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Abstract. The snapshot colored compressive spectral imager (SCCSI) is a recent compressive spectral imaging
(CSI) architecture that senses the spatial and spectral information of a scene in a single snapshot by means of a
colored mosaic FPA detector and a dispersive element. Commonly, CSI architectures allow multiple snapshot
acquisition, yielding improved reconstructions of spatially detailed and spectrally rich scenes. Each snapshot is
captured employing a different coding pattern. In principle, SCCSI does not admit multiple snapshots since the
pixelated tiling of optical filters is directly attached to the detector. This paper extends the concept of SCCSI to
a system admitting multiple snapshot acquisition by rotating the dispersive element, so the dispersed spatiospectral source is coded and integrated at different detector pixels in each rotation. Thus, a different set of coded
projections is captured using the same optical components of the original architecture. The mathematical model
of the multishot SCCSI system is presented along with several simulations. Results show that a gain up to 7 dB of
peak signal-to-noise ratio is achieved when four SCCSI snapshots are compared to a single snapshot
reconstruction. Furthermore, a gain up to 5 dB is obtained with respect to state-of-the-art architecture, the
multishot CASSI. © 2016 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.OE.56.4.041309]
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1 Introduction
Spectral imaging collects two-dimensional (2-D) spatial data
at specific wavebands across the electromagnetic spectrum.
These data sets are regarded as three-dimensional (3-D)
images, where two of the coordinates correspond to the spatial domain and the third one represents the spectral wavelengths. In general, traditional spectral imaging methods
require scanning a number of zones linearly in proportion
to the desired spatial or spectral resolution, which, in turn,
increases acquisition times. On the other hand, snapshot
spectral imaging captures the spatial and spectral information
of a scene by mapping all the voxels of the spectral data cube
into different regions of a large focal plane array (FPA).1–3
Furthermore, spectral imaging using Fabry–Perot filters or
colored mosaic FPA detectors captures small subsets of spectral bands by assigning a particular spectral response to each
FPA pixel, so a specific range of wavelengths is captured.4–7
In general, these traditional techniques require all voxels of
the 3-D scene to be sensed. Then, as spatial or spectral
resolution increases, the number of voxels to be sensed
increases proportionally, leading to an increment in the
cost of sensing, storing, and transmitting a spectral image
acquired using these methods. Compressive spectral imaging
(CSI), on the other hand, recently emerged as a spectral
imaging approach that captures 2-D coded and dispersed
projections rather than direct measurements of the voxels.
Then, compressive sampling-based computational algorithms
are employed to recover the 3-D source from the 2-D measurement set. Although CSI devices are also snapshot-based,
the number of samples acquired is far less than those sensed
with traditional snapshot methods, which leads to faster
sampling.8,9

To acquire the compressed measurements, CSI devices
use a coding optical element and a dispersive element to
obtain the spectral components of the image. For instance,
one of the most representative CSI architectures is the coded
aperture snapshot spectral imager (CASSI).10,11 In particular,
CASSI uses a coded aperture as the coding optical element
that is a block–unblock lithographic mask or a spatial light
modulator, in which each spatial position is either a transparent or opaque element that blocks or lets all the spectral
bands of the image pass through, so the source is uniformly
encoded across a range of wavelengths.8 After the coding
process, the spectral image is dispersed by a prism before
being integrated at the FPA detector. Although the CASSI
system achieves acceptable spatial and spectral resolutions,
this system entails the use of additional lenses that result in
several imaging planes.8
A more recent CSI architecture is the snapshot colored
compressive spectral imager (SCCSI), which engages the
resolution capabilities of the CASSI system and the compactness of Fabry–Perot-based architectures.12 In this optical
architecture, the coding element is a color-patterned FPA
detector that implements a tiling layout of different optical
filters, i.e., colors. This detector design can be built using
thin film coating and lithographic techniques.13–17 More specifically, in SCCSI, the spectral image F, with L spectral
bands, N × N pixels of spatial resolution, and entries denoted
as Fm;n;k , is first dispersed by a prism. In the dispersion operation, each spectral band is horizontally sheared, as shown in
Fig. 1. Then, the dispersed source is encoded by the array
of optical filters C, whose entries are indexed as Cm;n;k .
In particular, each spatial location Cm;n is assigned a spectral
response that filters the incident light in that particular position. Furthermore, there exists one-to-one matching between

