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Extended Abstract
Understanding the origin of cognition is a central challenge across biology, neuroscience, and
psychology. To address this, we must ask both how cognition first arose through evolution and
how it develops within an individual. Progress requires identifying the mechanisms by which
living systems process information, and mathematical models provide one way to uncover such
mechanisms. Yet, building full models of the brain is difficult because of its complexity.

Simpler systems can therefore provide valuable insights. Oscillations and adaptation are
two well-established mechanisms underlying cognition. For example, oscillatory processes are
crucial for coordination in the human brain [1], while adaptation through synaptic plasticity
is central to learning and memory [2]. Network science, with its focus on how structure and
dynamics interact, offers a natural framework to study these processes in both evolutionary and
developmental contexts.

In this talk, I will present two complementary examples where oscillatory adaptive networks
are used as a basis for cognition-like processes. The first, from an evolutionary perspective,
builds on recently published modelling work [3] on slime moulds and demonstrates how oscil-
lations reinforce adaptive transport networks. The second, from a developmental perspective,
introduces ongoing work on brain organoids, where we study how oscillatory activity emerges
as neural networks grow. Together, these examples illustrate how adaptive oscillatory networks
can serve as a unifying principle across systems that differ widely in scale and organization.

From an evolutionary perspective, basal organisms without nervous systems exhibit be-
haviours often described as minimal cognition. The slime mould Physarum polycephalum is a
widely studied model organism for this purpose [4]. Despite being a single cell, it can solve
shortest path problems [5], anticipate periodic events [6], and demonstrate forms of habitua-
tion [7]. To understand its adaptive behaviour, network adaptation models based on current-
reinforcement have been proposed, most notably by Tero et al. in their formulation of feedback
rules for tube growth [8]. However, these models do not incorporate the increasing evidence
that spontaneous oscillations play a central role in sustaining learning processes [4]. To ad-
dress this gap, we have recently presented a mechanistic model of Physarum that combines
oscillatory dynamics with current-based reinforcement, showing how such processes gener-
ate adaptive networks capable of efficient resource allocation and problem-solving [3]. This
model shows how oscillations enable efficient resource allocation, shortest-path formation, and
problem-solving. By varying phase, amplitude, and frequency differences, we demonstrate that
oscillatory inputs can sustain adaptive network growth, produce long-range synchronization,
and generate robust solutions even under environmental variation.

From a developmental perspective, brain organoids provide a promising model of early
neural development. These three-dimensional self-organizing tissues exhibit spontaneous os-
cillations as neural connections form [9]. However, the interplay between network growth,
adaptation, and the onset of oscillations has not been systematically studied. In ongoing work

1



with collaborators in experimental neurology, we combine multielectrode array (MEA) record-
ings with network analysis and modelling to investigate how oscillations emerge in growing
organoid networks and how structural development shapes synchronous activity. Our aim is to
investigate how network topology and oscillatory dynamics interact during organoid develop-
ment, and whether comparable principles emerge to those seen in simpler biological systems.

Taken together, these two examples – Physarum as an evolutionary case and organoids as
a developmental one – illustrate how oscillatory adaptive networks can generate cognition-like
processes. In my talk, I hope to show how studying adaptive networks in both evolutionary and
developmental contexts can contribute to our understanding of how cognition emerges.

Ethical Considerations
Modelling slime mould behaviour involves no human or animal data and poses no ethical con-
cerns. The study of brain organoids, carried out with experimental collaborators, considers
these systems solely as models of neural development, in line with current consensus that they
do not possess features of consciousness. We acknowledge that analogies between basal and
neural systems can be overinterpreted and therefore present them cautiously. Oversight of bio-
material sourcing follows institutional review processes and international stem cell guidelines,
while my role focuses on data analysis, modelling, and theoretical interpretation.
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