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“It is also possible that we learned that the principal problem is
no longer the fight with the adversities of nature but the
difficulty of understanding ourselves if we want to survive.”
Eugеne Wigner
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Foreword. From Zero to One
"Looking for simple examples of artificial neural networks (or any network) that
can perform a homeostatic cycle. What's a (hopefully simple, minimal) network
model that can keep a parameter within acceptable range despite external
perturbations? Some sort of homeostat."
Michael Levin
There was nothing in the beginning, nada, zero, void. Chaos means void in
ancient Greek. Learning began when the void asked itself: "What am I?" The big
bang was the moment when the first question emerged. That big question was the
Universe’s true aha moment. The search for the big enough answer to that
question is still going on.
The pursuit of the Universe in understanding itself never ends. Big answers give
birth to manifolds of tiny questions. Paths to big answers are paved with tiny
questions. The nonlinearly branching graph - the tree of learning repeats itself in
larger and smaller scales. The more you answer, the more questions you get.
Self-similarity is a signature feature of chaos. Nonlinear dynamics is an indication
of life. It's tempting to start answering straight away but we need to finish asking
the question first.
This essay is a collection of subjectively selected ideas, theories and discoveries
related to natural intelligence which, in my biassed unprofessional opinion, are
opening the portal leading to, arguably, the most vital breakthrough in the
history of humanity - the Big Answer.
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Between Zero and One
Ground Zero
Welcome to the Jungle!
It is impossible to find a reliable source of accurate information in the
information jungle. The number of sources grows exponentially. Their reliability
decreases as fast. The only solution remains to independently verify the accuracy
of all information received from any source irrespectively of how reliable that
source was in the past.
Imagine that the labels with expiry dates on all the products in the supermarket
are mixed up. We'll need to learn how to determine the freshness of food ourselves,
so as not to die of hunger and not get poisoned by a rotten meal.
Verification of information should become as standard a procedure as brushing
your teeth. It is good that our brain does not suffer, but, on the contrary, benefits
from such additional activity. Navigation through the information jungle is the
simplest and most accessible training of the hippocampus - the heart of the
brain - responsible for the creation of the objective reality in our heads.
This book is written with the intention to make you wonder so that you will begin
looking for answers and finding them driven only by your curiosity. It will not be
guiding you through the information jungle but would rather make you curious to
seek your own path. A good old tool of dead reckoning will be at your disposal
together with the most magnificent GPS in the universe - your natural intelligence.
Hundreds of thousands or maybe even millions years ago hominids who later
became our ancestors found a way to couple their brains in winnerless
competition to navigate the uncertainty of the real jungle. They evolved to be
human in the midst of savagery and laid down the foundation for the
unparalleled achievements of humankind.
Now we are in the jungle again. In response to the wild uncertainty of the
information jungle, we can either become savage again or re-evolve as humans.
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Chapter One. The Miracle of the Brain
About three million years ago the brains of one species of hominids began to
gain volume much faster than the brains of all other mammals including
primates. Since then brainy hominids currently known as humans have tripled the
size of their brains that became over six times larger than the brains of any other
mammals of similar body size.
Even more importantly, the volume of their brains increased mostly due to the
expansion of the cortex, a thin and smooth layer of grey matter containing mostly
neurons and folded like a crumpled paper ball.
The folding of the cortex had increased beyond the limits set forth by euclidean
geometry. If we would take the brains of a mouse and increase them up to the
volume of the human brains we would expect the surface area of the cortex to
become 480 square centimeters following the rule of geometric similarity.
However, the surface area of the human cortex is four times larger, 2000 square
centimeters.
It isn’t by accident that the cerebral cortex resembles a crumpled paper ball.
When the cortex is folding in a growing skull it follows the same seemingly random
pattern as a sheet of paper when we crumple it. This way a fractal structure
emerges that makes it possible to accommodate more cortical surface area into
the skull. The bigger is the volume of the cerebral cortex the more folded its
surface becomes.
A pathological decrease in cortical volume and folding leads to intellectual
disability. Therefore there is a threshold in the size of the brain that defines
human intelligence. We became human because of the unprecedented growth of
cortical volume and cortical folding of the brains of our ancestors. The expansion
of the surface area of the cerebral cortex enabled distinctively human broad
cognitive maps to emerge.
Many theories have been proposed to explain the miracle of brain growth.
Unfortunately, any theory about the events that took place millions of years ago
can’t be conclusively proven.
The three most common hypotheses are climate change, ecological demands,
and social competition. Anthropologist Drew Bailey and cognitive scientist David
Geary from the University of Missouri-Columbia in the USA analyzed data on 153
hominid skulls over the past two million years testing the feasibility of each
hypothesis. They found out a clear correlation between population density and
the size of skulls. The denser the population was the larger skulls it had. They also
established a less clear correlation between the growth of the skull size and
climate change.
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A team of researchers from the School of Biology, the University of St Andrews in
the UK proposed a model based on the metabolic cost of having larger brains.
According to their model, the growth of the human brain was driven by “a
combination of 60% ecological, 30% cooperative, and 10% between-group
competitive challenges”.
The importance of between-group cooperation and competition was also
emphasized in the research of Robert Boyd and Peter J. Richerson from the
University of California in the USA. They coined the term cumulative cultural
evolution to underline the non-genetic nature of the adaptation that human
ancestors went through using winnerless competition for better adaptive
solutions between groups of strangers which were connecting and disconnecting
frequently but randomly.
Also writing about cultural co-adaptation, the father of modern anthropology
Claude Levi-Strauss strongly underlined the special nature of such brain and
cognitive map expansion driving winnerless competition. In the essay Race and
Culture he wrote, “The great creative eras were those in which communication had
become adequate for mutual stimulation by remote partners, yet was not so
frequent or so rapid as to endanger the indispensable obstacles between
individuals and groups or to reduce them to the point where overly facile
exchanges might equalize and nullify their diversity.”
Indeed, the value of receiving the information that you already know is zero. The
value of information that you can’t understand is also zero. Cultural
co-adaptation and winnerless competition lay in between. A bigger brain and
wider cognitive map scale up the volume of information that you don’t know but
can understand.
You will meet the term winnerless competition in the section dealing with the
mathematical modeling of the natural learning process. The universality of some
simple but deep ideas is stunning.
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Chapter Two. The Miracle in Reverse
‘’I’d call that a major downsizing in an evolutionary eye-blink,’’ says John Hawks,
an associate professor of anthropology at the University of Wisconsin–Madison
who completed in 2010 the most comprehensive measurement study of fossil
skulls found in Europe, the Middle East, and Asia.
According to his findings, Cro-Magnons were Homo sapiens with the largest
brains. The average size brain of modern men has decreased from 1500 to 1359
cubic centimeters, the size of a tennis ball since Cro-Magnons left cave paintings
of large animals in the Lascaux cave some 17,000 years ago. Women’s brains, which
are smaller on average than those of men, have experienced an equivalent drop
in size.
