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Abstract— We have defined a hyperspectral imager based
on micro-mirror MEMS array, that features easily adaptable
spectral resolution, adjustable acquisition time, and high spatial
resolution independent of spectral resolution. We present the
development of an integrated research prototype of the imager,
that allows the control of both the micro-mirrors array and
CMOS data reading from the same FPGA board, so as to allow
the definition of acquisition schemes adapted to the scene in real
time.

I. INTRODUCTION

Traditional hyperspectral imagers adopt a scanning process
to acquire three dimensions of data (two spatial and one
spectral which constitute a “hyperspectral cube”) on a 2D
imager. Not only this constrains the acquisition process, but it
also generates high volume of data to process, a large part of
it being useless in most of the applications.

Various approaches have been proposed to fit all the in-
formation in the hyperspectral cube onto the 2D detector,
allowing real-time hyperspectral acquisition [1]. However,
most of these approaches rely on a complex and fixed optical
system that interweaves spectral and spatial informations. They
usually rely on a resource-intensive post-processing to retrieve
the hyperspectral cube, which is hence not available in real-
time, prohibiting their application in numerous applications
(e.g. autonomous mobile systems). Moreover, these systems
still generate the full hyperspectral cube, and their character-
istics (in particular spectral and spatial resolution) are fixed
by design.

We have recently developed an adaptive hyperspectral im-
ager based on a co-designed optical setup with a micro-
mirror MEMS array [2]. We present here the realization of
a prototype of this imager, that allows the development of
a variety of tightly interleaved acquisition control and data
processing algorithms, so as to satisfy the requirements of a
large spectrum of applications.

II. DUAL DISPERSER IMAGER

The proposed system is comprised of two gratings (or
prisms) separated by a spatial light modulator (SLM). The
first half of the setup is a 4f-line [3] centered around a
grating which forms a spectrally dispersed image on the SLM.
Figure 1 illustrates the case in which the SLM allows only a

slice of the dispersed image to pass through into the second
half of the setup which is another 4f-line ending with the
detector. The purpose of the second grating is to undo the
spectral spreading inroduced by the first one, allowing for an
undispersed image at the detector. With this setup, the spectral
components selected by the SLM are placed at their original
spatial positions relative to each other, thus reconstructing a
spectrally filtered image. If all of the light is transmitted by
the SLM then an undispersed, unfiltered image is formed.
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Fig. 1: Proposed setup (right), and illustration of the spectral
selection done at the output of the SLM and on the detector,
in case the SLM only opens a slit. f is the focal length of
the lenses. The spectral density at the source, just before and
after the SLM and at the detector are represented by Sy, S1,
So, and Ss, respectively.



A precise geometrical optics analysis and a Gaussian optics
modelling of the system is proposed in [2]. The main charac-
teristics of the system are:

« When opening a single slit on the SLM, the recorded
image gives a direct access to a 2D subset of the
hyperspectral cube that corresponds to a slanted cut inside
the cube along the spectral direction. The dual disperser
acts as a narrow band spectral filter with a linear gradient
in wavelength along one spatial direction, and the position
of the slits on the SLM determines the offset of this
gradient.

o All the spectral components of the hyperspectral cube
sharing the same spatial position are co-located at the
same position on the image. In other words, there is
no wavelength dependent spatial shift on the image:
the position at which we retrieve an element from the
hyperspectral cube on the image does not depend on its
wavelength coordinate in the cube.

o The spatial resolution of the system does not depend
on the parameters which determine spectral resolution
(i.e. slit width, grating periodicity, and focal length). The
spectral resolution is given by the difference in wave-
length corresponding to two neighboring slit positions at
any single point on the detector. The dependence of the
spectral resolution on slit width and dispersion is the same
as that of a conventional spectrometer.

These properties are all modeled with simple linear equa-
tions, and imply that there is no need for a complicated
reconstruction algorithm to recover the spatial coordinates of
points in the hyperspectral cube.

ITII. DATA ACQUISITION SCHEMES

In a nutshell, the system acts as a programmable, spatially
dependent, spectral filter for which spatial resolution is in-
dependent of spectral resolution and for which there is no
wavelength dependent shift of the image at the detector. This
opens for a variety of data acquisition schemes, either pre-
programmed or adapted in real-time to the spatial and spectral
content of the imaged scene.

