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Abstract

This dissertation focuses on the development of high-quality image reconstruction methods from a limited number of Fourier samples using optimized, stochastic and deterministic sampling geometries. Two methodologies are developed: an optimal image reconstruction framework based on Compressive Sensing (CS) techniques and a new, Spectral Statistical approach based on the use of isotropic models over a dyadic partitioning of the spectrum. The proposed methods are demonstrated in applications in reconstructing fMRI and remote sensing imagery. Typically, a reduction in MRI image acquisition time is achieved by sampling K-space at a rate below the Nyquist rate.  Various methods using correlation between samples, sample averaging, and more recently, Compressive Sensing, are employed to mitigate the aliasing effects of under-sampled Fourier data.  The proposed solution utilizes an additional layer of optimization to enhance the performance of a previously published CS reconstruction algorithm.  Specifically, the new framework provides reconstructions of a desired image quality by jointly optimizing for the optimal K-space sampling geometry and CS model parameters.  The effectiveness of each geometry is evaluated based on the required number of FFT samples that are available for image reconstructions of sufficient quality. A central result of this approach is that the fastest geometry, the spiral low-pass geometry has also provided the best (optimized) CS reconstructions. This geometry provided significantly better reconstructions than the stochastic sampling geometries recommended in the literature. An optimization framework for selecting appropriate CS model reconstruction parameters is also provided. Here, the term appropriate CS parameters' is meant to infer that the estimated parameter ranges can provide some guarantee for a minimum level of image reconstruction performance.  Utilizing the simplex search algorithm, the optimal TV-norm and Wavelet transform penalties are calculated for the CS reconstruction objective function.  Collecting the functional evaluation values of the simplex search over a large data set allows for a range of objective function weighting parameters to be defined for the sampling geometries that were found to be effective. The results indicate that the CS parameter optimization framework is significant in that it can provide for large improvements over the standard use of non-optimized approaches.   The dissertation also develops the use of a new Spectral Statistical approach for spectral reconstruction of remote sensing imagery.  The motivation for pursuing this research includes potential applications that include, but are not limited to, the development of better image compression schemas based on a limited number of spectral coefficients.  In addition, other applications include the use of spectral interpolation methods for remote sensing systems that directly sample the Fourier domain optically or electromagnetically, which may suffer from missing or degraded samples beyond and/or within the focal plane.    For these applications, a new spectral statistical methodology is proposed that reconstructs spectral data from uniformly spaced samples over a dyadic partition of the spectrum. Unlike the CS approach that solves for the 2D FFT coefficients directly, the statistical approach uses separate models for the magnitude and phase, allowing for separate control of the reconstruction quality of each one. A scalable solution that partitions the spectral domain into blocks of varying size allows for the determination of the appropriate covariance models of the magnitude and phase spectra bounded by the blocks.  The individual spectral models are then applied to solving for the optimal linear estimate, which is referred to in literature as Kriging.     The use of spectral data transformations are also presented as a means for producing data that is better suited for statistical modeling and variogram estimation. A logarithmic transformation is applied to the magnitude spectra, as it has been shown to impart intrinsic stationarity over localized, bounded regions of the spectra.  Phase spectra resulting from the 2D FFT can be best described as being uniformly distributed over the interval of -pi to pi.  In this original state, the spectral samples fail to produce appropriate spectral statistical models that exhibit inter-sample covariance.  For phase spectra modeling, an unwrapping step is required to ensure that individual blocks can be effectively modeled using appropriate variogram models. The transformed magnitude and unwrapped phase spectra result in unique statistical models that are optimal over individual frequency blocks, which produce accurate spectral reconstructions that account for localized variability in the spectral domain.     The Kriging spectral estimates are shown to produce higher quality magnitude and phase spectra reconstructions than the cubic spline, nearest neighbor, and bilinear interpolators that are widely used. Even when model assumptions, such as isotropy, violate the spectral data being modeled, excellent reconstructions are still obtained.  Finally, both of the spectral estimation methods developed in this dissertation are compared against one another, revealing how each one of the methods developed here is appropriate for different classes of images.    For satellite images that contain a large amount of detail, the new spectral statistical approach, reconstructing the spectrum much faster, from a fraction of the original high frequency content, provided significantly better reconstructions than the best reconstructions from the optimized CS geometries.  This result is supported not only by comparing image quality metrics, but also by visual assessment.'
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