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Investigación

Abstract
Context: It is possible to capture High-resolution 3D 
hyper-spectral images in a single 2D image through 
techniques based on compressed sensing. A variety 
of architectures have proposed Compressive Spec-
tral Imaging (CSI) technique during the last years. An 
optical camera designed to capture spatio-spectral 
information of the scene prints projections towards 
a Focal Plane Array (FPA) giving the capability of 
storing or transmitting them. Afterwards, the original 
image can be reconstructed via an  -norm-based 
optimization algorithm. The size in bytes of the FPA 
measurement is less than the original image; for that 
reason, this FPA is considered a 2D compressed ver-
sion of the original 3D image.
Objective: To perform a further compression of the 
FPA measurement for four CSI architectures, in order 
to increase transfer rates or to decrease storing sizes.
Method: In this work, the design of the further com-
pression using arithmetic coding is presented for 
four CSI architectures, and an inverse transformation 

is proposed. This transformation is applied to the 
FPA based on the structure of the optical filters and 
the coded apertures of the cameras used in the CSI, 
allowing an increasing in the compression rate. 
Results: Results show that the compression rate rises 
between 1 and 2 points in three of the architectures.
Conclusions: Despite data loss in the process of trans-
formation-quantification-compression-decompres-
sion of the FPA, the quality of the reconstructed data 
cube (expressed in terms of the PSNR between the re-
constructed image and the original one) remains close 
to the original version with no further compression.
Keywords: Compression Techniques, Compressive 
Sensing, Compressive Spectral Imaging, Focal Plane 
Array, Hyperspectral Images.

Resumen
Contexto: Las imágenes híper-espectrales 3D de alta 
resolución pueden ser capturadas en una imagen 2D 
mediante técnicas basadas en “sensado compresivo” 
(compressive sensing, en inglés). Entre estas técnicas, 
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INTRODUCTION

Compressive Spectral Imaging (CSI) is a technique 
that represents the spectral and spatial informa-
tion of a multispectral image through a 2D set of 
code projections where the image is modeled by a 
3D cube   where M X N corresponds 
to the spatial dimensions and L is the number of 
spectral bands.

In the past few years, several CSI architectures 
have been proposed such as the spatio-spectral en-
coded compressive HS imager (SSCSI) (Lin, Liu, Wu, 
& Dai, 2014); the coded aperture snapshot spec-
tral imagers (CASSI) (Arce, Brady, Carin, Arguel-
lo, & Kittle, 2014); the CASSI with colored coded 
apertures (Arguello & Arce, 2014); and the snap-
shot colored compressive spectral imagers (SCCSI) 
(Correa, Arguello, & Arce, 2015). CSI architectures 
are used in different fields as computer tomogra-
phy (Espitia, Mejía, & Arguello, 2016), or agricul-
tural crops (Camacho, Velasco, Vargas, & Arguello, 
2016), among others applications in science and 
industry. In most CSI architectures this 2D set is a 

representation of a 3D cube in one Focal Plane Ar-
ray (FPA) with fewer measurements than the original 
data cube. From this 2D set is possible to recover 
the spectral image through the compressed sensing 
techniques (Figueiredo, Nowak, & Wright, 2007). If 
the imaging platform is far from the central station, 
it is usually better to transmit the FPA data to the 
station and then recover the data cube, so that the 
receiver handles the computational load.

In CSI, the FPA measurements can be seen as 
a compressed version of the spectral data cube; 
however, a further compression to the compressed 
measurements can be useful and desirable for tak-
ing full advantage of the communication channel, 
reducing both transmission time and cost. This fur-
ther compression can be performed with different 
coding schemes, such as Huffman and Arithmetic 
coding (Rissanen & Langdon, 1979).

According to compressive sensing theory, a low 
correlation in the FPA is desirable to guarantee low 
coherence between the sensing basis and the rep-
resentation basis (Candes & Wakin, 2008). Addi-
tionally, it states that it is much better to have a 

hay una denominada Compressive Spectral Imaging 
(CSI), de la cual se han propuesto diversas arquitec-
turas en los últimos ocho años. Una cámara óptica 
especialmente diseñada captura la información espa-
cio-espectral de la escena e imprime proyecciones en 
un plano focal 2D (Focal Plane Array, FPA). Estas mues-
tras se pueden transmitir o almacenar; luego la imagen 
original puede ser reconstruida usando comúnmente 
un algoritmo de optimización de la norma l1. El tama-
ño en bytes del FPA es menor que la imagen original, 
y éste por lo tanto puede ser considerado una versión 
comprimida en 2D de la imagen original en 3D.
Objetivo: Realizar una compresión adicional del 
FPA para cuatro arquitecturas CSI, para incrementar 
las velocidades de transmisión o disminuir tamaños 
de almacenamiento.
Método: En este trabajo se presentan los resultados 
de esta compresión adicional usando la codificación 