A. Systematic scanning

Using a simple slit pattern, the whole hyperspectral cube
can be readily retrieved by scanning the slit across the SLM
and recording the images corresponding to each slit position:
with respect to usual spatial or spectral scanning processes,
here the scanning is done with slanted sections of the cube.
This acquisition scheme offers limited advantage over classic
hyperspectral imagers (no moving parts), as the acquisition
takes time and produces a full hyperspectral cube, like in
classical hyperspectral imagers.

B. Random access monochromatic imaging

By synchronizing the acquisition of image columns with
the opening of a slit along the columns of the SLM, one can
readily recover a monochromatic image, at a wavelength that is
trivially defined by the relative positions of the acquired and

opened columns. This allows the acquisition of a sequence
of arbitrary-wavelength monochromatic images at video rate.
With rolling shutter cameras for instance, this acquisition
process can be achieved by synchronizing the slit openings
on the SLM with the image lines readout frequency.

C. Near Snapshot Partitioning

The system properties allows the definition of an adaptive
acquisition scheme that allows to extract the spectral content
of uniform intensity regions. The starting point is to assume
that there exist in the hyperspectral cube spatial regions that
are spectrally homogeneous. This is a reasonable sparsity
assumption that corresponds to most realistic situations, where
the spectral content is strongly spatially correlated. One pos-
sible way to identify these regions is to look for contiguous
regions of iso-intensity on the unfiltered image obtained with a
fully transmissive SLM. Assuming such regions are spectrally
homogeneous, the spatial coordinates in the region can be used
to encode different spectral channels.
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Fig. 2: Snapshot partitioning: in spectrally homogeneous re-
gions, the spatial coordinates in the final image can be used to
encode all the spectral channel by a simple choice of multi-slit
pattern to apply on the SLM.

A canonical example of a homogeneous region is presented
on figure 2 (top): it is one horizontal segment of pixels [A, B]
along the x direction, z4 and zp denoting the starting and
ending x-coordinate of this segment. For a simple slit pattern
programmed on the SLM at the position x,,, the intensity
I(z,y) on the final image along this segment corresponds
to the spectral density, expressed by a simple linear relation
which is a function of the the relative slit and pixel position
and some calibration parameters. If the homogeneous region
is wide enough, its whole spectral density can be retrieved in a
single acquisition. If not, its height can be exploited to extend
this range, as illustrated Figure 2 (bottom).

So by taking an unfiltered initial image, partitioning it in
homogeneous regions of uniform intensity and assuming they
have the same spectral content, simple geometric reasoning
can be exploited to automate the extraction of their spectral
content.

D. Compressed sensing

The dual disperser described here is extremely similar to
the CASSI[4] that was introduced as a compressed sens-
ing hyperspectral imager. Compressed sensing is a way to
produce detailed reconstructions from a limited number of



measurement by exploiting sparcity in the signal to be recon-
structed. In the field of hyperspectral imaging, spatially and
spectrally homogeneous regions (fairly common in most use
cases of hyperspectral imaging) can be harnessed to implement
compressed sensing acquisition schemes. Although it allows
real-time acquisition of the data, compressed sensing relies
on a long and resource-intensive reconstruction step. With
our new prototype, new acquisitions for varying micro-mirror
arrangement can be made during the reconstruction step and
can be harnessed to speed up the identification of the best
reconstruction estimate.

IV. PROTOTYPE DESIGN

In order to implement the acquisition schemes proposed
above a new prototype had to be envisioned. On the optical
side, a new setup (see Figure 3) has been designed to minimize
optical aberrations and optimize the matching between the
CMOS imager size and pixel size with the one of the SLM.
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Fig. 3: Optical design for the new prototype based on a
dispersion prism and achromatic tube lenses.

The CMOS dectector (CMOSIS CMV4000) is a 2048 x
2048 matrix of 5.5-um-size pixels, offering a square field of
view of 11 x 11mm?. For the SLM, a DMD micromirror array
(Texas Instruments DLP9500BFLN) with 1920 x 1080 10.8-
pm-wide-micro-mirrors offers a surface of 20.7 x 11.7mm?,
enough to accommodate the same field of view than the CMOS
detector with some extra width to account for the diffraction.

