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Abstract:  A Computed Tomographic Imagining Spectrometer (CTIS) is an imaging spectrometer system that acquires all the information required to reconstruct the data cube in a single integration time.  This is compared to conventional systems such as whiskbroom systems, pushbroom systems, and filter wheel systems that requiring scanning in one or more coordinate direction. CTIS systems have been designed and tested in several different singular spectral bands as well as a dual band system.  In addition to hyperspectral imaging spectrometers, CTIS systems have been used as an imaging spectropolarimeter and as a ranging imaging spectrometer.  

Background

Imaging spectrometry involves the acquisition of the spatially registered spectral content of a scene of interest.  A classical imaging system is a system that provides a scene’s spatial radiance distribution.  A spectrometer on the other hand provides the spectral radiance content of a scene or the spectral signature of an object.  Therefore, the objective of an imaging spectrometer is to combine these tasks and provide a spatially registered spectral content of a scene’s radiance distribution.  

There are numerous uses of imaging spectrometry that include astronomy, resource mapping, and military applications.1  Astronomers can use imaging spectrometry to classify the spectral signature and locations of distant stars, study the composition of planets, and characterize other celestial objects by their emitted and reflected spectra.  Remote sensing applications include identifying natural resources and geological structures and thematic mapping.  The military can use imaging spectrometry for buried mine detection2, missile defense, and target identification.3  In all of these applications the goal is the same:  provide the spectral content of each spatial point in the scene.

Conventional means of obtaining the data cube have been pushbroom systems, whiskbroom systems, and the use of numerous spectral filters.  A whiskbroom spectrometer obtains the spectral signature of the scene at a single (x, y) coordinate in the data cube.  The spectral signature is obtained by placing a line of detectors behind a spectrally dispersive element giving the spectral content of a single point on the ground.  The spectrometer is then swept back and forth as the detector platform moves forward obtaining the spectral signature for the rest of the scene.  A pushbroom spectrometer is similar but gets the spectral signature along an entire line.  The pushbroom system uses a two-dimensional array of detectors behind the dispersive element instead of just a linear array of detectors like in a whiskbroom system.  The spectrometer has only to scan in one direction to complete the data cube.  A third type of imaging spectrometer is a filter system which completes the data cube by obtaining information about the scene at one wavelength band at a time.  A two-dimensional array is placed behind a color filter and the filter spectral band pass is changed after each integration time.

In all of these cases, the acquisition of the data cube takes numerous integration times to gather all the required information while the system scans either spatially as in a pushbroom or whiskbroom system, or spectrally as in a filter system.  For dynamic scenes, the scene changes can occur much faster than the total data cube collection time.  A Computed Tomographic Imaging Spectrometer (CTIS) uses diffractive optics and tomographic techniques to reconstruct a data cube from an image taken over a single integration time.  

The CTIS optical system consists of four main optical elements: objective optics, collimating optics, a disperser, and a re-imaging element.  The objective takes the scene and images it to the field stop.  The collimator takes the light from the field stop and collimates it to pass through the disperser.  After passing through the disperser the light is re-imaged to a two-dimensional detector array.  (Figure 1) 
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Figure 1: Schematic of CTIS

Key to the CTIS system is the dispersive element.  The dispersive element is a computer generated holographic (CGH) etched phase grating.  For visible systems the CGH is commonly made from poly-methyl methacrylate (PMMA) material etched with an electron beam.  The dispersion of the light is achieved by changing the depth of the PMMA and thus changing the phase of the wave front at each point.  The disperser is composed of numerous unit cells.  Each cell consists of an integer number (usually 8 x 8, 10 x 10 or 16 x 16) of square phasels.  Each phasel is etched to a specified depth.  The term phasels is used to distinguish the cell etching of the CGH from the detector pixel on the focal plane array and the voxel, which is the three dimensional unit cell of the data cube.  The etched depth leads to a phase delay of the transmitted wavefront.  

The CGH modifies the incident wave front to create the desired diffraction pattern on the focal plane.  The diffraction pattern becomes the tomographic projections of the data cube.  We design diffraction patterns that create a 3 x 3, 5 x 5, or even a 7 x 7 diffraction pattern on the focal plane.  When designing a CGH, we must consider the required spectral and spatial resolution, focal plane characteristics, and the object’s characteristics.  
The CTIS system data cube reconstruction is based on the computed tomographic techniques similar to those used in medical imaging.  Computed tomography involves reconstructing a three-dimensional data cube from a series of two-dimensional projections of the object.  In this system the two-dimensional projections are created by the CGH dispersive element in the collimated space of the system.  The two-dimensional projections are the diffracted images of the object’s image in the plane of the field stop and constitute a series of parallel projections of the three-dimensional object cube.4  The center, or zero order projection, is a direct polychromatic image of the object.  The first orders are projections through the data cube at the same angle measured from the wavelength axis.  The reconstruction techniques used most often with the CTIS system are Expectation Maximization (EM)5 and the Multiplicative Algebraic Reconstruction Technique (MART)6.  Both techniques are iterative processes where each iteration is in general, a better estimate of the object than the previous.

Experiment

Theory

There are several hurdles that must be overcome before the CTIS is a viable system for military detection and tracking applications.  The most important hurdle, and the focus of this work, is to develop high speed identification and detection schemes from the collected data.  Currently the CTIS systems are used to reconstruct entire data cubes.  There has been no work in the area of tailoring the CTIS system for a specific application.  One of the applications is the detection and tracking of missiles.  To accomplish this task a forward model of the CTIS system is under development.  Based on the known responses of the CGH, the optical system, and the focal plane array, we can predict the image on the focal plane from an object in the scene with a known spectral signature.  Based on that image we can develop detection and tracking algorithms. 

Experimental Set-up




A computer forward model of the CTIS system is under development.  Using blackbody theory and operating in the infrared portions of the spectrum, we can test the model with existing IR CTIS systems under development at the University of Arizona. Instead on using EM and MART to reconstruct the entire data cube, we will test other methods of target identification.  We will also explore the need for the entire diffraction pattern generated by CTIS or if we can get the same spectral and spatial resolution from only one quadrant of the diffraction pattern.

Results and Discussion

SLT Jean-Vianney Dard wrote a computer program to model the CTIS response over the mid and long infrared bands.  He assumed a 300K blackbody uniform background.  He then tried to determine then modeled a blackbody point source in the center of the field of view and varied the temperature of the point source to determine the minimum temperature difference of the point source that could be detected from the background.  His work initial results indicate that under ideal conditions with current infrared focal plane technology, the CTIS can just resolve a 320K blackbody object in a 300K blackbody background.  This conclusion included the assumption that the focal plane has uniform responsetivity across the entire infrared spectrum and ignores any atmospheric effects.  
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Figure 2:  Spectral response of zero order of CTIS system for different temperature blackbodies

This work is a good first step in developing the CTIS model and shows how the model may be able to predict the capabilities and limitations of a CTIS system for a given application.

Future Direction

We believe the CTIS system has the ability to identify and track missiles against the sky.  Work will continue on the development and refinement of the CTIS computer model.  As the model continues to develop, more variables will be added.  The goal of the project is to determine the limitations of the CTIS system on target identification and tracking.  Then we will compare the model to an actual system.  

A dual band infrared CTIS will be developed in collaboration with Steve Kennerly of the Sensors and Electronic Devices Directorate of Army Research Laboratory.  The PRC will design the optical components and the CGH for the dual IR camera at ARL.  The performance of the system will be compared to the computer model.
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