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Compressive spectral imaging (CSI) senses a scene by using two-dimensional coded projections such that the
number of measurements is far less than that used in spectral scanning-type instruments. An architecture that
efficiently implements CSI is the coded aperture snapshot spectral imager (CASSI). A physical limitation of the
CASSI is the system resolution, which is determined by the lowest resolution element used in the detector and the
coded aperture. Although the final resolution of the system is usually given by the detector, in the CASSI, for
instance, the use of a low resolution coded aperture implemented using a digital micromirror device (DMD),
which induces the grouping of pixels in superpixels in the detector, is decisive to the final resolution. The mis-
match occurs by the differences in the pitch size of the DMD mirrors and focal plane array (FPA) pixels. A tradi-
tional solution to this mismatch consists of grouping several pixels in square features, which subutilizes the DMD
and the detector resolution and, therefore, reduces the spatial and spectral resolution of the reconstructed spectral
images. This paper presents a model for CASSI which admits the mismatch and permits exploiting the maximum
resolution of the coding element and the FPA sensor. A super-resolution algorithm and a synthetic coded aperture
are developed in order to solve the mismatch. The mathematical models are verified using a real implementation
of CASSI. The results of the experiments show a significant gain in spatial and spectral imaging quality over the

traditional grouping pixel technique. ~© 2015 Optical Society of America

OCIS codes: (110.0110) Imaging systems; (110.4234) Multispectral and hyperspectral imaging.
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1. INTRODUCTION

Spectral imaging systems acquire large amounts of data by se-
quentially scanning either the spatial or spectral coordinates.
The resulting signals are merged to construct a spectral data cube
or three-dimensional (3D) data set, known as a spatiospectral
data cube. Push-broom spectral imaging sensors, for instance,
measure the spectrum at each spatial point in the scene through
a slit spectrometer. In these sensors, there is a spatial motion of
the slit or the object in order to acquire the whole data cube [1].
A limitation of these sensing techniques is that the number of
zones to scan grows linearly in proportion to the desired spatial
and spectral resolution. In contrast, compressive spectral imaging
(CSI) systems sense the 3D data cube through just a few two-
dimensional (2D) measurements of the coded and spectrally dis-
persed source field. These systems have gained popularity since

data cube by using a coded aperture and a dispersive element.
An inverse problem is solved to reconstruct the spectral images
by using a linear program or a greedy pursuit on a basis where
the undersampled signals admit sparse representations.

The coded apertures in CASSI are often implemented
through photomasks attached to piezoelectric devices [5]. An
improvement on this configuration has been proposed in order
to facilitate the capture of multiple projections or snapshots,
each admitting a different coded aperture pattern [5-7]. The
replacement of the photomask by digital micromirror devices
(DMDs) allows multicoding, or the capture of multiple shots,
at video rates without the displacement of the optical elements
on the system. Further, the DMD transmission efficiency is
comparable to that offered by the photomask. Despite the se-
lection of the coding element, the resolution has to be consid-

they require fewer measurements than those attained with tradi-
tional hyperspectral imaging sensors [2—4].

A CSI architecture that efficiently attains coded measure-
ments is the coded aperture snapshot spectral imager (CASSI).
It captures 2D coded aperture projections of the spatiospectral
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ered. Usually, the resolution or number of pixels of the DMD is
different than that exhibited by the detector. The mismatch of
the DMD mirrors and the detector pixels is such that pixel-to-
pixel correspondence is not achieved. This issue also occurs
in detectors at y- and x-ray wavelengths [8]. The traditional
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approach to match the resolution of the CASSI elements con-
sists in grouping several pixels in square features. The maxi-
mum resolution of the system is then given by the element
with lower resolution, subutilizing the resolution of the other
element [9].

