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Abstract 

We present the system integration and validation tests of a compressive Multi-Mission  

Electro-Optical Sensor (MMEOS). With the unique algorithm implementation, the sensor 

exhibits exceptional agility enabling both multispectral (MS) sensing for wide area situational 

awareness and hyperspectral (HS) sensing for target recognition and identification. The sensor 

enables seamless mission changes on-the-fly via only software configuration of the operational 

parameters such as spatial, spectral and temporal resolutions based on mission requirements.  

Keywords: compressed sensing, multispectral, hyperspectral, situational awareness, target 

recognition and identification, agility, electro-optical/Infrared. 

1. Introduction 

Hyperspectral imaging is quickly growing in importance for a variety of security situations. 

However, the practical use of hyperspectral imaging is yet limited in several aspects due to the 

difficulty to capture essentially four-dimensional data on a two-dimensional sensor. The 

bandwidth of the information that can be captured by the sensor, be stored and represented by 

digital data is determined by the number of sampling points and in conventional hyperspectral 

imaging in the regime of the Shannon-Nyquist sampling theorem. Further, in the case of moving 

object and/or moving sensor, we often require high frame rate video to effectively capture 

temporal features/characteristics of the scene. This transforms the problem to 4-dimentinal data 

capture in the case of hyperspectral video and requires a very high sampling rate for the scene on 

both the hardware as well as transmission and storage. As an illustration, a modest 1Kx1K 

spatial resolution at standard frame rate of 30 Hz for 1024 band hyperspectral video would 

require a data rate of 30 Giga samples per second (gsps).     

There is no off-the-shelf “hyperspectral sensor” to directly capture the 3D hyperspectral videos. 

In conventional methods, a one-dimensional or two-dimensional detector array needs to scan 

either in the spatial dimensions or in the spectral dimension to produce 3D hyperspectral data 

cube with differing, but significant compromise in temporal resolution below live video data rate 

of 30fps. Another limitation exists in the sensitivity of the sensors. With the conventional 

scanning methods, each element of the detector array receives the signal photons from one pixel 

of the image and within one spectral band. The signal to noise ratio reduces significantly with 

increasing image resolution, which requires longer integration time or a high sensitivity detector 

array in order to compensate. The first approach results in compromise in video frame rate while 

latter adds to the cost. This makes the whole data acquisition process time consuming, 

inefficient, and limiting in terms of size, weight, and power plus cost (SWaP-C). 

Even though the data sampling requirement for hyperspectral video capture are large at 30gsps, it 

is important to note that this data are highly correlated (redundant) in space, time and spectrum. 
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The true data rate requirement for the representation of this hyperspectral video data is much 

lower as is evidenced by the high compressibility of such video post-acquisition. The challenge 

is then to sample the scene more efficiently so that the redundancy in the measurements is 

minimized. Traditionally this has been achieved by reducing the sampling rate in space (spatial 

resolution), time (frame rate) or spectrum (band selection) depending on the need of the 

application or mission tasks. The sensors are thus developed for a specific mission profile such 

as a large format sensor for wide area reconnaissance, hyperspectral imager for home-made 

explosive (HME) device detection, and high-speed camera for target tracking applications. 

Compressive sensing provides an opportunity to design electro-optical/Infrared (EO/IR) sensors 

that hold out the promise to allow this trade between spectral, spatial, temporal resolution on the 

fly during data collection (sensing). When such a selection/adaptation can be made for selected 

high-resolution reconstruction of a spatial and spectral region of interest (ROI) determined from 

the content of the scene during data collection from a real-time reconstructed preview, it results 

in a powerful sensor with multi-mission capabilities. The objective of this paper is to explore and 

evaluate such compressive hyperspectral video sensor design.     

The overall motivation for the sensor development is to fulfill the following attributes:  

• “Sensor System” – The close integration of sensing and perception drives understanding of 

the world, which in turn drives further sensing. 

• “Adaptive Configurability” – The sensor hardware and software allow adaptation of sensing 

and/or perception parameters like spatial, temporal, spectral resolution, field of view and 

processing latency in real-time on-the-fly. 

• “Multi-Mission” – The adaptive configurability of the EO/IR compressive sensor system 

affords a capability to do more than just one task or mission, resembling much in the same sense 

as the human visual system that affords us, i.e., detection-of-"A", identification-of-"B", tracking-

of-"C", for over-watch and situational awareness, as schematically illustrated in Figure 1.  