*Address all correspondence to: Henry Arguello, E-mail: henarfu@uis.edu.co

0091-3286/2016/$25.00 © 2016 SPIE

Optical Engineering

041309-1

April 2017

•

Vol. 56(4)

Downloaded From: http://opticalengineering.spiedigitallibrary.org/pdfaccess.ashx?url=/data/journals/optice/935766/ on 01/27/2017 Terms of Use: http://spiedigitallibrary.org/ss/terms

Correa et al.: Multiple snapshot colored compressive spectral imager

Dispersive effect

Data cube

Optical filter
array

Measurements matrix

L

Row 1

First slice

Row q
Linear combination
of spectral bands

N
qth slice

spatial
sp
at
ia
l

Row N
N

V

V

V=N+L –1

spectral

Fig. 1 Schematic representation of the SCCSI sensing process.

the elements of the optical filter array and those of the FPA.
Finally, the encoded and dispersed source is integrated along
the spectral range sensitivity of the detector resulting in
a N × V set of measurements G, with V ¼ N þ L − 1.
In general, CSI projections can be written in matrix notation as g ¼ Hf ¼ HΨθ, where g ∈ RNV is the measurement
2
set in vector form and f ¼ Ψθ ∈ RN L is a vector representation of the source F, which is assumed to be sparse in some
basis Ψ. Moreover, H is known as the system sensing matrix;
its entries are determined by the coding optical element, and
its structure accounts for the dispersion effect.8 CSI spectral
image recovery consists of finding a S-sparse representation
of f, θ in a given basis Ψ, where S represents the number of
nonzero coefficients in θ. The sparse representation can be
obtained by minimizing the l2 − l1 cost function given by
kg − Aθk2 þ τkθk1 , where τ is a regularization constant.8,18
In general, CSI establishes that v ≳ S logðN 2 LÞ ≪ N 2 L
compressed projections are sufficient to recover f with
high probability. For instance, in CASSI and SCCSI,
N × V projections are captured in a single snapshot,
yielding a compression ratio of NV∕N 2 L ≈ 1∕L. Although
it has been shown that a single snapshot provides accurate
reconstructions,12 spatially detailed or spectrally rich
scenes may require additional measurements. For this
reason, CSI devices enable multiple snapshot acquisition
to improve the spectral image reconstructions.8,19,20 In
the multishot approach, each snapshot employs a different
coding pattern, so different measurements are captured each
time.21 Such multiple measurements can be attained using
a digital micromirror device (DMD) that changes the
block–unblock patterns before each snapshot and remains
fixed during the integration time of the detector.22–24 In the
multiple snapshot approach, the compression ratio is
increased according to the expression K∕L, where K is
the number of acquired shots.
Given that in SCCSI the pixelated tiling of optical filters is
directly attached to the detector, it is not possible to implement multiple coding patterns. Therefore, this paper extends
the concept of SCCSI to a system admitting multiple
measurement shots by rotating the dispersive element such
that the dispersed spatio-spectral source is coded/filtered and
integrated at different detector regions in each rotation. This
approach allows the acquisition of a different set of coded
projections on each measurement shot using the same optical
components of the original SCCSI architecture, in which the
dispersive element is the only moving component.25
Optical Engineering

This paper is organized as follows: first, the mathematical
model of the SCCSI multishot system is described along
with the discrete mathematical model and a matrix representation of the sensing process behind SCCSI. Finally, simulations are developed to test the performance of the proposed
system.
2 Multiple Snapshot Colored Compressive
Spectral Imager
Given that the encoding pattern is directly attached to the
detector, each snapshot in SCCSI can be attained by rotating
the dispersive element at different angles, which results in a
variation of the dispersion direction, so the dispersed spectral
image is encoded and integrated at different regions of
the FPA detector. In addition, since the optical filters are
randomly distributed within the optical filter array, different
coded and dispersed scene projections are acquired depending on the rotation angle of the prism, assuming that the
scene remains static during the acquisition process. Figure 2
shows a schematic representation of the proposed multishot
SCCSI system. As observed, multiple snapshots can be
achieved using the same components of the original SCCSI
architecture, keeping low hardware complexity12 and the
dispersive element as the only moving part of the system.
2.1 Multiple Snapshot Colored Compressive Spectral
Imager Continuous Model
When white light passes through the prism, all the wavelengths are refracted at different angles because the propagation velocity of each wavelength is different for each
dispersive media whose refractive index is distinct for each
color. Depending on the prism positioning with respect to the
reference coordinate system, the spectrum is dispersed in a
determined direction.26 Thus, the proposed multishot SCCSI
approach considers the prism rotation in the xy-plane, as
shown in Fig. 2, such that the spectral source is dispersed
in different directions according to the rotation angle and
impinges onto different detector regions. Therefore, at each
snapshot, the prism is rotated to a specific angle and remains
fixed during the integration time of the detector.
The spatio-spectral source density f 0 ðx; y; λÞ, where x, y
index the spatial coordinates and λ indexes the spectral
dimension, is first dispersed by the dispersive element,
yielding f 1 ðx; y; λÞ. The resulting dispersed field can be
expressed as
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Fig. 2 Schematic representation of the SCCSI.12 Note that the prism is the only moving part of the architecture, and the rotation angle φ determines the dispersion direction.

