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EXECUTIVE SUMMARY

1.0 Overview

We propose to directly address the NRO's need for ionospheric compensation methods, as cited in the  NRO DII call under section 2.3.10, in the area of new sensors and systems.  We will do this by developing a method for accurate, real-time volumetric ionospheric imaging.  This imaging method will enable compensation for ionospheric disturbance effects on various electromagnetic signals, including communications and RADAR.  These accurate volumetric maps of ionospheric ion density can be used to determine electromagnetic wave propagation through the region of interest; this propagation information can then be used to remove signal distortion.  This capability will allow for highly accurate information to be gained from electromagnetic intelligence gathering efforts.  The approach is based upon using total electron content measurements collected via global position satellite or other means to reconstruct the ion densities in a volume of interest between the satellite or satellites and an array of ground receiver stations.  We will employ unique neural network, pattern recognition, and template-based methods to perform the real-time mapping.  Our method will be capable of detecting transient and mobile ionospheric disturbances even with sparse data.  These capabilities will allow for an unprecedented real-time ability to correct for ionospheric disturbances in communications and surveillance signals.

1.1  Description of the proposed effort

The approach is based on using collected total electron content (TEC) data collected by ground stations receiving signals from a satellite overhead.  The TEC measurements are essentially line integrals of the ion density along the ray path from the satellite to the ground station.  These measurements can be conducted using global positioning system (GPS) signals, but are not restricted to such.  Our method uses the collected TEC data and the geometry of the satellite-receiver system to estimate the ionospheric ion density in a volume between the ground stations and the overflying satellite or satellites.  An example of such a system with generic receivers and satellite is shown in the figure below.

[image: image1.wmf]Our approach to performing the reconstruction is based around two complementary methods.  The first method constructs a linear system of equations describing the system; the solution to this system describes the ion densities along the ray paths.  The ion density along the ray paths is then used as training data for an artificial neural network.  The network, once trained, can then estimate the ion density over the entire region of interest.  This technique has the capability to image volumetric ionospheric changes in real-time.  Over longer time spans, the method has the capability to construct direct ionospheric images.

The second method is based on using an ensemble of physically realistic localized templates.  The best local templates to fit the data are assembled to form a volumetric map of the ionosphere.  This method works over slightly longer time periods, on the order of a single satellite pass, but performs direct imaging rather than change imaging.  We will use this second method to create an initial estimate of the ionosphere, and employ the first method to image subsequent real-time changes in the ion density.  We can avoid bias generated by the choice of templates by comparing the results of the second method with images generated over longer time frames by the first method.

Additionally, we will employ advanced machine learning concepts to enhance the performance of this basic scheme.  We will improve the artificial neural network used by the first method by enhancing the optimization procedure used to find the parameters of the network, and by enabling automatic determination of the network structure.  This will increase the accuracy of the image produced by the neural network without affecting the real-time performance.  We will also address the problem of uneven coverage of the region of interest:  we intend to use pattern recognition techniques to identify traveling ionospheric disturbances (TIDs) as they pass through high-coverage regions.  Once identified, the movement of the TIDs can then be tracked and their trajectories through low-coverage regions projected.

1.2  Potential contributions to the NRO

This approach will substantially enhance the NRO mission of collecting  communications and surveillance data by enabling real-time compensation for ionospheric distortion effects.  Transient ionospheric disturbances are particularly troublesome because they can appear without warning and significantly impact the transmission of many types of electromagnetic signals.  Such disturbance can result from a number of different effects, including diurnal variation along the day-night boundary, solar radio emissions, solar flares, volcanic eruptions, earthquakes, and geomagnetic storms.  Our method offers a way to counteract the impact of such disturbances and enable continuous collection of accurate intelligence data.