 

Figure 1. Schematic illustration of the MMEOS system design mission  

In this paper, we present the details of the design, integration and tests of the electro-

optical/Infrared compressive sensor system with real-time adaptive configurability to address 

warfighter needs in challenging multiple-threat and multiple-mission environment.  
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2. MMEOS System Design 

The technical approach to the MMEOS system design is summarized in Table 1. Hyperspectral 

(HS) sensing is via a spectrometer with a 1-D linear sensor. Multispectral (MS) sensing is via  

processing the HS data & integrating multiple spectral data into a few selected image frames. 

There are two approaches to grayscale sensing, i.e., (1) integrating all the collected HS spectral 

data into one image frame or (2) using single pixel detector to directly acquire grayscale image 

data. Spectral fovea is post HS data processing.  Spatial fovea is via STOne
5
 (Sum-To-One) and 

fovea algorithms for data reconstruction.  Finally, the optional 2-D sensor is for ROI selection 

Table 1. Summary of the Technical Approach 

Functionality Application Approach 

Gray-scale sensing Fast situational awareness and 

target tracking 
Single pixel detector for data 

collection; STOne algorithm for 

data reconstruction. 

Hyperspectral (HS) & 

Multispectral (MS) sensing 
Target recognition and 

identification 
Spectrometer for HS data 

collection; detector pixel 

binning and STOne algorithm 

for HS/MS data reconstruction. 

Spatial fovea of region of 

interest (ROI)  
Target tracking STOne and fovea algorithms for 

data reconstruction 

Spectral fovea of region of 

interest (ROI)  
Target recognition and anomaly 

detection 
Detector pixel binning; STOne 

and fovea algorithms for data 

reconstruction 

High flexibility in data 

reconstruction for different 

missions/purposes 

One data set for multiple 

reconstructions (e.g., different 

spatial and spectral resolutions, 

and fovea reconstruction) 

STOne and fovea algorithms 

 

Table 2 illustrates the MMEOS system design specification. The table also includes the achieved 

specs. Figure 2 illustrates the schematic layout of the compressive MMEOS system design, 

where the dashed line enclosed area represents a spectrometer. It consists of two main optical 

sensing paths: a 1-D detector array based spectrometer, and a single pixel detector path, 

respectively, plus an optional passive 2-D detector array camera.  The optional 2-D camera is 

only for optical alignment assistance and complementary wide area monitoring, temporally 

employed only for bench top system testing and validation purpose but is not essential for the 

data acquisition and reconstruction. The spectrometer path is responsible for hyperspectral 

imaging and video data acquisition for target detection and identification.  The single pixel 

detector path is for grayscale compressive video and imaging with higher frame rate and 

sensitivity which is particularly suitable for imaging under low light level illumination condition 

and/or a fast moving target.  

The objective lens images the broad spectral band scene onto the digital mirror device (DMD) 

through a total internal reflection (TIR) prism. The DMD spatially codes the incoming scene 

with the STOne pattern.
1
 The coded light beam is split into three paths, i.e., the optional 2-D 
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camera, the single pixel detector, and the spectrometer path through an optical fiber. The grating 

in the spectrometer disperses the spatially coded broadband light into spectrally distributed sub-

beams which are then detected by the one dimensional (1-D) linear array with 12048 pixels to 

create up to 2048 hyperspectral bands.  The detector output pins are registered to the 

corresponding wavelengths (s). The data from the 1-D detector pins are then reconstructed to 

generate 4-dimensional (4-D) HS imagery data cube (x, y, , t). 

Table 2. MMEOS System Design Specs 

Parameter Target Achieved/Tested Remarks 

Spectrum (nm) 400 - 850 400 - 850 

Limited by Ocean-FX Spectrometer 

and TIR prism 

Spatial resolution 

11 to 

10241024 11 to 10241024 

Spatial foveal; limited by DMD 

memory & computation power of 

PC; 1024 under sampling rate 

Spectral resolution (nm) 0.8 - 450 nm 0.8 - 450 nm 

Spectral foveal; limited by slit width 

and sensitivity of silicon detector 

Frame rate (fps) 30 << 30 

L2 video preview in real-time or L1 

video dependent on spatial 

resolution and processor 

Field of view (deg) 12.6  12.6 12.1  12.1 

Measured value for near focus 

Theoretical value for nominal focus 

Size (Inch) 12"  8" 8" 18"12.5"9.5" 

