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The Spectral Imaging Problem

» Push broom spectral imaging: Expensive, low sensing speed, senses
N x N x L voxels =

e [ 244 band

Spectrafora
single pixel

Reflectance
Spatial dimension

Wavelength

» Optical Filters; Sequential sensing of N x N x L voxels; limited by number
of colors




Why is this Important?

» Remote sensing and surveillance in the Visible, NIR, SWIR

Visible

» Medical imaging and other applications



Remarkable Compressive Spectral Imaging Arquitecture

» Coded aperture-based compressive spectral imager (CASSI)
» High compression ratio (Bands:1)
» High fidelity hyperspectral reconstructions
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Compressive Sensing Fundamentals

CS was introduced by Donoho!, Candés!, Tao, Romberg...

» Measurements are given by g = ®f

g b

_ o
e

f

» A sparse solution @ is recovered from g by solving the inverse
problem

6= min 0] st. g=®V6.

T Donoho. IEEE Trans. on Information Theory. December 2006. (=)
iCandés, Romberg and Tao. IEEE Trans. on Information Theory. April 2006. ()



Compressive Measurements

Datacube Compressive Measurements

ALY g — dVO +w

Underdetermined system of equations

£ = w{min g~ 26, + 7]6]1}



CASSI: Principles of Operation
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CASSI: Sensing+Compressive System

Output of
Complete CASSlin
Data Cube Dispersive element front of the
Code aperture  operation detector

inside of DMD
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Undetermined system of equations: N x M x L Unknowns and
N(M + L — 1) Equations.



CASSI: Computational Model

A single shot compressive measurement across the FPA:

nm ~ Z i(n+m)m z (n+m) + Wip

» Fisthe N x M x L datacube
» T is the binary code aperture
> w is the sensing noise

In vector form, the FPA measurement can be written as

g=Hf+w

» H accounts for the coded aperture and the dispersive element.



CASSI: Multishot Matrix Model

Dispersive element Output of

Code
aperture

0
Complete gl HO
data cube g H 1
— ] f,
k—1
g Hy_,

g=Hf He{0,1}

» Multi-shot coding done by using multiple coded apertures or a
Digital-Micromirror-Device (DMD)



CASSI: Forward Operator H

N°L

Code
Aperture

» Data cube:
N x N x L v

Spectral bands: L

v

v

Spatial resolution:
N x N

» Sensor size —
Nx(N+L-1)

> V =NN+L-1)




Performance of Different Coded Apertures
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Reconstructions
Original Boolean Unsigned grayscale

% 4

Hadamard Signed grayscale



Broad Family of Coded Apertures

(c) Super-resolution

(d) Colored



Coded Apertures for Spectral Selectivity

488/ 497 506 515 524 533 542 551 560 569 578 587|596 605 614 623 632 641

Lo e e e e
(Top-left) The desired image. Reconstructions: (Top-right) random codes

(26.92 dB), (Middle-left) selective codes (31.02 dB). (Middle-right) Spectral

selective coded aperture. (Bottom) Wavelengths of desired bands.



Coded Apertures for Super-Resolution

Band =3 CASSI Shots=24 Band =3 SR-CASSI  Shots=192

(Left) CASSI reconstruction (Right) Super-resolved reconstruction



Colored Coded Aperture Spectral Imaging

Patterned coating combines micro-lithography with optical coating
technology.

> Precision patterned coating and patterns

» Sub-pixel alignment accuracy By /
» Ultraviolet, visible, NIR, SWIR B o
> Multi-filter arrays on monolithic substrates

rn:nﬁ".’f"?f Coa!in)g B b

MSI - Patterned Optical Filters.
5nm Bandpasses




Colored coded aperture model

Colored coded
aperture

T(xy)  @ER T(xy,0) Mea

A7l

» Colored coded aperture is a color filter array
» Each entry is a wavelength selective color filter
» 3D Mask model has the same dimensions than the objective discrete data cube

High-Pass Filter Band-Pass Filter All-Stop Filter
W W P | P
Low-Pass Filter Band-Stop Filter All-Pass Filter

# fw | 0 @ | 9 A




Linear dispersion and focal plane array integration

Linear shifting operation
Encoded and shifted

ata
fa(x,y,2)

Underlying data cube 3D mask model Encoded data
fo(x,7,) T(x,y,A) f1(x,y,4)

&7

Focal plane array (FPA) projections
Encoded and shifted Projection

ata
fa(x,y,4)

The number of pixels of the FPA
detector is

N(N + L — 1) < N2L (size
of the spectral data cube)



Random Boolean Code

Original Slice




4 Colors Random Code

Original Slice




Restricted Isometry Property of Colored CASSI

A=HV¥, f=%¥9 V=Wgw?P
Definition
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Results: LH-Colored Coded Aperture
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A geometric interpretation of the colored coded apertures for LH-Colored filters
(3 shots).




