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SANTA FE

From the proposal | have received for the Institute Comillas, | feel that you are
addressing each of these three challenges and doing so in relation to some very deep
and important problems and questions. These include the nature of disease and its
control, the very complex problem of planetary health that requires integrating across
economic, social and ecological domains of expertise, new approaches to artificial
intelligence that take us beyond the standard statistical, machine learning formalisms to
incorporate greater cognitive and physical expertise, and new quantitative approaches
to studying the history of culture and society.

And of central importance is that these ideas will be pursued as they are at SFl by
engaging with talent drawn from a global community of scholars leveraging diversity
and heterogeneity and doing so without the obstacles of departments and fields. Both
your location and facilities are a very key ingredient in making these ambitions likely to
succeed, as well as the involvement of scientists such as yourself and Ricard Solé, who
have direct and personal experience of SFl and related innovative institutions.

In conclusion, | strongly support this proposal and find your vision compelling. Please
don’t hesitate to reach out to me with further questions and supporting materials.

Yours sincerely,

ng_g../

David Krakauer
President and William H. Miller Professor of Complex Systems

1399 Hyde Park Road | Santa Fe, New Mexico 87501 | www.santafe.edu | 505.984.8800
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Creativity: origins, evolution and engineering

72



73
ANEXO VIII

ALGUNOS EXITOS DEL SANTA FE INSTITUTE

El Santa Fe Institute se fundo en 1984. El Department of Energy (DOE) - Office of Health and
Environmental Research (OHER) — y Los Alamos National Laboratory (LANL), pubicaban
“Sequencing the Human Genome — Summary Report of the Santa Fe Workshop, March 3-4, 19867,
cuatro afios antes del comienzo “oficial” del Proyecto Genoma Humano™. “The Santa Fe Genome
workshop was attended by 43 participants from the United States and Europe, of whom 18 were
Jfrom DOE Laboratories and the remainder from academia and private sector”.
https://web.ornl.gov/sci/techresources/Human_Genome/publicat/1986santafereport.pdf

Desarrollo de una teoria del sistema inmunolégico que permitio, entre otras, abordar la comprension
de la progresién del virus del SIDA. Alan S. Perelson y Avidan U. Neumann eran external
professor'y postdoc, respectivamente, en SFI cuando publicaron en Nature (en colaboraciéon con
investigadores clinicos), en 1995, uno de los trabajos mas influyentes de la historia de esta
enfermedad (Nature 1995; 373: 123-126).
https://www.nature.com/articles/373123a0

Desarrollo de una teoria de las leyes de escala alométricas que definen la relacién entre tamarfio
corporal y diversos atributos anatémicos, fisiologicos (como la longevidad) e, incluso, cognitivos
que permiten definir el universo de lo posible en sistemas naturales y, en consecuencia, también las
anomalias relacionadas con enfermedades. Fue el resultado del trabajo conjunto entre un fisico
teérico (Geoffrey B. West) y dos ecologos (James H. Brown y Brian J. Enquist), que crearon una de
las teorias generales mas importantes de la historia de la complejidad y que han permitido
desarrollar nuevos conceptos en campos tan dispares como las enfermedades complejas o la
dinamica de ecosistemas (Science 1997; 276 (5309): 122-126).
http://cns.physics.gatech.edu/~roman/phys8803/Life's%20Universal%20Scaling%20Laws%20-

0

%020West.pdf
West, G.B., Scale: the universal laws of growth, innovation, sustainability, and the pace of life in

organisms, cities, economies, and companies. New York: Penguin, 2017.