Determined by the size of 

breadboard; Excluding PC 

Weight (Lb)  ~2   ~50 

Mainly from heavy breadboard and 

housing; Excluding PC 

Power consumption (W)  ≤ 55  ≤ 55 Excluding PC 

The objective lens is the Asahi Pentax Super Takumar 50mm F1.4 lens. The DMD is a V9501 

from Vialux, which is manufactured by Texas Instrument (TI). It has a resolution of 19201080, 

which extends the capability of displaying STOne modulation patterns with 10241024 pixels. 

The DMD package including the driver weighs 250gms  and consumes typically 0.2W. Table 3 

shows its specifications. The spectrometer is Ocean-FX from Ocean Optics, whose parameters 

are shown in Table 4.  

Figure 3 shows the Zemax simulation of the MMEOS sensor system based on the schematic 

design in Figure 2, where all the numerically labeled components are summarized in Table 5. 

The Zemax simulation indicates that the sensor system optical resolution is higher than the DMD 

pixel dimension (10.8 µm). The sensor system field of view (FOV) is calculated to be 12.6°  

12.6° using the format of STOne patterns on the DMD (1024 × 1024), DMD pixel size (10.8 

µm), and 50mm focal length of objective lens.   

The sensor detection sensitivity is analyzed based on the optical path throughput efficiency.  

According to the optical efficiency of all the involved optical components as listed in Table 5, 
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the efficiency of the spectrometer path before reaching the spectrometer is 18.5%, while the 

efficiency of the single pixel detector path before reaching the detector is 17.6%.  This means 

that both the 1-D detector array and the single pixel detector receive approximately the same 

amount of total incoming photons for a given exposure time.  However, in the spectrometer path, 

the entire visible waveband (400 - 700 nm) light spreads over 1,229 pixels in the 1-D detector 

array.  Each detector pixel in the 1-D array receives 1/1,229 of the incoming light fluence.  Thus 

its signal-to-noise ratio (SNR) is roughly 3 orders of magnitude lower than the single pixel 

detector path assuming that both the single pixel and array have about the same quantum 

efficiency and noise equivalent power (dark current). Effectively, the single pixel detector path 

has better sensitivity in low illumination detection. 

 

Figure 2. Schematic illustration of the compressive MMEOS sensor layout.   

Table 3. Key specifications of the DMD (V9501)  

Key Features V9501 Key Features V9501 

Micromirror Array Size 1920 x 1080 Layout XY Grid 

Micromirror Array Diagonal (inch) 0.95 On Board Memory 8 GB DDR3 

Micromirror Pixel Pitch (µm) 10.8 Binary Pattern Storage 31,086 

Maximum Binary Pattern/Second 17,857 Controller Interface USB 3.0 

Micromirror Tilt Angle (degrees) +/-12 Window Coating VIS/UV 

Table 4. Key specifications of the Ocean-FX spectrometer 

Item Parameter 

Spectral coverage (nm)  350 - 850 

Detector format 12048 

Scan rate (Hz)  4,500 

Equipped slit (m) 5 50 100  200  600 (no slit) 

Spectral resolution (nm) 0.8 2.2 4.1 8.1 24.4 
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Figure 3. Preliminary non sequential ray tracing Zemax simulation of the MMEOS sensor 

system.  

 

Table 5. Labeled optical components in the MMEOS sensor system 

Spectrometer Path Single Pixel Detector Patch 2-D Camera Path

Part 

# Component

Tsm 

(% )

Part 

# Component

Tspd 

(% )