Results: B-Colored Coded Aperture
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Geometric interpretation of colored coded apertures for B-filters (3 shots)
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Data Base:
» 16 channels

» 461-596nm

> 256 x 256
pixels




Reconstruction From B-Colored Coded Apertures
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Real Design and Fabrication

Radom distribution

» Fabrication

113.68ym

13.68 um

Wafer with 210 Each pattern has a different Each distribution has realizations Pixel pitch of
patterns entries distribution of LP, HP, or block filters 13.68 um



CCA Fabrication (Pixelteq Corp.)

> Eagle XG substrate with 1.1 mm thickness
» Each pattern has 256 x256 pixels with 20um pitch

» Sharp-transition low pass and high pass filters

113 .68um
13.68 um

0 OS08) ]
141 ¢ |

CLTET L]
. L
Wafer with 210 Each pattern has a different Each distribution has realizations Pixel pitch of
patterns entries distribution of LP, HP, or block filters 13.68 um

» LP transmittance: 93% in 350-450 nm,
and 0.25% in 560-750 nm.

» HP transmittance: 0.04% in 350-450 nm,
and 96% in 560-750 nm.

% Transmittance
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LP and HP Filter Transmittance

LP filter
HP filter
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wavelength
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Analysis of the CCA
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(a) 1 pattern FRONT side

(b) 2" pattern FRONT side

2 AN
(c) 3" pattern FRONT side




CCA-based CASSI System Testbed

Objective Lens

Leica COLORPLAN-P2

CCA 256 x 256 pix., 20 um
Prism Double Amici prism
Sensor Bobcat B2021 (2048 x 2048 pix., 7.4 um)

Attainable resolution

256 x 256 x 11




Preliminar Results: K = 1,6, 11 Random Snapshots
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CSI Extensions

Compressive Spectral 4+ Polarization Imaging

Compressive Imaging with Rotating Polar Coded Apertures
Compressive Spectral Imaging + Side Information
Compressive Spectral 4 Integral Imaging

Compressive Spectral + 3D ranging (Time-of-Flight Imaging)



Compressive Spectral +
Polarization Imaging

Thru a Standard Lens Thru a Polarized Lens




Compressive Spectral+-Polarization Imaging

» Spectral imaging provides a spectral profile of targets.

Spectrafora 7 Imageata

single pixel single wavelength

Reflectance
Spatial dimension

Wavelength Spatial dimension

» Polarization imaging provides surface information of targets,
such as smoothness and orientation.




Stokes Parameters and Polarization Intensity

Iy is the intensity of 0° linear polarization. Ij.¢; and Ipign:
represent the intensity of left and right handed polarization.

S3

So = Io + Igo = 145 + L135 715
S1=1Io — Igo /\
s

So = Iys — I35

2

83 = Inighs — Lieft

Sy
From the Stokes parameters, we calculate the degree of linear
polarization and angle of polarization:!

1
AoP = a8 tan(gj)



pectro-Polarimetric Pixelated Technology




Proposed Imaging System

» Detector with spectral and
polarization filtering.

» Rotation of the dispersive element
enables multiple snapshots.

Target Imaging Dispersive  Pixelated Colored

Scene Lens Element Polarizer ~ Detector
4

v,

Polarized
glasses

Polarized
sword

Polarized
pants

Objective
lens

Micro-polarizer
array

Prism

Relay lens CCD detector




Reconstruction Results with 4 snapshots

» 3 Stokes image planes (Sp, S1, S2) are reconstructed

» 8 spectral bands are reconstructed. (Shown: 505, 540, 580, 625 nm).
» Degree of linear polarization (DoLP) and angle of polarization (AoP).




Compressive Spectral Imaging
with Polar Coded Apertures




Polar Coded Aperture on Spinning Munitions

» Given the natural spin of munitions, spatial coding via a
rotating polar coded aperture.

» Spectral modulation via a circular variable filter (CVF) 2.

Ouitput Light

N Input Light
% +
Amin
Amax
-



Polar Coded Aperture Compressive Spectral Imager

» Polar coded aperture combined with a CVF.
» Low resolution focal plane array (FPA).

