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Challenges and opportunities

Operationalising and 
mathematising agency
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Artificial life as abstraction

- A change in perspective 

- From simulating life… 

- … to life within simulations 

- Abstracting evolution 

- Abstracting self-sustaining systems (= 
agents) 

Disclaimer: I’m interested in formalisations, 
plenty of topics not discussed because of this



NASA’s working definition of life

Defining life

"A self-sustaining chemical system capable of undergoing Darwinian evolution."



capable of undergoing Darwinian evolution."

Simulating (features of) life as we know it

"A self-sustaining chemical system

Gray-Scott model of reaction diffusion
https://www.youtube.com/watch?

v=F5oKgVZ6bTk&ab_channel=TimHutton

Avida 
https://www.youtube.com/shorts/ripHOtOG4TE



“Comparative biology”

“[W]e badly need a comparative biology. So 
far, we have been able to study only one 
evolving system, and we cannot wait for 

interstellar flight to provide us with a second. If 
we want to discover generalizations about 

evolving systems, we have to look at artificial 
ones.” 

Maynard-Smith (1992)



Artificial Life: Life within a simulation

Lenia
https://www.youtube.com/watch?v=HT49wpyux-

k&ab_channel=BertChan



Abstracting evolution



Darwinian evolution



Tierra, Avida, etc.

Digital evolution

Avida 
https://www.youtube.com/shorts/apANCQmPmL0



Abstracting self-sustaining 
systems



Intentional stance

Agents - A stance





Goal-directed systems acting in an environment

Agents - A conceptual grounding

Following Barandiaran et al. (2009), we are interested in agents as systems with: 

• Individuality 

• Goal-directedness/normativity 

• Asymmetry



Individuality Goal-directedness

Asymmetry
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Dynamical systems theory

Definition. 

A (closed discrete deterministic) dynamical 
system is a pair  where  is a 
set and  is a state-transition map. 

Autonomous, open, continuous, non-
deterministic, … systems require some more 
machinery, but same idea.

(X, f : X → X) X
f : X → X
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Variational principles

• Optimise function(al) to determine 
dynamics/behaviour of a system 

• Goals as optimisation towards final state 

• E.g. Hamilton’s principle

@MarbleASMRace 
https://www.youtube.com/shorts/w5Fom-pdwNA

𝒮[q] := ∫
t2

t1

L(q(t), ·q(t), t)dt
δ𝒮

δq(t)
= 0
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Optimal control/reinforcement learning

Optimal control theory

• “Physics with inputs”, or rather action 
policies 

• Optimise function(al) to determine 
dynamics/behaviour of a system, but 

• Systems have inputs 

• Inputs, action policies, to a physical 
system that can be “chosen” by a 
controller/agent



Heterostasis, homeodynamics, homeokinesis, homeorhesis, etc.

Homeostasis - Feedback

• Homeostatis (self-maintenance) as optimal 
control 

• Can easily be extended beyond set-point 
control 

• Homeostasis implies internal models 

• In biology “perfect adaptation”, in control 
theory “internal model principle”, etc.

Ask a Biologist
https://askabiologist.asu.edu/bird-hypothalamus
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Mathematical frameworks for 
agency



Agents - A mathematical grounding

• Relational approaches for individuality 

• Prediction-based methods for goal-directedness 

• Causality-based methods for asymmetry



Individuality Goal-directedness

Asymmetry



Free energy principle

Info theory of individuality

Cartesian frames

Dynamical systems (Beer)

Anticipatory systems

Bayesian interpretation

Agent description

Complete local integration

Actual causation (~ IIT)

Mechanised causal games

Semantic information

Individuality Goal-directedness

Asymmetry



Drawing the boundary

Individuality <-> Goal-directedness



Ant gardens

Symmetry and as-if causality



Acknowledgments 

People: Keisuke Suzuki, Fernando Rosas, Nathaniel Virgo, Martin Biehl, Matteo Capucci, 
Alexander Boyd, Franz Nowak, David Hyland, Filippo Torresan. 

Funding: 

EDA-Robots +





Reverse the implication

Internal models imply individuation?

• Not all internal models are good candidates, 
some are too simple 

• No full definition of individuation yet, but 
“agent” is a good first step 

• Agents are “goal-directed autonomous 
systems that interact with its environment”

Analogy for “too simple” = we somehow 
know all the movements of guards inside a 
castle without observing them properly



From Baltieri et al. (2025), these are too simple

Internal models in optimal control



Systems that perform Bayesian updates “in the wild” are agents

Bayesian models or interpretations

Conjugate priors for Bayesian filtering 

—> There exists a map  such that 

See Virgo et al. (2021), Biehl & Virgo (2022), 
Baltieri et al. (2025), these are not too simple

c



Randall Beer’s work on gliders in the Game of Life

Alternative views on abstractions

https://en.wikipedia.org/wiki/Conway%27s_Game_of_Life

https://www.youtube.com/watch?
v=C2vgICfQawE&t=218s&ab_channel=RationalAnimations Beer (2014)



Summary

• Life within a simulation 

• Abstracting self-sustaining systems 

• We can do maths on some things, not on 
others yet 

• To understand individuation, we define 
“agents” 

• Agents as systems that can be interpreted 
as using Bayesian models to updates their 
states