The downsizing of human brains reported by Hawks didn’t take scientists by
surprise. It was a well-known secret in anthropology for quite a while. As early as
1988 Maciej Henninberg collected in a uniform way craniometric data on
approximately 9,500 individual male crania and 3,300 female. His research showed
a decrease in cranium volume of 157 cubic centimeters (9.9%) in males and 261
cubic centimeters (17.4%) in females over the last 10-20 thousand years. The
decrease has been “smooth, statistically significant and inversely exponential”.
Scientists had quickly and commonly accepted the idea that the shrinking of
brain volume occurred as a result of the decrease of the body mass of humans
that took place during the same time period. It was hard to absorb the idea that
the brain volume that was considered to be the most significant indicator of
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intelligence in human evolution over millions of years suddenly stopped working
during the period of the highest intellectual achievements of the human species.
However, by combining anthropology and genetics Hawks had conclusively
proved that the body mass decrease was by far not sufficient enough to justify
such a huge shrinkage of brains. A new explanation was required.
Hawks speculated that a smaller “brain that yields the most intelligence for the
least energy” could develop as a result of several very favorable mutations. Maybe
the boom in the growth of the human population between 20 000 and 10 000 years
ago could somehow facilitate such mutations, however, they were not likely to
happen in such a short period of time.
Therefore, Hawks also speculated that: “perhaps in big societies, as opposed to
hunter-gatherer lifestyles, we can rely on other people for more things, can
specialize our behavior to a greater extent, and maybe not need our brains as
much.”
Bruce Hood, the author of The Domesticated Brain and a psychologist at the
University of Bristol, UK, explains the shrinkage by self-domestication of humans.
Every species that has been domesticated by humans has lost brain capacity as
a result.
Richard Wrangham, a primatologist at Harvard University, supports Hood’s view
because, according to him, every one of about 30 animals domesticated by
humans has lost 10 to 15 percent of brain volume in the process.
“When you select against aggression, you get some surprising traits that come
along with it,” Wrangham says. “My suspicion is that the easiest way for natural
selection to reduce aggressiveness is to favor those individuals whose brains
develop relatively slowly in relation to their bodies.”
David Geary, a cognitive scientist mentioned in the previous chapter who
conducted the research on the reasons for the unprecedented increase of the
volume of human brains from 3 million to 10 thousand years ago, puts his view on
the reasons for the brain shrinkage very baldly. “You may not want to hear this,”
he said to Discover magazine, “but I think the best explanation for the decline in
our brain size is the idiocracy theory.”
In his research, he came across a surprising observation. When the population
was sparse, the cranium was getting bigger along with the growth of the
population density. But when the population density had reached a particular
threshold, cranial size began to decline with the further population density
growth.
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According to Geary, the average brain became smaller because people did not
have to be as smart to stay alive and they could survive with the help of others.
He warns about the misunderstanding that can arise from the fact that modern
humans know much more than our more brainy ancestors. “Practically speaking
our ancestors were not our intellectual or creative equals because they lacked
the same kind of cultural support,” but in terms of raw natural intelligence they
were “as bright as today’s brightest.”
Some scientists also claim that mutations in the human genome indeed took
place very rapidly over the last ten thousand years but they weren’t necessarily
positive for human intelligence.
“Analysis of human mutation rates and the number of genes required for human
intellectual and emotional fitness indicates that we are almost certainly losing
these abilities”, says Gerald Crabtree, a professor of developmental biology at
Stanford University, “the recent sequencing of 6515 human genomes and the
discovery that most predicted deleterious human mutations appeared within the
past 5000–10 000 years, corresponding to the transition from the dispersed
hunter-gatherer lifestyle to the agriculture-based, high-density lifestyle. This is
what I predicted, but I did not expect to see the evidence appear so soon. The
transition to the agricultural-based high-density lifestyle appears to have led to
relaxation of selection and the accumulation of deleterious mutations in the
human genome, along with population expansion.”
“A hunter-gatherer who did not correctly conceive a solution to providing food or
shelter probably died, along with his/her progeny, whereas a modern Wall Street
executive that made a similar conceptual mistake would receive a substantial
bonus and be a more attractive mate. Clearly, extreme selection is a thing of the
past,” Crabtree commented to his research published in 2012.
In 2018 a team of researchers from the University of California, Irvine, USA, and the
University of Queensland, Australia provided some evidence supporting
Crabtree’s conclusion. Researchers utilized in their study a set of genetic and
phenotypic data of half a million Britons to demonstrate that direct and
stabilizing selection in modern humans is going on in favor of a bigger body
mass index and against higher fluid intelligence index and educational
attainment.
A large group of Chinese scientists reproduced the results of Hawks in 2014 and
also argued: “that these changes can be caused by random genetic mutation and
epigenetic change in response to changes in the environment.”
As compared to agricultural settlers hunter-gatherers needed much larger
territory and much better knowledge of plants and animals inhabiting it in order
to support themselves. That striking difference between the two ways of living was
observed by scientists as late as in the Twentieth century.
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Claude Levi-Strauss cited in his book The Savage Mind the following observation
of a biologist on pygmies of the Philippines: “Another characteristic of Negrito life,
a characteristic which strikingly demarcates them from the surrounding Christian
lowlanders, is their inexhaustible knowledge of the plant and animal kingdoms.
This lore includes not only a specific recognition of a phenomenal number of
plants, birds, animals, and insects, but also includes a knowledge of the habits
and behaviour of each.”
Andrey Kolmogorov, the Russian mathematician known as the father of modern
probability theory and algorithmic information theory, discussing the possibility
of the creation of artificial life, drew attention to the point that seemingly
intellectually undemanding spatial activities were in reality very information
processing-intensive: “A slalom skier, racing through the course, in ten seconds
perceives and processes significantly more information than people engaged in
other seemingly more intellectual activities, in any case, more than a
mathematician processes through his head in forty seconds of intense work of
thought.”
The rapid shrinking of human brains began about ten thousand years ago.
Although there’s no decisively plausible explanation of the process, the growth of
the population density beyond a particular threshold linked to the switch from
the hunter-gatherer style of life to the one of an agricultural settler coincided
with the u-turn of brain volume dynamics. Rendering the rapidly changing
objective reality is the most computationally intensive function of our brains. The
brain of an average person was less in use once the reality became settled with
recurring predictable changes.
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Chapter Three. Dead Reckoning
Several languages of Australian aborigines, the language of Maya in America,
and a bunch of rural languages in Asia don’t have words for such directional
instructions as 'turn left' or 'turn right.' Those languages use an absolute rather
than relational reference frame, as linguists name it. Left and right are relational
to the orientation and position of a person using them as a reference. Directions
to west, east, north, and south remain the same irrespectively of the person's
orientation. Therefore the former frame of reference is named relational or
egocentric while the latter is absolute or allocentric.
