PSNR= 10log10
peakval2

MSE (11)

where the MSE is the previous parameter and the peakval (Peak Value) is the maximal value of
the image. For an 8-bit image, the peakval is 255 and if the image is normalized, the peakval is 1.
The quality is optimal when the value is as large as possible.
The equation (11) is implemented in the Matlab function psnr, that will be used for the simula-
tions.

3.1.3 Structure Similarity Index Method

The SSIM expresses the quality of the image perceived by the human eye. Contrary to the
previous parameters that compare the pixels between the two images one by one, the SSIM compare
the images in their totality.

15



3 SIMULATION ANALYSIS

The mathematical expression of the SSIM is given by:

SSIM(ĝ , g ) = [l (ĝ , g )]α · [c(ĝ , g )]β · [s(ĝ , g )]γ (12)

where l is the luminance, that expresses the brightness between the two images, c is the contrast,
that evaluates the ranges between the brightest and darkest region of the two images, and s is the
structure, that compares the local luminance to find the similarity and the dissimilarity between
the images; α,β,γ are positive constants. The luminance l , the contrast c and the structure s of
an image are defined as follows:

l (ĝ , g ) = 2µĝµg +C1

µ2
ĝ +µ2

g +C1
(13)

c(ĝ , g ) = 2σĝσg +C2

σ2
ĝ +σ2

g +C2
(14)

s(ĝ , g ) = σĝ ,g +C3

σĝσg +C3
(15)

where µĝ ,µg are the local means, σĝ ,σg are the standard deviations and σĝ ,g is the cross-covariance.
C1,C2,C3 are regularization constants, non-negative real numbers, that avoid the instability in some
parts of the images where the local mean or the standard deviation is close to zero. These constants
have to be close to zero.

For the simulations, the Matlab function ssim is used. The function uses the equation (12)

to compute the SSIM. By default, α,β,γ are imposed equal to 1. Therefore, the value of the SSIM
becomes

SSIM(ĝ , g ) = (2µĝµg +C1)(2σĝσg +C2)

(µ2
ĝ +µ2

g +C1)(σ2
ĝ +σ2

g +C2)
(16)

The regularization constants are defined in Matlab as:

C1 = (0.01L)2 (17)

C2 = (0.03L)2 (18)

C3 =C2/2 (19)

where L is called the DynamicRange, and it depends on the class of the image, that represents the
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number of bits uses to represent the image. If this one is single or double class L = 1, if it is of
uint8 class L = 255. In this work, the class of images is double.
The equation (16) gives the values of the SSIM normalized. The best quality is obtained when the
value is the closest possible to 1.
The Matlab function also gives the local SSIM map. This map represents the zones where the
reconstructed image report the larger differences with respect to the original image. The pixels
are in gray scale, varying from black to white with increasing value of the SSIM. Thus, the black
areas are the parts where the reconstruction is not well computed.

3.1.4 Computation time and number of iteration

The CPU time cost indicates the time that the algorithm spends to decode the compressed
images. For the classical iterative CS algorithms, the CPU time cost depends on the number of
iterations used to reconstruct the image. Therefore, it increases with the number of iterations.
The results in section 3.3.5 will demonstrate that there is a huge difference in CPU time cost
between the classical iterative methods and the DL algorithms.

3.2 Noise Reduced Dynamic Synthetic Coded Aperture Imaging Camera

The NoRDS-CAIC consists in a lensless camera that uses the concept of the coded aperture
imaging. The structure of the NoRDS-CAIC is very simple, it is composed of a programmable
Liquid Crystal Display (LCD) and a Charge Couple Device (CCD) to detect the photons. There-
fore, the final structure has modest dimensions, the longest dimension is 19 cm. Figure 9 shows
the structure of the NoRDS-CAIC [8].

Circuit Pi
board

CCD

Raspberry Pi
LCD

Figure 9: Scheme of the NoRDS-CAIC showing the position of the components. From [8]
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The LCD has the function to create a random amplitude mask in front of the detector in
order to block part of the light. The innovation of the NoRDS-CAIC with respect to a FlatCam,
for example, is that the programmable LCD is capable to rapidly display different random masks
one after the other. The number of masks, in fact, will affect the quality of the image, as the
results, in section 3.2.3, demonstrate.

3.2.1 Decoding algorithm

The reconstruction of the image is based on the minimization of the loss function E

E(x, y) =∑
k
|I (x, y ;k)− Ig (x, y ;k)|2 (20)

where k is the number of masks, I is the image itself, Ig is the reconstructed image. The image
and the reconstructed one are defined as

Ig (x, y ;k) =Og (x, y ;k)H(x, y ;k)+N ′(x, y ;k) (21)

I (x, y ;k) =O(x, y)H(x, y ;k) (22)

where O is the target, Og is the guessed target, H is the PSF and N ′ is the noise. The guessed
target is modified and improved after each mask.

3.2.2 Simulation

The simulation is computed using the source code provided by the authors of the NoRDS-
CAIC in [8]. For the simulation, four images with different dimensions are chosen from the set
of 11 images reported in Figure 8, and it will be used in the next section 3.3.5. The first two
images are "Monarch" and "Parrots" with 256×256 pixels, and the other two are "Flintstones" and
"Fingerprint" with 512 × 512 pixels.
The basic parameters, the wavelength, the distance between the object and the mask, the distance
between the mask and the CDD and the pixel size are left unchanged with respect to the initial
code.

For the analysis of the code aperture imaging, it is interesting to compare the random mask
with a coded mask like the MURA. The codification of the MURA mask is operated in Matlab
using the following algorithm given in the original paper [12]. The dimension L of the mask is a

18



3 SIMULATION ANALYSIS

prime number such that
L = 4m +1 m = 1,2,3, ..., (23)

Since the dimensions of the images are 256 × 256 and 512 × 512, the dimensions of the MURA
masks are L = 65 ⇒ m = 16 and L = 129 ⇒ m = 32 respectively, in order to have the same dimensions
of the random mask.
In Matlab, the mask is coded as a matrix

A = {Ai , j }L
i , j=1, (24)

whose coefficients are defined as follows:

Ai j =



0 if i = 0,

1 if j = 0, i ̸= 0,

1 if Ci C j =+1,

0 otherwhise

(25)

where Ci , j = 1 if there exists an integer x, 1 ≤ x < L, such that i , j = mod r x2, otherwise Ci , j =−1.
Figure 10 shows the graphical representations of a MURA mask and a random mask.
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(a) MURA
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(b) Random

Figure 10: Graphical representation of a MURA mask and a Random aperture mask of dimensions
129 × 129 and 128 × 128 respectively.
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3.2.3 Results and discussion

The first simulations study the difference between a random and MURA masks. Table 1
reports the value of SSIM, MSE, PSNR and CPU time cost for the four images using the two
different masks, MURA and random mask. The difference is also evaluated comparing the SSIM
maps.

Monarch Parrots Flintstones Fingerprint

MURA Random MURA Random MURA Random MURA Random

SSIM 0.68 0.86 0.67 0.85 0.37 0.58 0.31 0.65

MSE 0.007 0.002 0.058 0.025 0.072 0.051 0.050 0.036

PSNR 21.58 26.98 12.36 15.99 11.40 12.91 12.89 14.42

CPU time cost 0.25 0.14 0.27 0.25 0.55 0.41 0.50 0.67

Table 1: Comparison of SSIM, MSE, PSNR and CPU time cost using the MURA and random masks for
the images "Monarch", "Parrots", "Flintstones" and "Fingerprint".

MURA RANDOM MURA RANDOM

Monarch Parrots

Flintstones Fingerprint

Figure 11: SSIM maps reporting the difference between the MURA mask and the random mask for the
images "Monarch", "Parrots", "Flintstones" and "Fingerprint".

The results of the simulation in Table 1 show a clear difference between the two masks. The
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random mask shows better values for all the parameters and all the images. The only drawback
is that the values are not stable because the masks are random and the distribution of the light
over the sensor is not always the same. However, for the next simulations the random mask is
chosen because of its better results and, since there are more than one mask, the stability increases.
The red values highlight the better values for all parameters. The image "Monarch" results to be
the best one, even if the values of the image "Parrots" are comparable. Therefore, the decoding
algorithm results to have better performance when the size of the images is smaller.
The difference between the two masks is also shown in Figure 11. The black parts are the most
critical and the worst reconstructed ones. The images decoded with a MURA mask are mostly
black, and so they are not well-defined.
Therefore, since it has been shown that the MURA masks are not suitable for the NoRDS-CAIC,
the random masks are used for the rest of the section.

The next step is to increase the number of the random masks to see the effect on the different
comparison parameters. The graphs 12 show the evolution of the different parameters when the
number of masks increase up to 40.
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Figure 12: Evolution of the parameters MSE, PSNR, SSIM and CPU time cost in function of the number
of random masks for 4 different images.

Starting from the evolution of the MSE in function of the number of masks in Figure 12a,
it is demonstrated that the absolute error decreases rapidly with the increasing of the number of
masks. At already 15 different random masks, the MSE is almost zero for all the images.
The evolution of the PSNR in Figure 12b is not stable, like the evolution of the MSE. The difference
is caused by the randomness of the distribution of the holes on the mask. Thus, when the number
of masks is low the values are not yet stable. Regardless, the value increases with the number of
masks, and the stability of values is reached when the number of masks is larger than 20.
The evolution of the SSIM in Figure 12c is opposite to the evolution of the MSE. The value
increases rapidly with the number of masks, at already 10 masks the value reaches the final value
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for each image. The "Flintstones" image does not reach a value of 1 like the other images, therefore
the black pixels are still present and the image is not completely reconstructed. For this reason, the
"Flintstones" image is chosen to show the difference in the SSIM map when one mask is used 13a
and when 40 masks are used 13b in Figure 13. For the other images, whose value of SSIM is
almost 1, the SSIM map after 40 masks has all pixels white, that means that the image is well-
reconstructed.
When only one mask is used, there are a lot of black pixels, which is not the case when the number
of masks increases. After 40 masks, the number of black pixels is very low, but still present.

(a) 1 mask (b) 40 masks

Figure 13: Representation of the SSIM map when the number of masks is 1 or 40 for the image "Flint-
stones".

The evolution of the CPU time cost in Figure 12d is linear with the number of the masks,
and it is greater for the "Flintstones" and "Fingerprint". This result was expected because there
are as iterations as the number of masks, and if the image has greater dimensions, there are more
pixels to decode.
Finally, only 20 different random masks are required to obtain excellent results for every parameter
with a relatively low CPU time cost.
Figure 14 reports the reconstructed images when the number of masks increases.
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(a) Original image (b) 1 mask (c) 5 masks (d) 20 masks

Figure 14: Representations of the reconstructed images of "Monarch" after the application of an in-
creasing number of masks.

The Figure 14 highlights the difference in the reconstruction when the number of masks in-
creases. Above 20 masks, there are no significant improvements in the reconstruction, therefore
only the reconstruction after 20 masks is shown in Figure 14. When only one mask is used, in the
Figure 14b, the details are not well reconstructed and the contrast between the black lines and the
white parts is not optimum. When the number of masks is 20, in Figure 14d, the reconstruction
is almost perfect, all the details are well-defined, and the contrast is maximum.

3.3 Compressive Sensing decoding algorithms

In this section, the decoding algorithms for the reconstruction of CS images will be analyzed in
detail. The first two algorithms are based on the classical TV methods, and the last two algorithms
use the DL method. The mathematical developments that are at the basis of the algorithms will
be presented. During the simulations, the CS ratio varies from 1% to 50% in order to show the
improvement when the number of measurements increases.
The algorithms are slightly modified to use the same 11 gray images, and the parameters described
in section 3.1 are computed in the same way for all the algorithms.
At the end, after the comparison between the algorithms, the best will be chosen with the purpose
of the space imaging.

3.3.1 Total Variation by NonLocal Regularization [23]

The TVLNR is a decoding algorithm based on the TV method explained in section 2.2.3. The
particularity of this method is that it uses the nonlocal means (NLM) filtering that is a convenient
tool for the reconstruction of the images. In fact, the NLM filtering is especially efficient in sharp-
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ening edges and preserving image details.

