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Abstract

Interconnected fluctuating processes occurring across multiple temporal scales are a
hallmark of neural networks, ecological communities, biochemical architectures, and many
other complex systems. These processes can interact both directly and indirectly, with
interactions across timescales often exhibiting intricate internal properties. This complexity
makes understanding the relationships between components of a biological or synthetic
complex system a formidable challenge.

In this talk, I will explore how the distinct timescales associated with each process
influence their effective couplings. By examining the probabilistic structure of a general
multiscale system, I will uncover the underlying principles that govern information
propagation across different timescales. In doing so, I will clarify the interplay between
mutual information and causality, revealing the origin of the critical distinction between
causal and functional interactions in complex stochastic systems.

The picture becomes more intricate when considering the interplay between this emerging
information structure and the dynamical properties of the underlying system components.
I will consider a general model where the input signal is propagated to an output unit
through a processing layer via nonlinear activation functions. In particular, I will focus on
two widely implemented paradigms: nonlinear summation, where signals are first
processed independently and then combined; and nonlinear integration, where they are
combined first and then processed. In this framework, I will demonstrate that fast-
processing capabilities systematically enhance input-output mutual information and that
nonlinear integration outperforms summation in large multiscale systems. On the
contrary, lower-dimensional systems exhibit a nontrivial relationship between the two
strategies as a function of interaction strength and heterogeneity.

Our results uncover pivotal features of information processing across temporal scales,
with profound implications for both biological and artificial complex systems.