In modern languages, we much more frequently use an egocentric reference
frame than an allocentric one in defining the location of an object in space. It
turns out to be a much more convenient way in navigating across familiar spaces
with a lot of cues in immediate proximity.
The absolute reference frame turns out to be more adequate for navigating a
jungle, steppe, savannah, or an ocean for foraging or exploration of new or
rapidly changing spaces which are lacking familiar close signs to follow using a
reference frame relative to oneself.
Navigation using the absolute reference frame can be successful only if we are
always holding cardinal directions (south, north, east, west) in our minds and
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constantly yet unconsciously updating our position in relation to them. That way
of navigation is called ‘dead reckoning’.
Christopher Columbus did not know how to use either the astrolabe or the
quadrant. Several times he tried to determine the latitude with their help but
missed terribly.
His caravels charted a course across the ocean in an old-fashioned way. More
precisely, according to the then most widespread method of navigation on the
high seas. This method was called dead reckoning. Nobody knows why it was
called dead.
For the dead reckoning, a compass was needed to determine the direction of
movement, a wood float on a rope in order to determine the speed of the ship,
and an hourglass with a cabin boy that turned them over to determine the time.
The course of the ship was displayed in the ship log as a continuous line of
pinholes leading from the port of departure to the current location of the vessel
marked with a pin.
Dead reckoning in navigation means the same thing as path integration in
neuroscience - making a route using a wide cognitive map with an allocentric
(absolute, cardinal) orientation system.
In the Indian city of Varanasi, philologists blindfolded children and twisted them
around in place, forcing them to look for a path blindfolded to prove that Sanskrit
more than Hindi help children integrate the path according to cardinal
directions, just as Columbus did, only using not external but built-in compasses,
clocks, and pedometers. The children who studied Sanskrit did just great.
Yet any neuroscientist will tell you that rats can do this in Morris's water maze too.
Only there was no one available to teach rats Sanskrit or Hindi.
People with a narrow cognitive map, whose hippocampus is either damaged by
accident or atrophied due to non-use, can navigate a route using another
technique - tracking visible or otherwise felt cues in close proximity to the path.
One fixes the mark and direction in relation to oneself. Therefore, this method is
called egocentric and relative. This is a superficial way, but it works great in
familiar spaces and saves energy on brain activity.
In a myriad of common situations, the two navigation methods are very difficult to
distinguish from each other. It is even more difficult to understand that humans
use both methods not only for navigation in the physical space of their objective
reality but also in any other conceptual space. After all, we have already figured
out that an object is a concept. It differs from any other type of concept only by
the degree of proximity to the barrier from the sense organs through which we
receive signals of different fields of sensations.
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The better the environment is labeled, the more human-imposed structure there
is in it, the more often tracking is used. And this is justified. Automatism appears
in the performance of repetitive operations. The danger arises when our
consciousness begins to take automatism for autonomy. But that is another
story.
In a meticulously designed experimental study conducted by researchers from
the University College of London, participants were navigating videos of the Soho
district of London while their brains were scanned with fMRI equipment. Some
videos (control task) contained instructions akin to an external navigation system
while others didn’t (navigation task). While performing the control task
experiment’s participants demonstrated way more accuracy (95 vs 80 percent) but
the built-in GPS system - the hippocampus and entorhinal cortex in their brains
were idle. During the navigation tasks performance, they were lightening up like
Christmas trees.
Dr. Hugo Spiers, the lead scientists of the research, also commented on how the
results of his team might explain the well-known fact that London taxi drivers
have more grey matter in their hippocampus than ordinary people: "Our results
indicate that it is the daily demand on processing paths in their posterior
hippocampus that leads to the impressive expansion in their grey matter."
More intensive engagement of the brain was sacrificed for the sake of more
accurate and faster navigation. The experiment of Spiers and his team provides a
good illustration of the type of trade-offs that humans made many times during
the last ten thousand years. A long-lasting series of such trade-offs have been
inevitably leading to cognitive decline in humans.
Routine activities such as everyday navigation through a physical space may
appear much less cognitively demanding than tasks that we traditionally
consider intellectual.
However, the way our brains process and render objective reality to our
consciousness makes the navigation that requires path integration (dead
reckoning) very engaging for our hippocampus and cortex.
In the process of navigation across objective reality, our consciousness is dealing
with two types of structure: the natural structure based on the raw sensory data,
and the artificial structure embedded in the environment by humans.
The processing of the natural structure for the purpose of navigation is less
accurate, slower, and more energy-consuming than the processing of artificial
structures specifically designed to assist navigation.
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Dead reckoning (path integration) is based on the processing of the natural
structure. It's a continuous process like watching a movie. Technology-assisted
tracking is based on the processing of the artificial structure that's less dense
and detailed than the natural one. It's a discrete process like a slideshow. In the
case of path integration, the brain is rendering a 4G movie whilst in the case of
assisted tracking it only renders a set of low-resolution pics.
Vector tracing neurons were discovered in the hippocampus of the human brain
just very recently. Now we have a candidate neural substrate for rendering the
objective reality - the hippocampus. Yet before we dig deeper into that substrate
let us see how the environment shapes our brains.
We structure the environment around us from the first day of our existence. The
objective reality as we perceive it in our consciousness is itself a product of that
structuring. Humans achieve the best result with the lowest energy cost by
following already existing patterns. Structuring the environment or navigating it
anew consumes much more energy and is way less efficient than the utilization of
an already existing structure. However, such a huge efficiency improvement
comes at a cost: our brain shrinks and we become less smart.
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Chapter Four: The Spell of Artifice
“The world we live in today is much more a man-made, or artificial, world than it is
a natural world. Almost every element in our environment shows evidence of
human artifice,” Herbert Simon, the American scientist who was awarded both the
Nobel Prize in Economics and The Turing Prize in Artificial Intelligence wrote in his
seminal book The Sciences of the Artificial. He believed that the human mind and
brain belong to the family of symbol systems, which “are almost the quintessential
artifacts, for adaptivity to an environment is their whole raison d'être. They are
goal-seeking, information-processing systems, usually enlisted in the service of
the larger systems in which they are incorporated.”
“Human beings, viewed as behaving systems, are quite simple. The apparent
complexity of our behavior over time is largely a reflection of the complexity of the
environment in which we find ourselves,” Simon wrote and claimed that humans
use their minds as artificial instruments of adaptation to the environment. This
claim brought me to the idea that the artificial environment created by humans
including technology at its core is itself the main instrument of adaptation of the
human race to the natural environment.
The artificial environment is a way to adapt to the natural environment. For
modern people, it’s a way of group adaptation. Now it has already become a way
of adaptation of the entire population.