The concept of NML filtering is to establish a nonlocal regularization (NR) to recover CS
images. The mathematical expression of the NR is given by

N R(x) = ∑
xi∈x

||xi −N L F (xi )||22 =
∑

xi∈x
||xi −wT

i κi ||22 (26)

where xi is a single pixel of the image x, N L F (xi ) is the NLM filtered intensity value of the pixel
xi , κi is the column vector containing the central pixels around xi in the search window and wi is
the column vector containing the corresponding weights.
The previous equation (26) can be written in matrix form as

N R(x) = ||x−Wx||22, Wi , j =

Wi , j , if x j ∈ κi

0, otherwise
. (27)

The improved TV based image CS recovery algorithm by nonlocal regularization is given by the
combination of equation (7) and equation (27), such that

min
x

∥x∥TV+α∥x−Wx∥2
2 . (28)

The equation (28) is not easy to solve directly because of non-differentiability and non-linearity of
the two terms. The solution is to introduce two variables u and w such that

Du= x and u=w (29)

The solution of the minimization can be found using the augmented Lagrangian function, that is
defined as:

LA (x,u, w) = ∥x∥1−νT (Du−x)+β
2
∥Du −x∥2

2+α∥w −W w∥2
2−γT (u−w)+θ

2
∥u −w∥2

2+
µ

2

∥∥Au − y
∥∥−λT (Au−y),

(30)

where β,θ,µ are the regularization parameters and ν,γ,λ are the Lagrangian multipliers.
The final solution is given by minimizing one variable at a time among x,u, w while maintaining
the two others fixed.
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The iterative process of the minimization is given by

(x(k+1),u(k+1), w (k+1)) = min
x,u,w

LA (x,u, w). (31)

The algorithm implementing the TVLNR method to reconstruct the CS images is given by

Algorithm 1 Algorithm to reconstruct a CS image with TVLNR method

Input: The observed measurement b, the measurement matrix A and β,µ,θ,α.
Initialization: u0 =AT b, ν0 =γ0 =λ0 = 0; w0 =x0 = 0.
while Outer stopping criteria unsatisfied do

while Inner stopping criteria unsatisfied do
Minimize w while the other parameters are fixes;
Minimize u while the other parameters are fixes;
Compute the weight W ;
Minimize x while the other parameters are fixes;

end while
Update multipliers; ν,γ,λ

end while
Output: Final CS restored image; ũ.

The algorithm 1 is implemented in Matlab by the authors of [23]. The parameters are chosen
as follows: µ = 28 = 256, θ = 2, β = 25 = 32 and α = 16. If the values of θ and β are higher, the
number of iterations exceeds the maximum number of iterations imposed. This latter has been
increased to 1000 with respect to 300 of the original code, because when the CS ratio is too low
(1% for example), 300 iterations are too few to obtain good values. The augmentation of the
maximum number of iterations causes an increase in the computation time too.
To assure that the algorithm is stable in the presence of noise, the latter is implemented in the
same way as the TVAL3 algorithm in order to have a fair comparison.

3.3.2 Total variation based on the Augmented Lagrangian [18]

The TVAL3 algorithm is also based on the method of TV described in section 2.2.3, and on
augmented Lagrangian multiplier approach.
The particularity of the TVAL3 is that it uses a splitting and alternating minimization idea, the
non-monotone line search and Barzilai-Borwein steps to improve the convergence.
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The minimization of TV is defined as

min
xi ,u

=∑
i
∥xi∥TV , such that Au = y and Di u = xi for all i , (32)

where x is the image, u represents the pixel, D is the discrete gradient, A is the measurement
matrix and y is the observed measurement.

The minimization of the augmented Lagrangian function is computed using an alternative
way: the variable-splitting technique. The TV regularization term is split into two terms using a
new slack variable x, as the equation (33) reports. The term ∥xi∥−νT

i (Di u − xi )+ βi
2 ∥Di u −xi∥2

2,
present in the augmented Lagrangian function, derives from the variable-splitting technique. The
function is thus given by:

LA(xi ,u) =∑
i

(
∥xi∥−νT

i (Di u −xi )+ βi

2
∥Di u −xi∥2

2

)
−λT (Au − y)+ µ

2

∥∥Au − y
∥∥2

2 (33)

where ν,λ are the Lagrangian multipliers, and β,µ are regularization parameters.
The reconstruction is determined by the minimization of the augmented Lagrangian function
LA(xi ,u). The difficulty comes from the non-linearity and non-differentiability of the previous
equation, like in TVLNR method.

Thanks to the introduction of the variable x, the variables xi and u can be minimized sepa-
rately, while updating the Lagrangian multipliers.
The minimization of xi is defined using the Shrinkage-like formula as follows:

xi ,k+1 = shrike
(
Di uk ;νi ,βi

)= max

{∥∥∥∥Di uk −
νi

βi

∥∥∥∥− 1

βi
,0

} (
Di uk −νi /βi

)∥∥Di uk −νi /βi
∥∥ . (34)

The non-monotone line search and Barzilai-Borwein steps are used for the minimization of the
variable u, that is equivalent to

min
u

Qk (u)≜
∑

i

(
−νT

i

(
Di u −xi ,k+1

)+ βi

2

∥∥Di u −xi ,k+1
∥∥2

2

)
−λT (Au − y)+ µ

2
∥Au − y∥2

2

. (35)

Qk (u) is a quadratic function whose gradient is dk (u).
In order to minimize the function (35) the iterative one-step steepest descent method is used as
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follows
uk+1 = uk −αk dk . (36)

The parameter αk is defined, by the Barzilai-Borwein (BB) method, in two different ways:

αk = sT
k sk

sT
k bk

(37)

αk = sT
k bk

bT
K bk

(38)

where sk = uk −uk−1 and bk = dk(uk )−dk(uk−1).
This method is validated by the non-monotone line search algorithm (NLSA). The NLSA requires
the verification of the Armijo condition, defined as:

Qk (uk −αk dk ) ≤Ck −δαk d T
k dk (39)

where Ck is given by
Ck+1 =

(
ηPkCk +Qk (uk+1)

)
/Pk+1

Pk+1 = ηPk +1
(40)

and the variables δ and η are between 0 and 1.

All the previous equations are implemented in the final algorithms for the TVAL3 reconstruc-
tion method.

Algorithm 2 Alternating Minimization Scheme used in the final algorithm of TVAL3

Initialize 0 < δ,ρ,η< 1 and starting points xi ,0,u0;
Set Q0 = 1 and C0 =LA(xi ,0,u0);
while Inner stopping criteria unsatisfied do

Compute xi ,k+1 based on shrinkage-like formula;
set αk through BB-like formula;
while Nonmonotone Armijo condition usatisfied do

Backtrack αk = ραk ;
end while
Compute uk+1 by one-step steepest descent method
Set Ck+1

end while

The previous algorithm is used in the final algorithm for TVAL3 reconstruction defined below.
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Algorithm 3 Algorithm to reconstruct a CS image with TVAL3 method

Initialize ν0
i ,β0

i ,λ0,µ0, and starting point x0
i ,u0 for all i ;

while Outer stopping criteria unsatisfied do
Set xk+1

i ,0 = xk and uk+1
0 = uk ;

Find minimizers xk+1
i and uk+1 of the augmented Lagrangian function by means of the Algo-

rithm 2 starting from xk+1
i ,0 and uk+1

0 ;

Update multipliers to attain νk+1
i ,λk+1;

Choose new regularization parameters βk+1
i ≥βk

i and µk+1 ≥µk ;
end while
Final CS restored image.

The algorithm is implemented in Matlab by the authors of [18]. The parameters are chosen
as follows: µ= 212 = 4096, β= 26 = 64, ν0

i , λ0 = 0, δ= 10−5, ρ = 0.6 and η= 0.9995. In this case, the
number of iterations has been left the same, 300, because the simulations don’t reach the maximum
number.
The original codes have been modified to allow reading images in Matlab, because the original
ones are in color and the test images are gray.
In addition to the previous simulations, a second simulation is computed when the noise affects
the reconstruction of the images.
The values when the noise is added are compared with the TVLNR method in section 3.3.6.

3.3.3 Iterative Shrinkage-Thresholding Algorithm-Net [24]

The ISTA-Net algorithm is based on the traditional ISTA that aims to minimize the ℓ1 norm.
The ISTA algorithm is used in deep learning in such a way that each phase of the ISTA-Net
corresponds to an ISTA-like iteration, as shown in Figure 15, and all parameters are not fixed at
the beginning.
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Figure 15: Scheme of the ISTA-Net method. Each phase is composed of a forward and backward
transforms that are symmetric. Each transform is composed of a two linear convolutional operators
separated by a rectified linear unit (ReLU). From [24].

The computational complexity of the ISTA-Net corresponds to multiple iterations of the ISTA
algorithm, and it is more than 100 times faster than the correspondent non-DL algorithms.
The ISTA-Net is further improved in ISTA-Net+ to upgrade the CS decoding using the fact that
the residuals of images are more compressible.

The optimization problem that ISTA-Net+ aims to solve is the equation (9), with some mod-
ifications, as follows:

min
x

1

2

∥∥Φx − y
∥∥2

2 +λ∥Ψx∥1 . (41)

where Ψx represents the transform coefficients of x and Ψ is the transform.
The algorithm of ISTA solves the equation (41) implementing the following iterative way:

r(k) = x(k−1) −ρΦ⊤
(
Φx(k−1) −y

)
(42)

x(k) = argmin
text x

1

2

∥∥∥x− r(k)
∥∥∥2

2
+λ∥Ψx∥1 (43)

where k is the iterative index and ρ is the step size.
The challenge in ISTA resolution is to find a priori the transform Ψ and the parameters ρ and
λ. The solution of equation (43) requires a lot of iterations to have good reconstructions, which
implies an increasing in computation time.
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ISTA-Net uses a non-linear transform function F (·) with learnable parameters. It consists
of two linear convolutional operators separated by a Rectified Linear Unit (ReLU) as shown in
Figure 15, where the convolutional operators are constituted by N f filters. Finally, the function
F (·) is expressed in matrix form,

F (x) = BReLU (Ax) (44)

where A and B are the two convolutional operators.
Therefore, the recursive equation (43) of ISTA algorithm becomes

x(k) = argmin
x

1

2

∥∥∥x− r(k)
∥∥∥2

2
+λ∥F (x)∥1. (45)

In ISTA-Net, both equations (42) and (45) are included into two different modules of the k − th

phase of the algorithm.
The first module, r(k) Module, aims to solve equation (42) and so find the value of r(k). The
result of the first module is the input for the second module, x (k) Module, that aims to resolve
equation (45) to compute x(k). Supposing that r(k) and F

(
r(k)

)
are the mean values of x and F (x),

thus the following approximation is made:

∥∥∥F (x)−F (r(k))
∥∥∥2

2
≈α

∥∥∥x− r(k)
∥∥∥2

2
(46)

where α is a scalar. Introducing the equation (46) into the equation (45) the computation of x is
given by:

x(k) = argmin
x

1

2

∥∥∥F (x)−F
(
r(k)

)∥∥∥2

2
+θ∥F (x)∥1, (47)

where θ is given by θ =λα.
The characterization of the DL algorithm is that the parameters are learnable. For the ISTA-Net,
the parameters are grouped in Θ= {

ρ(k),θ(k),F (k),F̃ (k)
}Np

k=1, where F̃ is the inverse of F and Np

is the number of total phases.
In the improved version of ISTA-Net, ISTA-Net+, x(k) is defined as

x(k) = r(k) +w(k) +e(k) (48)

where e(k) represents the noise and w(k) represents some missing frequency component in r(k).
The term w(k) is defined as w(k) =R(x(k)), where R(·) is a linear operator determined by R =G ◦D,
D corresponds to N f filters and G to 1 filter.
In ISTA.Net+, the transform function F becomes F =H ◦D, where H is composed by two linear
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convolutional operators and one ReLU. In this case, the optimization problem is

min
x

1

2

∥∥∥H (D(x))−H
(
D

(
r(k)

))∥∥∥2

2
+θ∥H (D(x))∥1 (49)

Each phase of ISTA-Net+ is represented in the Figure 16.

