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1. ABSTRACT

Hyperspectral imaging is still an evolving technology with wide range of applicaffensissues
limit some hyperspectral sensors and applications: the high dwgt-dimensimal (2D) infrared
focal plane arraygFPAs) and the low signaio-noise ratio(SNR) inherent to all dispersive
systems.This paper addresses work to alleviate these issues.

Two imaging spectrometersvere designed and builitilizing Hadamard Transform(HT)
encoding The signal multiplexing oHT-based sensonmgsults inthe Fellgett's advantaginat
greatly increases SN&d also reduces the dimensionality of the dataaddition,HT masks are
orthogonal and pseudandom allowing the use oftompressive sensingS) methods where
sparsely sampled data can be used to fully reconstruct the signal of if@&gest turn, enables
reducel data capture time.

The first sensooperates in the visible to near infrared (VN0 to1,000nm) range ad usesa
CMOScamera This sensodemonstratéthe concept of spati@pectralencoding

The second sensoses a shortwave infrared (SWIR,,Q00 to 2500nm) InGaAs lineaarray to

avoid the cost and complexity associated WMCT or InSb2D arrays This sensor employs
spectral encoding and demonstrated the recovery of a full image cube based on sparse
(compressive) measurements. In additaata from this sensoreseused todemonstrate target
detectionin the compressivelomain which eliminates thesignal corruptiorand computational

cost ofimage cubeeconstructiorirom alimited subset of Hadamard masks

Thepaperdescribes he sensorsdé design and results from
the operations and advantageshaf HTIS.

2. INTRODUCTION

The primary benefi of a Hadamard Transform Imaging SpectrometdflS) compared to a
dispersive spectrometere due to multiplexingndinclude

1 Fellgett'sadvantageg1] that results in increased sigratnoise ratio (SNR) and reduced
measurement uncertainty by exploiting multiple measurememsobfinknown of interest
1 Using a detector with lower dimensionality than the dataaretaptured

In addition, depending atime specific configuration, benefits of HTIS maglude

1 TheThroughput, or Jacquinotadvantag¢?] that allows more light to enter the spectrometer
due to the lack ofraentranceslit
1 Producing a broadband imagetbe scene simultaneousttee spectral cube

If compressive sensin@CS) s employedoy sampling only a limited subset of the Hadamard
masks then another advantage is thatver measuremengge requiredo recoverthe full image
cubeand acquisition the is reducedHowever datareconstructioffidelity depend on the number

of masks that are used
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2.1.Hadamard matrices and Smatri cesfor optical multiplexing

The HTIS, or anyxoded aperture spectrometeses a series of masks that block a portion of the
incoming light from reaching the detector while focusing the remaining light to the detector. The
masks can be placed at various locations in order to achieve different multiplexing effects. For
example placing the masks at the location of a real image is used for spatial multiplexing, and
placing the masks where wavelengths have been dispersed can be used for spectral multiplexing.

Multiplexing can be mathematically described as forming the set ofumeasnts by multiplying
a vector of the unknown quantities by a mattiwith a unique mask on each row

Y 4o
where¢ is the vector of unknowns of interest, afds the vector of multiplexed values. For
masks that either pass or block the light,heaalue in the matri¥ (the sampling weights) is
constrained to be either zero or okinder this constraint, traptimal mask pattern for minimizing
uncertainty isrepresented by aS-matrix, which is derived from a Hadamard matf8§. The
Hadamard matxi for measuring unknowns iré multiplexed measurements, , represerstthe
optimal mask patterns if values of +1, 0, ahdire allowedandmust satisfy the condition

- 1 1 - - -_”- ﬂ - ﬂ ﬂ - é E - - .
where E is the¢ ¢ identity matrix. This condition can be interpreted as requiring mutual

orthogonality of the masks combined with a normalizatidhereforemultiplicationby s is a
reversible transformatiomto a domain with basis vectors defined bg tows ofy . The S
matrix,-|| , isformed fromg by omitting the first row and first column and then changing all
+1 values to 0 and changing €ll values to +Xthe 0 values remain Q) The rows of an $natrix

are then pseudmndom sequences ia simplex code, and then$atrix is guaranteed to be
invertible[3]. In the context of this paper, multiplication #}y is alsoreferred to as the HTFor
some values af +1 more than one Hadamard matrix may gxiad therefore multiple-Biatrices

of order¢ will exist.

