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Mass spectrometry (MS) is a powerful analytical tool widely used in drug development, quality control, and
environmental analysis. However, accurately estimating the number of constituents and their monoisotopic
masses from MS spectra remains a challenging problem, particularly in pharmaceutical applications where
impurities must be identified and quantified. This dissertation proposes novel estimation methods to improve
the accuracy and efficiency of these tasks

In Chapter 2, I introduce a Bayesian inference framework for estimating the number of constituents and
their physical parameters, such as monoisotopic masses and ion counts. Using a physical model of MS and applying
Markov Chain Monte Carlo (MCMC) methods, I estimate posterior probabilities and determine the most probable
constituent count. While this method achieves high accuracy, its computational cost is significant.

To address the computational efficiency issue, Chapter 3 presents an alternative approach using Spectral
Annealing Inference (SAI). This method gradually refines spectral resolution by convolving spectra with a
progressively narrowing point spread function (PSF), allowing for faster convergence and efficient parameter
estimation. This significantly reduces computation time from 50 hours to approximately 15 minutes while
maintaining accuracy.

Chapter 4 enhances the accuracy of monoisotopic mass estimation by incorporating MS/MS (tandem mass
spectrometry) data into the Bayesian inference model. By linking MS and MS/MS models mathematically, I improve
parameter estimation precision, enabling the detection of impurities with monoisotopic mass differences as
small as 1 Da. The results demonstrate that the proposed method achieves 80% accuracy in selecting the correct
number of constituents, even in challenging cases with large ion quantity ratios.

In Chapter 5, I summarize the contributions of this research and discuss potential future directions
While the proposed method significantly improves computational efficiency and accuracy, further work is needed
to refine ion count estimation and reduce computational costs for large—scale applications. Additionally,
the SAI method has potential applications beyond MS, including nuclear magnetic resonance (NMR), Raman
spectroscopy, and X-ray-based spectroscopic techniques (XPS, XRD, XRF, XAS). These techniques, which often
generate complex and sparse signals, could benefit from the SAI framework for extracting underlying physical
information.

In conclusion, this dissertation presents a novel Bayesian estimation framework that improves the accuracy
and efficiency of parameter estimation in mass spectrometry. These advancements are expected to contribute
to pharmaceutical quality control, metabolomics, environmental analysis, and materials characterization.
Future research should explore the integration of machine learning techniques to further enhance the

scalability and robustness of this approach.
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