Figure 16: Representation of a single phase of the ISTAN et+ algorithm. From [24].

The algorithm of ISTA-Net+ is implemented in Python by the authors of the article [24].
Since it is a DL algorithm, it is not necessary to define the parameters, like in the previous TV
algorithms. Only the number of phases is chosen at the beginning. It is Np = 9, because even if
the number of phases is larger, the quality of the reconstruction remains almost constant.
In this work, some changes are made to the original code. These changes concern principally the
TensorFlow, a platform for the machine learning, because the original code uses the first version
of the platform. In the actual version of TensorFlow, some functions are changed or modified,
therefore the code has been adapted. The computations of PSNR, MSE, SSIM are implemented
in Matlab, and not Python, to have fair comparison.

3.3.4 Compressed Sensing using the Convolutional neural Network [25]

The CS-Net+ is based on the Convolutional Neural Network (CNN). The goal of the CS-Net+

algorithm is to compute an optimal sampling matrix and to elaborate a reconstruction algorithm
that is fast and performs well.
In the algorithm there are three kinds of sampling matrix that can be learned: the floating-point
matrix, the {0,1}-binary matrix and the {-1, +1}-bipolar matrix. The reconstruction method
consists in an initial linear reconstruction to generate the initial reconstructed image. Then a
non-linear reconstruction improves the quality of the initial reconstructed image using the deep
residual network.
One important characteristic of this algorithm is that the sampling matrices are learned from the
images in such a way to preserve more information about the images and have a better recon-
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struction. The sampling matrices can also be used in the traditional CS reconstruction method to
increase their quality.

The reconstruction is based on the block-based compressed sampling, the initial reconstruc-
tion and the non-linear reconstruction. These three steps constitute the Block-based Compressed
Sensing (BCS).
Initially, the image is divided into non-overlapping blocks of size B × B × l where l is the number
of channels. The CS measurements can be expressed as

y j =ΦB x j (50)

where x j is the block j of the global image, y j is the corresponding measurement and ΦB is
the sampling matrix of dimensions nB × lB 2. Each row of the sampling matrix ΦB is considered
as a filter, the number of filter, nb, is defined as follows

nb =
[

M

N
lB 2

]
. (51)

nB constitutes also the number of measurements because at each filter corresponds one measure-
ment.
The block-based compressed sampling can be represented by the operation S(x):

y = S(x) =Ws ∗x (52)

where ∗ is the convolution operation and Ws represents the nB filters.
The reconstruction of the image is given by

R(y) = D(I (y)), (53)

where y are the CS measurements, I represents the initial reconstruction, D the deep reconstruc-
tion and R the final reconstruction.

The initial reconstruction is expressed as:

Ĩ (y) =Wi nt ∗ y (54)

where Wi nt represents the lB 2 filters of dimensions 1×1×nB . The reconstruction of each block is
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a vector representing a column of Ĩ (y). Then, a combination layer is created to reshape the vectors
from dimensions 1 × 1 × lB 2 to a B × B × l block and concatenate the blocks to obtain the initial
reconstructed image. The formulation of the initial reconstructed image is given by:

x̃ = I (y) = κ


γ

(
Ĩ11(y)

) · · · γ
(
Ĩ1w (y)

)
... . . . ...

γ
(
Ĩh1(y)

) · · · γ
(
Ĩhw (y)

)

 (55)

where h and w represent the number of blocks in row and column respectively, γ is the reshape
function and κ is the concatenation function.

The deep reconstruction includes three operations: feature extraction, non-linear mapping
and feature aggregation. The first one produces high dimensional feature using an activation layer
in the following way,

De (x̃) = Act (We ∗ x̃ +Be ) (56)

where x̃ comes from the equation (55), We represents the d filters of dimensions f × f ×l , Be is the
biases and Act represents the activation function. The latter is the rectified Linear Unit (ReLU),
the same used by the ISTA-Net+ method.
The non-linear mapping is given by alternating subsequently the residual block, the convolution
layer and the activation layer. The mathematical expression is given by:

D i
m1(x̃) = Act

(
D i−1

m2 (x̃)+W i
m1 ∗D i−1

m2 (x̃)+B i
m1

)
D i

m1(x̃) = Act
(
D i−1

m2 (x̃)+W i
m1 ∗D i−1

m2 (x̃)+B i
m1

)
(57)

D i
m2(x̃) = Act

(
W i

m2 ∗D i
m1(x̃)+B i

m2

)
, (58)

where i ∈ {1,2, ...,n}, W i
m1,W i

m2 represents the d filters, B i
m1,B i

m2 are the biases and Act is the ReLU
activation function. For the value i = 0 the deep reconstruction is given by D0

m2(x̃) = De (x̃).
The final output is given by the feature aggregation operation starting from the high dimensional
feature. The operation Da(x̃) is given by:

Da(x̃) =Wa ∗Dn
m2(x̃)+Ba (59)

where Wa represents the l filters and Ba the bias. In order to speed up the convergence, a link
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between the initial reconstructed image and the previous output is made as follows:

D(x̃) = (x̃)+Da(x̃). (60)

All the steps of the reconstruction of the image using the CS-Net+ are represented in the Figure 17.

Figure 17: Graphical representation of the CS-Net+ to reconstruct the images using the DL method.
From [25].

In order to train the sampling and reconstruction network, the loss functions of the initial
reconstruction image and the final reconstruction image have to be minimized simultaneously. The
respectively equations are given by:

li nt (θ,φ) = 1

2K

K∑
i=1

∥∥I
(
S (xi ;θ) ;φ

)−xi
∥∥2

F (61)

and
ldeep (θ,φ) = 1

2K

K∑
i=1

∥∥R
(
S (xi ;θ) ;φ

)−xi
∥∥2

F (62)

where θ,φ are the parameters of sampling and reconstruction network respectively, S (xi ;θ) rep-
resents the CS measurements, I

(
S (xi ;θ) ;φ

)
,R

(
S (xi ;θ) ;φ

)
are the initial and final reconstructed

outputs.

The algorithm of CS-Net+ is implemented in Matlab by the authors of [25]. The sampling
matrix is the floating-point matrix, because it gives better results with respect to the other matrices,
see [25]. The CNN is implemented using the toolbox "MatConvnet" in Matlab, that is a useful
tool for computer vision application.
Some values are fixed as the block size B = 32, the number of channel l = 1, the spatial size of a
kernel f = 3, the number of features maps d = 64, and the number of non-linear mapping layer
n = 5.
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In this work, some changes are made to the original code. These changes concern principally the
way the images are read. Indeed, the original images were colored and the code was not able to
read the image in the ’.tif’ format, therefore the code has been modified to read gray images in
".tif" format, like the test images.

3.3.5 Results and discussion

In this section, the algorithms described in sections 3.3.1, 3.3.2, 3.3.3 and 3.3.4 will be com-
pared. The quality parameters MSE, PSNR, SSIM, CPU time cost and the number of iteration
for TV algorithms are evaluated for the CS ratios of 1%, 5%, 10%, 20%, 30%, 40% and 50%. For
the ISTA-Net+, the CS ratios given by the original code are 1%, 4%, 10%, 25%, 40%, 50%.
All the values of the quality parameters are reported in the Table in annex A. In order to have a
visual evolution of the parameters of comparison, only four images are chosen, "Peppers", "Lena",
"Flintstones" and "Fingerprints". For each image, the graphs below show the evolution of the pa-
rameters, comparing the different methods of CS reconstruction.
It has been noticed that the CPU time cost does not depend on the CS ratio, thus the Table 2
reports the average value of computation time that the algorithms spend to reconstruct the image.

TVLNR TVAL3 ISTA-Net + CS-Net +

Peppers 642 4.01 0.15 0.20

Lena 640 3.91 0.15 0.20

Flintstones 3238 25.11 0.546 0.80

Fingerprint 4415 27.18 0.977 0.80

Table 2: Average values of CPU time cost for the reconstruction of Peppers, Lena, Flintstones and
Fingerprint.

The graphs below represent the evolution of the MSE, PSNR, SSIM and the number of
iterations in function of the CS ratio for each image.
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Figure 18: Evolution of the MSE, PSNR, SSIM and the number of iterations, computed using the dif-
ferent reconstruction algorithms, in function of the CS ratio for the image "Peppers".
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Figure 19: Evolution of the MSE, PSNR, SSIM and the number of iterations, computed using the dif-
ferent reconstruction algorithms, in function of the CS ratio for the image "Lena".
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Figure 20: Evolution of the MSE, PSNR, SSIM and the number of iterations, computed using the dif-
ferent reconstruction algorithms, in function of the CS ratio for the image "Flintstones".
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Figure 21: Evolution of the MSE, PSNR, SSIM and the number of iterations, computed using the dif-
ferent reconstruction algorithms, in function of the CS ratio for the image "Fingerprint".

The tables in annex A and Figures 18-21 above show that the values of MSE and PSNR are
inversely proportional, the MSE decreases and the PSNR increases with the increase of the CS
ratio. The SSIM has the same behavior of the PSNR. This evolution is due to the fact that, when
the CS ratio increases, the number of measurements is higher and so the information about the
initial image is greater. Moreover, good results are already obtained when the CS ratio is about
30% for all the algorithms.
Comparing the two TV algorithms, TVLNR and TVAL3, the TVLNR gives good results for the
PSNR and the SSIM, but the CPU time cost is too high to make it suitable. However, the best
results are obtained with the DL algorithms, as it was expected.
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Between the two DL algorithms, CS-Net+ is the best in all parameters except the CPU time cost
that is slightly higher than the ISTA-Net+, although still tiny. Thus, both algorithms are powerful
and suitable, the choice will be between the quality and the computation time.
The evolution of PSNR and SSIM are not always similar for the same image. Taking in consid-
eration Figures 18b and 18c, and Figures 20b and 20c, the PSNR is higher for ISTA-Net+ with
respect to CS-Net+, however the SSIM is higher for CS-Net+ with respect to ISTA-Net+. This
difference is caused by the fact that for the PSNR there is a comparison pixel-by-pixel, and it
focuses on colors. Alternatively, the SSIM focuses on the global image, and the best image is the
one with the SSIM higher for the human eye.
Table 3 at the end of the chapter reports the global comparison between the algorithms, and es-
tablish as the one with the best performance.

Once the parameters are studied, the SSIM map can be used to observe the parts of the
images that are complicated to reconstruct. The SSIM map makes, thus, a comparison between
the algorithm based on the value of SSIM. In Figure 22, the SSIM maps are reported for all the
algorithms when the CS ratio is 20%, and 25% for the ISTA-Net+.
It is chosen a low CS ratio because, if the values of SSIM are too high, the image is mostly
composed by white pixels and the critical parts are not identifiable. Moreover, when the ratio is
20% the difference between the values of SSIM for each algorithm is more marked.
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Figure 22: SSIM maps of the TVAL3, TVLNR, ISTA-Net+ and CS-Net+ when the CS ratio is 25% for
ISTA-Net+ and 20% for the other algorithms. The red square highlights the most complicated part to
reconstruct. The images are "Peppers" (a), "Lena" (b), "Flintstones" (c) and "Fingerprint" (d).

Figure 22 shows clearly that the DL methods have a better reconstruction with respect to the
TV methods. The DL images have more white pixels, therefore in these regions the reconstruction
is very accurate. The worst algorithm is clearly the TVAL3, the image is composed mostly by
black pixels. The difference between the two DL algorithms is not really clear in Figure 22 because
both have a large number of white pixels. However, one must consider that the ISTA-Net+ has
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5% more of measurements with respect to CS-Net+.
The red squares in Figure 22 highlight the critical part of the reconstruction. The TV algorithms
also have other critical parts, but the square highlights the critical part that is almost common to
all the algorithms.

