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Project description (max 5000 characters)

The project aims to understand how motion and propagation arise on complex networks when
the basic moving unit is not just a single node, but a small local pattern of nodes and edges. In
many real systems, indeed, collective propagation cannot be described properly by random walks
of single nodes alone. This motivates the search for a mesoscopic description in which small local
structures, such as motifs, act as the basic units of propagation. This project therefore focuses on
an intermediate level, from the microscopic scale of individual nodes to the mesoscopic scale of
motifs. The main idea is that motifs can act as natural building blocks for transport, coordination,
and information flow on complex networks.

The first goal is to develop a general theory of motif random walks and motif-based propagation
on complex networks. We will study how local movement rules at the motif level can produce
large-scale connectivity and long-range propagation. In particular, we want to understand when
motif motion can remain local and when it can extend across the system. This will allow us to
identify the key factors that control the onset of global propagation and to compare the role of
different motif structures in a unified way.

The second goal is to understand how constraints shape motif motion. In many cases, motion may
depend on partial restrictions, internal order, or local asymmetry, even if the underlying complex
network itself has no preferred direction. Such constraints may favor some types of motion,
suppress others, or create effective traps. We will study how these effects change the accessibility
of different paths and how local rules can strongly affect global behavior.

Finally, we will connect the theory to real complex networks, with possible applications to biological
and cognitive systems such as brain networks. We will explore whether motif-based propagation
can help explain observed signal patterns and whether mesoscopic structure provides useful
information beyond standard node-based descriptions.

Overall, the project seeks to build a bridge from microscopic dynamics to mesoscopic organization
in complex networks. By treating motifs as dynamical units, rather than only as static patterns, we
aim to uncover new principles for propagation, constraint, and emergent behavior in complex
systems. potential applications in brain networks, biology and robotics.
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Relevance to the MERC PhD Program (max 2000 characters)

The project is openly multidisciplinary, as it involves bridging methods and tools from statistical
physics, nonlinear physics, graph theory, Monte Carlo simulations, random walks processes,
stochastic differential equations and Markov chains, probabilistic graphical models and energy
minimization algorithms, dynamical systems and information theory with those of applied
mathematics and group theory.

As so, the project is closely aligned with the MERC PhD Program. It develops new theoretical tools
for studying propagation and emergent behavior in complex networks. It connects directly to
MERC’s interest in complexity, risk, and cascading effects.

The project also matches the program’s aim of linking theory and applications. While its main
contribution is theoretical, the proposed framework can be tested on real complex networks and
may also be useful in robotics, for example in multi-agent or swarm systems where coordinated
motion depends on local interaction patterns.
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Joint supervision arrangements

The supervisor is working at the CNR, Institute of Complex Systems, in Florence.

He is a member of the Board of MERC, a member of the Academia Europaea, and a Fellow of the
American Physical Society. A second supervisor will be soon individuated.

During the period of stay in Italy, weekly meetings will be organized with the supervisor, and at
least two visits of the supervisor to Naples will be made to ensure the best as possible supervision
of the candidate. Regular online meetings (at least on a monthly basis) will be organized involving
the PhD student and the two supervisors during the entire duration of the project.

Location and length of the study period abroad (min 12 months)

The 12 months study period abroad will be realized (ideally between the second half of 2027 and
the first half of 2028) at the Trakia University in Star Zagora, Bulgaria, under the supervision of
Prof. Charo del Genio.
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