1.3  Innovativon of the proposed effort

Current state-of-the-art methods for ionospheric imaging are primarily two-dimensional; those that do offer volumetric imaging cannot do so in real-time, and are reliant on potentially biased models of ionospheric physics.  Our method offers a unique capability to detect and image volumetric sections of the ionosphere in real-time.  It will be able to image both traveling ionospheric disturbances and localized transient changes in ionospheric ion density.  Although it will make use of a priori models, it is not bound to them, and so will be able to image new,  unusual, or highly transient ionospheric features.  Furthermore, it will be robust in the face of sparse data; useful results can be produced with very little satellite-receiver coverage, with accuracy rising as coverage is increased.  We note also that it is not dependent on the method used to collect the total electron content data, so data from multiple sources can be incorporated. Furthermore, other kinds of data can be used to improve the image quality as well.  For example, ionosonde data can be used to impose constraints on the solutions.  Because of this, the method inherently possesses data fusion capabilities.

1.4 Uniqueness of the proposed effort to the NRO

The NRO has unique requirements for high accuracy and high volume electromagnetic communications and surveillance data.  This approach will address those needs by allowing high quality data to be collected even in the face of unusual and/or transient ionospheric weather effects that can distort electromagnetic signals.

TECHNICAL/MANAGEMENT SECTION

2.0 Overview

We propose to directly address the NRO's need for ionospheric compensation methods by developing a method for accurate, real-time volumetric ionospheric imaging.  This imaging method will enable compensation for ionospheric disturbance effects on various electromagnetic signals, including communications and RADAR [1].  These accurate volumetric maps of ionospheric ion density can be used to determine electromagnetic wave propagation through the region of interest; this propagation information can then be used to remove signal distortion.  This capability will allow for highly accurate information to be gained from electromagnetic intelligence gathering efforts.  The approach is based upon using total electron content measurements collected via global positioning satellites or other means to reconstruct the ion densities in a volume of interest between the satellite or satellites and an array of ground receiver stations.  We will employ unique neural network, pattern recognition, and template-based methods to perform the real-time mapping with a time resolution of 30 seconds or less.  Our method will be capable of detecting transient and mobile ionospheric disturbances even with sparse data.  These capabilities will allow for an unprecedented real-time ability to correct for ionospheric disturbances in communications and surveillance signals.

2.1 Objectives and Approach 

The approach is based on using collected total electron content (TEC) data collected by ground stations based on signals received from a satellite overhead.  The TEC measurements are essentially line integrals of the ion density along the ray path from the satellite to the ground station.  These measurements can be conducted using global positioning system (GPS) signals, but are not restricted to such.  Our method uses the collected TEC data and the geometry of the satellite-receiver system to estimate the ionospheric ion density in a volume between the ground stations and the satellite or satellites overhead.

Our approach to performing the reconstruction is based around two complementary methods.  The first method will be capable of imaging real-time ionospheric changes.  An initial sketch of this method generated promising initial results [2] but concentrated on avoiding the use of a priori information; we will ignore this constraint and instead employ available a priori information and advanced machine learning techniques to greatly improve the accuracy, resolution, and usability of the method.  The second method operates in near real time and will produce full ionospheric images.  Our hybrid method will combine the strengths of both to provide a unique capability for accurate, real-time volumetric imaging.

Both methods proceed initially by dividing the region into volumetric units, so-called "voxels," on a spherical coordinate system.  Given the positions of the satellite(s) and the ground stations, the ray paths from each satellite to each ground station are calculated.  Ray tracing procedures are used to determine the intersection of the ray paths with voxel boundaries; this then provides the path length of each ray through each voxel.

From this point on, the two methods differ.  The first method uses the ray path length through each voxel to construct a linear system of equations describing the system: Ax = b, where A is the sparse matrix of path lengths, x the change image of the system, and b the difference between the actual and expected TEC measurement values.  The solution to this system describes the change in ion densities along the ray paths; the solution can be calculated quickly and accurately by using a standard least-squares/minimum-norm linear equation solver.  The calculated ion density change along the ray paths is then used as training data for an artificial neural network.  The network, once trained, can then estimate the change in ion density over the entire region of interest.  While the ability of this method to image transient localized disturbances of a certain type in the ionosphere has already been demonstrated in a preliminary study [2], the ability to perform direct generation of volumetric images is dependent on data quantity and system geometry.  Nevertheless, we expect that over longer time spans, such as a single satellite pass, the method will have the capability to construct actual ionospheric images.