The corresponding reconstructed images are shown in the Figure 23, particularly the critical
part for each image is magnified to see clearly the difference with the original image.

TVLNR ISTA-Net+ CS-Net+TVAL3ORIGINAL

a

b
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TVLNR ISTA-Net+ CS-Net+TVAL3ORIGINAL

c

d

Figure 23: Original image and images reconstructed by the TVAL3, TVLNR, ISTA-Net+ and CS-Net+.
The CS ratio is 25% for ISTA-Net+ and 30% for the other algorithms. For each image, "Peppers" (a),
"Lena" (b), "Flintstones" (c) and "Fingerprint" (d), the red square highlights the most complicated
part to reconstruct.

Figure 23 (a, b, c, d) reports the reconstructed images of "Peppers", "Lena", "Flintstones",
and "Fingerprint" respectively, when the CS ratio is 30%, and 25% for the ISTA-Net+. The images
show that the reconstruction is not yet perfect, especially for TV algorithms. The magnification
of the critical part shows that also the DL algorithm have some difficulties in front of critical
part. The image "Flintstones" shows that the white dots present in the original images are not
well reconstructed. For this detail, the CS-Net+ has a better reconstruction with respect to the
ISTA-Net+, even if the PSNR is larger for the latter. This feature explains the difference between
the PSNR and the SSIM explained before.
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3.3.6 Total variation with noise

As explained in sections 3.3.1 and 3.3.2, the simulations for TVLNR and TVAL3 are also
computed adding some noise to the measurements. The percentage of noise varies from 1% to 10%
while the value of the CS ratio is maintained fixed at 40%.
The values for all figures are reported in Table B in appendices. However, two images, "Peppers"
and "Flintstones", are chosen to illustrate and discuss the behavior of the algorithms in the presence
of noise. The evolution of values of the parameters of comparisons are reported in Figures 24 and
25.

0 2 4 6 8 10

0.5

1

1.5

2

2.5

3

3.5

4
10

-3

(a) MSE

0 2 4 6 8 10

24

26

28

30

32

34

(b) PSNR

0 2 4 6 8 10

0.65

0.7

0.75

0.8

0.85

0.9

0.95

(c) SSIM

0 2 4 6 8 10

0

200

400

600

800

1000

(d) Iterations

Figure 24: Evolution of the MSE, PSNR, SSIM and the number of iterations, computed using the two
TV reconstruction algorithms, in function of the percentage of noise for the image "Peppers".
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Figure 25: Evolution of the MSE, PSNR, SSIM and the number of iterations, computed using the two
TV reconstruction algorithms, in function of the percentage of noise for the image "Fingerprint".

The graphs show that the quality is lost when the noise increases. The decrease of quality of
PSNR and MSE is not linear as one might expect. This lack of linearity is caused by the fact that
the PSNR and the MSE compare the images for each pixel and not in their entirety. The linearity
is clearly present in the evolution of SSIM, where the images are compared in their entirety. The
number of iterations increases almost linearly for the TVLNR, but in the case of TVAL3 remains
nearly constant when the amount of noise increases.
Globally, the TVAL3 shows better results in terms of quality, but the algorithm is not stable, the
evolution is not linear when the noise increases. Therefore, to have better results, it is necessary
to repeat the simulations several times and retrieve average results.
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3.3.7 Final comparison

All previous discussions on the evolution of the quality parameters for each algorithm can
be used to designate the best algorithm suitable for the CS space application. The four algo-
rithms, TVLNR, TVAL3, ISTA-Net+ and CS-Net+, are compared, and the performance scores are
attributed to them for each of parameter of quality. These performance scores are quantified by
stars (⋆): the greater is the number of star for each parameter, the better is its performance.
Table 3 reports the comparisons of performance of the algorithms.

Parameters

Algorithms
TVLNR TVAL3 ISTA-Net+ CS-Net+

MSE ⋆⋆ ⋆ ⋆⋆⋆⋆ ⋆⋆⋆⋆

PSNR ⋆⋆ ⋆ ⋆⋆⋆⋆ ⋆⋆⋆⋆

SSIM ⋆⋆ ⋆ ⋆⋆⋆ ⋆⋆⋆⋆

N° of iterations ⋆ ⋆⋆⋆ /

CPU time cost 0 ⋆ ⋆⋆⋆⋆ ⋆⋆⋆⋆

Noise behavior ⋆ ⋆⋆ /

Total performance ⋆⋆ ⋆⋆ ⋆⋆⋆ ⋆⋆⋆⋆

Table 3: Qualitative summary of the performance for different algorithms.

The best quality performance are obtained by the CS-Net+. It could be the more suitable for
the space application thanks to the great levels of SSIM and PSNR and to the low CPU time cost
that allows to obtain the image almost instantaneously.
At the second place there is the ISTA-Net+. It has slightly inferior performances than the CS-Net+,
the CPU time cost is better with respect to the values of CS-Net+, but still comparable. For the
availability to anybody and ease of coding in Python with respect to Matlab, it could be also
suitable for a future space application.
Finally, the classic recovery algorithms for CS imaging, TVLNR and TVAL3, have really large
CPU time cost, especially TVLNR method, for a PSNR and SSIM that are not so good, compared
to DL algorithms. For this reason, they do not seem suitable for a space implementation.

Therefore, the DL algorithms make the CS imaging more efficient and realistic for a space
application in a future that is not so far, as explained in section 5.
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4 DiffuserCam

One of the objectives of this work is to implement the CS in an experimental case. It was a
bit ambitious to envisage an imaging system for space application. Therefore, based on literature
review, the DiffuserCam has been chosen as an application, that can be set up in the CSL labora-
tory in a realistic time frame.

The DiffuserCam is a practical example of a lensless camera using the Compressive Sensing
method and which seemed easy to set up.
The structure of the DiffuserCam is characterized by a diffuser (a thin, transparent, lightly scat-
tering material), that replaces the lens of a classical camera and a classical sensor [9]. Figure 26
represents the scheme of a DiffuserCam.

Aperture Diffuser
Sensor

Focal
Distance

Figure 26: Scheme representing the structure of a DiffuserCam. Adapted from [9]

As explained in [9], such a diffuser has a so-called "focal distance" that represents the distance
between the diffuser and the sensor. The light coming from the object passes through the diffuser
where it is blocked by the aperture. The image at the sensor is not defined, but it is used in the
reconstruction algorithms to retrieve the initial image.
The section 4.2 will explain how to practically retrieve the focal distance, reported in Figure 26,
of a diffuser.
This kind of camera has several advantages:

• Lightweight: in the DiffuserCam the lenses or mirror that constitute a camera are replaced
by a thin and flat material. This kind of structure makes the imaging system lighter.
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• Lower accuracy: The structure of the diffuser is random by nature, so it does not need
accuracy for the fabrication. In the next section, the results obtained using the tape like
diffuser will be shown.

• 3D imaging: The authors of the article [9] demonstrate that the principle of the DiffuserCam
can be used for the reconstruction of 3D images. This concept can be useful for the microscopy
application, for example.

The section 4.1 describes some reconstruction methods that will be used with the experimental
set-up.

4.1 Reconstruction Principles

The imaging system is based on the CS concept. The scene x is mapped into a sensor through
the diffuser. The measurements by the sensor y are defined as:

y = Ax (63)

where A is the measurement matrix. In the CS approach, the matrix A is non-invertible, thus the
basic reconstruction of the image is given by solving the least-squares problem:

x̂ = argmin
x

1

2

∥∥Ax−y
∥∥2

2 . (64)

The DiffuserCam uses two different methods to solve the minimization in the equation (64): the
Gradient Descent (GD) method and the Alternating Direction Method of Multipliers (ADMM).
These methods use the concept of CS algorithms of Total Variation and Fast Iterative Shrinkage-
Thresholding Algorithm (FISTA) to reconstruct the image.

4.1.1 Gradient Descent

The Gradient Descent method implements the gradient of the minimization with respect to
the variable x, to optimize (64). Since the gradient indicates the direction of the steepest rise, the
reconstruction goes in the opposite direction:

x0 = initial guess (65)

xk+1 ← xk −αk∇x̂(xk ) (66)
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where ∇x̂(xk ) is the gradient and α is a step size that determines the velocity of descent.
In this problem, the gradient is defined as

∇x̂(x) = AH (Ax−y) (67)

where AH is the adjoint of A.
The step size should be constant, but sufficient small to guarantee the convergence. Therefore, the
largest α is 0 <α< 2

||AH A||2 .
Theoretically, the convergence is guaranteed after an infinite number of iterations, but in reality
after a certain number the improvement is so small that it can be chosen as the maximum number
of iterations.

The previous method can be speeded up using the Fast Iterative Shrinkage-Thresholding
Algorithm (FISTA). It integrates a new operator, the projection step pL, that links two successive
points of the reconstruction.
The algorithm for the reconstruction of the image is so described in following the same order by

x0 = I /2, t1 = 1, v0 = x0

fork = 0 to maxiter :

vk ← pL(xk)

tk+1 ←
1+

√
1+4t 2

k

2

xk+1 ← vk +
tk −1

tk+1
(vk − vk−1)

(68)

where x0 is the initial guess of the reconstructed image, it can have random values, but in this
case it is imposed to be the half of a uniform image.

4.1.2 Alternating Direction Method of Multipliers

The GD is a reliable method that guarantee the convergence, but it is slow and limited to 2D
images. To manage larger images (3D for example) and for faster reconstruction, the Alternating
Direction Method of Multipliers method is preferable.
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Starting from the original problem:

x̂ = argmin
xÊ0

1

2

∥∥y− Ax
∥∥ (69)

the minimization of x̂ can be split into two separable minimizations, taking into account the action
of the DiffuserCam on the measurement matrix, A =C M , where M represents the convolution and
C the crop. The separation is defined as follows:

x̂ = argmin
w≥0,v

1

2
∥y−C v∥2

2

s.t. v = Mx, w = x

(70)

Using the concept of the CS, that the images are sparse, the ℓ1 norm of the gradient is added,
giving the expression of the TV methods:

x̂ = argmin
w≥0,u,v

1
2∥y−C v∥2

2 +τ∥u∥1

s.t. v = Mx,u =Ψx, w = x
(71)

where ψ is a derivative operator.
As for the TV methods explained in sections 3.3.1 and 3.3.2, the ADMM uses the minimization of
the augmented Lagrangian function as follows

min
u,v ,w ,x

L ({u, v , w ,x}, {ξ,η,ρ}) = 1

2
∥y−C v∥2

2 +τ∥u∥1

+ µ1

2
∥Mx− v∥2

2 +ξ⊤(Mx− v)

+ µ2

2
∥Ψx−u∥2

2 +η⊤(Ψx−u)

+ µ3

2
∥x−w∥2

2 +ρ⊤(x−w)

+ 1+(w),

(72)

where 1+(w) assures that w ≥ 0.

4.2 Construction of the DiffuserCam

The construction of the DiffuserCam requires several elements:

• Digital sensor: The digital sensor is obtained by a camera without the optical elements, in
this case, it comes from a CMOS Thorlabs DCC3240C camera with 1280 × 1024 pixels. A
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software allows to read in live the light coming on the sensor.

• Diffuser: As explained before, the diffuser is a thin, transparent, scattering material. In the
DiffuserCam, the diffuser consists of a simple transparent tape.

• Optical diaphragm: The optical diaphragm, or aperture stop, stops the incoming light and
allows to pass only a small part. In this case, the aperture of the diaphragm is smaller than
the dimensions of the sensor, and the diffuser is attached to it.

• Point source: A LED of incoherent light is used as point source to obtain the Point Spread
Function (PSF).

• Object: An image of a letter on a self illuminated screen is used as an object in front of the
sensor.

• Darkness: The environment of the calibration and the measurements has to be dark to have
better results. Only the point source or the object are sources of light.

Figure 27 shows the components of the DiffuserCam separately and the final construction of the
DiffuserCam.