Part 

# Component

Tspd 

(% ) Model #

    1 Objective lens 88%    1 Objective lens 88%    1 Objective lens 88%
Pentax 50mm F/1.4 Super 

Takumar Lens

    2 TIR prism 85%    2 TIR prism
85%

   2 TIR prism
85%

Ti Texas Instruments Minolta 

2506760-0001, 4" Prism Assembly 

TIR Projector

 3, 4 DMD and driver 68%  3, 4 DMD and driver
68%

 3, 

4 

DMD and 

driver 68%

Vialux Superspeed V-Module V-

9501 

    5 Achromatic lens 85%    5 Achromatic lens
85%

   5 Achromatic lens
85%

Thorlabs AC508-075-A-ML 

f=75.0 mm, Ø2" Achromatic 

Doublet, ARC: 400-700 nm

    6 Beam splitter #1 94%    6 Beam splitter #1
94%

   6 
Beam splitter 

#1 6%

0.7 mm thick glass, AR coating 

400-700 nm

   7 
2-D camera 

lens

Edmund Optics 59871 25mm C 

Series Fixed Focal Length Lens

   8 2-D camera
Point Grey Grasshopper3 GS3-U3-

41C6C 2048×2048 USB camera

    9 Beam splitter #2 48%    9 Beam splitter #2 48%
Thorlabs CCM1-BS013, 400-700 

nm, 50:50 beam splitter

 10, 

11 

Fiber collimating 

and coupling optics 
95% 25mm lens x2, iris 

  12 Optical fiber 92%
Ocean Optics QP600-025-VIS-NIR 

600 um Premium Fiber, VIS/NIR, 

25 cm

  13 Spectrometer
Ocean Optics Ocean-FX 

spectrometer Module

  14 Lens 90% 35 mm focal length; NBK glass.

  15 
Single pixel 

detector

Thorlabs PDA100A2 Si, 320-1100 

nm, 11 MHz BW, 75.4mm2, 

Switchable Gain

Throughput 18.5% Throughput 17.6% Throughput 2.6%  

 

(1) (2) 

(7-8) 

(10-12) 

(3-4) 

(5) 

(6) 

(9) 

(14) 

(15) 

(13) 
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3. Sensor Hardware Integration 

Figure 4(a) shows the picture of the integrated MMEOS sensor system package and Figure 4(b) 

shows the interior components of the packaged MMEOS system, respectively.  All the major 

components are numerically labeled (also seen in Table 5).  

   

(a) (b) 

Figure 4. (a) Photo picture of the integrated MMEOS sensor package and (b) the sensor interior 

components, respectively 

4. Algorithm and Software Implementation 

In the single pixel detection path, we have implemented the traditional Sum-To-One (STOne) 

transform
5
 based algorithms for L1- and L2-based reconstruction algorithms for compressive 

video reconstruction.  In the spectrometer detection path, the same algorithms are implemented 

to the 1-D detector pixels.  Each detector pixel corresponds to a spectral component and becomes 

its own single pixel camera that can be reconstructed independently or in various combinations 

of the other spectral channels. The binning at different levels on these pixels results in multi-

spectral and hyperspectral data with different spectral resolutions. In an extreme case, all the 

pixels are binned to become one for greyscale imagery reconstruction. A specific software 

program has been developed to bin the signals collected by the Ocean-FX spectrometer pixels at 

different resolutions as user desire.  Other binning combinations can span from traditional color 

camera such as red, green and blue (RGB) to multispectral to the full hyperspectral resolution of 

the detector. The tradeoff of going to more spectral channels is a decrease in signal to noise ratio 

(SNR) within each spectral band and an increase in reconstruction time for the total data cube. 

In addition, we have developed a novel algorithm to generate spatially foveated images via 

directly applying a post-acquisition, user-defined region in reconstruction while acquiring with 

full field-of-view patterns in acquisition to achieve variable foveation anywhere in the image 

while still preserving the ability of high quality compressive video reconstruction. The 

algorithms have been implemented in both spectrometer and single pixel detector paths. The 

details of the approach are separately discussed in upcoming publications.  

The integrated software enables a highly agile spectral imaging platform where spatial 

resolution, spectral sensitivity, and video rate can be tuned using a variety of patterns on the 

micro-mirrors in combination with differing reconstruction algorithms. The user can choose 

different sensing modes such as high sensitive grayscale imaging, spectrally resolvable imaging, 

as well as spatially and spectrally foveated imaging, in addition to the conventional capability of 
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choice between the L2 lower resolution reconstruction for real-time previews and L1 for more 

detailed detection and identification.    

A master operational graphical user interface (GUI) has been implemented. The GUI integrates 

all sensor functions into a single user-friendly graphical interface which is composed of data 

acquisition, reconstruction and presentation function groups. Figure 5 shows the main GUI 

which is detailed in the user operational manual.  

  
Figure 5. Operational GUI 

For data acquisition, all the binary STOne patterns are loaded once onto the DMD memory for 

later series measurements (Figure 6). This avoids loading patterns for each measurement and 

saves the data acquisition time.  