aritmética y se propone una transformación inversa 
que se aplica al FPA con base en la estructura de los 
filtros ópticos y los códigos de apertura de las cáma-
ras usadas en CSI, lo cual permite aumentar su factor 
de compresión.
Resultados: Los resultados muestran que el factor de 
compresión aumenta entre 1 y 2 puntos en tres de 
las arquitecturas.
Conclusiones: A pesar de que hay pérdidas de da-
tos en el proceso de transformación-cuantifica-
ción-compresión-descompresión del FPA, para cada 
arquitectura CSI usada, la calidad del cubo de datos 
posteriormente reconstruido expresada en el PSNR 
entre la imagen original y la reconstruida, no difiere 
significativamente de la versión original.
Palabras clave: algoritmos de compresión, imagen 
híper-espectral, plano focal, sensado compresivo.
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high correlation among data (high redundancy) be-
cause it would mean that the entropy is lower and, 
according to the Shannon theorem, a higher com-
pression rate can be achieved. In CSI, the FPA mea-
surements have lower correlation than the original 
data cube (Li, Xiong, Arguello, & Arce, 2014), due 
to the effects of the dispersive element depend-
ing on the CSI architecture. In the cases of CASSI 
(Arce, Brady, Carin, Arguello, & Kittle, 2014), CAS-
SI with colored coded aperture (Arguello & Arce, 
2014), and SCCSI (Correa, Arguello, & Arce, 2015) 
this dispersive element is usually a prism.

Also, depending on the CSI architecture, low-
er correlation occurs for many reasons. First, due 
to the effects of the block–unblock lithograph-
ic masks or spatial light modulators in the CASSI 
and the CASSI with colored coded aperture cases 
(Arce, Brady, Carin, Arguello, & Kittle, 2014) (Ar-
guello & Arce, 2014). Second, due to the diffraction 
grating in conjunction with a static coding mask in 
the SSCSI case (Lin, Liu, Wu, & Dai, 2014). Third, 
the SCCSI case is produced by the color filter array 
(Correa, Arguello, & Arce, 2015). In all these cases, 
the effects of the different elements can be modeled 
by arrays, and the FPA measurements can be ac-
curately represented as a linear combination of the 
vectors of these arrays and the data cube voxels.

This paper presents a methodology to achieve a 
higher compression ratio for the FPA compressive 
measurements. This is possible through a transfor-
mation using the structure of the different arrays 
that modeled the coded aperture or the color filters 
in the CSI architectures and considering the dis-
persive process occurred. In this methodology (de-
pending on the CSI architecture) a transformation 
matrix is generated to modify the FPA compres-
sive measurements. The modified FPA compressive 
measurements possesses a higher compression rate 
than the original FPA, but in some cases it is better 
to perform a loss-tendency compression to reduce 
computational complexity due to the nature of the 
data. However, the system performance in the CSI 
architectures is not significantly affected by this, as 
simulations show.

This process is proved in the following CSI ar-
chitectures: CASSI, CASSI with colored coded 
aperture (SSCSI), and SCCSI. For each one, a trans-
formation matrix is generated.

METHODOLOGY

Compressive FPA measurements in CSI 
architectures

The essential information of spectral images can 
be captured using Compressive Spectral Imaging 
(CSI) techniques. This makes it possible to use a 
sensing strategy that allows representing the image 
by a small number of compressed measurements. 
This capability is obtained thanks to two charac-
teristics of signals under a basis of representation: 
sparsity and incoherence (Candes & Wakin, 2008). 
The data capturing is possible because of the de-
velopment of systems that allow to sense with a 
few measurements and condense the information 
contained in a data cube, that corresponds to one 
focal plane array measurement (FPA) of the scene 
(Arce, Brady, Carin, Arguello, & Kittle, 2014).

One of the first CSI architectures is the coded 
aperture snapshot spectral imagers (Arce, Brady, 
Carin, Arguello, & Kittle, 2014). In this architec-
ture, a block-unblock lithographic mask named 
coded aperture encodes the spectral image; then, 
a dispersive element acts on the image, and finally 
it is projected to the FPA. This projection can be 
modeled as shown in equation (1).

	
Y�� � �F���������T������ � ���

���

���
  	 (1)

Where F is the data cube with L spectral bands 
and N X N pixels of spatial information; Yjl is the in-
tensity measurement of the detector at the j,l posi-
tion. The detector dimension is  ; 
Tjl is the binary coded aperture, and wjl is the noise 
of the system (Arce, Brady, Carin, Arguello, & Kit-
tle, 2014).