Sensor 
(1)

Di�user + diaphragm
 (2)

Point source
(3)

(a) Representations of the different components con-
stituting the DiffuserCam.

1

2

1 cm

3

20 cm

(b) Structure and dimensions of the DiffuserCam.

Figure 27: representation of components and assembly of the DiffuserCam.

The first important task in the construction of the DiffuserCam is to find the focal distance
of the diffuser. In order to find the focal distance, the point source is placed far away from the
sensor, around 20 cm, and the diffuser moves closer or further from the sensor to have a good PSF.
The PSF can be considered good when the sensor captures a clear caustic pattern. In this set-up,
the focal distance is found to be around 1 cm.
Once that the focal distance is found, the distance between the sensor and the diffuser is fixed. The
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diaphragm is closed to find a correct aperture in front of the sensor, the diameter of the aperture
is about 5 mm.
Figure 28 shows a schematic representation of the measurement of the PSF and the recording of
images.

Aperture
Diffuser

CMOS

d

Point
Source

(a) Measurement of PSF.

Aperture
Diffuser

CMOS

d

A

Image

(b) Recording of image.

Figure 28: Schematic representation of the phases of the image capture.

When all the distances and dimensions are fixed, the calibration (measurement of PSF) can
be performed. There are some precautions to take in the capture of the PSF: the point source has
to be sufficiently bright and the smallest possible. The brightness at the sensor has to be high
enough without saturating the sensor. The saturation can be controlled by changing the exposure
time of the camera. Finally, the exposure time used to capture the PSF is 3 ms. Figure 29 shows
the PSF at the sensor.

Figure 29: PSF of the DiffuserCam, the light source is 30 cm away and the exposure time is 3 ms.

The images are taken using a self-illuminated screen at the same distance of the light source.
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The only light, that arrives at the sensor, is the light coming from the object. The exposure time
is increased in order to collect more light at the sensor, and always without saturating the sensor.
Several values of the exposure time are tested to find the best value: 21 ms. Figure 30 shows the
raw images captured at the sensor.

Figure 30: Raw image of the letter C at the sensor with an exposure time of 21 ms.

At the end, the PSF and the raw image are inserted in the GD and ADMM algorithms to
reconstruct the original images. The next section reports the results of the DiffuserCam.

4.3 Results and discussion

Several factors are investigated during the simulation. The first important factor is the num-
ber of iterations for each method. It has been noticed that for the GD method, it is necessary to
have numerous iterations, about 140, with an intermediate reconstruction each 20 iterations, to
have a good reconstruction.
For the ADMM method, already at 20 iterations with an intermediate reconstruction each 4 im-
ages, the reconstruction reaches already good results. Increasing the number of iterations does not
increase significantly the quality. Therefore, it has been fixed at 20.

The other important factor is the downsampling factor imposed to be f = 1/2k , where k is a
positive integer. It is noticed that when f decreases, the quality of the image and the CPU time
cost decreases at the same time.
The images, for f = 0.5,0.25,0.125 and 0.0625, are compared using PSNR and SSIM methods of
comparison, but also the shape of the reconstructed images with the function edge that com-
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putes the edge of the images. Figure 31 shows the reconstructed images and the edges for each
reconstruction.

f=0.5 f=0.25 f=0.125 f=0.0625

CPU [s]:
PSNR [dB]:
SSIM [-]:

ADMM

GD

16.75
7.54
0.14

5.70
7.86
0.16

2.28
8.25
0.20

1.56
8.66
0.24

CPU [s]:
PSNR [dB]:
SSIM [-]:

76.43
8.53
0.22

15.87
8.24
0.058

5.00
8.24
0.058

2.63
8.24
0.058

Figure 31: ADMM and GD reconstruction of the letter A for the downsampling factor f that varies.
The values of CPU time cost, PSNR and SSIM and the edge of each reconstruction are reported too.

Figure 31 shows that, when the factor f is 0.5, the letter A is completely reconstructed, but
the CPU time cost is too high. When the value of f decreases, the reconstruction oi not complete,
but the CPU time cost decreases hugely. Finally, for lower value f = 0.0625, the blur of the image
increases.
The evolution of the PSNR and SSIM, contrarily, increases when f decreases. This behavior can be
explained because the PSNR evaluate the reconstruction pixel-by-pixel and the difference between
the white and black pixels increases in the last images. The SSIM takes into account the contrast,
the brightness and the structure of the reconstructed image, and they are more obvious when the
f is small. Therefore, the PSNR and SSIM are not useful to evaluate the reconstruction for the
DiffuserCam because they do not take into account the blur of the images and the reconstruction
of the edges.
A trade-off between the quality and the CPU time cost has to be done. For the ADMM algorithm,
since the CPU time cost is relatively low, the downsampling factor of f = 0.25 is chosen because
the image is less blurred compared to the f = 0.125.
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For the GD method, the difference in quality when the f =0.25 or 0.125 is not really obvious.
When the f = 0.0625 the image is blurred, thus a final value of f = 0.125 is chosen for GD method.

One of the most important parameters to study is the exposure time, that represents the
period of time during which the sensor recollects the light. For the PSF measurements, the
exposure time has to be small enough to not saturate the sensor. For the images, where the
luminosity of the screen is weaker, the exposure time has to be increased. In order to find the
best value for the exposure time, several values for different images are tested, and the results are
reported in Figure 33.

Figure 32: Original images disposed on a self-illuminated screen used as object of the DiffuserCam.

1

2

3

ADMM GD ADMM GD ADMM GD

Figure 33: ADMM and GD reconstructions of letters C, S, L when the exposure time varies at 3 ms (1),
21 ms (2) and 40 ms (3).
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Figure 33 shows how the reconstruction change in function of the exposure time of the sensor.
When the exposure time is 3 ms, the 1st line in the figure, the reconstruction is well-defined, but
the contrast between the white and black part is not quite remarked. The white part, as well as
the black part, is not uniform, there are some pixels of the other color.
The best reconstruction is clearly visible when the exposure time is 21 ms in the 2nd line of the
figure. The contrast between the white and the black is evident, and the white and black parts
are more uniform.
The worst reconstruction appears when the exposure time is 40 ms in the 3rd line of the figure.
The reconstruction is hardly visible for the ADMM method and completely inaccurate for the GD
method, except for the letter S. This issue is caused by the fact that when the exposure time is
too high, the sensor is rapidly saturated. The saturated part of the sensor is remarkable by the
luminous spot at the center of the images, where the reconstruction is completely wrong.

The evaluation of the PSNR and SSIM is not possible this time because the dimensions of the
original image and the reconstructed one are not the same, and the lateral position of the object
in front of the sensor is not constant.
The number of iteration for the ADMM method has been increased to obtain optimal results,
therefore the CPU time cost increases as well. Finally, the average CPU time cost for the ADMM
and GD methods is respectively 15.19 s and 3.65 s.

The last parameter to study is the distance between the object and the sensor. The distance
of the object (the letter C) is chosen at 5 cm, 10 cm, 20 cm (the same of the PSF) and 30 cm.
Figure 34 shows the reconstructions when the distance from the sensor increases.
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d = 5 cm d = 10 cm d = 20 cm d = 30 cm

ADMM

GD

Figure 34: ADMM and GD reconstructions of letter C when the distance between the object and the
sensor is 5 cm, 10 cm, 20 cm, and 30 cm.

Figure 34 shows that the best reconstruction is achieved when the distance between the ob-
ject and the sensor is the same at which the PSF is taken, i.e. 20 cm. The GD method seems to
reconstruct better the image with respect to the ADMM when the distance changes. As was to be
expected, the field of view increases with the distance, such that at a smaller distance only a part
of the light reaches the sensor and the letter is partially reconstructed.

Therefore, to assure a good functioning of the DiffuserCam, the values of the downsampling
factor f , the exposure time and the distance between the object and the sensor have to be accu-
rately chosen.

Some modification can be brought to the structure of the DiffuserCam. For example, the
tape can be replaced by another diffuser. Some tests are done with a thicker diffuser and a SLM
LC2012 used as phase plate.
The thicker diffuser creates a PSF that is too fine and not clear. To have a caustic pattern well
resolved, similarly to the one generated by the tape, the sensor should have smaller pixels and the
light has to be brighter. Figure 35 shows the diffuser and the pattern generated on the sensor.
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Figure 35: Picture of the thicker diffuser and the corresponding PSF captured by the sensor.

The SLM can generate a random binary phase plate like in the case of the diffuser. However,
in practice, it is not useful for a DiffuserCam because the PSF is small and quite regular. In the
frame of this work, we were not able to create a truly random pattern that is convenient for the
DiffuserCam.
The solution can be to have an SLM that creates a phase plate where one can choose the value
for each pixel. In the case of the SLM LC2012, the pattern generator generates itself a random
pattern that cannot be controlled.
Figure 36 reports the SLM and the corresponding PSF.

Figure 36: Picture of the SLM and the corresponding PSF captured by the sensor.
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5 Space application

Nowadays, the study of Compressive Sensing technique is not limited to the computer simula-
tions or laboratory applications like the DiffuserCam, the single pixel camera and the NoRDS-CAIC
described in the previous sections.
The current studies aim to use the CS in the space domain. The request for the high resolution
images determine an increase of the amount of data to manage in terms of memory and data
link. CS would be able to directly acquire compressed signals, and extract the information directly
on-board the satellite. In this way, a preselection of the reconstructions can be performed, in view
of decreasing the data to be transferred.
Therefore, CS based instruments can save mass, power and memory because the compression board
is no more necessary, and the compressed data occupy less memory.

The concept at the basis of CS instruments is the same reported in section 2.3. Unfortunately,
building CS instruments is not so easy in view of space application. The SLM and the detector,
that are in the earth of the instruments, are the most critical parts.
There are different kinds of SLM available: the Liquid Crystal Plate (LCP), the Micro-Shutter
Arrays (MSA) and the Digital Micromirrors Arrays (DMD) [27]. The LCP induces phases delays
of the incoming light for each measurement of the CS instrument. The MSA is capable of creating
programmable amplitude masks that changes for each measurement. The working principle of the
DMD is the same explained for the single pixel camera in section 2.
The MSA and the DMD, particularly the Micro-Mirror Array (MMA), have been tested for the
space application [28]. The characteristics for both SLM are reported in table 4.

MSA MMA
Working principle transmission reflection
Switching speed few frame per second 32 kHz

N of elements 171×365 2048×1080
Size of elements µm 100×200 [5 14]

Cryogenic temperature yes yes
Fill factor 80% 92%

Radiation test yes yes

Table 4: Characterization of the different SLM adapted for the space application [27].
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The MMA appears to be the most adapted for the CS space application because of its higher
switching speed and lower pixel dimension.

The other basic element of the CS instrument is the detector. It is less critical than the SLM,
however a high speed of acquisition is required to reduce the time of measurement. Usually a single
photodetector is the most adapted and the features depend on the spectral region of observation.
Furthermore, it is possible to use an array of detectors to analyze a larger spectral band and/or
reduce the computation time for the reconstruction.

The possible space applications for CS instruments has been studied by an Italian consortium
in the frame of an ESA project [29]. The results emphasize three application fields: space science,
planetary exploration and Earth observation. For the space science, that includes the solar obser-
vation and the stellar spectroscopy. The spectral region could be very wide, from UV to far IR.
The design of CS instruments has some advantages, such as the mass, data and power reductions,
and it requires a large integration time.
About the planetary exploration, the bandwidth limitation fills well with the selective bandwidth
of the CS instruments. Moreover, in the UV and TIR spectral range, the cost is reduced because
of the limited number of detectors.
Concerning the Earth observation, the CS instruments are very interesting for the spectral ranges
of the IR region because high resolution FPA are difficult to find or are expensive. Although,
some critical problems arise from the fast integration time due to high velocity of the satellite with
respect to the planet. In fact, considering the pushbroom architecture, for example, the instrument
should be able to collect all the information to reconstruct the linear Field Of View (FOV) in the
dwell time (time during which the sensor is on the same point). This concept will be analyzed for
the description of the MUSICA instrument below.