 
Figure 6. Updated data acquisition software with the capability of loading all the binary STOne 

patterns once onto the DMD memory for later series measurements 

 

5. MMEOS Prototype Test 

• Sensor Prototype Test and Calibration 

Figure 7 shows an exemplary sensor laboratory test arrangement.  The distance between the 

target and sensor is ~95 cm. Two 100 W Philips Incandescent Flood halogen light bulbs provide 

up to 81K Lux (81 klx) illumination on the target. 
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Figure 7. Laboratory test arrangement for the integrated MMEOS sensor 

We first checked the images formed on the DMD using a 2-D camera. The target was a 

checkerboard which was imaged onto the DMD by the objective lens. Figure 8(A) shows the 

camera captured checkerboard image on the DMD while Figure 8(B) shows the camera captured 

image of the DMD which was displaying one STOne modulation pattern. Figure 8(C) shows the 

camera captured image of both the target and STOne pattern on the DMD. The results indicate a 

good optical alignment in the prototype integration.  

A B C
 

Figure 8. The images captured by a 2-D camera. (A) Scene image on DMD; (B) One STOne 

pattern on DMD; and (C) Scene image and STOne pattern on DMD 

Next, the sensor FOV was calibrated by taking a picture of a ruler in the full field of view.  The 

scale readings were then used together with its distance to the camera lens to calculate the FOV. 

Figure 9 shows the ruler picture captured by the 2-D camera inside the MMEOS sensor whose 

own FOV is larger than the MMEOS sensor. From the picture, the ruler readings at the two FOV 

edges are 33.1 and 52.5 cm, respectively. So that the separation is L = 19.4 cm. The physical 

distance between the camera lens and the ruler is d = 91.44 cm. The FOV is calculated to be 

12.11°, which is quite close to the theoretical FOV of 12.6°.  

 

Figure 9. The image of a ruler for MMEOS sensor FOV measurement 

Then, the MMEOS sensor optical throughput was calibrated using a 633 nm He-Ne laser beam.  

The throughput of the single pixel detector path was measured to be 15.6% which is quite close 

to the estimated efficiency of 17.6%.  

52.5 mm 33.1 mm 

 

Sensor 
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EO sensor

Lamp

White paper

Green filter#89

 

Figure 10. Schematic of experimental setup for spectral calibration 

The sensor spectrum has been calibrated. Figure 10 schematically shows the test setup, where a 

uniform white paper was used as a target to reflect the light from the halogen lamp, and a green 

filter was placed in front of the MMEOS sensor objective lens.  First, the halogen lamp spectrum 

after reflection from the white paper (standard multi-purpose printing paper) was measured by 

the spectrometer in the MMEOS sensor when the green filter was not presented.  The measured 

lamp spectrum is displayed by the blue curve (on-line) in Figure 11. Next, the background 

spectrum from the white paper without the light illumination was measured which is displayed 

by the red curve (on-line) in Figure 11.  During the measurement, all the DMD micro-mirrors 

were set at “on-state” so that the entire DMD behaved as a uniform large size plain mirror which 

reflects the light into the spectrometer. 

 

Figure 11. Measured spectrum of the white paper with (blue curve) and without (red curve) the 

light illumination, respectively 

Then, the green filter was inserted into the optical path and its transmission spectrum was 

recorded in 400 nm to 850 nm with the spectrometer in the MMEOS prototype. Again, during 

the measurement, all the DMD micro-mirrors were set at “on-state”. The recorded spectrum is 

shown by the red colored curve (on-line) in Figure 12, where the noisy at blue (400 – 450 nm) is 

due to the short detector integration time and one-time measurement without average over 

multiple spectra.  The spectrum has been normalized against the lamp source and background via 

the following general equation: 

  T() = [TR() – TB()/(TL() – TB()] * 100% (1) 

where T() is the normalized transmittance (%), TR() is the recorded raw spectral transmittance, 

TB() is the background spectrum, and TL() is the lamp spectrum.  

Next, we replaced the MMEOS sensor with another spectrometer (Ocean USB2000 from Ocean 
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Optics) and conducted the same measurement to the green filter. The measured green filter 

spectrum is shown by the green colored curve (on-line) in Figure 12.  The two spectra overlap 

perfectly. Thus the sensor spectral response has been validated to the extent that the calibration 

on the Ocean Optics spectrometry is correct. 