More formally, let Ny x N be the resolution of the coded
aperture and NV, x IV, the resolution of the focal plane array
(FPA). Two possible cases of mismatching can take place,
which are analyzed by defining the relation between the reso-
lutions of the detector and the coded aperture as NV, /p, =
N, /p,, where p, and p, are integers. The first case occurs when
P = ﬁ L > 1, which means that V; > IV,, and the second case
occurs when P’ =22 > 1, meaning that N| < N,. To alleviate
this mismatch, several pixels can be grouped such that the re-
sulting spatial resolution of the CASSI system is determined by
min{/V;, IV, }, which subutilizes the DMD or FPA resolutions.
This paper develops two methods to fully utilize the maximum
resolution of the coded aperture and the detector. The first
case, P > 1, follows the same rationale as super-resolution ap-
proaches, where the idea is to translate high-resolution scenes
into low-resolution detectors. A super-resolution technique is
applied in this case to exploit the high resolution of the coded
aperture in the CASSI system. In the second case, P’ > 1, the
design of a synthetic coded aperture that allows full utilization
of the detector resolution is proposed.

The main contribution of this paper is the development of a
mathematical model for the CASSI with pixel pitch mismatch
between the coded aperture and the detector. Two cases of mis-
match are analyzed and modeled, allowing the reconstruction
of a high-resolution spatiospectral data cube. The mathematical
models developed are verified by using a real implementation
of CASSI. Finally, the real reconstructions demonstrate the
improvement obtained by using this approach instead of the
traditional grouping of pixels.

2. CASSI MODEL WITH PIXEL GROUPING

The CASSI architecture is composed of a coded aperture, a dis-
persive element, and an FPA as illustrated in Fig. 1. It captures
multiplexed (2D) projections of a spatiospectral data cube using
a snapshot. The spatiospectral power source density is defined
as f(x,, 1), where (x, y) index the spatial dimensions and 1
indexes the wavelength. The source is first coded by a coded
aperture 7(x, y) where the black pixels block the impinging
light and the white pixels permit light to pass through, resulting
in the coded field £, (x, y, 4). The resulting coded field is then
spectrally dispersed by a dispersive element. The impulse re-
sponse of this component is A(x' - S(4) - x, ' - y), where

Object, Coded aperture Dispersive Low-resolution
data cube T(x.y) element FPA
T W
F F F i%
AN, Hl.\ AN,
N
O\ AN \\
TN N
) — A‘Nl\ M\
Jo(x.3,A) Si(x.3.4) L (x.3,4) g(x,y)

Fig. 1. CASSI architecture is illustrated. The data cube is coded,
spectrally dispersed, and integrated on the FPA.

S(A) = a(A)(A - A.) accounts for the dispersion induced by
the prism along the x axis and 4, is the central wavelength,
which is not dispersed by the prism.

Before the integration on the detector, the output can be
expressed as

Frloy i) = // T,y foles 7' 4)
x h(x" = S(A) - %,y - y)dx'dy". (1)

The compressive measurement at the focal plane array re-
sults from the integration of the coded and dispersed data fields
f2(x9,4) over the detector’s spectral range sensitivity (A).
The compressive measurement is represented as g(x,y) =
fAfz(’G)’) A)dA.

When several FPA measurements are captured with each
one using a different coded aperture 77(x, y), the energy in
front of the 2D FPA can be expressed as

) = /A e S ) fole - S A (2)

for £ =0,1,...,K - 1, where K is the number of snapshots.
The discretized compressive measurement at the respective
pixel of the detector is given by

Lo = / Pp(m, m3%, 9)g" (%, y)dxdy, (3)

where p(m, n; x, y) = rect(= v Yy A - n) accounts for the de-
tector pixelation in the detector, Ad = D, /N, is the pitch of
the detector pixels, and D, is the size of the detector. Replacing
Eq. (2) in Eq. (3) leads to

x T/ (x-S (ﬂ):y)f o(x = S(A), 3 Hdxdydd.  (4)

The transmittance function of the coded aperture is given by

T'f(x,y) Zt , rect (— -m, Al - n’), (5)

where A, = D; /N is the pitch of the coded aperture, D; is
the size of the coded aperture, and #/, , is the discretized
version of the coded aperture 77 (x, y).

