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Cognitive transitions: complexity & Evolution

How does cognition emerge? 

Why brains?

What kind of brains? 
 

Are there other minds?

How intelligence arises in evolution?

Is language a pre-condition or a consequence?

Is consciousness an emergent property?

Is it possible to build an artificial mind?

How can we measure consciousness?

Why are humans so different (from other species)?



Contingency, constraints and universals



The Major synthetic transitions

R Solé (editor)
The major synthetic evolutionary transitions

Philosophical Transactions R Soc B (2016)



Cognitive networks: what is the space of the possible?
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Emergence of neurons, neural agents and brains



Why brains? 
What kinds of brains? 

What are the constrains? 

Case studies 

Building synthetic cognition



The moving hypothesis: brains as prediction machines

The moving hypothesis posits that active exploration of 
an organism’s spatial environment was a key step in 

the evolutionary trajectory that produced brains 

R. Llinás, 1987



What is intelligence: a space of possibilities?



http://creativemachines.cornell.edu/AI-vs-AI

Defining and measuring intelligence

“Intelligence: the collection of 
sophisticated cognitive abilities, 

such as problem solving, complex 
social cognition, and future 

planning.”

P. Amodio et al. TREE 2019 

http://creativemachines.cornell.edu/AI-vs-AI


How can we model cognition? 
Classical problem: “solid” neural networks 



“Standard” brains / neural networks (solid brains)
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Neural and genetic network model(s)



Attractor neural networks
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Formal Hebb’s rule implementation
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Memories as minima on H(s)
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Is the brain operating at the edge of chaos?



Neuronal avalanches are critical



What happens if agents can move? 
What kind of attractors? 

What kind of (collective) dynamical states?



Liquid versus solid “brains”



The collective mind: liquid + solid
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Emergence of a super-structure with a two-way interaction loop



Fluid neural networks 
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Neural networks as models of cellular networks

M

A W

Ap Z

Bp

S
Y

Yp

Tap Trg Tsr Tar

AspDp Rb Sera b



Single cells also move and search: a cellular brain?



Physarum machines: shortest path with brainless agents



If ant colonies are like liquid brains,  
what kind of attractors are there? 

What are the constraints to cognition?



Ant colonies as liquid cognitive networks

Each individual is a “neural agent”



Ant colonies as liquid cognitive networks

The attractor is defined in terms of a population vector: is this a general result?

inactive layer

a.

b.

c.

d.



Colony attractors are highly degenerate. What about brain of brains?



Is criticality relevant to liquid cognition too?



Criticality in swarms: collective behavior at criticality

http://www.xavibou.com

Statistical mechanics for natural flocks of birds

Bialek et al, PNAS 2012
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Collective synchronisation of non-periodic agents



Collective synchronisation



At criticality



Collective synchronisation: making synthetic ants



Criticality in cells

Gene expression dynamics in the macrophage
exhibit criticality
Matti Nykter*†, Nathan D. Price†, Maximino Aldana‡, Stephen A. Ramsey†, Stuart A. Kauffman§, Leroy E. Hood†¶,
Olli Yli-Harja*, and Ilya Shmulevich†¶

*Institute of Signal Processing, Tampere University of Technology, 33101 Tampere, Finland; †Institute for Systems Biology, Seattle, WA 98103; ‡Center of
Physical Sciences, National Autonomous University of Mexico, C.P. 62210, Cuernavaca, Morelos, Mexico; and §Institute for Biocomplexity and Informatics,
University of Calgary, Calgary, AB, Canada T2N 1NF

Contributed by Leroy E. Hood, December 14, 2007 (sent for review October 20, 2007)

Cells are dynamical systems of biomolecular interactions that
process information from their environment to mount diverse yet
specific responses. A key property of many self-organized systems
is that of criticality: a state of a system in which, on average,
perturbations are neither dampened nor amplified, but are prop-
agated over long temporal or spatial scales. Criticality enables the
coordination of complex macroscopic behaviors that strike an
optimal balance between stability and adaptability. It has long
been hypothesized that biological systems are critical. Here, we
address this hypothesis experimentally for system-wide gene ex-
pression dynamics in the macrophage. To this end, we have
developed a method, based on algorithmic information theory, to
assess macrophage criticality, and we have validated the method
on networks with known properties. Using global gene expression
data from macrophages stimulated with a variety of Toll-like
receptor agonists, we found that macrophage dynamics are indeed
critical, providing the most compelling evidence to date for this
general principle of dynamics in biological systems.

complex systems ! normalized compression distance ! information theory

Many complex systems are capable of undergoing a phase
transition between a disorganized and an organized state.

This phenomenon has been observed in enzyme kinetics (1),
growth of bacterial populations (2), foraging in ant colonies (3),
brain activity (4), and traffic f low on the Internet (5). A system
that is operating near such a phase transition is said to be critical.
At equilibrium, this transition will occur at a critical value of a
system parameter, such as the Curie temperature in a ferromag-
net, below which the system can maintain spontaneous magne-
tization. Nonequilibrium systems, however, are capable of self-
organizing to such a critical state, whereby complex behavior can
emerge in a robust manner without fine-tuning the details of the
system (6, 7).

