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Title of the research project: 

Topology-Aware Learning of Dynamic Interaction Graphs in Multiagent Coordination 

Keywords (up to five) 

Topological Data Analysis, Graph Neural Networks, Human Coordination, Representation 
Learning, Hypergraphs 

 Supervisors (at least two from two different areas): 

Supervisor 1 (name, contact details, homepage, area of expertise) 
Michael J. Richardson, Michael.j.richardson@mq.edu.au, Macquarie University, Australia, 
Coordination dynamics, machine learning 
 
Supervisor 2 (name, contact details, homepage, area of expertise) 
Marco Coraggio, m.coraggio@ssmeridionale.it, Scuola Superiore Meridionale, Italy, Complex 
systems, nonlinear dynamics, networks 
 
Supervisor 3 (name, contact details, homepage, area of expertise) 
Mengsen Zhang, mengsen@msu.edu, Michigan State University, USA, Computational topology, 
Coordination dynamics  

Project description (max 5000 characters) 

This project addresses a central problem in multi-agent complex systems: how to recover the 
interaction structure that gives rise to collective coordination. In many systems of interest—such 
as human group movement, joint action, sports teams, music ensembles, and human–machine 
coordination—observed behavior emerges not only from individual dynamics, but from a time-
varying network of mutual influences. These interaction structures are not directly observable and 
must be inferred from noisy, high-dimensional behavioral time series under partial observability 
and substantial underdetermination. Existing approaches typically estimate interactions locally, 
using pairwise dependencies or predictive relations, but locally plausible edge estimates do not 
necessarily assemble into a globally coherent or structurally valid interaction model. 
 
The central hypothesis of this project is that topology provides a principled global constraint on 
admissible interaction structures. Rather than treating topology as a purely descriptive tool, the 
project treats topological signatures of coordination dynamics as compatibility conditions that any 
valid interaction model must satisfy. In this sense, the project connects three levels of description: 
observed coordination dynamics, learned low-dimensional representations, and inferred 
interaction structures. Crucially, the approach also enables a new capability: diagnosing when 
pairwise network models are insufficient, motivating higher-order interaction representations. 
 
Coordination dynamics has shown that collective behavior is organized by low-dimensional 
regimes, metastability, symmetry, and regime transitions. At the same time, advances in 
markerless motion capture and pose estimation now enable large-scale behavioral data collection 
in dyads and groups. However, dominant analytical tools in coordination research remain largely 
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pairwise, including relative phase, cross-correlation, and recurrence-based summaries. While 
useful, these approaches become increasingly limited as group size and heterogeneity increase. In 
parallel, graph-based relational inference methods in machine learning can recover interaction 
structure from time series, but they rely on local criteria and remain underdetermined in noisy or 
partially observed settings. Persistent homology and related methods from topological data 
analysis offer a way to capture global structure in time-evolving dynamics, yet their integration 
into interaction inference remains largely unexplored. 
 
This project addresses the following research questions: 
1. What topological signatures of coordination dynamics are robust, interpretable, and relevant 

across canonical coordination regimes? 
2. Can low-dimensional representations of coordination dynamics be learned while preserving 

those topological signatures? 
3. Can interaction graphs be inferred more reliably by enforcing topological consistency between 

observed and model-generated dynamics? 
4. When do pairwise interaction models become insufficient, and can this insufficiency be 

detected systematically using topological mismatch? 
5. Can topology-informed low-dimensional state variables support minimal, regime-aware 

control in simulated coordination systems? 
 
Project objectives:  
O1 – Topological characterization of coordination dynamics.  
Establish a benchmark linking coordination regimes to topological structure using simulations of 
canonical models (e.g., Kuramoto, Stuart–Landau, HKB). Persistent homology and Mapper will be 
applied to time-series embeddings to identify topological features that are robust to noise, 
embedding choices, and system parameters, and that reliably distinguish coordination regimes. 
 
O2 – Topology-preserving representation learning. 
Evaluate whether low-dimensional representations preserve the topological structure identified in 
O1. Diffusion-based methods and temporal latent-variable models will be compared with and 
without topology-preserving objectives. Topology will be used both as a validation criterion and as 
a training signal, with performance assessed by topological fidelity, regime separability, and 
robustness to noise and partial observability. 
 