The mutual understanding between people requires the highest level of cognitive
abilities, moreover, it requires flexible, fluid, natural intelligence that has
developed in us, thanks to the adaptation of our ancestors to the uncertainty of
the natural environment.
In us, this intelligence has weakened simply because we spend most of our lives in
an ordered artificial environment and adapt to it willfully or against our will.
It turns out to be a vicious circle. We need natural intelligence to preserve and
continue to develop an artificial environment that ensures our survival as a
species. But it is precisely our adaptation to this ordered artificial environment
that leads to the loss of our natural intelligence.
Many scientists in one way or the other keep pointing out that the artificial
environment began to rapidly emerge and shift the balance between brainy
exploration and habitual exploitation towards the latter about the same time
when our brains began to shrink.
Indeed, human brains exhibit more plasticity and readiness to be modeled by the
environment, than brains of other animals, including our closest living relatives chimpanzees.
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In a paper published in 2015, researchers at the George Washington University
shared their findings “that the anatomy of the chimpanzee brain is more strongly
controlled by genes than that of human brains, suggesting that the human brain
is extensively shaped by its environment no matter its genetics.” Aida
Gómez-Robles, the lead author of the paper says: “The human brain appears to
be much more responsive to environmental influences. It’s something that
facilitates the constant adaptation of the human brain and behavior to the
changing environment, which includes our social and cultural context.”
Human brains are shrinking because of their evolutionary advantageous ability
to adapt to the environment better than the brains of other animals. Humankind
has created for itself an artificial ecological niche that, on one hand, is enhancing
our chances for survival and successful reproduction but, on the other hand, is
leading to the decrease of our intellectual abilities. Brain shrinking happens
because our brains are adapting to the well-structured artificial niche without the
need to structure the raw signal from the natural environment.
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Chapter Five. Hippocampal Atrophy
In the very depths of the temporal lobes of the brain, a pair of seahorses is
lurking - the left hippocampus and the right one. The sixteenth-century Venetian
anatomist Julius Caesar Aranzi was highly imaginative. Seahorses settled in the
brain on his creative suggestion. It's good that he didn’t choose silkworms. At first,
Aranzi thought that hippocampi extracted from the brain looked exactly like them.
The seahorse of the brain has a head, body, and tail, much like the seahorses for
which it was named.
The hippocampus consists of two convolutions of gray matter interwoven
together. I remember words from childhood meaning I did something stupid: "You
have only two convolutions!"
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“Yes, there are only two, - I would respond today, - but look how important they
are!” In the tail of the hippocampus, for example, the entire objective reality has
settled. People whose hippocampal tails have shrunk from the loss of gray matter
no longer distinguish between objective reality and hallucinations, which, like
reality, are produced by their brains.
The hippocampus, of course, does not create reality. It belongs to the archicortex,
and only the neocortex is large enough to accommodate the cognitive map of the
entire reality. However, the tail of the hippocampus can easily distinguish the
objective reality that is woven from our real subjective sensations, from
hallucinations - the fantasies of the brain itself. So the seahorse, among other
things, is also a classifier of realities.
Psychoses in epilepsy and schizophrenia clearly correlate with a decrease in the
volume of gray matter in the tails of the hippocampus, both left and right. Until
recently, the disease was thought to cause the hippocampus to shrink. There is
now growing evidence that hippocampal atrophy is a cause, not an effect of
diseases that manifest in loss of objective reality.
“Whereas the hippocampus is essential to spatial navigation via a cognitive map,
its role derives from the relational organization and flexibility of cognitive maps
and not from a selective role in the spatial domain. Correspondingly,
hippocampal networks map multiple navigational strategies, as well as other
spatial and nonspatial memories and knowledge domains that share an
emphasis on relational organization. These observations suggest that the
hippocampal system is not dedicated to spatial cognition and navigation, but
organizes experiences in memory, for which spatial mapping and navigation are
both a metaphor for and a prominent application of relational memory
organization,” Howard Eichenbaum from Boston University gave an excellent
overview of the core importance of the hippocampus.
Indeed the hippocampus is crucial for our thinking process. Especially it plays a
pivotal role in building objective reality as a cognitive map. Yet it’s shrinking in
humans during aging. Minor hippocampal atrophy is considered a normal,
healthy process but is it?
Several biological changes typical for normal brain aging in humans are also
found in other species. However, the volumetric decline of the hippocampus takes
place only in humans.
Although some scientists keep attributing the shrinkage of the hippocampus in
elderly humans to aging today our hippocampus is shrinking because with
gaining more experience we more and more heavily rely on habits and don’t feed
the hippocampus with a sufficient amount of unstructured sensual data. Without
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such a workload our brain remains in an energy-saving narrow cognitive map
mode for too long and our hippocampus loses its grey matter.
Comparative studies of humans and chimpanzees also suggest that the cause of
shrinkage of the human hippocampus is the environment and lifestyle rather
than just aging. They clearly demonstrate that only the human hippocampus
shrinks dramatically over time while chimpanzees’ hippocampus retains its
volume across the entire lifespan.
The hippocampus and cortical areas anatomically connected to it create, render,
update, and objective reality and other wide cognitive maps in our brains. The
hippocampus is shrinking in the brains of modern humans because the need for
wide cognitive maps in day to day life of modern humans is diminishing.
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Chapter Six. Bad but Reversible
You will learn more about the major cognitive functions of the hippocampus in
Section Four of this book.
In brief, the hippocampus, densely interconnected with the cortex and other
major parts of the brain, supports the flexible use of information in all possible
contexts. Damage to the hippocampus can produce inflexible and maladaptive
behavior in such diverse areas as memory, navigation, exploration, imagination,
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creativity, decision-making, character judgments, establishing and maintaining
social bonds, empathy, social discourse, and language use.
As researchers from Duke University and the Universities of Illinois and Iowa
pointed out after analyzing results of many studies of different methodologies:
“the contribution of the hippocampus to flexible cognition is perhaps most
apparent in the complex dynamics of social interactions”. Therefore the
hippocampal decay leads to impairment of the ability to meaningfully and flexibly
communicate with other humans.
Even the objective reality itself can become distorted due to severe hippocampal
atrophy. In the pathological case of Alzheimer’s disease shrinkage of the
cognitive map of objective reality manifests itself in narrowing down of the visual
field without any damage observed in patients’ eyes.
"Patients by mid-Alzheimer's disease have to struggle with a 12-inch field of vision
where they have lost the ability to see everything at the top, on the bottom, and
on the sides,” writes an author of a popular blog for seniors.
A wide array of psychiatric and neurodegenerative disorders is linked to atrophy
and other abnormalities of the hippocampus.