The next sections report a description of some CS instruments that could have a future ap-
plication in space domain.

5.1 Multiband Ultrawide SpectroImager for Cryosphere Analysis

The Multiband Ultrawide SpectroImager for Cryosphere Analysis (MUSICA) is conceived by
the Italian Space Agency (ASI) to study the cryosphere [30]. The telescope is designed to operate
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in the visible spectral range (4 bands at 450-950 nm) and in thermal IR (3 bands at 8-12 nm). The
CS technique is applied only in TIR region, with a set of 32 MMA grouped on a single detector
pixel [31].

The telescope operates in pushbroom mode, moving across track and observing a linear field.
For each element, the number M of measurements, that corresponds to the M rows of the measuring
matrix A, are performed. After the acquisition, the reconstruction can be achieved. The authors
of [31] use the TVAL algorithm, although it has demonstrated that the DL algorithms are faster
and reconstruct with better quality. Moreover, the simulations have been demonstrated that the
classical pushbroom mode reaches better quality.
This means that further studies are needed to increase the quality, but also to reduce the dwell
time because the last mask observe a scene that is completely different from the first one. The
best is that the DMD change its pattern in the shortest possible time.
The reconstruction algorithms have to be improved also, because the TVAL is not the best solution
to have fast and good resolution at the same time.
Table 5 and Figure 37 report the telescope parameters and the CS optical design respectively.

Instrument parameters
Acquisition mode Pushbroom

Spectral range [µm] VIS-NIR (0.45-0.95) & TIR (8-12)
Altitude [km] 500

Focal length [mm] 400

Table 5: Principal parameters of the MU-
SICA instrument.

Figure 37: CS optical design of the MU-
SICA instrument [30].

5.2 SUper-Resolved comPRessive InStrument for Earth observation

The SUper-Resolved comPRessive InStrument for Earth observation applications (SURPRISE)
is designed to use the principle of super resolution, where the DMD is used to increase the number
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of pixels of the reconstructed images, as explained in section 2.3. The instrument observes the
Earth in the visible and medium infrared [28].
Contrary to the MUSICA, the SURPRISE is a whiskbroom spectral imager that operates in two
different spectral bands: VIS-NIR and MIR with respectively ten and two channels. One mea-
surement is achieved for each coding mask displayed on the SLM, the set of measurements is used
to reconstruct an image that has the same dimensions of the SLM. The working principle of the
SURPRISE is reported in Figure 38.

Figure 38: Working principle of the SURPRISE instrument. From [28].

The scanning system, in the left part of the Figure 38, scans the scene along two axes. Then
the fore-optics reports the target scene on the field stop where the DMD is placed. After that, the
dichroic mirrors operate a spectral splitting and then the signal passes through the condensers.
Finally, the signal is spectrally filtered by the spectrometers to reach the appropriate spectral band
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of the detector.
The second line that parts from the SLM represents the high-resolution camera used for alignment
and validation objectives.

Currently, the SURPRISE is in the process of assembly with the purpose to reach a 4-fold
super-resolution factor and the compressive ratio of 50%.
Table 6, reports the principal parameters of the SURPRISE instrument.

Instrument parameters
Acquisition mode Whiskbroom

Spectral range [µm] VIS-NIR(0.4-0.9) & MIR (3.1-4)
Altitude [km] 36000

Table 6: Principal parameters of the SURPRISE instrument.

5.3 Super resolved imaging spectrometer in the medium Infrared

The super resolved imaging spectrometer in the medium Infrared (SISSI) project aims to ob-
serve the Earth in the MIR region to characterize high temperature events, which requires high
spatial resolution [21]. The working principle of the instrument is based on the concept of super
resolution, see section 2.3, and CS in order to obtain high resolution while decreasing the mass,
power and memory budgets.

The architecture of the instrument is composed by the collection optics, that observe the
scene, the SLM, that implements the coding mask, the condenser, that collects the light coming
from each macropixel of the SLM to send it to each pixel of the detector, and finally the detector.
On the detector, some spectral filters collect the same scene in different spectral bands.
Therefore, when the platform moves, the scene passes each spectral band on the detector, and it is
reconstructed in each band. Figure 39 reports the elements of the architecture of the instrument
[21].

Collection optics SLM Focusing
optics

2D detector + spatially
distributed spectral

filters

Figure 39: Elements that constitute the SISSI instrument [21].
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Figure 41 shows the acquisition mode of the instrument that is a spectrometer using the
spectrally resolved pushbroom acquisition mode in different spectral bands to acquire the images
in both along and cross-track.

Figure 40: Representation of acquisition mode of the SISSI instrument [21].

The article [21] reports an initial optical design of the instrument. For the collection and
focusing optics, reflective optical surfaces are chosen to minimize the chromatic aberration and
optimizing the transmittance. The optical design is reported in Figure 41.
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Collection optics

2D detector
array

DMD

Figure 41: Optical design of the SISSI instrument [21].

In this first version of the instrument, the energy per detector pixel is about 85% and the
transmittance is about 30%, without considering the DMD.
Table 7, reports the principal parameters of the SURPRISE instrument.

Telescope parameters
Acquisition mode Pushbroom

Spectral range [µm] MWIR (3-4)
Altitude [km] 700

Table 7: Principal parameters of the SISSI instrument [21].

5.4 UV-VIS Hyperspectral imager on orbiter for stellar spectrophotometry

The UV-VIS hyperspectral imager on orbiter for stellar spectrophotometry is conceived for
space science observation [32]. The instrument is a spectrometer that has some features similar to
the Hubble Space Telescope, working from a geostationary or sun-synchronous orbit.
Since the acquisition domain for this kind of purpose is highly sparse, the CS application could be
very powerful for the downlink bandwidth, mass and power reduction.
The instrument is composed by several elements reported in Figure 42.
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Fore optics

DMD

Condenser

VIS-NIR
single

pixel detector

Prism

Figure 42: Optical scheme of the instrument [32].

The instrument is composed by a telescope (fore optics in the figure), a prism imaging spec-
trometer, the SLM (DMD in the figure, with a tilt angle of ±12°), a condenser and a single pixel
detector. The light recollected by the telescope passes through the prism to be split in several
spectral bands, the image of each star is spread into its spectrum. After that, the light passes
through the DMD which applies a different mask for each measurement. Finally, the light from
the DMD reaches the condenser to be recollected in one point where the single pixel detector is
positioned.
The fore optics is constituted of a Schmidt-Cassegrain with a parabolic surface for the primary
mirror and a hyperbolic surface for the secondary mirror, both coated in aluminium.
A system of baffles is thought to prevent any possible straylight that could reach the detector.
For this kind of application, the study of the straylight is extremely important because the light
coming from the stars is weak and the scene is sparse.
From the envisaged mass, power and volume budgets, the CS instrument demonstrates a high de-
crease in the power budgets, about 15 W less than the corresponding classical instrument, although
for the mass and volume the difference is not so remarkable. The power reduction is principally
due to the suppression of the data compression board.

The instrument is also conceived in double arm configuration to exploit the DMD mirrors in
off position. This configuration allows to increase the integration time and so improve the quality
with a double acquisition, or to define the position of the stars by adding a narrow band-pass filter.
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The optical design with the second arm is reported in Figure 43.

Collection
optics

Spectrometer

Single pixel
detector

Single pixel
detector

Bandpass
optical filter

DMD

Figure 43: Optical scheme with a doiuble arm configuration [29]

The only difference with respect to the previous configuration is the second arm that is com-
posed by a condenser lens, a narrow-band spectral filter and a single pixel detector.

From the simulations, it has been shown that the configuration with two arms offers better
results in terms of quality, but also, the possibility to establish the size limits of Near Earth Objects
(NEO) that can be detected.
In fact, the information retrieved from the second arm can be used as input for the reconstruction
of the first arm. It will be possible by exploiting specialized algorithms that have the possibility
of processing the signal on-board.
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5.5 Camera operating in the MIR-TIR for sky observation and real time detection

of Near Earth Objects

The instrument is a single pixel CS-based camera that operates at 3-5 µm, whose purpose is
to detect the NEOs [32]. The temperature of the payload is about 150 °K, this is a great issue for
the DMD that has a minimal survival temperature of 203 °K. The problem is overcome using a
photolithographic deposition of a pre-defined pattern on a glass support transparent in MIR band.
The change in pattern is obtained by using an X-Y linear stage.
Figure 44 reports the schematic diagram of the instrument.

Fore optics

SLM

Condenser

MIR single
pixel

detector

Figure 44: Optical sceme of the instrument [32].

The light, coming from a portion of the sky, enters the telescope which creates a panchromatic
image on the coding mask situated in the image plane. The size and the number of pixels of the
mask depends on the size of the final image. In order to have a rapid change of pattern, the linear
X-Y stage has to move of 50 µm (the size of the pixel pitch) in 0.2 ms and then stop for 0.8 ms to
acquire the signal. After that, the light passes through a condenser to be sent to the single pixel
detector.
At the moment, the sensor and the linear stage are the most critical elements because the sensor
works in counting photons mode and it has a large sensitive area, and the linear stage should have
a very high speed of movement. A trade-off between the performance and feasibility has to be
done: the solution is to increase the integration time to have a more stable stage and collects a
larger amount of signal at the detector, but at the same time, this implies a smaller number of
measurements.

In order to test the instrument, some simulations are performed. The utilization of a DMD,
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even at the lowest possible temperature, is impossible because of its emissivity. Therefore, the
matrix that simulates the coding mask is coded as a block circulant with circulant blocks (BCCB)
drawn from a symmetric Bernoulli distribution [32].
In this way, the simulations computed with a CS ratio of 10% have done the minimum diameter of
NEOs in function of the distance and body temperature. The instrument is capable of detecting
NEOs of 3.5 km at 0.5 AU with a body temperature of 400 K.

5.6 COSMITO & PIGNOLETTO

The COmpressive Sampling Multispectral Imaging camera for remote Observation (COS-
MITO) and the PIGNOLETTO are two CS instruments under development [30].

The COSMITO telescope operates in VIS-NIR spectral band (440-1740 nm), the CS is im-
plemented using a DMD and the capture of the images is possible thanks to a spectrometer and a
multispectral detector. Figure 45 shows the optical scheme of the instrument.
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Figure 45: Optical scheme of the COSMITO instrument [30].

The telescope recollects the light and it sends it to the DMD. From the DMD, the light is
split into two different channels, the first is monochromatic and reaches the single pixel detector,
and the second is hyperspectral and the light passes through the spectrometer to reach the multi-
spectral detector.
Some simulations are performed using the pushbroom acquisition model and the TVAL reconstruc-
tion algorithm [33].

The PIGNOLETTO aims to monitor the land and precision agriculture using the CS tech-
nique. The instrument is a wideband camera studied to operate at 50 m of altitude from a drone.
It is composed of three parallel spectrometers operating in the VIS, NIR and SWIR spectral bands
(0.4-2.5 µm). Figure 46 shows the design of the instrument.
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Figure 46: Optical scheme of the PIGNOLETTO instrument [30].

The CS technique is applied using the pushbroom mode and a rotating coded mask. The
mask is composed by 64 Hadamard bases that rotate at 8 HZ in order to follow the movement of
the drone where the instrument is placed.
An integrating sphere, positioned at the pupil position, makes possible the separation between the
camera and the spectrometers, in fact, the entrance slit of these last is situated in the integrating
sphere.

In conclusion, several projects using the CS technology are under development. They are
not still ready for the spatial application, the SLM and the detectors have to be tested and the
implementation of the DL reconstruction algorithms, such as ISTA-Net+ and CS-Net+, has to be
analyzed deeper for the space application. The CS technology has great potential for the space
application, after some tests it will be operating at its full potential.
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6 Conclusion and future work

6.1 Conclusion

The purpose of this work is to study the relatively new technique of Compressive Sensing for
a possible application in space applications. The classical imaging approach could be expensive
and complicated in certain spectral bands like the IR and high energy bands. Therefore, the CS
technique could be an optimum substitute for the observation in this spectral band.