» Imager rotating with the munition spin.

Object Objective Polar coded Polar  Imaging Focal Plane
data cube lens aperture color filter lens Array

« A=

(T 7T 77777
L T T 777777

fp, e, 2F  Gmni

Rotating compressive polar coded aperture spectral imaging system.




System Forward Model

Data cube Polar coded Polar Spatial and spectral Detector
Sorie aperture  color filter Coded Data cube Integration

“
|

w G

FPA
Measurements

1% spectral band 2" spectral band
| L

1string 2™ ring
f

31 ring

- 1% ring

P 2M ring

» P: Spatial and spectral modulation.
» W: Rectangular to polar pixel transformation.
» System forward matrix: H = WP.




Imaging System Optimization
» Coded aperture geometry design.

Spokes/Rings=1 Spokes/Rings=4 2-sections

» CVF bandwidth analvsis. » Aperture optimization.

wf

——32 spectral bands reconstructions |
——-16 spectral bands reconstructions
———8 spectral bands reconstructions

3/

PSNR

Eils o/ ]

5L
0




Polar Coded Aperture Fabrication

144 Aperture Code Patterns
Each contains 1282 pixels

C N I A

Optimized Mi}:roscope zoomed \)



Laboratory Implementation

» Target Rotation instead of imager rotation.
» CVF emulated through a set of bandpass filters.
» Sensor measurements are grouped into 32x32.

Objective Polar coded Relay
lens mask lens

Camera




Laboratory Measurements and Spectral Reconstructions
» 64 shots are captured in a 27 rotation (75% compression).

Spectral signature of two image points

—— Measurement of a Spectrometer
Random Reconstruction

981 ——-Optimized Reconstruction
I

Intensity

n g ; : ; . . . .
e H LABV 480 500 520 540 560 580 BOD G20 64D GED
Wavelengths




Laboratory Reconstruction

» 16 spectral bands are reconstructed (9 are shown).




Compressive Spectral Imaging
with Side Information

Compressive Side- Info
Measurement



CSI + Side Information System Design

Low-resolution
Imaging

A " lens
Dispersive

Imaging element

Aperture Code lens

T(x,y)

Beam splitter

Coating
Object, lens

data cube
] I -

‘ Imaging
ﬁ)(x’yal lens

Detector 257

Imaging

Side Information to
improve reconstruction




CSI vs CSI+Side Information

CASSI

PSNR: 23.7514 dB PSNR: 23.859 dB

504 nm

<Y
™ ‘.

-1 A
N - !‘ >

: \
# ) ;’,‘.‘E.. '

CASSI with RGB
Side Information

PSNR: 36.0945 dB ; PSNR: 31.1609 dB

» Improvement of around 10 dBs.



Reconstruction Process

Optimization Problem
CASSI System:

£ = w{argming||ly —H¥O||>-+7|10]]1}

) CASSI System + RGB Side Information:
> 0 is an S-sparse

representation of f y H
L g A YR R f
> 7 is a regularization 4 5
constant ¥e B
> U =1, QW,

» WUy is a 2D-Wavelet
Symmlet 8 basis
» W, is the 1D-Discrete
Cosine Transform
» GPSR algorithm is used to
obtain the reconstructions




Simulations results

> Test data cube F: 128 x 128 x 8
» Reconstruction algorithm: GPSR
» Coded apertures T' = 0.25

Low transmittance in borders

RGB image Random Coded Aperture

High transmittance in borders



Spatial Reconstruction

- 2 L.

B “ n\ “
-..‘ g g ' Psﬂ.

i
J

469 nm  21.9381dB 485 nm 241318 dB 555 nm = 21.3727 dB 584nm = 20.0816 dB

o %

1"*8

469 nm  23.9412dB 485 nm  27.5837 dB 555 nm  23.2252 dB 584 nm  21.4768 dB

W L%

SESE Y FRER

al bands

I-?andom Coded

Designed Coded




Spectral Reconstruction

PSNR [dB]

—%- Random coded aperture
—6—Designed coded aperture

1 2 3 4 5 6 7
Spectral bands

—&~ Original signature
—#- Random coded aperture
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Intensity
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Experimental results

v

v

v

v

Test data cube F: 128 x 128 x 10
DMD A. = 13.68um.

CCD camera Ay = 6.45um.

Coded Aperture T: 128 x 128 pixels.