Atypical hippocampal functioning has been observed in people with autism. It is
proposed as a possible source of structural learning difficulties in ASD. Volume
reduction and shape abnormality of the hippocampus is associated with bipolar
disorder. Reduced hippocampal volume is strongly associated with major
depressive disorder (MDD).
Researchers frequently observe a correlation between hippocampal volume
reduction and the development of schizophrenia symptoms. As the shrinkage of
the hippocampus can be observed earlier than psychological symptoms, it can
be either an early sign or the cause of the development of the disease.
The world around us is given to us in sensations of vibration of electromagnetic
fields. Our brains process all this jumble of waves into a fairly well-ordered space.
The picture of the world is the main, most detailed, and, perhaps, the most
complex cognitive map. The hippocampus is responsible for coding the topology
of it.
We don't just navigate places using the hippocampus as GPS. The hippocampus
creates an image of the surrounding space for our consciousness integrating the
input from different networks of the brain.
Thanks to the hippocampus and its episodic memory encoding system, we can
update our picture of reality partially instead of rendering the whole reality again
to reflect even tiny changes which occur in it.

22

The main load on the hippocampus falls on the moments when the brain renews
reality after dramatic changes that occur in it. At such moments, neurogenesis
occurs even in the adult hippocampus. New nerve cells, neurons get born and
integrate themselves into brain networks because there aren’t enough existing
neurons to encode all the changes.
Neurogenesis combats age-related hippocampal atrophy, the natural decrease in
gray matter in the hippocampus with aging (unless atrophy causes aging, and
not vice versa).
The immutability of the picture of the world, encoded in the brain by the
hippocampus, at the same time, leads to atrophy of the hippocampus because
the brain does not keep the useless gray matter in reserve and neurons begin to
die, constantly staying idle without load.
It is important to see the difference between structural (topological) changes in
the picture of the world, the renewal of which creates the maximum load for the
hippocampus, and the routine relational rearrangement of elements of this
picture, which occurs, for example, when we move. Elements move in relation to
the observer, but the absolute relations between them remain unchanged.
Updating the cognitive map of reality can be compared with directing and editing
film material, and using the map - with watching an already shot and edited film.
Watching a movie is more convenient and easier, but making it is more interesting.
We are made for production, not for watching the film of life. Viewing is a function
needed for editing.
If our organism is only engaged in watching, then it begins to behave like gray
matter in the hippocampus - it degrades, accelerating aging, or, who knows,
maybe even causing it.
As you can see now, the hippocampus is a very sensitive and very dynamic area of
the brain. The comfortable and highly efficient artificial environment is our major
competitive advantage in the adaptation to the natural environment given to us
in an unstructured and unpredictable form of natural (not artificially structured)
sensations. That artificial environment protects us from structural (unexpected)
uncertainty that has shaped our brain and hippocampus. Structuring of the
objective reality keeps our brain and hippocampus in particular in good shape
because they were designed for that purpose.
We can’t return to savagery in order to protect our brain and hippocampus.
However, the information jungle provides us with an outstanding opportunity to
rejuvenate our natural intelligence and our brains. Let’s have a closer look at the
hippocampus in the next section to see what can be done about it.
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Chapter Seven. Learning by the Book of Nature
“In the beginning of the history of observation, or any other kind of observation
on scientific things, it is intuition, which is really based on simple experience with
everyday objects, that suggests reasonable explanations for things. But as we try
to widen and to make more consistent the description of what we see, as it gets
wider and wider and we see a greater range of phenomena, the explanations
become what we call laws instead of simple explanations.”
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“It is only through refined measurements and careful experimentation that we can
have a wider vision. And then we see unexpected things: we see things that are far
from what we would guess - far from what we could have imagined. Our
imagination is stretched to the utmost, not, as in fiction, to imagine things which
are not really there, but just to comprehend things which are there.”
“I think I can safely say that nobody understands quantum mechanics. So do not
take the lecture too seriously, feeling that you really have to understand in terms
of some model what I am going to describe, but just relax and enjoy it. I am going
to tell you what nature behaves like. If you will simply admit that maybe she does
behave like this, you will find her a delightful, entrancing thing. Do not keep saying
to yourself, if you can possibly avoid it, "But how can it be like that?" because you
will get 'down the drain', into a blind alley from which nobody has escaped.
Nobody knows how it can be like that.”
Richard Feynman, a theoretical physicist, one of the creators of quantum
electrodynamics who received a Nobel Prize for that work.

“Another common aim that will have to be given up is that of attempting to
“understand” the complex system; for if “understanding” a system means having
available a model that is isomorphic with it, perhaps in one’s head, then when the
complexity of the system exceeds the finite capacity of the scientist, the scientist
can no longer understand the system—not in the sense in which he understands,
say, the plumbing of his house, or some of the simple models that used to be
described in elementary economics.”
“The philosopher of science is apt to look somewhat askance at such methods,
but the practical scientist knows that they often achieve success when the
classical methods bog down in complexities. How to make edible bread, for
instance, was not found by the methods of classical science—had we waited for
that we still would not have an edible loaf—but by methods analogous to those of
operational research: if a variation works, exploit it further; ask not why it works,
only it it works. We must be careful, in fact, not to exaggerate the part played by
classical science in present-day civilisation and technology. Consider, for
instance, how much empirical and purely practical knowledge plays a part in our
knowledge of metallurgy, of lubricants, of house-building, of pottery, and so on.”
Ross Ashby, a practicing psychiatrist, one of the fathers of cybernetics most
acclaimed for his law of requisite variety also known as the First Law of
Cybernetics.
When I use scientific terms that are not entirely clear to me, I feel like Ellochka the
Maneater from the satirical novel The Twelve Chairs by Ilya Ilf and Evgeny Petrov.
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She was always using a few words which she considered gorgeous to make an
impression but didn't understand their meaning.
So when I came across the term "isomorphic model" in Ross Ashby's article a
couple of days ago, I tried to explain it to myself in plain words before using it in
this book. All attempts to explain it came up against the need to explain some
more terms., and then - more and more. The result was an explanation of the
structure of the universe. It seems quite understandable to me.
Let's begin with a mercury thermometer for measuring body temperature. In fact,
it shows us the height of the column of mercury, not the body temperature, and
not even the temperature of mercury in a thermometer. Mercury increases in
volume when heated.
The process of volume increasing is isomorphic (within certain limits) to the
process of temperature rising. Isomorphism allows for a one-to-one mapping of
two processes. Therefore, we can plot divisions on the scale of the thermometer in
degrees Celsius, and not in millimeters of the height of the mercury column, which
would reflect the increase of mercury in volume.
The mercury has to warm up to body temperature to reflect it, so the mercury
thermometer needed to be held under the armpit for a few minutes. We were
receiving information about the temperature of the human body as a result.
