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Abstract

Understanding multi-agent behavior in natural environments requires world models
that jointly capture agent interactions, environmental structure, and the cognitive
strategies that shape collective dynamics. Existing approaches typically focus on
isolated components — such as tracking, simulation, or inference — without inte-
gration into a unified pipeline for reasoning about relationships between behavior,
environment, and cognition. Here, we introduce new behavioral data from groups
of birds foraging in outdoor 3D environments, as well as an open-source frame-
work for interpreting this data. The framework combines detection and tracking of
multiple animals, semantic 3D environment reconstruction, multi-agent simulation,
and graph neural network–based inference. By bringing together behavior, context,
and predictive modeling, this paper lays the groundwork for investigating latent
cognitive strategies across species and environments, and identifies key challenges
to interpreting models of these systems.

1 Introduction

Understanding how agents coordinate their movements and make decisions in real-world environ-
ments is a persistent challenge spanning the fields of neuroscience, behavioral ecology, and artificial
intelligence. Collective behaviors such as flocking and foraging emerge from local interactions among
individuals and between individuals and their surroundings. These processes embody distributed cog-
nition: no single agent or environmental feature dictates the outcome, yet coordinated patterns arise
that allow the group to navigate, exploit resources, and avoid threats. Developing a holistic account
of such dynamics requires requires models that jointly represent animal movement, environmental
context, and the latent behavioral cognitive strategies that include internal agent world models and
inter-agent communication patterns.

Deciphering the rules and neural substrates underlying such group behaviors en natura is difficult
given the unconstrained nature of behavior and environmental complexity in the wild. In absence of
experimental control typically afforded by laboratory experimentation, how does one 1.) quantify
structure in animal behavior and 2.) understand that behavior in the context of an animal’s sur-
roundings? Recent advances in machine learning have dramatically expanded the toolkit available
for studying collective behavior in natural settings. Deep learning models now enable relatively
robust multi-agent tracking from video data in varied conditions [27, 21, 58]. In parallel, rendering
techniques allow for high-resolution reconstruction of complex 3D environments from sparse visual
data [23, 64, 56, 33], offering new opportunities to study how agents interact with their surroundings
in a spatially grounded manner.
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Despite this important progress on isolated techniques, there remains no framework that unifies
real-world tracking, environmental reconstruction, and predictive modeling to reason about collective
decision-making in context (Figure 1). Statistical mechanics has revealed general principles of
collective motion across species [24], GPS-based studies of wild primates have tied decision-making
to habitat structure [50, 49], and laboratory neuroethology has shown how hippocampal maps encode
sociospatial structure [35]. At the same time, AI research is beginning to build foundation models of
ecosystems and global environmental dynamics [39, 7], as well as animal vocalizations [38, 14, 16].
Yet these advances remain siloed — they either prioritize behavior at the expense of environment, or
focus on environment without resolving behavior. Our framework integrates these AI/ML domains
into a single pipeline, increasing the scalability and richness with which it is possible to study
collective intelligence en natura. This integration allows us to ask how behavior emerges from the
interplay of social interaction and environmental affordances. As shown in a recent application to
urban rat collectives [29], such integrative analyses can reveal latent principles of social cognition
that would be invisible to approaches in isolation.

Figure 1: Our approach for inferring movement strategies. Pipeline schematic. We capture
multimodal behavioral data of group foraging to reconstruct a 3-dimensional mesh representation of
the environment into which we can project the tracked data. This allows us to analyze multi-agent
tracking in natural environments. We use this data (along with simulations of classic flocking models)
to fit a graph neural network to estimate local interaction rules.

To model social group behavior, we used graph neural networks (GNNs), a class of deep learning
model designed to operate on graph-structured data, where entities are represented as nodes and
their relationships as edges[68, 62]. Unlike traditional neural networks that assume fixed input
structures, GNNs flexibly model interactions and dependencies across arbitrary topologies, making
them well-suited for systems where relational dynamics drive behavior. This framework is particularly
relevant to our study of bird behavior, where collective actions such as flocking, foraging, and evasion
emerge from decentralized interactions among individuals and with their environment. GNNs have
previously been used to model flocking behavior [30, 67], but to our knowledge, not to distinguish
between different flocking mechanisms through the attention mechanism. Other related works utilizes
GNNs in various agent-based environments, [51, 2, 8, 70, 19, 42].

This manuscript introduces an open-source methodological pipeline that integrates real-world multi-
agent tracking, semantic 3D environment reconstruction, and graph-based inference into a unified
pipeline for studying collective behavior. To demonstrate the pipeline, we acquired a dataset of animal
groups foraging in complex natural environments using synchronized thermal and RGB imaging, and
developed a cross-species detection and tracking pipeline capable of resolving individuals across
camera views. We further generated semantic 3D reconstructions via Gaussian splatting to capture
spatial environmental context, and integrated real and artificial agents to probe the interplay between
collective dynamics and environmental constraints. Finally, we constructed a GNN model with
an attention mechanism to uncover latent interaction structure in multi-agent systems. We tested
the GNN models on simulated flocks of birds with different foraging strategies, identifying key
challenges and opportunities for interpreting such systems.
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