Figurel. A 127x127 cyclic Snatrix; inset shows small subseblack corresponds to 1 and
white to Q

A cyclic Smatrix is an Smnatrix where each row is formed by shifting the previous row one
position to the left, with the value at the-faft cycling to the faright position. An example of
an order 127 cyclic -#atrix is shown irFigurel. In optics applications, cyclic-Biatricesare
frequently usedecause tby allow a single extended mask to be displaced in order to form the
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entire mask set. Cyclic-®atriceshave the additional property thée pseuderandom sequence

varies slowly and smoothly across masKhis property in turn results in measurement sets that
vary smoothly across the mask set, as opposed to containing sharp local minima and maxima. This
is advantageous for Clsecauset reduces the likelihood of missing a data point that differs
drastically from the local mean when sampling only a subset of masks

2.2. Compressive Sensing

In recent years, CS has emerged as a framework that can significantg thd acquisition cost
at a sensofd]. CS builds on the work of Candés, Romberg, and[$aand Donohd6], who
showed that a signathich can be compressed using classical methsadsh as transform coding
can also be efficiently acquiretsinga small set of no@adaptive, linear, and usually randomized
measurements.

Various groups have produced functional imaging systems based. &af$a has developed a
system based on dual disperbased optical design, DMBenerated mask pattern using Cyclic
S-matrix, 3D measurement output cube generated from full DMD mask pattern, and reconstruction
technique using least square inversion alicyS-matrix [7]. Duke University has developed the
single dispersdased coded aperture snapshot spectral imager (SDCPSSI)t is based on

single dispersebased optical design, lithograpaily fixed random mask pattern, 2D snapshot
measurement output using CS technique (typical imaging spectrometer produces 3D measurement
cube), and CS based sparse reconstruction technidwey also reported the difference between
single disperser (SEased system and dual disperser (Eaked system, for example, $Bsed
system shows better spectral fidelity, while bBsed system shows better spatial fidelRice
University has developed a single pixel camera to demonstrate the concept of comperssing

[9]. The camera system is not a spectrometer and employs a DMD array to optically calculate
linear projections of the scene onto psetaltdom binary patternslhe system obtains an image

or video with a single det&on element (the "single pixel") while measuring the scene fewer times
than the number dhe full imagepixels.

A fundamental difference between CS and classical sampling ismithod of signal
reconstructioni.e., the problem akconstructinghequantities of interedrom the measurements.
In the classical samplingramework, signal recovery is achieved througlt sinterpolatio® a
linear processvith minimal computational requiremenégd a simple interpretation. In CS,
however, signaleconstrgtionis nonlinear and relatively expensjyaaking use obptimization
based or iterative algorithnid] [5] [6] [10] [11] [12]. Most research in C® datehas focused
on analyzing thepecificconditions under which suekconstructioms possible andn improving
the speed and accuracy of this process.

However,in many signal processing applicatipagnalreconstructions not actually necessary.
Often one is only interested in extracting certain information fiteemeasurementsuch as in a
detecton/classification application One approach is to reconstruct tha#l signal from the
compressive measurements and t@etnact the desired information usitrgditional techniques
This approach ifrequentlysuboptimalfor both accuracy and efficiency

In many cases it is possiblegwtract the desired informatialirectly in the measurement domain.
This idea was initially explored in the context of detection and classificgt®jrj14] [15] [16].
The main messagein this literature is that, genehal the optimal strategy for solving
detection/classification problems is kyorking directly with the compressive measurements
rather thamaivdy reconstructing the original signal and applying traditional methods.