ZZ
f 1 ðx; y; λÞ ¼

EQ-TARGET;temp:intralink-;e001;63;610

f 0 ðx 0 ; y 0 ; λÞhðx 0 − x − SðλÞ; y 0 − yÞdx 0 dy 0 ;

Using these discrete representations, SCCSI projections can
be written as

(1)
where hð·Þ is the optical impulse response of the system and
SðλÞ is the dispersion function of the dispersive element,
which operates along the x-axis. After being dispersed,
the source is encoded by the colored detector, which can
be modeled as an array of optical filters Cðx; y; λÞ, followed
by an irradiance detector. Each spatial location of C is
associated with a specific spectral response that modulates
the incident light in that particular position, and the energy
impinging one detector pixel is affected by just one optical
filter element given that there is one-to-one matching
between the elements of the color filter array and those of
the FPA. Because the dispersion direction changes with the
rotation angle of the prism, the dispersed source is encoded
at different regions of the detector, hence the coded and dispersed source impinging on the detector can be written as
f φ2 ðx; y; λÞ ¼ f 1 ðx; y; λÞCφ ðx; y; λÞ;

EQ-TARGET;temp:intralink-;e002;63;398

(2)

where Cφ ðx; y; λÞ denotes the region of the optical filter
array, in which the encoded and dispersed source is integrated when the prism is positioned at the angle φ. The
compressive measurements for each rotation angle, denoted
as gφ ðx; yÞ, are finally obtained by the integration of the field
f φ2 ðx; y; λÞ over the spectral range sensitivity of the detector
(Λ). More specifically, using Eqs. (1) and (2), the SCCSI
compressive measurements for a rotation angle φ are
given by
Z
gφ ðx; yÞ ¼
f φ2 ðx; y; λÞdλ
Λ
Z ZZ
f 0 ðx 0 ; y 0 ; λÞh½x 0 − x − SðλÞ; y 0 − y
¼

EQ-TARGET;temp:intralink-;e003;63;266

Λ

× Cφ ðx; y; λÞdx 0 dy 0 dλ:

(3)

2.2 Multiple Snapshot Colored Compressive Spectral
Imager Discrete Model
The input spatio-spectral scene can be represented as a
discrete data cube F ∈ RN×N×L , with L spectral bands of
N × N pixels. Each source voxel is indexed as Fm;n;k ,
where m; n ¼ 0; : : : ; N − 1 are the discrete indices for the
spatial dimensions and k ¼ 0; : : : ; L − 1 indexes the spectral
bands. In addition, the pixel pitch of the detector determines
the discrete representation of the optical filter array Cm;n;k.12
Optical Engineering

Gm;n ¼

L−1
X

EQ-TARGET;temp:intralink-;e004;326;588

Fm;ðn−kÞ;k Cm;n;k :

(4)