The second method is based on using an ensemble of physical realistic localized templates [3].  The best local templates to fit the data are iteratively assembled to form a volumetric map of the ionosphere; at each iteration, the expected measurements based on that image are compared with the actual measurements; the residual is used to direct the next iteration.  This method works over slightly longer time periods, on the order of a single satellite pass, but performs direct imaging rather than change imaging.

We will use these two methods in a complementary fashion: the template-based method to create an initial estimate of the ionosphere, and neural network-based method to image subsequent real-time changes in the ion density.  We can avoid bias generated by the choice of templates by comparing the results of the second method with images generated over longer time frames by the first method; similarly, we can use the second method to correct for any possible buildup in error generated by repeated application of the neural-network based method.

This proposed method is superior to the current state-of-the-art methods for dynamic ionospheric imaging: most offer only two-dimensional imaging capabilities [4]; those that do offer volumetric imaging cannot do so in real-time, and are reliant on potentially biased models of ionospheric physics [5][6][7].

To improve the accuracy of the images produced by this method we will employ advanced machine learning concepts to enhance performance.  We will improve the artificial neural network used by the first method by enhancing the optimization procedure used to find the parameters of the network; this will involve application of a regularization scheme [8] to prevent over-training of the network and reduce the risk of finding non-optimal solutions.  Additionally, we will attempt to automatically determine the optimal network architecture for the problem, either through the use of evolutionary computation [9], or by use of a pruning method such as optimal brain damage (OBD) [10].  These two approaches will increase the accuracy of the image produced by the neural network without affecting the real-time performance: the enhanced optimization procedure will actually reduce computation time, and determination the network architecture can be done off-line, so as not to impact computation.  We will also address the problem of uneven coverage of the region of interest by using pattern recognition techniques to identify traveling ionospheric disturbances (TIDs) as they pass through high-coverage regions.  Once identified, the movement of the TIDs can then be tracked and their trajectories through low-coverage regions projected.

2.2 Technical Risk

The project is a cutting-edge research effort and as such is exposed to some level of technical risk.  However, it is a directed research effort, and should result in significant improvements in ionospheric correction even in this face of that risk.  Overall, we predict a high probability of success for all phases of the project.  

2.3 Practices

Testing and evaluation of the proposed method will be conducted first with synthetic data and system geometry.  This will allow for initial analysis of the strengths and weaknesses of the method under various controlled conditions, with a known ground truth.  Additional testing will be conducted using experimental data collected in the field; assuming field data is unavailable from the sponsor, we will use GPS data collected by JPL’s own ionospheric weather mapping project, conducted by the Tracking Systems and Applications Section.

2.4 Offeror Capabilities 

JPL offers a unique combination of expertise in a number of fields critical to the success of this work. The JPL personnel that will work on this project possess unique expertise in real-time ionospheric image reconstruction techniques, as well as high-perfomance computing, computational mathematics, and statistical machine learning.  Furthermore, JPL personnel have the software design expertise and experience necessary for successful implementation of the methods.

2.5 Facilities

JPL possesses the computational facilities necessary for the completion of this task, specifically a  number of  high-performance workstations.

2.6 Task Descriptions

JPL will, for NRO AS&T, develop a method for real-time volumetric ionospheric imaging.  In the performance of this work, JPL will, on a best-effort basis, perform the following tasks:

Task 1: Develop a real-time ionospheric change imaging method. 

Task 2: Develop a template-based ionospheric imaging method.

Task 3: Integrate change imaging and direct imaging methods to produce a real-time volumetric  imaging method.

Task 4: Improve neural network performance for the change imaging method.

Task 5: Develop a method for identifying and tracking traveling ionospheric disturbances. (TIDs).