Page|3



2.3. Objectives and paper outline

We have explored two types of Hadamard Transform Imagpegtrometers; the first is a sldss

VNIR imagng spectrometewith spatial encodingand the second is a shasedSWIR imaging
spectrometer with spectral encoding. Both sensors use the Texas Instruments Digitairhicro
Device (DMD) for the signal encoding. The VNIR sensor uses a 2D CMOSa#onzapture the

data over the 400 to 1,000n range, while the SWIR sensor uses a linear extended InGaAs array
to capture the data over the 1,000 to 2,500 nm. Both sensors are described i3S&¢eaiso
demonstrate@€S andarget detectiom the compressive domaiwhich isdescribed in Sectio.
Target pectral signatures wespecified inthe compressive domairDetection was then carried

out in that domain, eliminating the need to reconstruct the spectral scene

3. SYSTEM DESIGN APPROACH & RESULTS
3.1. VNIR Breadboard Slit-less Offnerwith Spatial ScanningEncoding

To test the concept of HTJ& benchtop deviceas constructeth whichaDMD provides spatial
multiplexing of the scene.The systemshown inFigure 2 andFigure 3, operates in the VNIR
range and uses a CMOS camera. The Offner spectrometer in the systenblagzesl convex
grating that produces high diffraction efficiencyhe system was assembled such thaDMD

and the camera locations can be adjusted for focus, tipftitt rotation toachieveoptimal
alignment Since the DMD mirrors are larger than t680OS pixels by a factor of 6.22X, we
mod el t he sensor withatare Sesto theesameGikeGS thepDMrers s 0
Each DMDcolumncan be considered tepresent a spectrometatranceslit and the mirror size
determines the spatial andesgral resolution of the systenihe entire DMD can be considered
as multiple contiguousntrance slits to the spectrometer. While these slits are not located on the
optical axis of the spectrometer, the system still functions, with low aberrafibespectrometer
serves asraOffner in conventional pushroom type hyperspectral sensors.

Spatial
encoding

Figure2. In the spatial encoding HT|8e DMD is placed at the image plane of the fopéics,
which isalsothe entrance plane of an Offner spectrometer; a 2D CMOS camera is located at the
Offner image plane.
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Figure3. Opto-mechanical fixture design.

For test purposes, wauilt a spatialspectral targeboard made of several colored LEDs and
broadband incandescdtashlightbulb. The sensor in front of the target board is showFigare

4. The collecting lens forms an image onto the DMD, which is used to sedabset oimage
columrsthat serve asawideent r ance sl it o f ospectrbllgdespeSdstha er .
incoming signabver the 2D CMOS camergust like in a conventional pudtroom sensorThe
resulting image on the CMOS camera is a convolved mix of sysqigitral data, with light from

each active column in the DMD disperdegaised about thphysical |aation. Light from two
different iDMD s | iin thedscene at two different wavelengths can endnupverlapping
dispersionatthefocal plane arrayHPA).

Fig. The sensor aligned with the target board, and costfoware for the DMD and
camera image capture.

I f the individual columns of tHheolMdD fasdi aant, i
slices of the scene are sequentially projected into the Offner, which disperses the full spectrum of
that column Figure5 andFigure6 each show apatials pect r al afis magésel igadOMD
or column of colored LEDgproduced by activating a narrow columntbe DMD). The image

shows the dispersion including the zerotf, and 29 orders. In Figure 5, the righhand LED

column of the target boais visible.Figure6 shows themage of the center columof LEDs. As
theactiveDMD column shifs (pushbroom fashion)a full image cube is constructe@perating

the sensor in this manner, however, does not produce any benefit over a traditioriabpuosh
spectrometer.
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Figure5. Animage ofthe righthandcolumn of LEDstarget board (rightprojected by the
DMD, via the Offneronto the FPAleft) (numbers correspond to pixel position from lefso
showing thediffraction orders at the tQp

Green (525nm)
912

——————

-
— Yellow (595nm)

Figure6. An image of the center column of LEDs projected by the DMD onto the FPA
(numbers correspond to pixel position from left).

For use as a-bHDloMO thmaes kAipwesh i s replaced by
corresponds to one row in a cyclieng&trix, with all mirrors in a column being actuated together
(forming an BEammasksimaltaneaudlyiptojéc)s multiple columns of the scene
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into the Offner and thus produces higher signal le\fdett's advantagat the camera, but also
producng overlapping spectra. This allows the use of shorter integration times and reduces the
total time required to capture the entire scene.

An example cyclic Snatrix is shown inFigure 7Figure 1 on the left. Thewhite portions

correspond to zero values, and thlack areas to onesFigure7 on the right shows the DMD
pattern that corresponds to one specific mask (shown as the redline avextriitlt The pattern
on the right side of the figure, shifts to the left horizontally as-8egpiential masks are applied.