Note that each point of FPA intensity is the re-
sult of a linear combination of data cube spectral 
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voxels in all spectrum bands and points of the cod-
ed aperture, so the structure of this code determined 
the distribution of intensities in the FPA. In other CSI 
architectures, a similar pattern is observed for the 
FPA construction. Arguello and Arce in (Arguello & 
Arce, 2014) replaced the traditional block-unblock 
coded apertures by multi-patterned arrays of select-
able optical filters or colored arrays. In that work, 
the discretized coded aperture T is a three-dimen-
sional structure, and the ith discretized FPA mea-
surement can be expressed as equation (2).

	
Y��� � �F���������T���������� � ���

���

���
.  	 (2)

In the case of the SCCSI architecture, the FPA 
in its discreet form can be modeled as shown in 
equation (3).

	 Y�� � ��V�,�,�,�F�,�������,�C�,�,�
�

���

���

���
,  	 (3)

Where Cj,l,k corresponds to a colored filter array,  
Vj,l corresponds to the weights that index the cor-
responding proportion of energy from each region 
and (j,l) are the indexes of the spatial coordinates. 
In this architecture, unlike in CASSI, the dispersive 
element is located at the entrance of the optical 
camera and the signal is filtered before forming the 
FPA (Correa, Arguello, & Arce, 2015).

Finally, in the SSCSI architecture, a light disper-
sive element is located after the lens. This diffrac-
tion grating is followed by yet another lens, and 
then by a mask that modulates the target image in 
both spatial and spectral dimensions (center) be-
fore projecting it into a sensor image. The coded 
projection operator is expressed as a sparse modu-
lation matrix f. The FPA, as referred to in that work 
as spatial-spectral encoded HS projection, is mod-
eled as equation (4).

	 Y � ���h�
�

���
   	 (4)

Where Y is the vectorized sensor image; h is 
the vectorized target hyperspectral image; and f is 
the modulation matrix (Lin, Liu, Wu, & Dai, 2014).

Matrix transformation for further 
compression

FPA projections can be additionally compressed 
using transformation techniques. The more simi-
lar the statistical distribution and the correlation 
between the FPA data with the hyperspectral data 
cube, the higher the compression ratio (Li, Xiong, 
Arguello, & Arce, 2014). In all the presented CSI 
architectures, sampling aperture that filters the 
input image has a known structure.

It can be noted in equations (1) to (4) that the 
lineal combinations between elements of the hy-
perspectral data cube and the used aperture (or 
filter) compose the array Y. For this reason, the 
matrix Y can be filtered again by an inverse pro-
cess that eliminates (in average) the effect of the 
aperture.

This aperture is represented by matrices T of 
equations (1) and (2), C of equation (3) and f of 
equation (4). If the values of these apertures are 
taken as weights that multiply the data cube voxels, 
each pixel of Y can be divided by those weights, 
conforming a mean filter. A transformed version of 
matrix Y can generally be obtained for each archi-
tecture, dividing it by another matrix of the same 
size formed only by the sum of the weights of each 
pixel, as shown in equations (5) to (8) for CASSI, 
CASSI with colored coded apertures, SCCSI and 
SSCSI, respectively.

	
���CASSI �

∑ F���������T������ � ���������
∑ T������������

  	 (5)

	
���� COLORED �

∑ F���������T���������� � ���������
∑ T����������������

   	 (6)

	
���SCCSI �

∑ ∑ V�������F�����������C���������������
∑ ∑ V�������C���������������

  	 (7)

	
�SSCSI � ∑ ��h��

���
∑ ��
�
���

   	 (8)
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Compression process

Figure 1 shows the CSI process with further com-
pression in the FPA. Conventional CSI process is 
described by following the path 1-2. However, 
further compression is included using quantifica-
tion and coding of matrix Y, following the path 
1-3-4-2. This case includes the further compres-
sion by performing a traditional arithmetic-coding 
algorithm, with quantification applied to the cases 
where the elements of Y are decimals. For modif-
ying the data the least possible during the quanti-
fication process, each value of Y was rounded to 
the closest integer possible, so the quantification 
was not uniformly performed. The FPA measure-
ments are compressed and later uncompressed for 
reconstructing purposes. In the compression pro-
cess, the compression ratio (CR) is defined as the 
ratio between the size of the uncompressed data 
and the size of the compressed data.