Temperature is a system’s parameter by which the state of this system can be
monitored. In this case, we are talking about the human body. Since we may be
interested not only in the current state of the system, but also in changes in this
state, we can enter measurement data into a table, and make measurements at
regular intervals, for example, at 7 am and 7 pm.
Based on the table, we can draw up a graph of temperature changes during a
week, for example. This will be the graph of the phase states of the system (a
human organism in our case) by the parameter of temperature. This graph,
accordingly, will have only one dimension - temperature. It will be a
one-dimensional graph, respectively. Its phase will be 12 hours, the interval
between measurements in time.
Next, we can connect the dots on the chart with straight lines. We’ll get a broken
curve - the route of motion of the system’s parameter on the plane of phase
states of this parameter - the temperature.
On the same graph, we can plot data for several weeks in a row. There will be
many routes that will only partially coincide, but fit within some limits.
A corridor with upper and lower limits of values can be plotted for the
temperature that we consider normal. Going beyond this corridor will mean an
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abnormal change in the state of the system. This corridor will be topologically
invariant for all values that fit into it. All of them will belong to the same category the normal temperature. Topological invariance means that the values may differ,
but they all fit into the same corridor on the phase state graph. The boundaries
of the corridor don’t change. They are invariant. Topological means, in this case,
represented on a graph of phase states.
The shorter the measurement phase, the more often we put points with specific
values on our graph, the smoother the common line connecting them will be,
consisting of increasingly shorter straight segments. The smoother the line, the
more precisely, using such a graph, it will be possible to determine the value of
the temperature parameter at any point of the phase trajectory, and not only at
those points where measurements were made.
At a certain level of refinement of the graph, we will approach the curve of a
one-dimensional Riemannian manifold - in fact, the curved segments of the real
trajectory will become similar to straight lines on our graph. They will become so
similar that the degree of their curvature can be neglected, but only locally, only
at the level of the shortest segments. Riemannian geometry allows us not to
neglect accuracy when determining intermediate values. We can simply take any
point on the curve and determine its coordinates precisely.
In our example, body temperature can be considered both as a parameter and as
a conceptual metaphor for the state of a system, an organism in our case. An
organism is a source element of a metaphor that transmits information, a
transmitter. A thermometer is a target element, a receiver. The completeness of
data transmission is limited by the availability of isomorphic equivalents which
the receiver has for presenting the data from the transmitter.
This limitation is a consequence of the law of topological invariance of
conceptual metaphors coined by American cognitive linguist and philosopher
George Lakoff. The receiving element cuts off anything that it cannot represent
with a topologically invariant equivalent. For this principle, geometry has its own
term - superposition - a maximal area of overlap of geometric shapes put atop of
each other. We not only can receive in a metaphor just those parameters of the
source which have topologically invariant equivalents in the target but the
parameters of the target which don't have equivalents in the source should be
also omitted.
I am using the terms isomorphic and topologically invariant here almost
interchangeably as I consider topological invariance as probabilistically blurred
isomorphism and their distinction doesn’t have any impact on their use for our
purpose here.
Let's return now to my vision of the universe. I would venture to suggest that what
we perceive as the universe, objective reality, and so on - our picture of the world
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is a graph of phase states known and important to us for the key parameters of
the universe (or the world) system and not a perception of this system as such.
Some people think that the universe is one huge graph that displays a huge
number of different parameters - that is, a multidimensional graph. It seems to be
a more fruitful idea that the universe is a manifold of interconnected
low-dimensional, mostly one- or two-dimensional graphs displayed on
Riemannian surfaces, which are similar to Euclidean plains locally and resemble
Euclidean figures at a large scale.
Imagine a multi-colored painting painted with strokes looking in different
directions. This is a multidimensional graph that is impossible to understand.
Now imagine that this picture consists of individual flakes. If you rotate two
adjacent flakes in a certain way in relation to each other, then the ends of the
strokes on one flake will coincide with the ends of the strokes on the other. Lines
will appear. Then you need to turn the next flakes on opposite sides of the two
that are already together.
A perfectly understandable one-dimensional graph will emerge. Metaphors make
the flakes rotate in the desired direction and tumble around the desired position
until the ends of the stroke click in together exactly - not approximately, but
precisely. Linear logic no longer works at this level. What if it will be necessary to
match together with the edges of already four flakes, which adjoin with edges two
neighbors each? What if there are six of them and they are hexagonal? Therefore,
the graph is easier to build one-dimensional and to observe with which other
graphs it will take a parallel course, with which it will cross.
The globe is a three-dimensional figure of Euclidean geometry in our view.
However, the surface of the globe is a Riemannian manifold, which is locally similar
to a plane. It's just folded in this way, and in some places, it is also wrinkled.
So, everything that we see and feel is a network of graphs of individual
parameters (or groups of parameters) of phase states. A very intricate and
beautifully woven lace. If you pull on the desired parameter, you can pull out a
thread, which, like Ariadne's thread, will lead you out of the maze of net weaves.
But it will do it only in order to lead you to a new maze, even more bizarre and
amazing than the previous one.
The role of the metaphor is vivid. The metaphor is a way to represent something
that we can’t perceive through something that we already know. What we cannot
perceive is the transmitting part of the metaphor, and what we know is the
receiving part.
The ability of the receiving side of the metaphor to represent the transmitting
side is limited by the set of properties (parameters) of the receiving side. A
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thermometer, as a metaphor for the state of an organism, can take only one
parameter - the temperature.
Elementary particles are not particles. A particle is just one of the metaphors,
that conveys only a limited set of properties of the elementary particle, which
appear under certain conditions.
Wave is another receiving side of the metaphor for the elementary particle. It
displays the properties of the transmitting side, which appear in experimental
conditions different from those in which the particle metaphor is applicable.
A particle does not turn into a wave, and a wave does not turn into a particle. It's
just that “something” that we are not yet able to imagine behaves both as a
particle and as a wave.
In some cases, the particle metaphor (a bullet, as Richard Feynman said) better
describes the behavior of this "something." In other cases, the wave metaphor is
more appropriate. And in the third case, we see “something” that exhibits some
properties of a particle and a wave at the same time.
Metaphor is not a model. A collection of metaphors is not a model. As an atlas of
local maps, it provides a topological mapping of the properties (parameters) of
the larger “something” that we yet can’t perceive in its wholeness. A collection of
metaphors does not behave isomorphically to the behavior of “something” it
represents. It gives us the idea of how this something behaves in a number of
particular cases but not in general.
Put on a timescale metaphors behave like graphs representing the evolution of
particular parameters of a system they represent. This partial spatial mapping of
the behavior of the environment we misunderstand for the behavior of the
environment itself. Therefore we call objective reality this graph of graphs.
Our graph of objective reality looks very convincing, detailed, and impressive
indeed. There’s no reason whatsoever to take into account in everyday life the
differences between the graph and the “something” it represents. Yet for the sake
of understanding the way how our intelligence really works and in the attempt of
creating artificial intelligence in particular it is important to understand this
difference absolutely clearly.