The optical arrangement was optimized to reduce chro-
matic aberrations by using diffraction-limited achromatic
lenses. These are 200-mm-focal-length fube lenses (Thorlabs
TTL200) usually used in microscopes to image the field of
view on a CMOS or a CCD. For the dispersion, a custom-
made, 30°-apex, prism was chosen in place of a diffraction
grating. Indeed, it proved impossible to get a diffraction
grating that, once combined with the 200—mm lenses, would
provided a suitable dispersion without introducing unwanted
diffraction order.

To compensate for the wavefront tilt introduced by the
DMD micromirror array, the imager was tilted, reducing
optical aberrations, as can been seen on figure 4. Using ray
tracing, we simulate the propagation inside the optical system
for an observed scene containing three spatially overlapping
grids at three different wavelengths of )\, = 450 nm (blue),
Ag = 550 nm (green) and A\, = 650 nm (red). The intermediate
image formed onto the DMD (figure 4 (right)) clearly shows
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Fig. 4: Optical simulations (ray tracing): view of the final
image on the CMOS detector (left) and of the intermediate
image on the DMD (right) for a fully open DMD and a scene
under observation made of three monochromatic grids at A\, =
450 nm (blue), Ay = 550 nm (green) and A, = 650 nm (red).

the spectral separation off the three grids. One can also observe
a slight distortion of the grids, the vertical segments being
slightly curved. This distortion is introduced by the single
pass inside the prism. We assume for this simulation that the
DMD is fully transmissive (all the spectral components are
reflected), which should result in the formation of a panchro-
matic image on the CMOS. The final image on the CMOS
detector (figure 4left) shows a well resolved panchromatic
image, with the three spectral grids well overlapped again.
Moreover, thanks to a second pass inside the same prism, the
curve distortion is compensated for. To determine the potential
spectral resolution, a second ray tracing simulation was carried
out: for a DMD with only one vertical slit transmissive, the rest
of the DMD rejecting the incoming light. Moreover, instead
of three monochromatic grids, three monochromatic uniform
squares were used as an observed scene. As can be seen on
figure 5, we obtain three vertical lines in the final image, one
for each monochromatic plane. The overall distance between
the two extreme lines (above 220 pixels) gives an idea of the
achievable spectral resolution.

With the current combination of prism and lenses, a 200-
nm-wide spectrum covering most of the visible is spread over
more than 220 pixel on the CMOS detector allowing to resolve
a maximum of around 200 spectral bands, without any issues
of unwanted diffraction orders.

To allow precise timing and closed-loop control of the whole
system, both the CMOS imager and the micro-mirror array are
controlled by the same FPGA board (Vialux VX4100), shown
on Figure 6. This FPGA, initially controlling the micro-mirror
array alone has all the required interfaces and processing
capabilities to also control the CMOS imager. In particular,
the combination of the CMOS and FPGA we have selected
allows fast and easy retrieval of image subsets, required for an
efficient implementation of the random access monochromatic
imaging scheme described above.
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Fig. 5: Optical simulations (ray tracing): final image on the
CMOS for three uniformly lit monochromatic squares at \, =
450 nm (blue), Ay = 550nm (green) and A, = 650nm (red)
and a DMD with one single vertical line transmitting.

Fig. 6: FPGA board for tight loop control of both CMOS
detector and micro-mirror array.

V. CONCLUSION

We have presented the principle of an adaptive hyperspectral
imager, that yields the possibility to define a variety of
acquisition schemes, either tailored to some a priori objectives
or dynamically adapted to the characteristics of the perceived
scene. In both kind of acquisition schemes, a tight coupling
between the DMD control and data acquisition is required,

which calls for a tight integration of the DMD and camera
drivers and the algorithms that define the acquisition. For this
purpose we have selected a FPGA hardware architecture able
to embed both the devices control and the data processing
algorithms. From the optical point of view, we dimensioned
both the focal length of the lenses and the dispersion of the
prism in order to adapt the numerical aperture to the array and
pixel sizes of both the DMD and the camera and to optimize
the spectral spreading on the DMD and thus the spectral
resolution of the prototype. A particular care was taken to
reduce chromatic aberration and wavefront tilt.
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