Traditionally, the optical system can be designed such that
D, = D, = D. This can be established through the prescrip-
tion of the lens in the system to obtain an adequate magnifi-
cation [3]. When N # NN,, such that there is a pixel pitch
mismatch A, = D, /N, # A, = D,/N,, it is usual to artifi-
cially match the DMD and FPA resolutions. A common strat-
egy consists of grouping several pixels in square features. This
grouping reduces the resolution of the system, which is given
by N = min{/N|, N,}. This strategy implicates a significant
reduction of the spatial and spectral resolution of the measure-
ments and therefore of the reconstructions [10,11].

When the pixels are grouped into square features such
that N = N, /p, = N,/p,, the integration of the continuous
field g(x, y) in a single (7, 7)™ detector pixel in Eq. (4) can be
expressed as



Research Article

= ¢ x‘S(/l)_ A
gmn—mzy;tm,n,///rect< A m,A 7

X
x rect Z - m,

where A = D/N. Equation (6) is the forward model of CASSI,
which has been recently extended to account for the nonline-
arity of the dispersive element [6]. In this new model, the en-
ergy from a single voxel is mapped onto three detector pixels,
such that each source voxel can be split into three regions, Ry,
Ry, and R,. Figure 2 illustrates a zoomed version of the regions
of the source voxel affecting one pixel on the detector. The cor-
responding energy of each region that impinges in the (1, 7)™
detector pixel is represented by the weights w,,,,, where m, n
index the spatial coordinates, £ is the spectral dimension, and #
accounts for the regions Ry, R|, and R, of the source voxel. More
specifically, w4, = ( f/ R, dxdyd)( ff RIUR,URs dxdyd2)~!. The
following discrete notation is used to reformulate the FPA mea-
surement. The source f(x, y, 1) can be written as F,,,,, where
m and 7 index the spatial coordinates and # determines the 4th
spectral band. The discretized coded aperture is #/, , as indicated
in Eq. (5). Using this notation, the FPA measurement in Eq. (6)

can be written as

L-1 2
= Z E Wopnkut m(n k-1) m(n—/e—u)/e) (7)

k=0 #=0

)fooc Sy Didsdydl, (6)

where m,n=20,1,..,N-1, #=0,1,..,L-1, u=0,1,2,
and £ =0,1,...,K - 1. The number of resolvable bands L
is determined by the detector resolution A. The spatial resolu-
tion IV is determined for both the FPA and coded aperture
resolutions.

The analysis of the physical sensing phenomena in the
CASSI system when V| # N, allows us to develop different
strategies to overcome the mismatch. Figure 3 illustrates an ex-
ample of a mismatch, where more than one row of detector
pixels receives the coded and dispersed light; in this particular
case, it occurs given the high resolution of the detector.

Coded Dispers.ive FPA
aperture operation

Data Cube

(m=Lny"

Fig. 2. Spatiospectral data flow in the CASSI architecture. The
source is coded by the coded aperture and dispersed by a prism. A
source voxel is zoomed to identify the regions R;, R;, and R,.
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3. CASSI WITH PIXEL MISMATCH

The CASSI with pixel mismatch is developed with the aim to solve
the mismatching problem when V|, > N, and N| < IV,. In the
first case, a super-resolution model is proposed to exploit the high
coded aperture resolution. For the latter, the approach corresponds
to the creation of a synthetic coded aperture in order to reconstruct
the spectral images at the high detector resolution.

A. Mismatching by Super-Resolution

This case of mismatching occurs when the coded aperture res-
olution is higher than the FPA resolution. The approach to over-
come this mismatching is to apply super-resolution to the model
in Eq. (7). This is possible if the detector element pitch is greater
than the Nyquist sample-limited resolution given by the wave-
length of the light imaged [12,13]. The energy impinging on
one detector pixel is divided by the number of coded aperture
pixels that match that detector pixel. This subpixel division is
included in the model in Eq. (7). The number of subpixels in a
detector pixel P or the super-resolution factor, respectively, in
the x and y dimensions depends on the number of coded aper-
ture pixels matching one detector pixel following N = N| =
PN,. A decimation of the (1, 7)™ detector pixel is defined as