Figure7. A series of masks is generated from the rows of the Cychiat@ix (left); at any one
time, all the rows of the DMD display the same patfegit).

The measurement and reconstruction processes of the spaiiétal encoding HTIS are
illustrated here using a synthetic scene that mimics our target lasatthwn inFigure8. This
scene nmics LED lamps that are spatially separatedd, Yellow, Blue, Green, NIR, Vite) in
either the purespatial axis (vertical) or the spatsppectral mixed axis (horizontal).

Spectral Signatures

"

. VAN A —
\ /o e
2o L\ \\ // \\
”j N |
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Yellow

wavelength (nm)

Figure8. Synthetic scene for illustrating the measurement and reconstruction process. The NIR
source is shown here as gray ¢ompleteness but lies outside of the spectral range of an RGB

camera.
When this synthetic scene image i s fAprojected
an image is formed with fAdarko | ines wilegre t hi

where the mirrors are in the ON position. This spatial encoding is illustraiEggure9. As the
set of Hadamard masks are cycled over, the spatial encoding pattern is shifted horizontally.
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Figure9. One Hadamard mask applied to a scene of localized sources (LEDs) creates a spatially
encoded pigern. The NIR source is not shown in these RGB images.

After the DMD, the Offner disperses the spatially encoded scene onto the FPA. The system is
aligned to capture the®*order diffraction on the FPA over the full wavelength range. Both the
positionand the wavelength of the lights therefore affect where specific sources are imaged onto
the FPA. The dispersion can be cons-+eatteonr ed a
of a hyperspectral image cube. This process is illustratétgure10. The Offner dispersion
corresponds to shifting the imagesthe right by0.2 pixel/nm, with the minimum wavelength

(400 nm) being unshifted.

In this example, five of the sources have narrow spectra and, while shifted according to their central
wavelength, experience only minor stretching in the dispersion (horizontal) direcibe
broadband source, in contrast, is significantly elongated in the horizontal directiedispersed

image of thavhite LED overlaps with the red LEilhage Un-mixing this spatiakpectral overlap

to reconstruct the sceimethe key feature of thHTIS.

Spemrometel> -

FigurelO. Dispersion, or shearing, of the spatially encoded scene onto the FPA. The NIR
source is not shown in the left (RGB) image, but it is visible in the right image that represents the
FPA.

A target scene has 3 dimensioasssg and o. When acquiring the s
set is instead a cube with ax@sorresponding to the spatigppectral (convolvedyl ) direction,0

in the pure spatial verticaky direction, anda in the mask number directionThe image
reconstruction procesaust transform th&hhi data cube into a standadgtkch_ hyperspectral

cube and is illustrated fRigurell. No modification is needed in tlhe wdirection, so each -

"Qplane in the data cube can be treated independently. First, the inverse Hadamard transform is
applied. Eaclé -'Qplane is pe-multiplied by he inversef thecyclic Smatrix, reconstructing the

correspondings>"Qplanes
ks A ks

where||- is the matrix representing tf&h plane of the data cube, and the subscripts indicate axes
of that plane. If only a past set of masks are measured in a CS scheme, them&gulane can
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be reconstructed using optimization or iterative CS methods. The reconstruction fidelity depends
on the fraction of Hadamard masks that are used in the capture.

The cube resulting fronthe inverse Hadamard transforsstill shearegwith mixing of spatial

and spectral informationHowever, with thewandQvalues known at each position in the cube,

the corresponding value of & can be calcul at e
_ Q wjQ _h

whereQis the dispersion constant (0.2 pixel/nm in the present system) aadhe wavelength

corresponding to zero shift (4@@n). For eachwQplane wis a constant, so this can be

implemented by shifting the individual planes by an amouiin the Qdirection, and théQaxis

then becomes the & axis, completing the recon

no noise we recover the exact spatial/spectral patterns that were sHeigure8.

& -

Inverse S matrix FPA Image stack Reconstructed but sheared on x-A plane
ﬂ Unshear
. Spectral Signatures ,
AV
Spectra RGB image of scene

Reconstructed Cube

Figurell Image reconstruction process.

