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ABSTRACT

Compressive spectral imaging (CSI) systems capture the 3D
spatio-spectral information of a scene by measuring 2D fo-
cal plane array (FPA) coded projections. A reconstruction
algorithm exploiting the sparsity of the signal is then used to
recover the underlying hyperspectral scene. CSI systems use
a set of binary coded apertures, commonly realized through
photomasks, to modulate the spatial characteristics of the
scene. The reconstruction image quality in CSI is determined
by the design of a 2D coded aperture binary set which block
or unblock light from the scene onto the detector. This work
extends the framework of CSI by replacing the traditional
block-unblock photomasks by colored coded apertures which
modulate the source not only spatially but spectrally as well.
Simulations show a significant improvement in the quality of
spectral image reconstructions.

Index Terms— Compressive sensing, patterned filters,
hyperspectral imaging, coded apertures, optical imaging.

1. INTRODUCTION

Traditional spectral imaging sensors scan adjacent zones of
a scene and merge the results to construct a spectral data
cube. Push-broom spectral imaging sensors, for instance,
capture a spectral data cube with one FPA measurement per
spatial line of the scene [1]. Spectrometers based on opti-
cal band-pass filters need to scan the scene by tuning the
band-pass filters in steps [2]. The disadvantage of these tech-
niques is that they require scanning a number of zones that
grows linearly in proportion to the desired spatial or spec-
tral resolution. In contrast, compressive spectral imaging
(CSI) senses 2D coded projections of the underlying scene
such that the number of measurements is far less than that
of traditional sensors. CSI exploits the fact that the repre-
sentation of hyperspectral images is sparse in some basis.
The Coded Aperture Snapshot Spectral Imager (CASSI) is
a CSI sensor that attains compressive measurements [3, 4].
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Fig. 1: (a) Sketch of a colored coded aperture and (b) Color
coded aperture-based CASSI system.
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Coded apertures in CASSI have been fabricated using mate-
rials such as chrome-on-quartz [5] rendering coded aperture
elements that are either opaque or transparent to the whole
wavelengths of interest. These coded aperture masks are re-
ferred to as photomasks or “block-unblock” coded apertures.
New advances in micro-lithography and coating technology
have allowed the design of patterned optical coatings which
are used to create multi-patterned arrays of different optical
filters. Indeed, coatings can be designed with high resolution
patterns which are used on multispectral sensors [6], micro-
electro-mechanical devices [7, 8], optical waveguide-based
devices, and gratings. Color-patterned coded apertures have
been recently used in applications such as artificial com-
pound eyes [9], multi-focusing and depth estimation [10],
deblurring and matting [11]. This work incorporates colored
coded apertures into compressive spectral imaging architec-
tures, such that traditional photomask-based coded apertures
are replaced by multi-patterned arrays of selectable optical
filters (a.k.a. colored coded apertures). Figure 1 illustrates
a sketch of a colored coded aperture and the proposed op-
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tical architecture. The colored coded aperture entries can
be realizations of either low-pass(£), high-pass(#), band-
pass(B), or blocking coatings. In the following sections, it is
detailed the photomask-based optical spectral imaging model
and that of compressive spectral imaging systems based on
colored coded apertures. The signal reconstruction problem
is analyzed for the new imaging system as well.

2. SYSTEM MODEL

2.1. Photomask-Based CASSI Model

The CASSI optical architecture is composed by five optical
elements: an objective lens that focuses the scene onto the
coded aperture image plane which modulates the amplitude of
the incoming scene; an imaging lens which relays the coded
field onto a dispersive element that disperses the light before
it impinges onto the FPA detector. Denote the spatio-spectral
power source density as fo(z,y, A) where = and y index the
spatial domain and X indexes the wavelength. The source den-
sity is first spatially modulated by the coded aperture T'(z, y),
resulting in a coded field represented as, fi(xz,y,\) =
T(z,y) fo(z,y, A). Subsequently, the coded field is dispersed
by the dispersive element, whose output can be expressed as
fg(l’, Y, )‘) = ff fl (CC/, ]/, )‘) xh(x—a:’—S()\), y—y/)d.’li/dyl,
where h(z — 2’ — S()\),y — ¢') is the optical impulse re-
sponse of the system, and S(\) represents the dispersion,
which occurs only in the horizontal direction. The spec-
tral density just in front of the detector can be expressed
as, g(z,y) = [ fa(z,y,\)dX\. Replacing the value of
fa(x,y, A), the signal measurement g(x, y) is given by

sw) = [[ [T )y

xh(z — 2" — S(\),y — v )dz'dy’'d\. (1)