-1 P-1

Z &ir- q,jP-r (8)

q=0 r=0

‘
Emn =

where g% is the measurement at the subpixel level and 7, =
» N5(P - 1). In addition, the dispersion effect must be
modeled at the subpixel level in the horizontal dimension in both
the coded aperture and the source. Equation (7) is then rewritten
including the subpixel decimation and the dispersion effect as

P-1 P-1 L-1 2

Con = ZZ

W(nP-q)(nP-r)ku
q=0 r=0 k=0 u=0

x t((mP—q—/e)—k—u)(nP—r)F (nP-g-B)-k-) -k (9)

where F € RM'L £ € RV, and g € RV/PW/P+L/P-1) ‘Notice
the lower resolution of the detector compared with the coded
aperture.

The forward model in Eq. (9) allows use of the full coded
aperture resolution instead of the resolution exhibited by the
detector, and as a result it is possible to obtain a high spatial
resolution reconstruction. Figure 4 (left) shows a traditional ap-
proach example, where 2 x 2 pixels are grouped at the coded
aperture to match the resolutions. The super-resolution
CASSI (SR-CASSI) in Fig. 4 (right) instead takes advantage
of the full resolution of the coded aperture and proposes a sol-
ution with P = 2 to emulate a detector with the resolution of
the coded aperture.

B. Mismatching by Synthetic Coded Apertures

The opposite case occurs when the FPA resolution is higher
than that of the coded aperture. Since a pixel in the coded aper-
ture is mapped into several pixels on the detector, the propor-
tion of the coded aperture pixels as they are projected onto the
detector pixels defines a synthetic gray-scale, higher resolution
coded aperture. Thus, the projections attained by the system
could be realized by a coded aperture matching the detector
pixel size, with the exception that the coded aperture values
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Fig. 3. DPhysical sensing phenomena in CASSI; L spectral bands of the data cube F are coded spatially by a coded aperture # and dispersed by the
prism. The detector captures the intensity ¢ by integrating the coded light. The pixel pitch mismatch is depicted and zoomed; the FPA detector
receives the coded and dispersed light, but it is missing a pixel-to-pixel correspondence. The high resolution of the detector is therefore subutilized.

needed to realize the projection are in this case gray-scale,
which models the proportion that is mapped from the coded
aperture pixel into each of the detector pixels. It should be
noted that a higher resolution gray-scale code is not used in
the projection. It is only a model used to describe the physical
phenomena of the pixel mismatch and is then used into the
reconstruction of the data cube. The FPA resolution replaces
A in Eq. (6) using N = P'N| = N,. The resulting g/ mea-
surement includes the intensity of the corresponding P'? detec-
tor pixels. Traditionally, the measurement fails to exploit the
subpixel information; the Synthetic-CASSI seeks to reach
the level of resolution of the subpixels. More specifically,
Eq. (6) should be reformulated as

g+ gD+ g

= ;t /// rect (x 5@ -m, P’)’A[ - n')

x oy B
x rect (P'AC m, A n) folx=S(1),y, A)dxdydA. (10)

FPA detector FPA detector
D[l T
B N N
e[| ™ B I | S
N e 8, R
] 8 BN X
i | | .
{INES R "5 Ral
. \Groupea -. EE B )
pixels [ Full utilization of
Coded Aperture Coded Aperture coded aperture
T(x.y) T(x.y) and detector
Traditional grouping CASSI SR-CASSI

Fig. 4. (Left) Grouping of pixels at the coded aperture in traditional
CASSI. (Right) Matching of the coded aperture and detector resolu-
tions in SR-CASSI.