Construccion de una ciencia de las ciudades / Creatividad y complejidad en sistemas urbanos. La
colaboracion de expertos asociados a SFI incluyendo fisicos (Luis M. Bettencourt) y teéricos de la
complejidad econdémica (José Lobo) permitié demostrar que, mas alla de sus diferencias, las
ciudades exhiben leyes matematicas que permiten definir el estado de la ciudad como sistema
maduro o, por el contrario, las situaciones en las que se convierte en un sistema degradado.
También se descubrio que las variables clave relacionados con la innovacion, como el nimero de
patentes o inventores crece mucho mas rapido que lo que se esperaria a partir del tamafio de la
ciudad. Ello sugiere con claridad que existen fendmenos relacionados con la complejidad de las
redes de innovacion (PNAS 2007; 104 (17): 7301-7306).
https://www.pnas.org/content/pnas/104/17/7301 .full.pdf
http://www.indiaenvironmentportal.org.in/files/urban%20living.pdf

Los primeros trabajos sistematicos acerca de las redes de colaboraciony sociales, asi como la
primera teoria de modularidad.en redes complejas fueron lideradas por Mark E. J. Newman.
Tendrian un impacto extraordinario dentro del campo entonces emergente (2001-2006).
https://www.pnas.org/content/pnas/99/12/7821.full.pdf
https://www.pnas.org/content/pnas/103/23/8577.full.pdf
https://www.pnas.org/content/pnas/98/2/404.full.pdf
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Ricard Solé desarrolld los primeros modelos de redes complejas relacionadas con lenguaje,
ecosistemas y moleculares. Estos estudios, de enorme impacto, demostraron la fragilidad de los
ecosistemas complejos (que experimentan efectos de extincion en cascada), el origen de la enorme
navegabilidad y eficiencia del lenguaje humano para construir conexiones entre palabras y una
nueva vision del proteomay el genoma en términos de grafos de interaccion que cuestionaban la
vision reduccionista de la biologia (Proc. R. Soc. Lond. B, 2001; Advan. Complex Syst., 2006)
https://www.ncbi.nlm.nih.gov/pme/articles/PMC1088874/pdf/PB012261.pdf
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1088846/pdf/PB012039.pdf
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.409.2805&rep=rep | &type=pdf

El Instituto participé junto al Laboratorio Nacional de los Alamos en la organizacion de las
primeras conferencias sobre Vida Artificial lideradas por el investigador Chris Langton, que dirigio,
en el SFI, el desarrollo de Swarm, una iniciativa pionera en el desarrollo de los llamados Agent-
Based Models. Los trabajos de Langton (considerado el padre de la Vida Artificial) han tenido un
impacto enorme mas alla del campo de los sistemas complejos. Las publicaciones sobre este campo
editadas por el SFI se consideran los textos de referencia (Artificial Life, 1987; The Swarm
Simulation, 1996).
https://books.google.es/books?hl=en&Ir=&id=h8PADwWAAQBAJ&oi=fnd&pg=PP1&dg=langton+s
fi+Artificialtlife&ots=9jdSp1f6jC&sig=81Ate_4y6 VHZAShLGHPTArN6uko&redir_esc=y#v=one
page&q=Ilangton%20sfi%20Artificial%20life&f=false
https://pdfs.semanticscholar.org/3df5/d4c65795f85259¢7¢175¢08cac58c53f203b.pdf

El SFI ha sido uno de los centros mundiales generadores del campo de la Econofisica —complexity
economics”, “nonequilibrium economy”-, que se ha convertido en un area de enorme influencia al
modificar la vision tradicional de la economia. Ello al proporcionar una nueva visiéon del campo,
incorporando ideas y teorias clave de la complejidad asi como aproximaciones evolutivas. Doyne
Farmer, Brian Arthur y otros autores clave han formado parte de los investigadores de SFI
(Computational Finance, 1999; Economics; The Next Physical Science? 2005; Nature 2009).
http://tuvalu.santafe.edu/~jdf/papers/ivorytower.pdf
http://debis.deu.edu.tr/userweb/onder.hanedar/dosyalar/d1520.pdf

http://www2.econ.iastate.edu/tesfatsi/EconomyNeedsABM.NatureAug2009.FarmerFoley.pdf