Target 1 Target 2 Target 3




Real Measurements and Reconstructions
RGB SHOT Random Coded aperture Designed Coded aperture

Random Coded
Aperture

Aperture

Designed Coded




Compressive Spectral +
Integral Imaging




Proposed System with Integral Imaging
» A micro-lens array captures different perspectives of the scene.
» Coded aperture spatially encodes 4D data cube.
> Relay lens transmits the array of coded light through the prism.
> Sensor captures 2D grayscale compressive measurements.

4D data Microlens

Prism

——— araay n
>
A 3 T ——

Depth Sl Coded Relay lens Detector plane
aperture

lll-posed reconstruction problem
» 4D image captured by 2D compressive random projections
> FPA pixels (~ K N?) < 4D Datacube voxels (N?DL)
» Compression ratio: DL : 1
> The system can be seen as a 2D array of CASSI systems



Simulations: 4D Datacube (1/2)

>

vyvyy

4D datacube captured in the lab to perform simulations.
A pinhole CCD camera was built to scan the scene along X-Y.
Two objects were used as the target, at distances of 210mm and 280mm.

Light at 11 wavelengths between 450-650 nm was used to illuminate the target.

Light
Source




Simulations: 4D Datacube (2/2)

» Elemental Images: 6 x 10 equally spaced by 2.5 mm vertically and horizontally
> Elemental Images size: 128 x 128 pixels (Final reconstruction size: 768 x 1280)
» The 11 spectral bands are mapped to RGB for illustration.

128




Simulations: Coded data and Measurements

Elemental Images in the coded aperture Compressive measurements

3

R 3 (2 B 4 N

4D data Microlens Pisn
—— ariay i

Depth slice Coned

Relay lens Detector plane

aperture



Simulation Results: Spectral Reconstruction (1/2)

The TwIST algorithm was used with total-variation penalty.
Results attained with 6 snapshots (~ 25% data).

11 spectral bands are shown for comparison.

Left object located at 210 mm, and right object at 280 mm.

490nm
i- chw s
'
510nm 530nm 550nm
Aw

v

v vy

450nm 490nm

N

530nm 550nm

ke (s £ he [
570nm 590nm 610nm 570nm 590nm 610nm
Ew Ee

As As

630nm g 2 = 210mm 630nm 650nm = 280mm

J. Bioucas-Dias, M. Figueiredo, “A new TwIST: two-step iterative shrinkage/thresholding algorithms for image

restoration", IEEE Transactions on Image Processing, (2007).



Simulation Results: Spectral Reconstruction (2/2)

1 2 —e—Reference
’/’ X -#=-1-shot
> 0.8t “ i 4-shot
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(a) Point A
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I
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550 600 650
Wavelength (nm)

(b) Point B



Simulation Results: Depth Reconstruction (1/2)

Display plane of Display plane of
Reconstructed Els the first object ' the second object
| (z=210mm) | (z=280mm)




Simulation Results: Depth Reconstruction (2/2)
» Comparison for (left) 6-shot estimation (right) original data

17
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Compressive
Spectral4 Time-of-Flight
Imaging

/

Light Pulse

Light reflection



Project Overview

RGB ToF NIR
Camera Camera lllumination

Laboratory 2
E

o =

° c

= Kinect =

g

I

10

550

500
450

400

Depth in millimeter 350 1 20 30 40 50
Width in millimeter



ToF-Sensor Operation

Emitted signal Received signal of
foreground reflection

Recgived signal of
. 5 background reflection

Amplitude

ime

0) (my2) (1) (3m/2)
9o 91 92 93

1 T
Imon = — / Afmndt = Afmon, (T = exposure, A = ambient light, f = reflectance)
T t=0

= l/ (A + Bcos(2mft + 0)) fm,ndt, (Add modulated light with phase )
T Ji=o

= %/ (A + Bcos(2mft + 0)) r(t) fm,ndt.(Gating function r(t) with duty cycle D)
t

=0
Dr
K K
= — / (A + Bcos(2mft + 0)) fm,ndt.(Integrating over one period)
T Ji=o

~ D fmn (A4 Bcos(d)) (Assuming a small D). 8



ToF Principles: Depth Estimation
» Solve for 6, collecting 4 images indexed by ¢ with a phase shift:

4
(@ D (44 Beos (5 +0) ) @)
> Define the difference of complements, gy 2 and g3 1, according to:
(90,2)m,n = (90)m,n ~ (92)m,n (93,1)771,71 = (93)m,n . (gl)mm
2D fr, n B cos = 2Df,, ,Bsinf