Since the CS application requires a number of measurements lower than the minimum imposed
by the frequency of Nyquist, the mathematical approach is different from the classical optics.
The mathematical problem is undetermined and there are several resolution methods to retrieve
the original signal: from classical approach, like the ℓ1 and TV minimization, to the most recent
deep learning approach.
In this work, the classical methods, TVAL3 and TVLNR, and the deep learning methods, ISTA-
Net+ and CS-Net+, have been compared to establish the best reconstruction method. After several
simulations, where the CS ratio varies from 1% to 50%, it has been demonstrated that the DL ap-
proach is the best in terms of quality and computation time. This recent method of reconstruction
will make the application of the CS technique more practicable for the space application.
The CS technique allows also the construction of lensless cameras, making the optic system eas-
ier and lighter. In this work, two examples of lensless imaging are reported. The first one, the
NoRDS-CAIC, has been analyzed via Matlab simulations. The camera consists only of a pro-
grammable LCD screen and a sensor. The LCD disposes of several random masks in front of the
sensor, and the algorithm retrieves the original image from the data collected by the sensor. It has
been demonstrated that the quality increases with the number of masks and the camera is capable
of obtaining good results in short period of time.
The second example is the DiffuserCam that has been constructed and tested in the CSL labora-
tory. This kind of camera is capable to reconstruct the original image using simple elements (a
diffuser and a sensor) in few seconds.

At present, there are several CS instruments under study in view of space application. The
studies prove that this new imaging approach has several advantages in terms of reduction of mem-
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ory, mass and power budget. The principal modification with respect to the classical instrument
is the suppression of the compressing board that saves mass and power. The instruments are not
yet ready to be launched in space, but the results are encouraging, therefore the future is not so
far.

6.2 Future work

In this thesis, the basic concept of the CS is investigated. The application field of the tech-
nique is wide, and its application could have several advantages in the space field.
To pursue the work done, some experimental tests linked to the space application could be per-
formed. The first simulation is the single pixel camera, on which most of the CS instruments
already conceived are based. The manipulation will use a DMD, with a relatively high frame rate,
a collimator and a single pixel detector to simulate the space instrument. The results coming
from the single pixel detector can be implemented in the reconstruction algorithms analyzed in
section 3.3 to reconstruct the original image.
Due to its small range of operation, the DiffuserCam can be well suited for applications such as
spatial rovers and other close up cameras. This type of camera requires less memory and data
link compared to conventional instruments. Moreover, the absence of lenses and mirror makes
it less fragile. However, the application has to be improved with better reconstruction methods,
for example the deep learning methods, and a mechanism that changes the distance between the
ground and the rover in order to have always the same distance between the detector and the
observed scene.
Finally, the CS instruments, like the DMD and the detector, have to be tested for the critical
space conditions such as the radiation environment for the absence of the atmosphere or the criti-
cal temperature present in space.
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Appendices

A Decoding algorithm comparison

TVLNR TVAL3
CS ratio [%] 1 5 10 20 30 40 50 1 5 10 20 30 40 50

House 1.1e-2 3.1e-3 3.2e-3 6.3e-4 3.5e-4 2.5e-4 1.6e-4 1.3e-2 5.4e-3 3.4e-3 1.6e-3 1.6e-3 2.3e-3 1.5e-3
Peppers 2.0e-2 6.6e-3 3.6e-3 1.6e-3 7.7e-4 5.2e-4 2.8e-4 2.1e-2 1.1e-2 5.4e-3 7.0e-3 2.7e-3 1.1e-3 7.5e-4
Parrots 1.5e-2 5.4e-3 4.1e-3 2.4e-3 2.2e-3 1.0e-3 7.1e-4 2.1e-2 1.1e-2 4.6e-3 4.3e-3 2.8e-3 2.2e-3 1.6e-3

Monarch 3.4e-2 1.2e-2 6.5e-3 3.3e-3 2.1e-3 2.1e-3 1.3e-3 3.1e-2 1.3e-2 7.3e-3 2.8-3 1.9e-3 3.5e-3 1.7e-3
Lena 1.9e-2 5.4e-3 3.5e-3 1.7e-3 1.5e-3 9.8e-4 7.6e-4 1.7e-2 6.5e-3 6.1e-3 2.8e-3 1.7e-3 2.8e-3 1.4e-3

Foreman 1.3e-2 1.4e-3 7.3e-4 3.1e-4 1.8e-4 1.1e-4 7.4e-5 3.0e-2 2.9e-2 1.4e-2 9.6e-3 1.1e-2 9.8e-3 8.1e-3
Flintstones 3.7e-2 1.6e-2 9.7e-3 4.5e-3 3.4e-3 2.2e-3 1.5e-3 4.9e-2 2.9e-2 2.1e-2 1.0e-2 6.6e-3 3.8e-3 1.8e-3
Fingerprint 3.0e-2 2.2e-2 1.4e-2 6.4e-3 3.2e-3 2.7e-3 1.7e-3 3.2e-2 2.1e-2 1.6e-2 7.2e-3 4.0e-3 3.3e-3 2.3e-3
Cameraman 1.6e-2 7.6e-3 5.2e-3 2.9e-3 2.0e-3 2.0e-3 1.3e-3 3.1e-2 2.9e-2 1.1e-2 3.9e-3 2.4e-3 8.1e-4 3.9e-4

Boats 1.9e-2 1.3e-2 1.0e-2 2.7e-3 1.8e-3 1.2e-3 6.2e-4 2.1e-2 8.9e-3 5.7e-3 3.9e-3 1.3e-3 1.2e-3 1.1e-3
Barbara 1.9e-2 1.2e-2 1.2e-2 8.2e-3 6.4e-3 5.4e-3 2.0e-3 1.8e-2 9.3e-3 7.1e-3 4.9e-3 3.3e-3 3.0e-3 2.0e-3

ISTA-Net + CS-Net +

CS ratio [%] 1 4 10 25 40 50 1 5 10 20 30 40 50
House 1.0e-2 3.7e-3 8.3e- 2.4e-4 1.4e-4 9.8e-5 3.9e-3 9.9e-4 5.5e-4 2.9e-4 1.6e-4 1.1e-4 6.3e-5

Peppers 2.1e-2 8.0e-3 1.8e-3 3.6e-4 1.8e-4 1.2e-4 8.5e-3 2.9e-3 1.6e-3 8.3e-4 4.4e-4 2.7e-4 1.9e-4
Parrots 1.5e-2 6.4e-3 2.2e-3 6.4e-4 2.9e-4 1.9e-4 6.0e-3 2.8e-3 1.5e-3 7.3e-4 4.1e-4 2.4e-4 1.5e-4

Monarch 3.2e-2 1.1e-2 2.5e-3 4.6e-4 1.7e-4 1e-4 1.6e-2 2.8e-3 1.4e-3 5.3e-4 3.1e-4 1.9e-4 1.3e-4
Lena 1.5e-2 5.5e-3 1.7e-3 5.4e-4 2.5e-4 1.5e-4 5.7e-3 2.1e-3 1.2e-3 5.9e-4 3.2e-4 1.9e-4 1.2e-4

Foreman 9.0e-3 2.3e-3 4.5e-4 1.2e-4 6.3e-5 4.3e-5 2.2e-2 7.5e-3 3.9e-3 1.6e-3 1.1e-3 7.3e-4 5.6e-4
Flintstones 4.0e-2 1.7e-2 4.2e-3 1.0e-3 5.9e-4 4.3e-4 2.2e-2 7.5e-3 3.9e-3 1.6e-3 1.1e-3 7.3e-4 5.6e-4
Fingerprint 3.3e-2 1.9e-2 5.5e-3 1.5e-3 6.1e-4 3.6e-4 2.4e-2 5.2e-3 2.3e-3 8.9e-4 3.8e-4 2.1e-4 1.1e-4
Cameraman 1.8e-2 9.0e-3 4.3e-3 1.2e-3 5.9e-4 3.7e-4 9.3e-3 4.5e-3 2.8e-3 1.4e-3 8.5e-4 5.7e-4 3.9e-4

Boats 1.4e-2 6.0e-3 1.8e-3 4.3e-4 1.7e-4 1.0e-4 6.3e-3 1.9e-3 1.0e-3 4.6e-4 2.6e-4 1.6e-4 9.0e-5
Barbara 1.4e-2 7.9e-3 4.4e-3 1.2e-3 3.9e-4 2.2e-4 6.7e-3 4.2e-3 3.6e-3 2.1e-3 7.5e-4 3.4e-4 1.5e-4

Table 8: MSE
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TVLNR TVAL3
CS ratio [%] 1 5 10 20 30 40 50 1 5 10 20 30 40 50

House 19.53 25.03 24.85 32.03 34.54 36.08 37.95 16.85 19.75 26.28 26.50 27.59 28.06 28.73
Peppers 16.97 21.81 24.45 28.02 31.14 32.85 35.54 16.59 19.01 20.53 23.73 26.95 28.54 31.47
Parrots 18.11 22.64 23.92 26.26 26.64 29.81 31.49 16.89 19.50 23.34 23.62 25.46 26.67 27.91

Monarch 14.66 19.05 21.89 24.83 26.78 26.86 28.72 15.38 18.70 21.10 23.77 26.86 27.50 27.50
Lena 17.25 22.69 24.52 27.76 28.14 30.07 31.21 17.64 21.89 22.15 25.51 27.65 25.59 28.56

Foreman 18.85 28.65 31.34 35.03 37.34 39.62 41.30 13.30 15.61 16.99 19.98 20.18 20.68 21.03
Flintstones 14.36 17.84 20.15 23.46 24.65 26.64 28.35 13.58 15.88 16.92 18.70 21.60 24.99 27.54
Fingerprint 15.21 16.64 18.38 21.94 24.91 25.76 27.58 14.92 16.83 18.06 21.43 23.95 24.76 26.36
Cameraman 17.83 21.19 22.86 25.44 26.91 26.99 28.96 15.08 15.33 19.66 24.08 26.11 30.90 34.08

Boats 17.16 18.92 19.85 25.71 27.56 29.21 32.08 16.79 20.48 22.48 24.12 28.74 29.20 29.76
Barbara 17.09 19.05 19.24 20.86 21.92 22.70 26.97 17.34 20.32 21.49 23.14 24.79 25.26 27.09

ISTA-Net + CS-Net +

CS ratio [%] 1 4 10 25 40 50 1 5 10 20 30 40 50
House 19.91 24.32 30.81 36.23 38.61 40.06 24.12 30.06 32.59 35.41 37.93 39.58 41.98

Peppers 16.81 20.96 27.36 34.43 37.49 39.05 20.69 25.40 27.85 30.83 33.56 35.73 37.27
Parrots 18.13 21.97 26.56 31.96 35.25 37.27 22.23 25.60 28.11 31.35 33.85 36.10 38.23

Monarch 14.99 19.53 25.97 33.35 37.70 39.99 18.07 25.55 28.59 32.77 35.08 37.09 38.88
Lena 18.28 22.63 27.67 32.66 36.05 38.26 22.43 26.87 29.19 32.27 34.88 37.20 39.23

Foreman 20.44 26.43 33.46 39.07 41.99 43.66 26.77 32.38 35.05 38.69 40.65 42.27 43.86
Flintstones 13.93 17.61 23.75 29.94 32.32 33.67 16.64 21.26 24.04 27.85 29.62 31.39 32.51
Fingerprint 14.85 17.31 22.57 28.24 32.14 34.46 16.22 22.84 26.37 30.48 34.14 36.91 39.46
Cameraman 17.33 20.45 23.65 29.17 32.29 34.36 20.32 23.46 25.56 28.63 30.70 32.47 34.04

Boats 18.51 22.22 27.42 33.66 37.67 39.84 21.98 27.27 29.99 33.41 35.86 38.07 40.44
Barbara 18.42 21.01 23.61 29.26 34.07 36.61 21.77 23.76 24.41 26.69 31.23 34.73 38.30