Task 6: Integrate the TID tracking system into the real-time image reconstruction method to enhance coverage.

Prepare Monthly Technical Status Report.


Prepare an Interim Technical Report.


Prepare a follow on task plan, if requested.


Present a Final review.

Prepare a Final Report.

2.7 Schedule


2/2002: Projected start date.


4/2002: Real-time change imaging method complete.


7/2002: Template-based imaging method complete.


8/2002: Integration of change imaging and template-based imagine methods complete.


9/2002: Neural network refinements complete, TID detection and tracking method complete.


10/2002: TID tracking integrated with imaging methods.

2.8 Deliverables  

JPL will deliver to the NRO in JPL format:

1. One copy of Monthly Technical Status Report.

2. Once copy of an Interim Technical Report 5 months after contract start date.

3. One copy of a follow on task plan, if requested, 8 months after contract start date.

4. Present a Final Review at sponsor Headquarters 9 months after contract start date.

5.  One copy of a Final Report 9 months after contract start date.

2.9 Organization  

Robert Granat, the Principal Investigator, will be responsible for supervising all research and development efforts and of assuring on-time delivery of all deliverables, as well as providing expertise in ionospheric imaging and machine learning.  Peggy Li and Timothy Stough, who possesses expertise in imaging and machine learning methods, respectively, will be the lead developers for the project.  Additional staff will be employed to implement lower-level functionality and numerical code.







2.10 Key Personnel

Robert Granat is a senior member of the technical staff in the Data Understanding Systems Group in the Exploration Systems Autonomy Research Section at the Jet Propulsion Laboratory, California Institute of Technology.  He joined JPL in 1996 and performs research and development of imaging systems as well as statistic models for analysis of science and engineering data.  He received his B.S. in Computation and Neural Science at the California Institute of Technology and M.S. in E.E at the University of California, Los Angeles.  His research interests are in the areas of imaging systems, statistical pattern recognition, signal processing, data mining, and high-performance computing.  At the Imaging Systems Laboratory at UCLA, he worked extensively with ionospheric imaging systems.  Currently, he is pursuing related work in geophysical imaging systems.

Peggy Li is a principal member of the technical staff in the Parallel Applications Technologies Group in the Exploration Systems Autonomy Research Section at the Jet Propulsion Laboratory, California Institute of Technology.  She joined JPL in 1989 and performs research and development on visualization and imaging systems.  She received her B.S. in E.E. at National Taiwan University, M.S. in E.E. at National Taiwan University, and Ph.D. in C.S. at the California Institute of Technology.  Her research interests are in the areas of parallel programming, distributed systems, parallel rendering, and scientific visualization.

Timothy Stough is a member of the technical staff in the Data Understanding Systems Group in the Exploration Systems Autonomy Research Section at the Jet Propulsion Laboratory, California Institute of Technology.  He joined JPL in 1997 and performs research and development of image processing and analysis systems as well as statistic models for analysis of science and engineering data.  He received his B.S. in Computer and Electrical Engineering at Purdue University and M.S. in E.E at Purdue University.  His research interests are in the areas of image processing, statistical pattern recognition, and software architectures.

2.11 Programmatic Risks
The project and programmatic risks will be managed by Robert Granat.  As the work will be conducted entirely by JPL personnel, there is minimal programmatic risk.  Furthermore, the theoretical nature of the research work additionally reduces the risk.  Therefore, the project risk associated with this work will be low.  Existing risk is balanced by the valuable contribution this work would make to the NRO's mission.
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	TOTAL JPL COST
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SECURITY SECTION

4.0  Overview

The materials and technology associated with this project are unclassified.  As such they will be handled as per JPL's security guidelines.

4.1 Classification Levels


1) Overall project:




unclassified.


2) Underlying technology:



unclassified


3) Offeror's association with the NRO:


unclassified.


4) Association of the technology/project with the NRO:
unclassified.

4.2 Security Plan.

Not applicable.
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