k¼0

Equation (4) presents the coded projections captured in the
single snapshot SCCSI, in which it is assumed that the
rotation angle is set to φ ¼ 0 deg. In this case, the dispersion
occurs along the x-axis resulting in a N × V measurement set.
Let us consider the rotation of the dispersive element in
the x − y-plane. In principle, there are no restrictions to the
rotation angle φ. Hence, several FPA measurement snapshots
can be acquired depending on the precision of the rotating
device. However, for most values of φ, the energy of a single
voxel might not impinge into a single detector pixel; instead,
it will split into two or more regions. For simplicity purposes,
this work is limited to four snapshots corresponding to
φ ¼ f0; 90; 180; 270g deg, given that for these rotation
angles it can be assumed that the energy of a voxel is
captured in a single detector pixel, assuming squared FPA
pixels. The sensing mechanism for these angles is shown
in Fig. 3. As previously mentioned, a 0-deg rotation corresponds to the single snapshot SCCSI case, in which the
input data cube F is horizontally sheared along the x-axis.
Similarly, a prism rotation of φ ¼ 180 deg results in a horizontal shearing in the opposite direction of the previous case.
Furthermore, both of these angles result in a N × V measurement set. On the other hand, when the prism is rotated
φ ¼ 90 deg, F is vertically dispersed along the y-axis,
resulting in a V × N coded projections set. Finally, a rotation
of φ ¼ 270 deg results in a vertical dispersion along the
y-axis in the opposite direction of the 90-deg case.
Following the SCCSI sensing process, the dispersed
source is then coded by the optical filter array C and finally
integrated at the FPA detector. Moreover, the optical filter
array and FPA detector must be large enough to capture
the dispersed information from different rotation angles.
Specifically, for a N × N × L data cube, the detector and
optical filter array dimensions should be W × W, with W ¼
N þ 2L − 2. Each rotation involves a different encoding
pattern since the incoming energy is captured by different
regions of the detector.
Mathematically, the discrete outputs for φ ¼
f0; 90; 180; 270g deg are given by
G0m;n ¼

L−1
X

EQ-TARGET;temp:intralink-;e005;326;113
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k¼0

Fm 0 ;ðn 0 −kÞ;k Cm;n;k ; G90
m;n ¼

L−1
X

Fðm 0 þkÞ;n 0 ;k Cm;n;k ;

k¼0

(5)
April 2017

•

Vol. 56(4)

Downloaded From: http://opticalengineering.spiedigitallibrary.org/pdfaccess.ashx?url=/data/journals/optice/935766/ on 01/27/2017 Terms of Use: http://spiedigitallibrary.org/ss/terms

Correa et al.: Multiple snapshot colored compressive spectral imager

Fig. 3 Illustration of the multishot SCCSI sensing scheme. Initially, the N × N × L spectral data cube is
dispersed by the prism according to the dispersive function SðλÞ, and the prism rotation angle is given by
φ. This angle determines the direction in which the dispersion occurs. Then, the optical filter array C
encodes the dispersed light before being integrated by the FPA detector.

G180
m;n ¼

L−1
X

EQ-TARGET;temp:intralink-;e006;63;412

Fm 0 ;ðn 0 þkÞ;k Cm;n;k ; G270
m;n ¼

k¼0

L−1
X
k¼0

(6)
where Gφm;n is the intensity measured at the ðm; nÞ’th pixel
of the detector when the prism is rotated φ degrees, with
m 0 ¼ m − ðL − 1Þ and n 0 ¼ n − ðL − 1Þ.
2.3 Matrix Model
The set of compressive measurements from Eqs. (5) and (6)
can be expressed in vector notation as gφ , so each capture of
the multishot SCCSI system can be modeled by
(
ðhj Þ0l ¼

ðck ÞðL−1Þðwþ2bl 0 ∕Ncþ1Þþjþkð2L−2Þ;

if l − kÑ ¼ j

0;

otherwise

EQ-TARGET;temp:intralink-;e008;63;255


ðhj Þ90
l

EQ-TARGET;temp:intralink-;e009;63;193

¼

ðck ÞðL−1Þðwþbl 0 ∕NcÞþj;
0;


ðhj Þ180
l

EQ-TARGET;temp:intralink-;e010;63;145

¼


EQ-TARGET;temp:intralink-;e011;63;96

ðhj Þ270
l ¼

gφ ¼ Hφ f;

for φ ∈ f0; 90; 180; 270g, where f is the vector representation of the spatio-spectral input source F and Hφ is the
SCCSI sensing matrix for each rotation angle φ. More specifically, Hφ is a NV × N 2 L sparse matrix whose nonzero
entries are determined by the spectral responses of the optical
filters in the optical filter array, and its structure accounts
for the effect of dispersion given by rotating the prism to
an angle φ. Furthermore, the entries of each Hφ depend
on the optical filter array positions that affect the incident
energy on each case, as shown in Fig. 3.
Taking this into account, the entries of the j’th row of the
sensing matrix Hφ for φ ∈ f0; 90; 180; 270g can be written as