 

Figure 12. Spectral calibration for the EO sensor 

We further calibrated the MMEOS sensor spectral accuracy and consistency when the DMD was 

modulated to mimic the HS data acquisition.  The STOne modulation patterns were dynamically 

displayed on the DMD for CS measurement of the white paper through the green filter under the 

same illumination condition. The reconstructed white paper image is shown in the left of Figure 

12. A pixel at (97, 70) was picked for spectrum reconstruction, and the result is shown by the 

cyan curve (on-line) in Figure 12. We have also reconstructed other pixels at (56, 101), and (101, 

85), and found that they all coincide with each other as shown in Figure 12. The green color peak 

wavelengths of all the measurements are consistently overlapped and located around 500 nm. 

Thus, the MMEOS system spectral calibration has been completed and validated.   

The sensor data acquisition frame rate was also investigated against the DMD modulation frame 

rate, and spectrometer slit width (spectral resolution) under a given illumination level. The 1-D 

detector array in the spectrometer was synchronized with the DMD. Faster DMD frame rate 

reduces the detector integration time, impacting the imagery quality for a given detector 

sensitivity due to the reduced photons accepted by the detector. Under 48,000 Lux (48 klx) 

illumination, with 1,000 Hz DMD frame rate and 50 µm slit width of the Ocean-FX 

Spectrometer, the reconstructed image was barely recognizable. However, if the DMD frame rate 

was reduced to 500 Hz, the reconstructed image was very good for the same illumination.  On 

the other hand, if the spectrometer slit width was increased to 100 µm, even the 1,000 Hz DMD 

frame rate with the same illumination, the reconstructed image was good. Further increasing the 

DMD rate to 1,500 Hz, the reconstructed image became unrecognizable again. In short, the 

reconstructed image quality of the MMEOS prototype gets worse when the spectrometer slit 

width is smaller for higher spectral resolution and when the DMD frame rate is increased due to 

reduced signal to noise.  Thus, the spectrometer acquisition rate imposes a limiting factor for the 

HS data acquisition speed. Because of this limitation, the hyperspectral video recording with the 

spectrometer path is only applicable to some slow temporal evolution applications.  This 

limitation will be eased with the single pixel detector to replace the spectrometer. As explained 

in previous sections that a single pixel detector catches up to 3 orders of magnitude photons than 

0

10

20

30

40

50

60

70

80

90

100

400 500 600 700 800

calculated transmission
from data

Ocean spectrometer
USB2000

green filter (101,85)
transmittance

green filter (56,101)
transmittance

green filter (97,70)
transmittance

Wavelength (nm) 

T
ra

n
sm

it
ta

n
ce

 (
%

) 

(97,70)

Reconstructed image

 

Proc. of SPIE Vol. 11423  114230V-11
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 04 Jun 2020
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



 
 

each of the spectrometer detectors, thus it inherently has much higher SNR, making it more 

suitable for better temporal resolution demanding applications.  However, the implemented 

single pixel detector path in the current MMEOS prototype can only take grayscale video data. 

Data acquisition and reconstruction time is another important parameter to test.  Data acquisition 

time "t" is determined by  

                                                               t = NN/f  (2) 

where N is the image format and f is the data acquisition frame rate, i.e., the DMD frame rate. In 

the MMEOS prototype with the Ocean-FX spectrometer, f is limited to 1,000 Hz.  For 128128 

image format, t = 128128/1000 = 16 sec.  If using single pixel detector whose frame rate is 11 

MHz, f is limited by the DMD frame rate which is f=17,857 Hz.  Thus we have t = 0.92 sec, 

theoretically.  

• Sensor Functionality Tests 

First, static multispectral and hyperspectral image data have been acquired and reconstructed 

through the spectrometer path in the MMEOS prototype. The hyperspectral data cube in the 

400nm-850nm spectral region was acquired by setting the FX spectrometer frame rate at 500 Hz, 

integration time of 1500 μs and slit width of 200 m.  The target was a Thorlabs cardboard label. 

The illumination light brightness on the target was ~81k Lux from the two illumination lamps.  