A synthetic coded aperture with higher resolution is defined,
in order to take into account the intensity on each g™ of the
left side on Eq. (10). Hence, the translation of the coded aperture
¢, . into one with higher resolution directly related with V,
accounts for the mismatching effect produced by the resolution
differences on the coded aperture and detector. This matching is
done through the creation of a synthetic coded aperture. The
synthetic coded aperture defined as #,,, is tuned in, and the
FPA measurement at the /V resolution is expressed as

S(A
g7 = Zt , ,///rect(x @ m',%—n’)
X
x rect{ m,

where A = D/N, and 7 index each of the pixels at the detector.
The synthetic coded aperture 7,/ in Eq. (11) can be succinctly
expressed as

L' = a(ﬂtm',n' + (1 _ﬂ)tm’,n’+l)

+ (1 - a)wtmurl,n' + (1 _ﬂ)tm'Jrl,n'Jrl)' (12)
The synthetic coded aperture is defined in terms of a and f,
accounting for the horizontal and vertical fraction of a pixel at
the coded aperture that is reflected in the synthetic pixel of
%,,> and the evaluation of the neighbours of the pixel (3 j) in
the original discrete version of the coded aperture #,,,,. These
neighbors are denoted as 2, £, 15 B 100 Eo/ 41,041

The a and f fractions can be expressed as

B, B>0 _Jc C>0
_{1, B=0’ ﬂ_{l, C=0 (13)

)f o(x = S(2), 3, Ddxdydd, (1)

where B and C are defined in terms of the ratio between the
coded aperture and the FPA pixel pitch P’ = ;;—T as follows:

(n—l—l)

B=| 1P - (14)
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Fig. 5. (Left) Translation from a coded aperture into its synthetic
version. (Right) Matching of the coded aperture and detector resolu-
tions through the use of a synthetic coded aperture.

C= [WJP’—(;%—/@'—M). (15)

Figure 5 (left) shows the translation from a small set of pixels
of a coded aperture into its respective synthetic coded aperture.
Figure 5 (right) shows the matching of the resolutions through
the creation of a synthetic coded aperture to fully utilize the
detector resolution. Notice the higher resolution of the syn-
thetic coded aperture and detector in the Synthetic-CASSI.

The discretized Synthetic-CASSI model is then expressed as

(L-1)P' 2

gim = Z Zwmnkui.;i(n_/e_u)fm(n—/e—u)/e} (16)

k=0 u=0

where the spatial and spectral resolutions of this measurements
are dictated by P’ such that m,7n=0,1,..., (N -1)
and £=0,1,...,(L-1)P".

4. RECONSTRUCTION ALGORITHM

The hyperspectral signal F € RY*V*L, or its vector representa-
tion f € RVNL g S-sparse on some basis W, such that f =
WO can be approximated by a linear combination of § vectors
from W with § < (V- N - L). Alternatively, the CASSI pro-
jections in Egs. (9) and (16) can be expressed as g = HY8 =
A0 where H is a matrix whose structure is determined by the
coded aperture entries and the dispersive element effect, and
the matrix A = HW is the sensing matrix. This algorithm sol-
ves the optimization problem

f = Wargminy|lg - HYO||, + 7]|0]l,}, (17)
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159x167 159x167 477x501

CAsSI SR - CASSI
Traditional CASSI

Synthetic - CASSI

CASSI with pixel mismatch

Fig. 6. Coded apertures and measurements for (left) traditional
CASSI and (right) CASSI with pixel mismatch. The projections at-
tained with the CASSI with pixel mismatch model have a high reso-
lution compared with those obtained with the traditional CASSI.

where @ is an S-sparse representation of f, and 7 is a regulari-
zation constant [14]. The basis representation W is set as the
Kronecker product of two bases ¥ = ¥, ® W¥,, where ¥, isa
2D wavelet Symmlet 8 basis and W, is the 1D discrete cosine
transform.

The compressive sensing gradient projection for sparse
reconstruction (GPSR) algorithm is used to obtain the recon-
structions of the data cube [15]. The methods proposed in this
paper, in essence, increase the resolution of the reconstructed
data cubes, and consequently the inverse problem deals with
large sets of pixels to be reconstructed. As such, the computa-
tional complexity of the reconstruction increases in proportion
to the added spatial and spectral resolution. The computational
complexity is determined by the particular reconstruction algo-
rithm. In this case, the GPSR complexity is O(K N*L) per iter-
ation, where K is the number of snapshots, N2 is the spatial
resolution, and L is the number of spectral bands. Hence, the
complexity in the two approaches described is determined also
by the P > 1 and P’ > 1 factors. The computational complex-
ity is then O(KN*P*L) for the mismatching by super-resolu-
tion and O(KN*P"“L) in the case of the mismatching by
synthetic coded apertures.

