
Mathematical structures behind metaheuristic optimization

Themes: optimization, stochastic processes, interacting particle systems, scientific computing

Suitable for students interested in applied mathematics, probability, or algorithms

Overview Metaheuristic optimisation algorithms—such as Consensus-Based Optimization
(CBO), Particle Swarm Optimization, Evolutionary Strategies, and Simulated Annealing—are
widely used to tackle complex, non-convex problems in engineering, machine learning, and the
natural sciences. Despite their practical success, their mathematical foundations remain under-
developed. This project theme invites students to explore the core mathematical mechanisms
behind these algorithms. Each project can follow a theoretical or computational direction and
is designed to be open-ended yet manageable for a Bachelor’s or Master’s final project.

Central Challenges

1. Hidden Mathematical Principles. Do metaheuristics share common dynamical struc-
tures, such as transport, diffusion, or interaction, that explain their behaviour?

2. Collective Behaviour in Particle Methods. Many successful metaheuristics rely on
interacting agents. When do these agents reach consensus? When do they form clusters
or get trapped? How do local rules produce global optimisation behaviour?

3. The Role of Randomness. Noise, while essential for exploration, in excess destroys
structure. What mathematical mechanisms determine when randomness helps, and how
should it be tuned?

4. Landscape Geometry. How do features of the objective function—curvature, modality,
basin width, barrier height—shape the success or failure of metaheuristics?

5. Continuum and Mean-Field Limits. Some algorithms (e.g. CBO) admit elegant PDE
or mean-field descriptions. Which other metaheuristics possess such limits, and what do
these limits reveal about convergence?

6. Designing New Algorithms. Can we construct new optimisation schemes with a trans-
parent mathematical structure? What minimal ingredients guarantee global search?

Possible Project Directions Projects may include analysing simplified interacting-particle
models for optimisation, exploring mean-field or PDE formulations of heuristic algorithms,
investigating noise-driven phenomena, studying how landscape geometry influences algorithmic
dynamics, or designing and testing new metaheuristics with theoretical insight.

Student Profile These projects are well-suited to students who enjoy combining mathemat-
ical reasoning with computational experimentation, and who are curious about how modern
optimisation algorithms work beneath the surface.

1