Table 9: PSNR
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TVLNR TVAL3
CS ratio [%] 1 5 10 20 30 40 50 1 5 10 20 30 40 50

House 0.61 0.76 0.82 0.87 0.91 0.93 0.94 0.40 0.61 0.69 0.83 0.88 0.91 0.93
Peppers 0.48 0.67 0.78 0.86 0.91 0.93 0.95 0.42 0.58 0.68 0.81 0.86 0.92 0.95
Parrots 0.65 0.76 0.82 0.88 0.91 0.94 0.95 0.47 0.65 0.73 0.82 0.89 0.92 0.94

Monarch 0.41 0.65 0.75 0.86 0.90 0.93 0.95 0.34 0.54 0.68 0.82 0.89 0.92 0.95
Lena 0.51 0.69 0.76 0.86 0.90 0.93 0.95 0.41 0.58 0.68 0.82 0.85 0.91 0.93

Foreman 0.65 0.82 0.87 0.92 0.95 0.96 0.97 0.48 0.66 0.77 0.86 0.90 0.93 0.94
Flintstones 0.32 0.52 0.65 0.78 0.83 0.87 0.90 0.28 0.39 0.50 0.66 0.77 0.83 0.88
Fingerprint 0.15 0.34 0.51 0.74 0.86 0.88 0.92 0.16 0.34 0.52 0.72 0.83 0.90 0.93
Cameraman 0.58 0.69 0.75 0.82 0.85 0.89 0.92 0.34 0.49 0.57 0.70 0.79 0.87 0.93

Boats 0.42 0.59 0.68 0.82 0.88 0.92 0.95 0.33 0.51 0.63 0.77 0.84 0.89 0.92
Barbara 0.40 0.51 0.58 0.70 0.78 0.85 0.90 0.34 0.46 0.53 0.63 0.74 0.82 0.88

ISTA-Net + CS-Net +

CS ratio [%] 1 4 10 25 40 50 1 5 10 20 30 40 50
House 0.56 0.69 0.84 0.91 0.94 0.96 0.69 0.83 0.87 0.91 0.93 0.95 0.97

Peppers 0.42 0.59 0.81 0.93 0.96 0.97 0.62 0.82 0.88 0.93 0.95 0.96 0.97
Parrots 0.55 0.70 0.85 0.93 0.96 0.97 0.71 0.84 0.89 0.93 0.95 0.97 0.98

Monarch 0.39 0.61 0.84 0.95 0.97 0.98 0.51 0.83 0.90 0.96 0.97 0.98 0.99
Lena 0.46 0.64 0.82 0.93 0.96 0.97 0.62 0.80 0.87 0.93 0.96 0.97 0.98

Foreman 0.59 0.75 0.89 0.95 0.97 0.98 0.77 0.89 0.93 0.96 0.97 0.98 0.99
Flintstones 0.26 0.47 0.75 0.88 0.91 0.93 0.39 0.66 0.78 0.88 0.90 0.92 0.94
Fingerprint 0.18 0.45 0.76 0.92 0.97 0.98 0.15 0.77 0.88 0.96 0.98 0.99 0.99
Cameraman 0.49 0.61 0.76 0.88 0.93 0.95 0.62 0.75 0.83 0.90 0.92 0.94 0.96

Boats 0.42 0.59 0.79 0.93 0.97 0.98 0.54 0.78 0.87 0.93 0.96 0.97 0.98
Barbara 0.38 0.53 0.69 0.90 0.96 0.97 0.50 0.66 0.72 0.83 0.92 0.96 0.98

Table 10: SSIM

TVLNR TVAL3
CS ratio [%] 1 5 10 20 30 40 50 1 5 10 20 30 40 50

House 887 288 243 151 121 105 93 102 93 98 81 78 80 81
Peppers 1000 1000 1000 661 487 334 261 93 94 88 88 89 80 84
Parrots 903 573 890 802 589 482 372 99 86 84 75 74 75 79

Monarch 1000 1000 1000 1000 845 565 407 101 94 98 85 87 77 79
Lena 939 766 956 661 537 414 309 105 109 90 84 87 70 82

Foreman 897 274 229 136 115 100 85 86 90 85 69 67 77 64
Flintstones 1000 1000 1000 1000 921 633 435 94 105 87 82 80 84 80
Fingerprint 1000 1000 1000 1000 1000 775 567 97 95 102 80 80 77 72
Cameraman 987 824 1000 1000 951 626 424 93 93 95 90 83 81 82

Boats 915 804 839 578 388 237 181 105 101 88 81 77 78 69
Barbara 931 1000 1000 1000 938 653 473 109 92 86 89 82 72 82

Table 11: Number of iterations
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B DECODING TV ALGORITHM COMPARISON WITH NOISE

TVLNR TVAL3 ISTA-Net + CS-Net +

House 246 3.92 0.14 0.19
Peppers 642 4.01 0.15 0.20
Parrots 691 3.73 0.15 0.20

Monarch 829 3.83 0.14 0.19
Lena 640 3.91 0.15 0.20

Foreman 235 3.49 0.14 0.20
Flintstones 3238 25.11 0.546 0.80
Fingerprint 4415 27.18 0.977 0.80
Cameraman 798 3.83 0.14 0.19

Boats 535 3.62 0.15 0.20
Barbara 881 3.80 0.15 0.19

Table 12: CPU

B Decoding TV algorithm comparison with

noise

TVLNR TVAL3
Error percentage [%] 0 2 4 6 8 10 0 2 4 6 8 10

House 2.5e-4 3.2e-4 1.0e-3 1.8e-3 2.9e-3 3.9e-3 1.6e-3 1.7e-3 2.1e-3 2.2e-3 3.2e-3 2.7e-3
Peppers 5.2e-4 6.1e-4 7.5e-4 1.3e-3 1.5e-3 2.3e-3 1.5e-3 2.2e-3 1.1e-3 1.6e-3 3.9e-3 1.6e-3
Parrots 1.0e-3 1.2e-3 1.3e-3 1.7e-3 2.5e-3 3.2e-3 2.6e-3 3.2e-3 2.2e-3 1.9e-3 2.3e-3 3.9e-3

Monarch 2.1e-3 1.6e-3 2.3e-3 2.2e-3 3.1e-3 3.6e-3 3.1e-3 2.8e-3 2.0e-3 3.8e-3 1.5e-3 1.1e-3
Lena 9.8e-4 8.4e-4 1.1e-3 1.5e-3 2.0e-3 2.5e-3 7.7e-4 8.6e-4 2.3e-3 2.7e-3 1.4e-3 1.4e-3

Foreman 1.1e-4 3.4e-4 9.0e-4 1.7e-3 3.4e-3 4.7e-3 7.5e-3 8.0e-3 8.2e-3 1.0e-2 1.0e-2 1.7e-2
Flintstones 2.2e-3 2.1e-3 2.5e-3 3.6e-3 4.3e-3 3.9e-3 4.0e-3 3.3e-3 4.9e-3 3.8e-3 6.4e-3 5.6e-3
Fingerprint 2.7e-3 2.8e-3 3.1e-3 3.5e-3 3.7e-3 4.0e-3 2.1e-3 3.9e-3 2.5e-3 3.9e-3 2.5e-3 3.7e-3
Cameraman 2.0e-3 1.5e-3 1.8e-3 2.2e-3 2.5e-3 2.8e-3 8.0e-4 9.4e-4 1.2e-3 1.2e-3 1.2e-3 2.1e-3

Boats 1.2e-3 7.9e-4 3.4e-3 4.3e-3 6.3e-3 6.5e-3 1.2e-3 2.8e-3 1.7e-3 9.7e-4 1.0e-3 1.9e-3
Barbara 5.4e-3 4.6e-3 4.3e-3 5.3e-3 8.3e-3 5.8e-3 3.5e-3 3.5e-3 1.8e-3 4.7e-3 6.5e-3 3.3e-3

Table 13: MSE
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B DECODING TV ALGORITHM COMPARISON WITH NOISE

TVLNR TVAL3
Error percentage [%] 0 2 4 6 8 10 0 2 4 6 8 10

House 36.08 34.88 29.99 27.48 25.33 24.12 27.95 27.62 26.87 26.49 24.97 25.65
Peppers 32.85 32.16 31.23 28.83 28.12 26.44 28.23 26.64 29.76 28.03 24.06 28.09
Parrots 29.81 29.37 28.76 27.77 25.95 24.97 25.79 24.91 26.48 27.28 26.44 24.14

Monarch 26.86 28.07 26.29 26.67 25.08 24.44 25.09 25.55 27.03 24.15 28.13 29.67
Lena 30.07 30.77 29.72 28.26 27.02 25.99 31.11 30.64 26.42 25.66 28.63 28.59

Foreman 39.62 34.66 30.45 27.57 24.69 23.29 21.26 20.98 20.86 19.95 19.86 17.69
Flintstones 26.64 26.78 25.98 24.39 23.65 24.06 23.95 24.86 23.14 24.19 21.91 22.53
Fingerprint 25.76 25.53 25.03 24.56 24.36 23.97 26.71 24.12 26.03 24.14 26.06 24.31
Cameraman 26.99 28.29 27.37 26.59 26.08 25.48 30.95 30.29 29.18 29.35 29.33 26.83

Boats 29.21 30.99 24.71 23.65 22.03 21.87 29.38 25.46 27.58 30.14 29.83 27.18
Barbara 22.70 23.37 23.65 22.78 20.81 22.36 24.55 24.55 27.42 23.28 21.90 24.79

Table 14: PSNR

TVLNR TVAL3
Error percentage [%] 0 2 4 6 8 10 0 2 4 6 8 10

House 0.93 0.91 0.85 0.78 0.69 0.61 0.91 0.90 0.89 0.88 0.86 0.84
Peppers 0.93 0.92 0.88 0.82 0.76 0.69 0.92 0.91 0.91 0.90 0.88 0.88
Parrots 0.94 0.92 0.88 0.81 0.73 0.65 0.92 0.92 0.91 0.90 0.88 0.85

Monarch 0.93 0.93 0.90 0.85 0.80 0.75 0.92 0.92 0.93 0.91 0.91 0.90
Lena 0.93 0.91 0.87 0.82 0.75 0.67 0.91 0.91 0.90 0.89 0.89 0.88

Foreman 0.96 0.94 0.87 0.78 0.67 0.57 0.93 0.92 0.91 0.89 0.87 0.83
Flintstones 0.87 0.86 0.84 0.79 0.78 0.78 0.84 0.84 0.81 0.82 0.79 0.79
Fingerprint 0.88 0.88 0.87 0.85 0.84 0.83 0.90 0.89 0.90 0.88 0.90 0.89
Cameraman 0.89 0.88 0.84 0.78 0.71 0.65 0.87 0.86 0.85 0.84 0.82 0.79

Boats 0.92 0.91 0.87 0.80 0.74 0.68 0.89 0.88 0.89 0.88 0.87 0.85
Barbara 0.85 0.84 0.81 0.77 0.71 0.70 0.82 0.82 0.82 0.81 0.79 0.79

Table 15: SSIM
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B DECODING TV ALGORITHM COMPARISON WITH NOISE

TVLNR TVAL3
Error percentage [%] 0 2 4 6 8 10 0 2 4 6 8 10

House 105 111 199 265 370 507 78 70 82 81 88 78
Peppers 334 362 420 491 660 856 86 84 84 76 79 77
Parrots 482 474 510 577 604 737 83 81 81 81 70 75

Monarch 565 591 617 701 784 891 78 78 83 86 82 81
Lena 414 420 453 530 597 751 79 85 82 90 78 85

Foreman 100 101 105 187 286 441 79 77 77 74 74 78
Flintstones 633 654 729 981 1000 1000 76 81 67 73 79 73
Fingerprint 643 677 737 993 1000 1000 77 75 77 75 81 82
Cameraman 626 654 702 782 857 1000 71 81 75 80 86 75

Boats 237 287 335 444 565 709 86 84 72 87 75 76
Barbara 653 666 710 786 925 1000 80 79 83 80 80 82

Table 16: Number of iterations
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