The objective reality that we perceive is an artifact. It requires the artificial
method of learning to deal with it. The environment, that “something” that we can’t
perceive otherwise but through the graph (manifold of metaphors) of artificial
(created by our minds), objective reality can be reached only with the natural
method of learning. The natural method of learning is the underlying condition
(the origin) of intelligence. The artificial method of learning is its derivative
product. We can't make a derivative without the original.
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Once again, superposition is the most accurate word for representing what is
impossible to represent through the metaphors of what is possible. The word is
taken from geometry, not from quantum physics (to which, by the way, a
mathematician, John von Neumann also introduced it from geometry).
If we superimpose one geometric figure on another and leave only those parts of
both figures that do not protrude beyond the other figure, that is, the maximum
area of overlap of these two figures, then we will get a superposition in the form of
the resulting figure.
We create the image (actually, the graph) of something that we can’t imagine like
a puzzle of pieces from many pieces of superpositions (metaphors) representing
it through something that we can imagine.
Each piece of the puzzle addresses some parameter (or group of parameters) of
the incomprehensible “something” and can even be used for an algorithm of
interacting with this “something,” but only locally, within very narrow limits.
We can form more complicated chains of algorithms from several pieces of the
puzzle if the edges of these pieces match together.
A number is a micro metaphor, a piece of the puzzle, the basic building block of a
universal macro metaphor that we call mathematics.

“Dr. J. Bronowski among others has pointed out that mathematics, which most of
us see as the most factual of all sciences, constitutes the most colossal metaphor
imaginable, and must be judged, aesthetically as well as intellectually, in terms of
the success of this metaphor.”
Norbert Wiener, the mathematician who resolved the Brownian motion into the
Wiener process, one of the founding fathers of cybernetics.

A Lyrical Digression
Once upon a time, a partner of the most acclaimed consulting firm McKinsey and
Co. explained to me that at McKinsey they wanted to see only people who could
elaborate independently their own solutions to different problems. They called it
at McKinsey a problem-solving capacity as opposed to the ability to memorize
and apply only a solution specific to a particular problem (or a class of
problems).
I guess that in the field of artificial intelligence (AI) the term unsupervised learning
stands for the problem-solving capacity of the McKinsey style. The second
approach is vaguely equivalent to supervised learning because the particular
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ready-made solution must be obtained from some source: a textbook, a teacher, a
supervisor, or a peer. The ready-made solution may also be retrieved from the own
memory of a learner as a sort of self-supervised learning.
I never was good at the original unsupervised problem-solving McKinsey style but
always belonged to the best of the rest. There were many people worse than me in
supervised learning. Also, there were some people who were much better than me
in the supervised learning but yet not at the level of the original unsupervised
problem solvers. Even though I didn’t have any knowledge in the area of learning
and cognitive development at that time I had arrived at the conclusion that we
deal with a specter of problem-solving abilities rather than with just two states
capable-incapable, unsupervised-supervised.
The ability that made us do better or worse in supervised learning became
evident to me when I was finishing the chapter on dead reckoning (path
integration) in this book. It was the ability to apply the natural method of learning
that made the difference. That method manifested itself in its purest form in the
unsupervised autonomous learning to solve problems of any kind but it was also
crucial for the success of the supervised, external reinforcement-based learning
of single solutions specific to particular classes of problems.
We can learn only by the book. We are all learning by the book of Nature either
directly or indirectly, relying on information exchange with other people.
We win time by using the information exchange with other people but we lose
some pieces of information in the transmission of information due to the noise
present in all communication channels. Lost pieces should be resent or
reconstructed. We can only save the original time gain by reconstructing the
missing pieces instead of resending the message again and again. That
reconstruction is akin to the creation of the original solution to a problem
although on a much smaller scale.
The natural method of learning is reading the book of Nature in the original
without translation into any of human languages. All living creatures can read the
book of Nature. In fact, they live only as long as they keep reading it. A separate
special human way of thinking doesn't exist. We believe communication is
thinking. Both symbolic and connectionist schools of AI are focused only on
communication.
Learning is the creation of structured information from unstructured one.
People believe that communication is learning because we use tiny bits of real
learning to recreate missing parts of messages corrupted during transmission.
We also use tiny bits of real learning each time we retrieve (or actually
reconstruct) our memories into strings from chunks, in which memories are
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stored. With a little bit of real learning, we can also rearrange chunks and even
construct new strings (path integration, dead reckoning) from chunks that
originally belonged to different memories.
What is the natural method of learning (or the only real learning) after all? Babies
know how to use it. Animals know. Savages know. Scientists know. We all implicitly
use it as long as we are alive. It’s time to learn what this method is and start to
consciously apply it. How about developing real AI based on real learning?
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Section One. The Natural Method of Learning
The natural method of learning was discovered at the end of the nineteenth
century. Since then it has been rediscovered many times yet it never attracted the
interest of mainstream science. It performs computations with "topological
constructive objects" instead of numbers. Therefore, it's hard to embrace it as
technology. Yet there seems to be no shortcut to building artificial general
intelligence but for understanding the method used by nature. Let's begin by
scrutinizing the natural method's discovery and rediscoveries in order to grasp its
essence.
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Chapter One. The Cat Scientists
An animal and a scientist learn to understand the world around them with no
need for reinforcement. The first Russian Nobel laureate Ivan Pavlov arrived at
such a conclusion in 1933 and shared it in a paper that wasn't published for 40
years after it was written.
The reason why that paper was neglected even by Pavlov's most committed pupils
was that it declared a blatant heresy against the preaching of their worshipped
teacher, Ivan Petrovich Pavlov himself.
One can’t avoid seeing a deep irony in the fact that in the same year when Pavlov
suggested that there was another way of learning, in 1933 the two most influential
American scientists in the area of psychology of learning, Edward Thorndike and
B. F. Skinner both adopted Pavlov's term 'reinforcement' to describe the major
underlying process of any learning. The final drop of irony was added by Pavlov
citing Thorndike’s puzzle-box experiments with cats as evidence supporting the
idea that animals and humans learn by using the method of science i.e. by
connecting external objects in the environment without direct interaction with
them.
Pavlov coined the term reinforcement in 1903 to describe the establishment and
strengthening of the connection (association) between unconditioned and
conditioned stimuli. In his renowned experiments on dogs, he simultaneously gave
food to a dog (unconditioned stimulus) and rang a bell (stimulus he wanted to
condition). Sometimes he only rang the bell.
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He measured the secretion of gastric juice as the dog's response to stimuli. When
the dog had begun to secrete gastric juice in response only to the bell the
connection was considered established successfully. However, if the bell wasn’t
reinforced periodically by food, the connection fell apart.
