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Keywords: emergence in complex systems, sensorimotor control, open-ended
evolution, origins of life, cellular automata, machine learning (deep neural
networks, optimization algorithms), automatic discovery, scientific programming
with Python, numerical simulation on GPU.

Note: | am proposing several Master internships and it will be possible to adapt
the topics to the scientific interests and the technical skills of the candidates, as
well as to the duration of the internship. Integrating ideas from the different
projects | propose is also an option.

Context

Many systems that we encounter in Nature are self-organized and dynamic, and
their study often reveals the emergence of highly-structured morphologies
capable of complex behaviors evolved for survival in their environment. In the
artificial world, cellular automata (CAs) are among the examples of widely-
studied self-organizing systems. For instance, the artificial life (ALife) community
has studied the emergence of spatially localized patterns (SLPs) in CAs, giving
hints to the theories of the origins of life [1]. SLPs have a local extension and can
exist independently of other patterns, resembling artificial "creatures" that can
survive for an extended period of time and interact with their environment. In
parallel, in the embodied Al community, we generally assume an agent with a
given body (morphology) and a given set of possible actions (sensorimotor
capabilities), and aim to study the mechanisms of learning to control the agent
behaviors (i.e. the agent's "brain").

In this project, we ask the following questions: how to reunite those two
perspectives and jointly study the emergence of body morphologies and
behavioral sensorimotor capabilities? Can we bootstrap processes of open-ended
evolution in such complex systems?

Project

In this project, we will consider Lenia [2,3] as an environment of study. Lenia is a
system of continuous cellular automata which can generate a wide range of
complex patterns and dynamics, where some of the emerging structures seem
to look and behave like real-world microscopic organisms.

While the notions of agents, environment, and possible agent-environment
interactions are typically predefined in reinforcement learning and robotic
settings; in self-organizing systems such as Lenia the notion of agent and
actions (sensorimotor capabilities) is more difficult to interpret. Yet, when
looking at the emergent creatures (see example video here and here), they
already seem to have some sort of proto-sensorimotor control in their emergent
behaviors.

Moreover, our research team has recently proposed a new method for
discovering creatures displaying sensorimotor capabilities in cellular automata
[9]. For this aim, we have introduced environmental elements in Lenia to search
for self-organizing creatures capable of reacting to the perturbations induced by
the environment. The method is based on curriculum learning, Intrinsically
Motivated Goal Exploration Processes (IMGEP) and on gradient descent. Using a
newly-introduced differentiable version of Lenia, the method is able to discover
the rules leading to the emergence of robust creatures with sensorimotor
capabilities. The creatures obtained, using only local update rules, are able to
regenerate and preserve their integrity and structure while dealing with the
obstacles or other creatures in their way. They also show great generalization to
unseen environments.

The objective of the internship is to extend the range of morphological,
behavioral and functional complexity in the Lenia environment (starting from
our recent works in [9,14,15]), and to further explore the emergence of
functional morphologies and behaviors. Several directions of research can be
explored during the internship:

« Studying emergent open-ended evolution in Lenia. An important
challenge in Artificial Life and Artificial Intelligence is to design systems
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displaying open-ended intrinsic evolution (i.e unbounded growth of
complexity through intrinsic evolutionary processes) [12]. Such a
process is called /ntrinsic since no final objective (i.e fixed fitness
function) is set by the experimenter, as in natural evolution where there
is no final goal [13]. We have recently made preliminary steps in this
direction by designing a CA where multiple creatures, each with their
own evolvable learning rules, can co-exist and interact in a shared
environment. Our first results are very promising (see this demo video)
and we now want to scale them to larger simulations on GPU clusters to
study open-ended dynamics in these systems.

e Introducing mechanisms of resource consumptions by the
creatures. This will provide a more functional notion of reward for the
optimization of the creatures where, instead of explicitly optimizing for
moving creatures as in [9], moving behavior would emerge as a solution
to collect limited resource in the environment (see [11] for an
evolutionary perspective). In a second step, competition for limited
resources can possibly bootstrap the emergence of species co-
adaptation towards increasingly skilled creatures (a phenomenon known

s “autocurricula” in the machine learning literature [10]). We have
recently introduced mechanisms for mass-conservation in Lenia [14],
which we think is a key step in achieving the above.

¢ Exploring mechanisms of reproduction among creatures.In recent
experiments, we have observed such phenomena (a third creature being
formed from the collusion of two others, resulting in three surviving
creatures -- see [9]). Although we didn't optimize for reproduction in this
prior work, the same method based on curriculum-driven IMGEP with
gradient descent could be used to explicitly optimize for robust
reproduction with variation, which potentially opens the road toward
open-ended evolution in Lenia (in particular if coupled with the previous
point).

« Studying conditions for the emergence of learning and memory
mechanisms in sensorimotor creatures. This comes as a natural
extension of our recent work on emergent sensorimotor behavior in [9].
We could extend the environment such that obtaining maximal reward
requires creatures to encode and maintain information for some amount
of time (see [11] for an evolutionary perspective). Here again, we can
use the same tools (curriculum-driven IMGEP with gradient descent) to
study how learning and memory can emerge from the self-organising
dynamics of the creatures.
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