El Instituto ha sido el motor del lanzamiento de la idea de desarrollar una teoria de la innovacion.
Liderada por Douglas H. Erwin (paleobidlogo) y David C. Krakauer (actual presidente del SFI) fue
una apuesta de riesgo dada la ausencia de un marco formal y por la ambicién del proyecto:
comprender de qué forma la evolucion o la tecnologia pueden ser motores del cambio y crear los
modelos adecuados. Esta apuesta dio grandes resultados en areas muy diversas (Science 2004; 304
(5674): 1117-1119).
https://science.sciencemag.org/content/sci/304/5674/1117.full.pdf?casa_token=UXqDMicUjYQAA
AAA:5SHys891CDrMv{5SshUSLhbo9NeFveSItxTvQ2aU45kouPXaj6sIEAov3IXpASNc6SKOJOSsE
SAwKFuA

El Instuto de Santa Fe fue pionero en el desarrollo de modelos matematicos y computacionales en
arqueologia gracias al liderazgo de George Gummerman, Tim Kohler o Robert G. Reynolds. Su
extensa red de colaboradores de muy diversas disciplinas demostraron la posibilidad de analizar la
dindmica de los asentamientos Anasazi y los origenes de su colapso, demostrando las posibilidades
de explorar los datos y teorias arqueoldgicas mediante métodos cientificos basados en sistemas
complejos (Scientific American 2005; 293 (1): 76-82; Agent Modl. Simul. Archeol., 2014).
https://www.researchgate.net/publication/7736876_Simulating_ Ancient_Societies
https://scholar.google.com/scholar?hl=en&as _sdt=0%2C5&qg=digital+anasazi+SFI&btnG=
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ANEXO IX

IC 2 Science Program
https://www.dropbox.com/s/bnpaedb2imyygri/proyecto comillas ricard.mp4?dI=0

Network Science
Complexity is made of networks.

Complexity is intrinsically associated to the presence of so called Emergent Properties, i. e.
properties observed at one level that cannot be explained or reduced to the properties of the units.
This is the case for example of memory or consciousness in our brains, which cannot be explained
by analyzing individual neurons. Interactions among components are often much more important
than the elements themselves, and the first approach to complex systems is grounded in their
description as networks of connected items, such as molecules, humans, computers or neurons. Are
there universal laws of organization?

The architecture of many of these networks reveals remarkable similarities, including the
presence of hubs responsible for efficient navigation and information spread. This has a major
impact in all kinds of systems, including molecular cell networks, Internet dynamics, brain activity
or ecosystem robustness. Understanding the origins and implications of networks has been crucial
to unravel the presence of universal laws of organization in very different webs. A new integrative
discipline known as Network Science has emerged as one of the major components of complexity
theory. Network Science is the natural, well-established field where many relevant questions
concerning complex systems can be formulated and answered, and defines the right framework for
large-scale data analysis. At IC2, this will be a crucial component of theoretical developments that
pervade most of the research areas described here.

Planetary health
How to tackle planetary boundaries and future collapses.

As we move throughout this century, mounting evidence indicates that major challenges to
our survival as a society will deeply constrain our future. Climate change, ecosystem degradation,
biodiversity decay, overpopulation and energy scarcity will strongly condition our potential for
maintaining our complex societies. As many research studies reveal, the tempo and mode of decay
will be typically dominated by non-linear processes: rapid declines, sometimes catastrophic, are
predicted to be the outcome of uncontrolled degradation and unsustainable growth. These so called
tipping points are the expected inevitable outcome for a very broad class of complex systems
experiencing different sources of stress. This includes, for example, the collapse of drylands
becoming deserts or the meltdown of economic and social structures once critical instability
thresholds are crossed. Along with an integrative understanding of how these processes occur, it is
also time to evaluate the potential impact of intervention scenarios capable of delaying or
preventing collapse. This includes in particular the recent proposal of ecosystem terraformation,
where synthetic biology in particular could be used to modify ecological communities close to
catastrophic shifts. Such a proposal will require the development of an integrative framework
linking multiple scales, from molecular and cellular systems (the target of engineering) with the
community, landscape or even planetary scale.
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Complex diseases
Evolution, maths and physics to understand maladies and their cure