If the optical impulse response of the system is assumed lin-
ear, (1) can be succinctly expressed as

mawz/Tu+amwhw+ﬂm%nw.<m

Denoting the coded aperture pixel size as A, the transmit-
tance function of the coded aperture is given by

x . .
T(.’L‘, y) = ZT‘Z'JI'CCt (A — 1, Ai - ]) 5 (3)
irj © ‘

where T; ; is a binary value accounting for the block (0) or
unblock (1) operation at the (7, 7)*" spatial pixel, and rect(-)
represents the rectangular step function. Besides, assuming
the pixel size of the detector is A4, the effect of the integration
of the continuous field g(z,y) in a single (n, m)*" detector
pixel can be expressed as

_ LY
Gom = //g(x,y)rect <Ad m, A, n) dxdy. (4)

Replacing Egs. (2) and (3) in (4) lead to

/L7J

X folx + SN, y, \)dAdzdy] + wnm 5)

where wy, ., accounts for the noise of the capturing process.
Representing the spatio-spectral source density being inte-
grated on the detector in discrete form as Fj ; x, such that
i € {1,..., N}indexes the z-axis, j € {1,..., N} the y-axis
and k € {1,..., L} the wavelength, Eq. (5) can be succinctly
expressed as

Gn,m = Z Tn,m—an,m—k,k + Wn,m (6)
k

forn=1,...,N,m =1,...,N + L — 1, where N is the
number of rows and N + L — 1 is the number of columns in
the detector.

2.2. CASSI Model with Colored Coded Apertures

In the proposed approach, the photomask is replaced by a col-
ored coded aperture, which modulates the source along the
spectral and spatial coordinates. The colored coded aperture
can be thus classified as a 3D coded aperture (Fig. 2). The
CASSI system architecture with colored coded aperture is de-
picted in Fig. 1(b), where the traditional block-unblock pho-
tomask was replaced by the colored patterned filter presented
in Fig. 1(a). The coding is now realized by the patterned filter
denoted by T'(z,y, \) as applied to the spatio-spectral den-
sity source fo(x,y, A), resulting in the coded field fi (x, y, ).
This coded field differs from the one obtained with a pho-
tomask in that a single feature of the patterned filter permits
to pass a desired set of wavelengths instead of blocking the
complete spectrum at a given spatial location, as depicted in
Fig. 2. In consequence, the energy in front of the FPA is now
given by

ﬂ%MZ/T@+ﬂM%Mh@+ﬂMwAM&(D

where again the PSF of the system is assumed linear. Notice
that, in contrast with Eq. (2), the colored coded aperture is
represented in Eq. (7) as a three-dimensional optical element,
accounting for the wavelength-dependency of the filters. Fur-
thermore, it is represented by

x Ly A
T(I7y,)\) = 26Ti,j,k’reCt <AC -1, KC -7 Kd - k> ’
1.4,
®)
where T ;) is a binary value accounting for the block-
unblock operation at the (4,7, k)" voxel of the 3D coding
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Fig. 2: 3D-coding performed by the colored-coded aperture.
The colored coded aperture entries can be realizations of ei-
ther low-pass(L) or high-pass(H) optical filters.

presented in Fig. 2. Accordingly, the FPA measurement
based on the color-patterned filter can be written as

Gn,m = ZTn,mfk,an,mfk,k + Wn,m- (9)
k

Note that T; ; and T; ; , € {0, 1} represent the entries of the
photomask and the colored coded aperture, respectively. The
ratio between the number of ones and the total of elements
is defined as the transmittance 7'r, and it is given by, Tr =
D 14100, for the photomask case and 7' = Dk %
100, for coloring coded apertures.

3. IMAGE RECONSTRUCTION

3.1. Colored Codes in CASSI Matrix Model

A projection in CASSI can be expressed in matrix form as
y = Hf , where Hisan N(N + L — 1) x (N - N - L) ma-
trix whose structure is determined by the photomask/colored
coded aperture entries and the dispersive element effect, and
f is the hyperspectral image in vector form. Here, N x N
represents the spatial dimensions and L is the spectral depth
of the image cube. The CASSI architecture can be slightly
modified to admit multiple snapshots, each one exhibiting
a different coded aperture pattern. Multi-shot CASSI yield
to a less ill-posed inverse problem and consequently im-
proved signal recovering [5, 12, 13]. Particularly, denoting
the /** FPA measurement as y* = H’f, where H’ repre-
sents the effects of the ¢** photomask/colored coded aper-
ture, the set of K FPA measurements is then assembled as

y = [(yO)7,..., 517"