;

(8)

if ðL − 1Þðbl 0 ∕Nc þ 1Þ þ l − kðN 2 þ 1Þ ¼ j
;
otherwise

ðck ÞðL−1Þðwþ2bl 0 ∕Nc−ðN−1ÞÞþj−kð2L−2Þ;
0;

(9)

if l − kN^ þ NðL − 1Þ ¼ j
;
otherwise

ðck ÞðL−1Þðwþbl 0 ∕Ncþ1Þþj;

if ðL − 1Þðbl 0 ∕NcÞ þ l − kðN 2 − 1Þ ¼ j

0;

otherwise
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(7)

EQ-TARGET;temp:intralink-;e007;326;423

Fðm 0 −kÞ;n 0 ;k Cm;n;k ;
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Fig. 4 Sensing matrix Hφ for N ¼ 4, L ¼ 3, and φ ¼ 0, 90, 180, and 270 deg. The structure of each matrix
accounts for the effects of the dispersion, coding, and integration processes occurring in the multishot
SCCSI system for each applied rotation angle.

for l ¼ 0; : : : ; N 2 L − 1 and j ¼ 0; : : : ; NV − 1, where k ¼
bl∕N 2 c, w ¼ N þ 2L − 2; Ñ ¼ N 2 − N; N^ ¼ N 2 þ N;
l 0 ¼ l − kN 2 ; and c ¼ ½cT0 ; cT1 ; : : : ; cTL−1 T is the vector
representation of the optical filter array C, with ck ¼ ½C0;0;k ;
C1;0;k ; : : : ; C0;1;k ; : : : ; CðW−1Þ;ðW−1Þ;k T . Examples of the sensing
matrices Hφ for a N × N × L data cube with N ¼ 4, L ¼ 3 and
are shown in Fig. 4. The measurement vectors gφ acquired with
each prism rotation can be succinctly expressed in vector form
as g ¼ ½ðg0 ÞT ; ðg90 ÞT ; ðg180 ÞT ; ðg270 ÞT T . Therefore, Eq. (7) can
be rewritten in the standard form of an underdetermined system
of linear equations

g ¼ Hf;

EQ-TARGET;temp:intralink-;e012;63;336

(12)

where H ¼ ½ðH0 ÞT ; ðH90 ÞT ; ðH180 ÞT ; ðH270 ÞT T is the concatenation of all sensing matrices Hφ .

2.4 Reconstruction Process
Given that the amount of acquired measurements
KNðN þ L − 1Þ, where K is the number of measurement
shots, is far less than the number of 3-D data cube entries
to be estimated N 2 L, the reconstruction problem to be solved
becomes ill posed; therefore, it cannot be solved by directly
inverting the system in Eq. (12). The theory of compressive
sensing provides an alternative method to recover the underlying spectral scene f from the measurement set g, assuming
2
that f ∈ RN L has a S-sparse representation in a given basis
Ψ and there exists high incoherence between the sensing
matrix H and the basis Ψ. Therefore, the measurement set
g in Eq. (12) can be expressed as g ¼ HΨθ, where f ¼ Ψθ
and θ is a sparse vector with S ≪ N 2 L nonzero entries, such
that f can be approximated as a linear combination of only S
columns of Ψ. Then, the inverse CS problem consists of
recovering θ so the l2 − l1 cost function is minimized, i.e.,
it looks for a sparse approximation of the spatio-spectral data
Optical Engineering