The spatiakspectral reconstruction of a target board s@aptured by the HTI& summarized in
Figurel2. The center image is a psetid@B image formed by overlaying threeoplanes from

the reconstructed cube centered at the wavelengths of the red, green, and blue LEDs. -The right
hand imag was taken with a consumer RGB camera and shows the arrangement of the LEDs, but
is off axis so the spatial positions of the LEDs are not expected to match exactly. The reconstructed
spectra of the various LEDs and incandescent lamp are shown in tleedigwell.

The signatures of the LEDs were also measured by an Ocean Optics (OO) spectrometer, as shown
in Figurel3. After proper scaling the HTIS and OO signagtyrincluding the shapes of the peaks,
match very well, with a slight misalignment in the wavelength calibrations. "freedr peaks

do not match because the two spectrometers use different diffraction gratings.
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Figurel2. The targeboard(centerright) andthree wavelengths die reconstructed
spatial/spectral scene (centav)th spectral profiles of several of the sourcethe scene
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Figurel3. LED spectraas measured by th¢T1S andindependently by an Ocean Optics
spectrometefshowing Btand 2d order)
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3.2. SWIR Sensor Systenwith Spectral Encoding/ Scanning

In the SWIR(1,000 to 2,500hm), the reducedletectordimensionalitythatis enabled byHT
multiplexing allows an imaging speotneter to be constructed whéeoiding the use ohvery
expensive FPA. SWIR pudiroom type hyperspectral sensors typically require the use of
HgCdTe (MCT) or InSb FPAswith one dimension of the FPA mapping to wavelength and the
other mapping tespatial location along the entrance.sIMCT FPAs are very expensive and
require cryogenic cooling using Stirling cryocoolers or liquid nitrogernp)LMSb FPAs may be

less expensive, but they are sensitive to radiation up to about 5.5um. At wawvekngte about

2 um the blackbody radiation of a 300K enclosure begins to compete with the dispersed scene
radiation, and that background signal can saturate the detector or produce very high signal and the
associated shot noise with it. To solve thabfgm with an InSkbased system, expense is added

by the desigmf a good radiation shield and the use very efficientotitilters.

Extended InGaAs linear arrays also exigth sensitivity up to 2.¢um. They have the advantage

of not being sensitivabove that wavelength and, therefore, not suffering significantly from the
thermal 300K background radiation. InGaAs also does not need to be cooled to cryogenic
temperatures A two- or threestage thermoelectric cool€FEC) can provide adequate codiin

InGaAs linear arrays, combined wiHhiT, present the opportunity for a lower cost solution for
SWIR hypespectral imaging.On the other hand, the current generation of extended InGaAs
detectors are known to be quite noisgd to exhibit relatively higdark current even if cooled by

a TEC,though perhaps further technology development will alleviate this issue in the fltuse.
required multiple samples to be acquired and averaged for each measurement, which increased
acquisition times.

In selectinga linear arrayjt was decided to align the array with an entrance slit to resolve one
spatial dimension and to use the DMD and HT to multiplex the spectral dimension. The second
spatial dimension is captured by scanning the slit across the screerglassicalpuskbroom
spectrometers.

The optical layout of the system is showrFFigure14, while the principle of operations is shown

in Figurel5. The figure illustrates the placement of the DMD in the optical system in a diagonal
pattern; this is because the DMD misare hinged over their diagonal and can rotate only +12°
from their unpowered positionThe need t@rientthe DMD on diagonaly results inthe vertical
dimensionof the DMD not covang the entirdength of theslit or InGaAs array.In addition, the

ideal locations for the two Offnergould require the spherical mirror sections to overldps is
accommodatedly removinga portion of the spherical mir®to avoid interferencewhich does

not significantly affect the signal because of the limited DMD height
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Dispersing Offnel Combining Offne

Figurel5. Schematic of the HTIS systel) 14 mm long entrance sli{2) dispersing Offner
spectrometer(3) DMD, (4) recombining Offner spectrometés) SWIR linear array with 256
pixels (50um x 250um). The color bars over the DMD represent the dispersion from 1,000nm to
2,500nm. The actual DMD is shown on the left.