The imagery spatial format is 128128.  The full data acquisition took about 33 seconds to 

complete, which was limited by the 500 Hz spectrometer data acquisition speed. Figure 13 shows 

three representative STOne reconstructed hyperspectral images at 430nm, 530nm, and 680nm 

respectively with 10nm spectral bandwidth.  For each wavelength, there are six (6) image 

frames.  The upper left is the fast inverse 100% reconstructed 128128 image by L2 algorithm, 

upper middle is the 100% reconstructed low resolution 6464 Preview by L1 algorithm, and the 

rests are the 128128 images reconstructed by L1 algorithm with different compression ratios of 

25%, 38%, 50%, and 75%, respectively. The very last image at the bottom is the full color image 

reconstructed from the 10 nm bandwidth hyperspectral data in the 400-700 nm visible range. 

The HS image contrast and quality can be improved by our previously developed technique [6] 

which suppresses the HS image noise. At a selected wavelength i, we average its intensity I(i) 

over a spectral interval of +/- around i to yield an averaged intensity <I>(i) which is then 

used to replace I(i).  It has been shown that the noise suppressed HS images with  = 1 nm 

spectral resolution have a much improved contrast and image quality which are comparable with 

the HS images with  = 10 nm spectral resolution. 

Hyperspectral video has also been recorded and reconstructed by the MMEOS prototype.  The 

hyperspectral video data were collected by the FX spectrometer under the same condition of 500 

Hz frame rate, 1500 μs integration time, 200 m slit, and 81,000 Lux light illumination.  The 

target is a toy tank (Figure 14) mounted on a platform moving at a linear speed of ~12.7 mm/s. 

The HS videos were reconstructed using L2 algorism for real time preview. Figure 15 shows six 

(6) STOne L2 reconstructed hyperspectral video clip images in Blue (450-490 nm), cyan (490-

520 nm), Green (520-560 nm), Yellow (560-590 nm), Orange (590-635 nm), and Red (635-700 

nm) band, respectively.  The video pixel format is 128  128.  The L2 recorded images do not 

have a very good quality for fast motion objects, which is reflected by the HS images in Figure 

15.  
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430nm 530nm 680nma) b) c)
 

 

Full color reconstructed from hyperspectral data 

Figure 13. Representative compressive hyperspectral images captured by the MMEOS prototype 

and reconstructed with the STOne algorithm. Top: a), b), and c) reconstructed hyperspectral 

images at 430nm, 530nm and 680nm, respectively.  Bottom: Full color image reconstructed from 

10nm bandwidth hyperspectral data in the 400-700 nm visible range. 

 

Figure 14. Photo picture of the moving target for hyperspectral video test 

Blue Cyan Green Yellow Orange Red

@500Hz DAQ rate, 1500us integration timeHyperspectral Video

 

Figure 15. Hyperspectral video reconstruction (STOne L2). 6 videos were reconstructed using 

hyperspectral data in Blue (450-490 nm), Cyan (490-520 nm), Green (520-560 nm), Yellow 

(560-590 nm), Orange (590-635 nm) and Red (635-700 nm) band, respectively. 

Using the single pixel detector in the MMEOS prototype, grayscale compressive video has been 

acquired to demonstrate real time preview and monitoring.  The test was conducted under the 

same conditions.  During the data acquisition, the STOne patterns were displayed on the DMD at 
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7,143 Hz which is 14 times faster than the 500 Hz when using the spectrometer.  Although the 

DMD vendor allows a maximum frame rate of 17,850 Hz, this frame rate is hardly achieved due 

to the DMD hardware deficiency.  Figure 16 shows two video clips, one being reconstructed 

with STOne L2 method for fast Preview but at lower imagery quality (right) and another with the 

L1 method at 12.5% sampling rate for more details but at a slower reconstruction rate, 

respectively.  Both reconstructed videos are played back at 26Hz. 

High Speed SD Video, data acquisition @7143Hz

L1 12.5% L2 Preview

 

Figure 16. High speed (nearly real time) video reconstruction from high speed single pixel data 

acquisition at 7,143 Hz rate. Left: L1 reconstruction at 12.5% sampling rate, Right: L2 

reconstruction preview. 