3.2. Reconstruction Algorithm

CSI supposes that the hyperspectral signal F € RVXNXL or

its vector representation f € RV 'N-L is S-sparse on some
basis W, such that f = W6 can be approximated by a linear
combination of S vectors from ¥ with S <« (N - N - L).
Consequently, the projections in CASSI can be alternatively
expressed as y = HUO = A0 where the matrix A = HW is
the sensing matrix. Based on this assumption, CSI allows f

to be recovered from m random projections with high prob-
ability when m 2 Slog(N - N -L) < (N -N - L). In this
regard, the underlying data cube is reconstructed as

f=v (arg?in||Y—H\IIB|2+T||9|1) , (10)

where H = [(H)T, ..., (HK_l)T]T, 6 is an S-sparse rep-
resentation of f on the basis ¥, and 7 is a regularization con-
stant [14].

4. SIMULATION RESULTS

In order to compare the CASSI with colored coded apertures
against the traditional CASSI with photomasks, a set of com-
pressive measurements is simulated using the forward mod-
els in Eq. (9) and Eq. (6), respectively. These measurements
are constructed employing two test spectral data cubes which
were acquired using a wide-band Xenon lamp as the light
source, and a visible monochromator which spans the spec-
tral range between 450nm and 650nm. The image intensity
was captured using a CCD camera, exhibiting 656 x492 pix-
els, with pixel pitch of 9.9 pm, and 8 bits of pixel depth. The
resulting test data cubes JF have 256 x 256 pixels of spatial
resolution and L = 8 spectral bands (Fig. 3).

The photomask entries are realizations of a Bernoulli ran-
dom variable, such that the number of blocking and translu-
cent elements varies from 10% to 80%. The colored coded
aperture entries are random realizations of low-pass filters,
high-pass filters, and blocking elements, where the transmit-
tance of each pattern is also varied as in the photomask case.
The coding elements are designed to exhibit 256 x 256 pix-
els of spatial resolution. The compressive sensing GPSR re-
construction algorithm [15] is used to recover the underlying
data cube. The basis representation ¥ is set as the Kronecker
product of two basis ¥ = ¥; ® ¥,, where ¥; playing the
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role of spatial sparsifier is the 2D-Wavelet Symmlet 8 basis
and W5 being the spectral sparsifier is the 1D-DCT basis. The
latter selection has the advantage of a low computational cost
compared to the 3D wavelet transform. Figure 4 depicts the
reconstructed data cube as seen by a RGB camera when 3
snapshots are captured by both photomask-based and colored-
based CASSIimagers. The improvement in the spatial quality
can be observed. Figure 5 shows the PSNR of the reconstruc-
tions as function of the number of measurement shots. The
gain achieved by the proposed optical architecture can also
be measured by averaging the PSNR of the recovered data
cubes. On the other hand, to evaluate the spectral reconstruc-
tion performance, 2 spatial points were randomly chosen, and
the spectral signatures plotted in Fig. 6 when 3 snapshots
were captured. Again, it can be seen how the curves using the
colored coded aperture reconstructions are closer to the orig-
inal. It is important to remark the impact of the transmittance
in the PSNR curves at specific number of snapshots K. For
instance, for K = 1 the highest PSNR is achieved when us-
ing around 40% of transmittance; for K = 2 it is obtained by
the 30%; when K = 3 it is obtained by using 20%, and so
on, until K = 8 where the best PSNR is achieved by the 10%
transmittance curve. This suggests that the optimal transmit-
tance value lies approximately around %
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Fig. 5: Averaged PSNR of the reconstructed data cubes

as function of the number of measurement shots. The
photomask-based and the coloring-based CASSI imagers are
compared at different transmittance levels.
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Fig. 6: Spectral signatures at four selected spatial points.
(Top-left) P1 from database 1, (Top-right) P1 from database
2, (Bottom-left) P2 from database 1, (Bottom-right) P2 from
database 2. (See Fig. 3)

5. CONCLUSIONS

Colored coded apertures have been successfully introduced
in compressive spectral imaging systems to replace tradi-
tional block-unblock photomasks. The reconstructions with
the colored CASSI attain an improvement up to 6 dB in
spatial PSNR. The spectral signatures of the reconstructions
get closer to the original when colored coded apertures are
employed. The optimal transmittance of the colored coded
apertures is inversely proportionate (approximately) to the
number of measurement snapshots.
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