5. EXPERIMENTAL RESULTS

The CASSI system was experimentally realized to demonstrate
the CASSI with pixel mismatch performance. The coded aper-
tures were implemented in a Texas Instruments D1100 DMD

Table 1. Comparison of the Traditional CASSI and CASSI with Pixel Mismatch Specifications”

Mirrors and Pixels

Pitch Sizes (jum)

Resolution (Pixels)

Coded Spatial Spectral
Cases A, Ay Aperture Recons. Recons.
Traditional CASSI 159 = 318/2 = 477/3 A, =27.36 A, =297 159 x 159 159 x 159 8
SR-CASSI 318 =318 = (2)159 A, =13.68 A, =297 318 x 318 318x 318 8
Synthetic-CASSI 477 = (3/2)318 = 477 A, =13.68 A, =99 318 x 318 477 x 477 24

“The number of resolvable bands is determined by A,.
’2 x 2 grouping of pixels.
3 x 3 grouping of pixels.
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Fig. 7. Experimental reconstructions of five spectral bands. (Top) Traditional CASSI, (bottom) SR-CASSI. The improvement in the spatial

quality achieved with the SR-CASSI can be easily noticed.

(DLP), a custom double Amici prism (Shangai Optics) was
used as a dispersive element, and an FPA detector (Stingray
F-033B) captured the measurements. The nonlinear dispersion
curve of the prism was determined experimentally by using a
monochromator. The DMD used to implement the coded
apertures has a resolution of 1024 x 768 and a mirror pitch size
of A, = 13.68 pm.

The FPA detector used in this experimental setup has a res-
olution of 656 x 492 pixels and a pitch size of Ay = 9.9 pm.

Three sets of compressive measurements were acquired
by using the CASSI optical setup. The sets correspond to the
traditional CASSI, the SR-CASSI and the Synthetic-CASSI
measurements, respectively. In the traditional CASSI, the pixels
are grouped into square features to match the resolutions on
the coded aperture and the detector using the relation NV =
N,/py = N,/p,y» where py =2, p, =3, N; =318, and
N, = 477. In this traditional case, the reconstructed images
have a low spatial resolution of 159 x 159 pixels due to the
grouping process. Also, this grouping approach limits the num-
ber of spectral bands to eight. For the three cases a sensing ratio
of 50% was used, and the GPSR algorithm was used to recover
the spatiospectral data cube [15]. Table 1 shows the specifica-
tions of the three set of measurements.

(a) (b)

Fig. 8. RGB profile of the (a) traditional and (b) SR-CASSI recon-
structions. The SR-CASSI achieves a smoothed reconstruction com-
pared with the traditional result.

A visual comparison of the coded apertures and measure-
ments is presented in Fig. 6, top and bottom, respectively.
318 x 318 DMD mirrors were used to implement the coded
apertures for the three sets. The traditional approach, however,
requires the grouping of pixels, which reduces the actual reso-
lution of the coded aperture designed (top left), compared with
the high resolution of the coded apertures implemented in the
CASSI with pixel mismatch (top right). On the other hand, the
traditional CASSI measurements in Fig. 6 (bottom left) have
low resolution; the measurements resolution for the first case
of mismatching (SR-CASSI) is the same as in the traditional
case, but the codification using a high-resolution coded
aperture produces a more detailed 2D projection. The
Synthetic-CASSI measurements have a high resolution as well
as a codification with a high-resolution coded aperture.
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Fig. 9. Spectral signatures of three different spatial points.
Traditional CASSI and SR-CASSI signatures are compared with the
original spectral responses. The spectral curves obtained with the SR-

CASSI are closer to the originals.
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-
Synthetic Coded Aperture

Fig. 10. Synthetic coded aperture with the resolution of the
detector is created. This synthetic coded aperture is used in the
reconstruction process.