cube. Mathematically,
the optimization problem
 can be

written as f ¼ Ψ arg minkg − HΨθk2 þ τkθk1 ; where τ is
θ∈RN

2L

a regularization constant.
3 Simulations
Three spectral data cubes F, with spatial resolution of 256 ×
256 pixels and L ¼ 8 spectral bands in the range 400 to
700 nm were used to perform simulations to analyze the
performance of the proposed multishot SCCSI approach.
The first test database was obtained by illuminating the scene
with a monochromatic light source.12 Figure 5(a) shows the
spectral bands of this test data cube at their central wavelengths. The second database is an indoor scene acquired
under daylight illumination,27 and the third data cube is a
color palette.28 Figures 5(b) and 5(c) show an RGB representation of the second and third databases, respectively.
In general, coding patterns employed in CSI architectures
are designed so a 50% transmittance is achieved. In other
words, half of their elements are blocking and half let
the light pass through. This configuration allows reliable
reconstructions.20 Therefore, the sensing process of the multishot SCCSI system was simulated using a predefined set of
different optical filters whose bandpass spans half of the
spectral bandwidth of F. The optical filters are randomly distributed within the optical filter array C, following a uniform
distribution; hence, a 50% transmittance of the overall optical filter array is guaranteed. To obtain a suitable spectral
reconstruction, the selected set of optical filters must uniformly sense information from all spectral bands. Figure 6
shows the set of eight predefined filters employed. Simulations were performed varying the number of optical filters
from two to eight, which match the number of spectral
bands, to determine the effect produced in the reconstructed
image quality. Also, the number of snapshots varies from
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Fig. 5 Test data cubes used for simulations. Each data cube has spatial resolution of 256 × 256 pixels
and eight spectral bands ranging from 400 (λ1 ) to 700 nm (λ8 ). (a) Spectral bands with central wavelengths of the first data cube; (b) RGB representation of the indoor scene data cube; and (c) RGB
representation of the color palette data cube.

Fig. 6 Set of predefined bandpass optical filters used for simulations. The bandwidth of the optical filters
corresponds with an overall 50% transmittance of the color filter array. Such transmittance is guaranteed
when these filters are uniformly distributed in C.
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22

Fig. 7 Evaluation of all possible angle combinations for a specific
number of measurement shots K . Note that all angle combinations
for a given K provide similar PSNR results, thus it is possible to select
any angle combination without a significant loss of quality in the
reconstructions.

K ¼ 1 to K ¼ 4, which corresponds to the four selected rotation angles.
Compressive measurements for each data cube are
acquired using Eqs. (5) and (6) corresponding to the rotations
0, 90, 180, and 270 deg. The simulated set of compressive
measurements, the sensing matrix H obtained with Eqs. (8)–
(11), and a regularization constant τ were used as inputs to
a compressed sensing reconstruction algorithm to obtain
the reconstruction of the spectral source. In particular, the
results were attained using the gradient projection for
sparse reconstruction (GPSR) algorithm.29 The sparsifying
basis is set to be a Kronecker product between a 2-D
Wavelet Symmlet 8 basis for the spatial dimensions and
a one-dimensional DCT basis for the spectral domain,
Ψ ¼ Ψ2DW ⊗ ΨDCT . The results are compared with reconstructions obtained from the CASSI multishot system using
binary coded apertures with 50% transmittance, whose
entries follow a Bernoulli distribution.10,23 Since random
coding patterns were used in both SCCSI and CASSI system
simulations, the presented results are the average of several
experiments, each with a different random coding pattern.

(a)

The proposed multishot SCCSI model can capture at most
K ¼ 4 measurements shots since the described mathematical
sensing model only considers the prism rotation at
 
4
different angle
φ ¼ f0; 90; 180; 270g deg. However,
K
combinations can be taken for a given number of measurement shots, K. For instance, for K ¼ 1, the set of compressive measurements can be acquired by rotating the prism to
any of the four possibilities: φ ¼ 0 deg, φ ¼ 90 deg,
φ ¼ 180 deg, or φ ¼ 270 deg. For this reason, the first
experiment consists of evaluating the reconstruction quality
for each possible angle combination. Figure 7 shows the
peak signal-to-noise ratio (PSNR) obtained for all possible
angle combinations for the different number of shots K.
These results show that for a given K, all combinations result
in similar reconstruction quality; thus, there is not a specific
angle combination that provides a significantly better PSNR.
Therefore, subsequent experiments are performed using
a single angle combination for each K. Specifically, for
K ¼ 1, the sensing process will be simulated applying
a φ ¼ 0 deg prism rotation; for K ¼ 2, the prism will be
rotated to φ ¼ f0; 90g deg; for K ¼ 3 the prism will be
rotated to φ ¼ f0; 90; 180g deg; and for K ¼ 4, the prism
will be rotated to φ ¼ f0; 90; 180; 270g deg.
Figure 8 shows a comparison between the average
reconstruction PSNR obtained with the SCCSI and
CASSI multishot systems for the three data bases, varying
the number of shots from K ¼ 1 to K ¼ 8, which correspond
to compression ratios from 1/8 to 1. In general, the SCCSI
multishot system outperforms the results obtained with
CASSI providing a gain up to 5 dB in PSNR. In addition,
it can be observed that the proposed approach always
improves the results obtained with CASSI using K ≤ 4
measurement shots and only four optical filters in the detector. Furthermore, the obtained results for the first and second
databases show that with K ¼ 4 measurement shots and six
optical filters in the detector, SCCSI outperforms the CASSI
result even using more than K ¼ 6 measurement shots. On
the other hand, it can also be observed that taking multiple
measurement shots improves the results obtained with
SCCSI single shot since more compressive measurements
are acquired. Specifically, with only K ¼ 2 measurement
shots, the proposed system provides an improvement of
up to 4 dB in PSNR. Furthermore, for K ¼ 4, a gain up