Figure 15 shows the sequence of the process inside of the HTI®. sifjnal enteren the right

through a slit like a conventional pubhoom sensor. The first Offner sperheter disperses the

full spectrum of the incoming light onto the DMD. The DMD can selectively send any number of
the spectral bands into the second Offner spe
recombines the bands to form an image ofd@hance slit containing only the selected bands.

That wavelengtHiltered image of the slit is projected onto an extendedg&utoff) InGaAs

linear array. The InGaAs linear array is cooled to as lowd@3C to reduce the dark current by

using an gternal TEC in addition to the twstage TEC incorporated into the detector packaging.

The complete HTIS instrument is shown as a 3D CAD model and the actual hardWweayerén

16. A telecentric, apa@hromatic front lens is used with the system.
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Figurel6. The HTIS mounted on OKSI&6s pan/til
A series ofHT maskscorresponding to a cyclic-@atrix, aspreviously showrnn Figure7, are
usedfor selecting spectral bantisat are ecombined onto the linear arragach HTmaskadmits
€ pJcg, orjust oves0%, of thespectralbands significantlyimproving the SNR compared

with dispersive systemsIhe bands that are not admittedrafiected into a beam dump typical
cyclic Smatrix for this sensois of ordere = 167. If all ¢ masks areneasuredthe individual
spectralbandsat a pixelcan be recastructedwith high fidelity (subject only to SNR)y pre-
multiplying the datavector at that pixdby the inverse of the cyclic-®atrix

N4 nh
wherer) is the vector representing data at b pixel and the subscript indicatiéshe data is
indexed by HT mask numbei § or by wavelengthg).

Data can also be acquired in a CS schasiieg only a partial set of HT mask%his educs the
time required to acquire an image of the scé&meexchange for reduced fidelity in the
reconstruction Reconstructinghe spectralbandsfor CS requiresan optimization or iterative
technique, andhe fidelity of the recovered spectra depend®aththe SNR and on the number
of masksacquired

The HTISis operated by first applying a HT mask to the DMDsiAgle or multiplgto improve
SNR)snapshots of the signate then captured withpae-determined integration time. Text
HT mask isthenloaded onto the DMPandthe capture process is repeatethis sequences
repeated untitlataarecaptured for each dhe desired masksThe sensor (mounted on a rotation
stage)thenpans to te next spatial locatioand the cycle is repeatddst like astandardoush
broom sensor.

An example of sensatatais shown inFigurel7. A target board is showaitheleftwi t h a A whi t
referencaeflectance targednd multiple objects that exhibit spectral features in the SWIR. The
signal captured by the linear detector the full set of HT masks(107 in this caseand after
reconstruction are shown the middle. The two bright regions between pixels 95 and 110 are

bright reflections from aluminum foil pané broadband image of the scene is showtharight.
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Figurel?. Target board (left), measured sensor datheraw HT and wavelength domains
(center) and a spatial image of the scene (right).

Figure 18 showsthe average sign&in counts)measuredor each object type irhe scendrom

the same data collectioOn the left side, the measurements are shown in the Hadamard domain,
while in the right side the reconstructions in the speotralavelengttdomain are shown. In the
Hadamard domain, all of the measurement cushesv a trend of lower values in the lower half

of the mask set, with higher values in the upper half. The appearance of this trend across all
materials suggests that it indicates something abourtrtittance spectrum for the scene and the
overall gainof the sensor. fiere is &0 anotable similarity in the shapes of the curves for the blue
and red lids, though #ir mean values are different. This similarity is reasonable because both
lids are made from the same type of plastic, just with differesiibiei band coloring. The yellow
plastic also appears to share some features with the two lids.

On the spectral side]laf the reconstructions show a local minimumsignal levelat about

1,400nm and peak counts at aroun@@0nm. As with theHadamard domainhe presence of
thesefeature in all otthe signals suggests that they are due to the scene irradiance and the sensor
gain. All of the plastic materials, and none of the-pona st i ¢ s, show a <cl ear
about1,700nm. Convesion from sensor counts in the spectral domain to radiance units requires
only applying the calibration of the sensor, as with any other imaging spectrometer.

Overall, these results show that the SWIR HTIS with spectral encoding is able to measure the
spectral scenes with resolution comparable to a conventional imaging spectrometer.
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