> Extract 6 by treating (¢go,2)m,n and (g3,1)m,» as quadrature components:

| tan—1<(93,1)mm>

(QO,Z)m,n

\ == 2D fr, nBsin 6
% ZELIN S NSO/

sin 6
NP [ .
< <cos€> (3)

th

> The depth value, at every (m,n)*" sensor pixel is given by:

c 0 ‘@

= WAt 5%7



ToF Principles: Amplitude Estimation

> Extract surface reflectance, fr, », by looking at the magnitude of the
quadrature components

V0t 0alon
Jmmn = 555 . (2DB is known) (5)

> Alternatively since (go)m,» and (g2)m, n are 180° out-of-phase, as are
(gl)m,n and (93)m,n:

m,n + m,n
NS, AN ANGE T L A, 5 D(QQ) . (6)




ToF ESPROS Sensor: QVGA Espros EPC660

> 320x 240 pixels
» 12 bit data output
» 8 NIR LEDs at 800nm

» Modulation frequencies:
0.625 to 20 MHz

> Resulting in Range: 240
to 7.5 meters s

» Sub-centimeter accuracy 0s

» Ambient light
measurement!

Relative sensitivity

400 500 600 700 800 900 1000
{2

Wavelength [nm]



ToF-Sensor Modes

Ambient Light

LED Amplitude

Depth Map

gl 3
Colored LED Amplitude

Point Cloud



Proposed ToF+Spectral Imager

NIR Modulated

Reflectance !
! 1

.
1

¥ i
Ambient light

Reflectance

DMD

i Relay Dispersive ToF
Blocking Lens Element Sensor

surface



ToF+Spectral Imager: Dual-shot Operation
» Compressive spectral imaging under ambient light reading
Shearing Integration
g(x,»)

Scene J Coding
Loy, ) [ ,4) HxyA)
=t —_ T(x,y) — L —

A4

N

\Svemra« =
» ToF under LED active illumination reading
Scene Coding Shearing Integration
f &) == S(x.y) S +8(4), ) gxy)
=t —_ T(xp) =L -




ToF+Spectral Imager: Reconstruction

Ambient Light Mode
» Measurement: Imn = El Xm,n,le,nflfm,nfl,l + Wmn
» Matrix model: g = PXTf = Hf = HV0 = Ad

> Reconstruction: f = W(argmin||g — A®||2 +7]|0'1)
9/

Modulated Light Mode
» Measurement: (g¢)mn = D fmn (A + Bcos (%ﬁ ') 9))

» Phase delay: § = tan™! <%)

» Depth Calculation: d;;, , = %%

2 2
1 A 3,1)im,n1(90,2)7m n
» Amplitude Calculation: fy,,, = V(g31) 2’DB( Jim,




First Prototype

\ " | objective |- “TREE (ED [
DMD | .| Lens ft . .| Array 4. .
SO /
, . . | Relay Amici TOF
. ., Lens Prism N Sensor |

vyvyyy

DMD resolution: 1024x768. ToF resolution: 320 x 240

DMD pixel: 13.68um. ToF pixel: 20um. (3:2 correspondence).
Dispersion between 471 - 776 nm onto 14 sensor pixels.

Final spectral cube resolution: 64 x 64 x 7



First Prototype: Target Scene

> Target scene used in the experiments.
» Larger or smaller FOV can be attained with different lens.



First Prototype: Compressive Measurements

Compressed projection
under grayscale mode.

Quadrature components under ToF
mode.



First Prototype RGB-mapped Reconstructions




First Prototype: ToF Depth Estimation

Amplitude

Depth Map
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ToF
Sensor

DMD resolution: 1024x768. ToF resolution: 320 x 240

DMD pixel: 13.68um. ToF pixel: 20um. (3:2 correspondence).
Dispersion between 486 - 766 nm onto 16 sensor pixels.

Final spectral cube resolution: 128 x 128 x 8

New objective lens with f = 50mm, FOV from 4° to 8°
Extended depth of field from 10 to around 20 centimeters.



Updated: Target Scene

» Scene placed at around 50 cm of the camera
» Three depth planes
» FOV of around 8 deg



Updated: Ambient Compressive Measurement

Measurement Scene 1

#

Compressed projection

under grayscale mode.

Quadrature compon
mode.

ents under ToF

Q>

91/96



Updated: RGB-mapped Reconstructions of Scene

Side: None K =2 Side: None K =4




Updated: ToF Depth Estimation Scene
Without Processing

Using the CWMF



Spectral Point Clouds
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