A hallmark of critical behavior is the spontaneous emergence
of complex and coordinated macroscopic behavior in the form
of long-range spatial or temporal correlations. Such coordina-
tion across many scales enables information to propagate over
time from one part of the system to another with a high degree
of specificity and sensitivity. For example, measurements of
human brain oscillations revealed such critical dynamics of
neural networks, implying their ability to effectively propagate
information and rapidly reorganize (8). Similarly, measurements
of computer network traffic indicate that the Internet exhibits
critical dynamics, accordingly, suggesting optimal information
transfer (9, 10). Many other complex systems, such as financial
markets (11), forest fires (12), neuronal networks supporting our
senses (13), and biological macroevolution (14) have been shown
to self-organize to a critical state.

A living cell is a complex dynamical system of interacting
biomolecules. While this system exhibits stability even in varying
environments, it is also capable of changing states and in so doing
make decisions in response to specific changes in its environ-
ment, such as the initiation of cellular differentiation upon

exposure to certain stimuli. Therein lies a delicate balance
between stability and adaptability. Too much stability—a char-
acteristic of ordered behavior—and the system cannot respond
to changes, rendering it inflexible. Too much sensitivity—a
feature of chaotic behavior—and the system loses its ability to
maintain one or more stable steady states necessary for
executing orderly cellular functions.

Such exquisite molecular decision-making is exemplified by
the macrophage, a cornerstone cell type of the innate immune
system and a key regulator of the inflammatory response.
Batteries of cell surface receptors, such as the Toll-like receptors
(TLRs), recognize different pathogen-associated molecular pat-
terns and propagate that information through intracellular mo-
lecular networks (15). By combining the information associated
with each of these molecular patterns, the macrophage triggers
distinct (but overlapping) signal transduction pathways that lead
to distinct gene expression programs (‘‘bar codes’’) correspond-
ing to the specific invading microorganism. The macrophage uses
this information to undergo a series of distinct functional state
changes, resulting in cytoskeletal rearrangements, production of
reactive oxygen and nitrogen intermediates, release of toxic
peptides used to kill the pathogen, antigen presentation that
activates specific T cells, and secretion of proinflammatory
cytokines that further instruct the adaptive immune response. To
carry out such complex and coordinated responses to the wide
diversity of molecular patterns, the information read by the cell
needs to flow through its molecular networks without being lost
or degraded. The nature of this information flow constitutes the
focus of our study.

It has long been hypothesized that living cells, as manifesta-
tions of their underlying networks of molecular interactions, are
poised at the critical boundary between an organized and a
disorganized state (16). Recently, several analytic approaches
applied to gene expression datasets support the ‘‘life on the edge
of chaos’’ hypothesis (17–19). If this hypothesis is true, criticality
is a result of the cell’s ability to coordinate complex behaviors
while maintaining stability and robustness in a variable environ-
ment. More importantly, it represents a manifestation of a
general principle governing the dynamics of living systems,
placing them into a broader class of self-organized systems that
are governed by the same universal principles. The equivalent
principle in the study of the network architecture (i.e., structure)
is the scale-free property (power-law degree distribution) shared
by most real-world networks (20). Just as scale-free networks are

Author contributions: M.N., N.D.P., S.A.K., L.E.H., O.Y.-H., and I.S. designed research; M.N.,
M.A., and S.A.R. performed research; M.N. analyzed data; and M.N., N.D.P., and I.S. wrote
the paper.
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Engineering synthetic criticality in cells

Vidiella, B. Et al. 2021. Engineering self-organized criticality in living cells. Nature Comm.12:4415



Engineering synthetic criticality in cells
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Vidiella, B. Et al. 2021. Engineering self-organized criticality in living cells. Nature Comm.12:4415



Synthetic search patterns?

Solé, R. et al.. 2021. Synthetic criticality in cellular brains. J. Phys. Complexity 2, 041001



What about plants?



Plant intelligence? No movement, no cognition?
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How to define a cognition space? 
Can it be described as a phase space?



Ollé-Vila, A. et al. (2016). A morphospace for synthetic organs and organoids: the possible and the actual. Integrative Biology, 8, 485-503.

A morphospace of embodied cognition



Ollé-Vila, A. et al. (2016). A morphospace for synthetic organs and organoids: the possible and the actual. Integrative Biology, 8, 485-503.

Pancreas

Lung

A morphospace of embodied cognition



Ollé-Vila, A. et al. (2016). A morphospace for synthetic organs and organoids: the possible and the actual. Integrative Biology, 8, 485-503.

A morphospace of embodied cognition



Ollé-Vila, A. et al. (2016). A morphospace for synthetic organs and organoids: the possible and the actual. Integrative Biology, 8, 485-503.

Very diverse

Liquid


Learning

Memory


Pattern matching

A morphospace of embodied cognition



Ollé-Vila, A. et al. (2016). A morphospace for synthetic organs and organoids: the possible and the actual. Integrative Biology, 8, 485-503.

Development

Liquid (ants) +Solid (nest)


Learning + Memory

(Super)organism

A morphospace of embodied cognition



Ollé-Vila, A. et al. (2016). A morphospace for synthetic organs and organoids: the possible and the actual. Integrative Biology, 8, 485-503.

A morphospace of embodied cognition



Ollé-Vila, A. et al. (2016). A morphospace for synthetic organs and organoids: the possible and the actual. Integrative Biology, 8, 485-503.

Single-cell multinucleate

Liquid-solid


Learning+Memory

Shortest path, mazes

A morphospace of embodied cognition



Solid artificial constructs: do they “explain” cognition?



A(nother) morphospace of embodied cognition

Solé, R (2022). Evolution of brains and computers: the roads not taken. Entropy 2022.
THANK YOU
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