A. SR-CASSI Reconstructions

The measurements for the SR-CASSI were acquired imple-
menting a coded aperture with a resolution of Ny = 318 pix-
els. To emulate a low-resolution detector, its pixels were
grouped into 3 x 3 square features representing one low-detec-
tor pixel for Ny = 159 such that P = 2. After the application
of the SR-CASSI model in Eq. (9) and applying the GPSR

Fig. 11. RGB profile of the (a) traditional and (b) Synthetic-CASSI
reconstructions. Synthetic-CASSI yields a smoothed image, retaining
the details of the scene.

Vol. 54, No. 33 / November 20 2015 / Applied Optics 9881

algorithm that solves the optimization problem in Eq. (17),
the measurements and the reconstructions have the coded aper-
ture resolution; this is 318 x 318 pixels. Therefore, the coded
aperture resolution is fully utilized. In this case, the number of
resolvable bands is eight.

The traditional CASSI reconstructions were interpolated to
the resolution of the SR-CASSI approach, 318 x 318 x 8, to
compare the results. Figure 7 illustrates five spectral bands for
the traditional CASSI and the SR-CASSI, respectively. It can be
observed that the SR-CASSI results outperforms the results at-
tained with the traditional approach.

Figure 8 shows a RGB profile of the traditional and
SR-CASSI. The details in the SR-CASSI reconstruction can
be easily noticed. The spectral signatures for three points ran-
domly chosen are shown in Fig. 9. The points are indicated in
the original RGB image as P1, P2, and P3. The original sig-
nature, obtained using a commercially available spectrometer
(Ocean Optics USB2000+), is compared with the traditional
CASSI and the SR-CASSI signatures. The curves obtained
by using the SR-CASSI are closer to the original.

B. Synthetic-CASSI Reconstructions
In the third set of measurements, the Synthetic-CASSI is tested
using a resolution of V| = 318 pixels to implement the
coded aperture, and as a result, the FPA measurement has a
resolution of NV, = 477 pixels such that P' = 3/2. Applying
the Synthetic-CASSI model in Eq. (16), a synthetic coded aper-
ture with the same used resolution of the detector is created to
reconstruct the spatiospectral data cube. Figure 10 shows a
coded aperture and its equivalent synthetic coded aperture
such as that used to reconstruct the data-cube. Then the final
spatial resolution of the reconstructed images is 477 x 477 pix-
els. As a result, the detector resolution is fully utilized. In this
case, the high resolution of the FPA permits us to achieve 24
spectral bands.

In order to compare the results, the traditional CASSI
reconstructions were interpolated to the resolution of the

Synthetic-CASSI approach, 477 x 477 x 24. The RGB profiles

Fig. 12. Experimental reconstructions of five spectral bands. (Top) Traditional CASSI, (bottom) Synthetic-CASSI. It can be seen that Synthetic-

CASSI results outperform the results achieved by the traditional CASSI.
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Fig. 13. Spectral signatures of three different spatial points.
Traditional CASSI and Synthetic-CASSI signatures are compared with
the original spectral responses. The improved results can be noticed in
the spectral signatures achieved by the Synthetic-CASSI.

of the traditional and Synthetic-CASSI are depicted in Fig. 11.
The improvement in the spatial quality can be easily noticed.
Figure 12 shows five spectral bands for the traditional CASSI
and the Synthetic-CASSI. The improvement in the spatial
quality can be observed.

The spectral signatures of three randomly selected points are
compared with the signatures obtained using a spectrometer in
Fig. 13. The points are indicated as P1, P2, and P3. Again, it
can be seen how the curves using the Synthetic-CASSI are
closer to the originals, which demonstrates the improvement
of the model.

6. CONCLUSION

A mathematical model for the CASSI with pixel mismatch has
been developed. The model exploits the resolution of the DMD
and FPA, which determine the resolution of the reconstructions.
The model accounts for two different cases of mismatching.
In the first case, a super-resolution model is proposed to exploit
the coded aperture resolution. In the second case, the creation of
a synthetic coded aperture is proposed in order to reconstruct the
spectral images at the detector resolution. Real reconstructions
show the spatial and spectral improvement achieved with the

Research Article

proposed model in comparison with traditional approaches of
grouping pixels.
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