Can cancer be defeated? Is aging some kind of disease that we can fight? Is it possible to
create artificial organs to replace those organs after they fail? Can synthetic biology provide novel
paths to restore physiologically faulty states? Many of these questions remain unanswered while
progress within several areas accelerates. Moreover, theoretical research in some fields
(particularly oncology, microbiome dynamics and neuroscience) has shown how the use of
conceptual tools and theoretical developments from network science, biomathematics, viral
evolutionary theory or statistical physics helps to shed light into the nature of disease. In this
context, considering the ecological nature of disease and how evolution shapes biological entities is
a necessary condition to successfully deal with complex diseases. At IC2 we plan to explore the
boundaries between different types of diseases, developing a unified dynamical picture of health
and disease. Among other major problems, we plan to understand the potential to make cancer a
chronic disease, the possibility of reversing the effects of aging, the origins of brain hyperplasticity
under major injuries, the use of language networks as a window to brain disorders, the limits of
design principles of synthetic microbiomes, organs and organoids and the development of a theory

of aging.

Virus dynamics
Viruses pervade biological and artificial complexity, from oceans and computers to guts

Viruses rule the planet. They are responsible for many transmissible diseases, They drive
the large-scale population dynamics of oceans and, indirectly, of our climate. This can be
summarized by means of some basic numbers: The number of viruses that might be present in the
entire marine biotas is 1030 (a one followed by 30 zeros) and the number of infection events taking
place every second would amount no less than 1023. As a consequence of infections, viruses kill
around 20 % of the total microbial biomass in a single day, thus forcing a constant and large-scale
population turnover. Since the microbial component of the marine biota is responsible for a major
fraction of energy flows, large-scale ecological processes are strongly constrained by the viral
component of the biosphere. Marine viruses illustrate one of the most obvious results of ecological
research: the realization that our planet is dominated by microbes and, very specially, by viruses.
On the other hand, it has also been shown that viruses can be beneficial and thus act as symbiotic
partners, and are necessary components to develop gene therapies and even as the alternative of
vaccines. In general parasites are a major component of life and might be a requirement for
complexity to arise, including in the context of computer viruses. We will explore the multiscale
landscape of virus dynamics, study alternatives based on in silico models, their virtual counterparts
and the existing metaphors associated to cultural and social evolution models grounded in the
concept of viral propagation.
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Liquid brains
The hidden cognitive complexity of natural and synthetic systems

Despite the many unknowns, brains are the most well known example of living cognitive
system. However, cognitive networks have evolved a broad range of solutions to the problem of
gathering, storing and responding to information. Some of these networks are describable as static
sets of neurons linked in an adaptive web of connections. These are ‘solid’ networks, with a well-
defined and physically persistent architecture. Other systems are formed by sets of agents that
exchange, store and process information but without persistent connections, or move rela- tive to
each other in physical space. We refer to these networks that lack stable connections and static
elements as ‘liquid’ brains, a category that includes ant and termite colonies, immune systems and
some microbiomes and slime moulds. What are the key differences between solid and liquid brains,
particularly in their cognitive potential, ability to solve particular problems and environments, and
information-processing strategies? To answer this question requires a new, integrative framework.
We plan to push forward this novel concept and define the landscape of potential cognitive
networks that exist as well as those that could be created using synthetic biology or evolved by
means of evolutionary robotic approaches. Among other implications, we hope to create new design
schemes for swarm robotics, synthetic cell populations and novel paths to simulating cognitive
networks.