(b)

(c)

Fig. 8 Average reconstruction PSNR as a function of the number of shots using CASSI and SCCSI
multishot systems, varying the number of optical filters in the SCCSI detector between two and eight
for (a) data cube in Fig. 5(a), (b) indoor scene in Fig. 5(b), and (c) color palette in Fig. 5(c).
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Fig. 9 Zoomed reconstruction of the spectral bands λ1 ¼ 462 nm, λ3 ¼ 512 nm, λ5 ¼ 562 nm, and λ7 ¼
612 nm using CASSI, SCCSI with four filters, and SCCSI with six filters and K ¼ 2, 4 measurement
shots.

Zoomed
region

Original
data cube

Fig. 10 RGB mapping of the recovered data cubes using CASSI and SCCSI with four optical filters in
the detector and a different number of snapshots. The zoomed regions illustrate the improvements in
the reconstructed details attained with the multishot SCCSI approach.

Optical Engineering

041309-8

April 2017

•

Vol. 56(4)

Downloaded From: http://opticalengineering.spiedigitallibrary.org/pdfaccess.ashx?url=/data/journals/optice/935766/ on 01/27/2017 Terms of Use: http://spiedigitallibrary.org/ss/terms

Correa et al.: Multiple snapshot colored compressive spectral imager

Fig. 11 Reconstructions along the spectral axis for highlighted spatial locations in the three test data
cubes using K ¼ 2, 4 measurement shots in both CASSI and SCCSI with four optical filters.

to 7 dB in PSNR is obtained. In general, it can be seen that
increasing the number of optical filters leads to an improvement in the SCCSI reconstruction PSNR. However, increasing the number of filters in the detector to more than five
does not represent a significant gain in the reconstruction
PSNR of eight spectral bands.
Figure 9 shows the reconstructions of a subset of spectral
bands from the first data cube, using K ¼ 2, 4 snapshots of
CASSI and SCCSI with four and six filters in the detector.
These results show that, with two measurement shots and
four filters in the detector, the SCCSI architecture provides
more detailed reconstructions than CASSI. Figure 10 shows
the RGB representation of all the reconstructed data cubes
for K ¼ 1 to K ¼ 4 measurement shots using CASSI and
SCCSI with four optical filters in the detector. The zoomed
regions in Fig. 10 show the improvements attained with the
multishot SCCSI system with respect to multishot CASSI.
To verify the accuracy of the proposed multishot SCCSI
approach, Fig. 11 shows the spectral signatures for three spatial points in the reconstructions obtained from CASSI and
SCCSI with four filters, randomly distributed at the detector,
using K ¼ 2, 4 measurement shots in both architectures.
These results show that the SCCSI spectral reconstructions
are more accurate than those of the CASSI architecture.
Furthermore, increasing the number of measurement shots
results in more accurate spectral reconstructions for both
architectures.
Optical Engineering

4 Conclusions
The multishot SCCSI has been presented. The mathematical
model for the multishot SCCSI was developed. The proposed approach allows the acquisition of multiple snapshots
using the SCCSI optical architecture, which does not admit
coding pattern variation as other CSI architectures. The proposed approach consists of rotating the dispersive element of
the original architecture such that the dispersion direction
depends on the rotation angle and the input source is encoded
at different detector regions. In addition, this approach
employs the same optical elements of the SCCSI original
architecture. Taking multiple snapshots leads to improved
spatial and spectral reconstructions. Simulations show that
a gain of up to 7 dB is attained when four measurement
shots are compared to the original single snapshot SCCSI.
Furthermore, multishot SCCSI overcomes both the spatial
and spectral reconstructions attained with the state-of-theart CSI architecture, the CASSI system, even when a low
number of optical filters is used. Moreover, an improvement
of up to 5 dB of PSNR is obtained with respect to the CASSI
system.
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