O3 – Topology-constrained graph inference. 
Develop graph inference methods in which candidate interaction structures are evaluated not 
only by local fit to observed trajectories, but by whether the dynamics they induce reproduce 
observed topological signatures. The goal is to show that topological consistency reduces the 
space of admissible graphs and improves identifiability in underdetermined settings. 
 
O4 – Detecting limits of pairwise interaction models and higher-order structure. 
Extend the framework to assess when pairwise graph models are insufficient. Systematic 
mismatches between observed and graph-induced topology will be used as a diagnostic of model 
inadequacy. In such cases, higher-order interaction models (e.g., hypergraphs or simplicial 
complexes) will be evaluated to determine whether they better reproduce observed coordination 
structure. 
 
O5 – Topology-informed regime-aware control (proof of principle). 
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Investigate whether topology-informed low-dimensional state variables can support simple, 
minimal intervention strategies in simulated coordination systems. The focus will be on stabilizing 
or inducing coordination regimes using small, targeted perturbations, demonstrating that the 
learned representations are not only descriptive and inferentially useful, but also operationally 
meaningful. 
 
The project will be developed incrementally. In the first phase, the student will establish a 
simulation benchmark and characterize topological signatures of coordination dynamics. In the 
second phase, topology-preserving representation learning methods will be developed and 
evaluated. In the third phase, these representations will be integrated into topology-constrained 
graph inference, initially in static settings and subsequently in slowly varying interaction 
structures. The fourth phase will investigate the limits of pairwise models and evaluate higher-
order interaction representations. In the final phase, the framework will be tested on empirical 
behavioral datasets and used in a proof-of-principle control study. The project therefore 
progresses from descriptive foundations, to representation learning, to constrained inference and 
model selection, and finally to actionability. 

Relevance to the MERC PhD Program (max 2000 characters) 

This project aligns closely with the interdisciplinary goals of the MERC PhD program by integrating 
methods from complex systems science, machine learning, and computational topology to 
address a fundamental problem in multi-agent coordination: the inference of interaction 
structure from behavioral data. It combines theoretical perspectives from coordination dynamics 
and nonlinear systems with modern data-driven approaches to representation learning and 
relational inference, creating a bridge between traditionally separate research areas. 
 
From a methodological standpoint, the project contributes to the study of complex systems by 
introducing topology as a structural constraint on interaction inference, and by developing tools 
to assess when standard pairwise network models are insufficient. This directly connects to core 
MERC themes, including emergent behavior, network dynamics, and higher-order interactions in 
complex systems. 
 
The interdisciplinary nature of the project is reflected in its combination of simulation-based 
modeling, data-driven learning, and application to real behavioral datasets. It therefore 
contributes both to fundamental methodological advances and to applied research in complex, 
real-world systems, aligning well with the objectives of the MERC PhD program. 
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Joint supervision arrangements 

Primary supervision will be led by Michael Richardson, with weekly or biweekly meetings focusing 
on coordination dynamics, experimental design, and the interpretation of collective behavior. 
Marco Coraggio will provide guidance on complex systems and network modeling, and Mengsen 
Zhang will support topological and machine learning methods, with each attending regular 
meetings (e.g., biweekly or monthly) aligned with the project’s methodological stages. 
 
Joint meetings involving multiple supervisors will be held at key milestones to ensure integration 
across theoretical, methodological, and application components. Regular written updates will be 
shared across supervisors to maintain alignment across disciplines. 

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

Give details of the foreign research institution where the student will be host together with the 
full name and contacts of the foreign host. Please indicate if the foreign institution has already 
agreed to host the student and when the student is expected to travel abroad. 
 
The primary study period abroad will be conducted at Macquarie University (Sydney, Australia), 
under the supervision of Michael J. Richardson. The student is expected to spend approximately 
two years at Macquarie University during the early and middle phases of the project. 
 
In addition, a shorter (1-2 month) research visit is planned at Michigan State University (USA) in 
collaboration with Mengsen Zhang, focusing on computational topology and topology-informed 
representation learning. This visit is expected to take place in the middle stages of the project, 
when the methodological components related to topological data analysis and learning are most 
developed. The exact timing and duration of this visit will be coordinated with the host institution 
and aligned with project progress. Informal interactions and shorter visits to the US may also 
occur during the project, further supporting collaboration. 