Historical dynamics
The evolution of culture and technology, and the nature of history

What is the nature of history? Is it predictable? Is technological change similar of fairly
distinct from the evolution of life? What is the origin of innovation? When looking at cultural
evolution, and particularly at the history of technology, we can see that all inventions are not of
equal importance. Technological transitions are often tied to periods of time involving a rapid
diversification of inventions, not too different from what can be found in the evolution of life forms.
Why does that happen? Is technological change continuous and gradual or does it occur in sudden
leaps? Are there precursor signals indicating that technological revolutions are near? Is this a
universal trend in the description of historical events? We will explore these and other questions by
means of available data sets including, among others, Culturomics, patent citation networks and
scientific citation webs. By bringing together scholars from very different fields, we plan to
determine the degree of predictability of history by exploring the concept of artificial history. A
major challenge will require to determine if in silico models of cultural change be able to explain
the patterns of rise and fall characteristic of social and economic systems.
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Evolution of complexity
How complex systems (natural and artificial) originate and evolve

Where complexity comes from? If being a fast replicator makes bacteria and viruses the
most successful life forms in the planet, why are more complex life forms present? Being more
complex implies having a more costly structure. What is the advantage of becoming complex? This
question has been formulated within the context of evolutionary theory in terms of the origins of
innovations or ‘“Major transitions”. The origins of life, cells, multicellularity, cooperation,
language or even consciousness are still open and involve different classes of innovations. More
recently, ujit has been suggested that new ideas can be provided by the “synthetic” approach:
using artificial life models, synthetic biology or evolutionary robotics to replicate these major
transitions. This includes synthetic protocells, artificial organisms, machine learning, robot
communication and even synthetic ecosystems. Understanding these transitions requires bringing
together multiple disciplines, such as thermodynamics, information theory or even philosophy of
mind to formulate new, general theoretical frameworks.

Frontiers in Artificial Intelligence
At the crossroads of minds, robots and neuroscience

What is the future of artificial intelligence? Do we have to fear super-intelligent machines
threatening our lives? New neural network designs have shown the enormous potential for solving
specific problems in ways that vastly outperform humans. Machines that can even capture the style
of masters and create new paintings or music. These amazing achievements are, however, bounded
by the fact that these machines are unable to do anything else and operate as black boxes that allow
little understanding of their functionalities. Along with exploring novel tools from physics and
mathematics to understand these artificial neural nets, there is a considerable number of social,
ethical and scientific problems to be addressed. This includes the future of machine-human
interactions, the rise of evolved robots capable of learning, the development of new ideas at the
crossroads of evolution and neuroscience associated with “cognitive tranmsitions” in artificial
agents. Examples would be the design principles of artificial agents capable of experiencing pain or
fear, the understanding of the required elements that could approach robotic and human minds, the
mutual dependencies between machines and humans or the ethical aspects associated to these
interactions. This area will involve scholars from A.1., neuroscience, philosophy of mind, brain and
robotic evolution and artificial neural networks.
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Otros proyectos

Los anteriores tan solo son ejemplos de una parte importante de la investigacion que se llevara a
cabo en el Centro Comillas. Las posibilidades son mucho mayores. Como ejemplo de un problema
que se encuentra a medio camino de los descritos arriba, se planteara ¢l problema de los origenes de
la creatividad asi como su posible disefio mediante redes neurales. Un buen caso para estudiar es el
porqué de los simbolos geométricos rupestres encontrados en Europa, incluyendo especialmente
aquellos hallados en las cuevas de Cantabria (Genevieve von Petzinger, The First Signs, New York:
ATRIA Paperback, 2016):

The Geometric Signs of Ice Age Europe
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(Porqué estos simbolos y no otros? ;jPodemos detectar estructuras invisibles en este
repertorio emulando sistemas neuronales artificiales? Este panel se instalard en un pasillo del IC2
para estimular la discusién y la posibilidad de encontrar respuestas a estas preguntas, que
probablemente requeriran nuevas formas de abordaje distintas de las convencionales. Este problema
formara parte de un programa de investigacion sobre los origenes, evolucion e ingenieria de la
creatividad. Un problema perfecto para el encuentro de paleoantropdlogos, neurocientificos y
humanistas.
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