Since the two detection paths in the MMEOS prototype are independent to each other, we 

conducted parallel data acquisition in both spectrometer and single pixel imaging paths. The 

simultaneous data acquisition was conducted by displaying the STOne patterns on the DMD at a 

frame rate of 500 Hz. The reconstructed image results are the same as those acquired 

sequentially. The simultaneous data acquisition mode enables a complementary detection 

capability between the single pixel detector and spectrometer paths.  For example, under lower 

level lighting (LLL) condition, when the sensor is detecting one obvious target via hyperspectral 

measurement it could miss another not so obvious target or lower brightness target.  Such a low 

brightness target, however, can be more easily detected and shown by the single pixel detector.  

More additional potential application scenarios are anticipated. 

• Field test 

With the integrated MMEOS sensor, we conducted field test to evaluate its capability of working 

under natural environment. The field test was carried out on a parking lot with cars and a 

building as background in a sunny day with illumination level of ~10,000 Lux.; 1500 s 

integration time; and 200 m slit width. The 2-D camera captured a static image as shown in 

Figure 17 (A). The scene image occupies only a portion of the whole picture because the pixel 

format (2048 × 2048) of the 2-D camera is much larger than the STOne pattern format (1024 × 

1024 pixels).  

The STOne patterns were input and loaded onto the DMD for data acquisition with both the 

single pixel detector and the Ocean FX spectrometer. The reconstructed image with the single 

pixel detector is shown in Figure 17 (B), which has 128 × 128 resolution. The reconstructed 

color image from the Ocean FX spectrometer based on CIE 1931 color space is shown in Figure 

17 (C). For comparison, the image captured by the 2-D camera in the EO sensor is shown in 

Figure 17 (A). 
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Figure 18 shows the reconstructed HS images at a few selected wavelengths of 400 nm, 450 nm, 

500 nm, 550 nm, 580 nm, 600 nm, 650nm and 710 nm, respectively, with  = 10 nm.  

A B C

 

Figure 17. Field test results. (A) an image captured by the 2-D camera in the EO senor; (B) 

reconstructed image with the single pixel detector; (C) reconstructed image with the Ocean FX 

spectrometer 

 

Figure 18. Reconstructed hyperspectral images at different wavelengths 

 

6. Concluding Remarks 

A fully integrated compressive Multi-Mission Electro-Optical Sensor (MMEOS) System has 

been demonstrated and validated. The sensor is developed to answer the current military 

battlefield challenges seeking for a real-time adaptive configurability to address warfighter needs 

in multiple-threat and multiple-mission environment 

The key technology behind this sensor system is compressive sensing and computational 

imaging. The sensor provides with an agile reconfigurable sensing platform capable of the 

following key features and attributes: 

• Multi-Mission—One platform allows field surveillance monitoring, target tracking, 

hyperspectral imaging, video preview, Hyperspectral Data Acquisition 

• Multi-function—Grayscale/Multispectral/Hyperspectral imaging, video, and fovea functions 

• Integrated Sensor—it is an integrated sensing platform carrying out multi-function and multi-

missions, allow for further AI adds-on (for example, neural network and machine vision to 

become a fully close-loop sensor system) 

• Flexibility in configuration for mission and function change. 
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In the future, more efforts are anticipated to further enhance the sensor performance to increase 

the sensor sensitivity, imagery pixel format to 2k  2k, frame rate to over 1 kHz, via the 

following technical route: 

• Replace the spectrometer with another DMD to enhance the sensor sensitivity and frame rate; 

• Increase the DMD modulation frame rate to its upper limit of 17,000 Hz for faster frame rate 

(Currently we only implemented 5,000 Hz due to the drive electronics limitations).   

• Implement FPGA and -processor for storing and displaying the modulation patterns with 

larger pixel number than 256256 (targeting 512512 or even 10241024) 

• More efficient software implementation for faster data reconstruction  

Once successfully overcoming the technical difficulties, the sensor will find wide applications in: 

• Remote sensing on airborne and/or space borne platform 

• Wide area situational awareness, camouflage detection, counter measure, target detection and 

identification 

• Baseline analytical tool: Raman spectroscopic imager, laser induced breakdown imager, laser 

induced florescence imager for CBRNE [chemical, biological, radiological, nuclear, and 

explosive threat (war agents)] detection with machine learning capability => fast trace 

species identification (a few milliseconds) during data collection period rather than relying 

on post data processing. 

• Participating medium detection (volume densities w/o boundary surfaces, e.g. translucent 

objects, smoke, clouds, mixing fluids, and biological tissues) using a structured hyperspectral 

illuminator. 
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