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Abstract 

Uncertainty quantification has gained significant attention in recent years as a research area in dynamical systems. 
Mathematical representations of the physical systems, combined with an understanding of model uncertainties, enable 
the propagation of uncertainty in temporal space, which allows us to make informed decisions. However, what if the 
true dynamics of the system are unknown or too complex to define explicitly? In such cases, the system’s behavior can 
instead be inferred or learned from observed input–output data rather than from an analytical or physics-based model. 
To this end, this dissertation focuses on developing a data-driven framework for non-parametric dynamics modeling, 
uncertainty quantification, and state estimation of stochastic dynamical systems using Gaussian process regression 
(GPR), with applications to collision risk assessment in unmanned traffic systems. 
 
The first part of this dissertation focuses on non-parametric modeling of dynamical systems and trajectory prediction 
using GPR. The novelty of this dissertation lies in developing a multi-output Gaussian process (MOGP) framework for 
modeling the dynamics of systems with correlated states. Building on the above, a GPR-based uncertainty quantification 
and propagation framework is established to advance uncertainty quantification. The GPR model quantifies predictive 
uncertainty in the target variable through its posterior predictive distribution, which combines a Gaussian process (GP) 
prior with the Gaussian likelihood. 
 
The second part of the dissertation introduces a novel data-driven state-estimation framework for stochastic dynamical 
systems that accounts for uncertain initial conditions and parametric variations. In this framework, the learned GPR 
dynamics model is employed to propagate uncertainty and obtain prior state estimates, which are subsequently 
updated through Bayesian filtering using measurement data. 
 
The final part of the dissertation focuses on collision risk assessment for unmanned aircraft system traffic management 
(UTM) and advanced air mobility (AAM), two emerging paradigms in future aviation, where the collision risk is 
approximated through the three-sigma confidence ellipse of the predicted state distribution, enabling informed 
decision-making. Additionally, an open-source toolbox has been developed to provide a unified framework for Gaussian 
process regression and Bayesian filtering. The proposed frameworks are demonstrated for various application problems, 
including flight delay prediction, dynamics modeling, and state estimation of small unmanned aerial vehicles (sUAV), 
assessment of collision risk in homogeneous and heterogeneous sUAV traffic, and other dynamical systems. 
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