Path 1-5-6-7-8-2 indicates the CSI process with 
FPA transformation before further compressing. In 

order to compress the transformed version of the 
matrix Y shown in equations (5) to (8), it has to be 
taken into account that due to the Hadamard di-
vision of the original matrices their elements are 
decimal numbers. Hence, for the arithmetic cod-
ing compression process a stage of quantification 
is mandatory, and we have a loss-tendency com-
pression. The paths 7 and 8 indicate a decompres-
sion process and an inverse transform, respectively, 
in order to recover the original matrix Y.

RESULTS

Compression ratio results

Each of the mentioned architectures were tested 
with a data cube of 256 X 256 X 8 voxels. This data 
cube corresponds to a hyperspectral image with 8 
spectral bands. The SCI algorithms have random 
coded apertures of filters depending on the architec-
ture. However, in order to compare results between 
the process with and without further compression, 
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Figure 1. CSI Process without further compression (path 1-2). CSI with further compression without matrix 
transformation (path 1-3-4-2). CSI with further compression and matrix transformation (path 1-5-6-7-8-2).

Source: own work
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a fixed coded aperture was used in all the simula-
tions. For the calculations, the size of the matrix Y 
was obtained by taking into account that each FPA 
pixel was represented with 64 bits in MATLAB.

Table 1 shows the sizes of FPA measurements 
with and without compression. Note that the origi-
nal FPA size is 526 KB, except in SSCSI case where 
the size is 512 KB. First, FPA data is compressed 
without matrix transformation. The results of FPA 
compressed size and its CR (Compression Ratio) 
are shown in columns two to three. After that, the 
compression was made with the FPA matrix trans-
formation. Results are shown in columns four and 
five. Note that the CR increases, thereby decreasing 
the size of the data for each of the CSI architectures.

The matrix was quantified in the compression 
process, yielding to it being conformed only by in-
teger numbers that can be represented with at least 
10 bits.

Data cube reconstruction results

To determine the effect of data loss during the pro-
cesses of compression and decompression, the in-
verse problem of reconstructing the data cube from 
the compressed data was solved for each architec-
ture using the compressed sensing reconstruction 
techniques. Figure 2 shows the average PSNR in 
dB between the original data cube and the recons-
tructed data cube.

The first column shows the results without fur-
ther compression of the FPA. The second column 

shows the results under the described quantifica-
tion and encoding processes. The third column 
shows the results of applying the transformation to 
the FPA before compressing. It is to note how the 
variations in the PSNR are minimal for each case 
and the differences between the reconstructed im-
ages using and not using further compression are 
imperceptible to the naked eye.

The PSNR shown in figure 2 is calculated with 
the minimum loss possible in the quantification 
process. It is of interest to know how the PSNR is 
affected when the quantification levels decrease. 
This translates into an increasing of the losses dur-
ing the compression and decompression process-
es. It has to be taken into account that increasing 
the losses allows a higher compression ratio of the 
data and yields to a faster transmission of it or less-
er storage space needed for it.

Figure 3 shows the behavior of the PSNR as the 
compression ratio rises. An algorithm was devel-
oped to decrease the number of values in the FPA 
during the quantification in order to increase the 
compression ratio. The algorithm has the maximal 
number of allowed different integer elements as in-
put, and chooses  values among the existing ones 
to round all data values to the closest integer. This 
algorithm allows to minimize the number of modi-
fied data despite the decrease of the non-uniform 
quantification levels during the process. The results 
were obtained using the transform of the FPA as 
described above.

Table 1. Size in KB and compression ratio of the FPA in CSI architectures.

Architecture Original FPA 
(KB)

Compressed 
FPA (KB)

Compression Ratio 
Compressed FPA

Compressed with 
FPA transformation 

(KB)

Compression Ratio 
Compressed with 

FPA Transformation
CASSI 526 145.52 3.6145 110.11 4.7772
COLORED 526 146.69 3.5859 110.82 4.7465
SCCSI 526 143.73 3.6596 110 4.7819
SCSSI 512 248.53 2.0601 215.64 2.3743

Source: own work
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CONCLUSIONS

In this paper we presented an alternative to increa-
se the compression ratio of the FPA in CSI archi-
tectures when further compression is desirable. 
Given that the coded apertures in optical cameras 

of these architectures are known, an inverse trans-
formation matrix can be formed based on its struc-
ture and makes the FPA further compressed. The 
compression ratio increased in more than one 
point in some cases when the transformation was 
applied. Although in most cases the compression 

Figure 2. PSNR in dB of the data cube original and reconstructed in SCI Architectures, without and with further 
compression.

Source: own work
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was loss-tended, this does not significantly affects 
the performance of the system, given that the PSNR 
between the original image and the reconstructed 
image is kept steady even when further compres-
sion is included in the processing.
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