We can think about food in this experiment as a stimulus when seen and sniffed
and also as a reward when eaten with a sensation of pleasure. Will the connection
between conditional and unconditional stimuli be established if dogs in Pavlov’s
experiments when a bell is ringing just will see food but not actually eat it?
Edward Thorndike was locking cats in boxes with several levers, buttons, and bars
inside. An animal could open the box's door by either pulling a lever or pushing a
button or pressing a bar. There was only one proper action that was leading to a
successful escape.
Containment in a cage was an unpleasant stimulus that invoked a cat's response.
When the cat by sheer accident, as Thorndike believed, performed the proper
action for the first time, the animal experienced the pleasure of freedom as a
reward shortly afterward.
However, the connection between a stimulus and a response was established
before but not in parallel or after the reinforcing sensation of pleasure. Thorndike
called that behavior of cats finding a new association between a stimulus and a
response “the method of trial and error, with accidental success.”
Pavlov defined it as an association an animal establishes between external stimuli
but not in relation to itself.
Thorndike focused on the process of reinforcement that, in his opinion, took
place each time the animal was rewarded shortly after the repetition of a
successful response.
Pavlov focused on the fundamental differences between reinforcement and
impulses governing the trial and error method of Thorndike’s cats. In trial and
error “the formation of an association, on the one hand, and the maintenance of
the necessary motor activity of the animal, as well as the necessary tone of the
cortex, on the other, are separated from each other,” he wrote pointing out that in
the process of reinforcement “they are fused.”
Thorndike of 1898 believed that “the method of trial and error, with accidental
success,” observed in his experiments had been antiquated and replaced by
faster and better ways of learning in humans.
He even suggested that “this animal-like method of learning” might explain “the
slow progress of primitive man, the long time between stone age and iron age, for
instance.”
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Pavlov of 1933 had another view. “In Thorndike's experiments, the animal becomes
familiar with the relations of external things among themselves, with their
connections.” He wrote. “Therefore, it is the knowledge of the world. This is the
embryo, the germ of science.”
Pavlov clearly stated that the only difference between the way of learning
demonstrated by Torndike’s cats and the scientific method was in the fact that
science was more and more relying on old already existing knowledge in its
search for new.
“I would not advocate this animal-like method of learning in place of the later
ones unless it does the same work better.” Thorndike wrote.
Thirty-five years later Pavlov found the most pivotal learning work that only the
animal-like method discovered by Thorndike could do. “Each new association of
external things is the addition of knowledge, and the use of this knowledge is
what we call understanding. It is impossible to imagine understanding something
in any other way. How can one understand something without knowing different
associations, i.e. connections of external objects!” He wrote.
Thorndike suggested in his 1889 paper that the method of learning discovered by
him will be useful for understanding how children learn. Jean Piaget and Jerome
Brunner proved that he was right by introducing the same method as the way how
babies learn.
He also predicted that the method will have an impact on anthropology. Claude
Levi-Strauss, the father of modern anthropology, rediscovered that method as
'the science of concrete.'
However, as in the case of Pavlov, only reinforcement-based methods survived
from his discoveries and were widely adopted in mainstream psychology,
neuroscience, and later artificial intelligence.
That was another irony that, probably, the most important discoveries of Pavlov
and Thorndike didn't survive but the method of animal-like learning was since
rediscovered many times. One of the most accurate descriptions of that method
was left to us by Nobel laureates in physics Max Planck and Albert Einstein.
Planck described the general framework of how children and scientists create and
update their picture of the world. Einstein described his own way of thinking. We'll
discuss their findings in the next chapter.
The approach of Thorndike, Skinner, and early Pavlov has been prevailing in
mainstream psychology and neuroscience for more than a century. However, the
brightest scientific minds in other fields kept rediscovering that 'animal-like
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method of learning' throughout the Twentieth century. The quest for artificial
general intelligence should reinvigorate the interest in the method of learning
practiced in the clearest form by animals, savages, babies, and scientists because
only this method can lead to understanding - the underlying quality of any
intelligence.
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Chapter Two. The True Scientists
As described in the previous chapter, humans and other animals can be trained
with reinforcement to recognize regularities known to others. Regularities learned
this way should be regularly reinforced. Furthermore, it's impossible to learn to
understand a new regularity this way, because understanding requires the
"animal-like method of trial and error, with accidental success," discovered by
Thorndike but understood as the primary method of science only by Pavlov 35
years later. It is another way.
Another way of learning is the way of discovery of regularities anew. Some would
even claim that we are rather inventing or creating than discovering new
regularities because those regularities don't exist in the reality given to us in our
sensations before we indeed create them in our minds and prove by trial and
error that they objectively work. According to Max Planck, babies and true
scientists practice another way of learning in its most pure form.
Indeed it's impossible to discover anything new in modern science without the
existing knowledge accumulated in the relevant field but such knowledge is a
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supportive foundation but not the cutting edge of the process of scientific
discovery. Let Albert Einstein explain to us how another way of learning works.
Einstein described such a process as a “combinatory play” with “visual and motor”
“physical entities” that continues until “the mentioned associative play is
sufficiently established and can be reproduced at will.”
Only after the establishment of a new regularity through the play of rearranging
images “conventional words or other signs have to be sought for laboriously,”
according to Einstein.
Interestingly, unambiguous definitions of Aristotelian logic were too always
preceded by metaphors which, according to Aristotle, allowed people to
understand unknown things through their resemblance with things which they
understood. Furthermore, metaphor, according to Aristotle, “makes people see
things” by presenting them “as in a state of activity.”
So what’s the connection between Einstein's sensory-motor way of thinking and
Aristotelian view on metaphors if usually, we think of metaphor as something
purely linguistic?
However, from the modern theory of conceptual metaphor, introduced by George
Lakoff, we learn that “the metaphor is not just a matter of language, but of
thought and reason. The language is secondary. The mapping is primary.”
Conceptual metaphor, according to Lakoff, is the ontological mapping of one
concept to another.
In its turn, an object, a building block of the objective world around us is just “a
synthesis of different sensory impressions achieved with the help of the unifying
concept of a thing,” as Max Planck put it. In other words, it means that a thing
itself is a concept. If so then Einstein's play with “physical entities" is nothing else
but an exercise of mapping a new emerging concept to existing nonverbal
concepts.
The reason why Einstein was playing with “physical things” in his mind is also very
well explained by Max Planck. The task of science, according to him, is to
introduce “order and regularity into the wealth of heterogeneous experiences
conveyed by the various fields of the sense world.”
The “sense world” of Plank consists of “the impressions we receive in life from the
outside world directly through our sense organs, the eyes, ears, etc.” Therefore,
the “sense world” supplies science with “absolutely the most certain” facts about
the outside world.
“Under closer examination, this task (of introducing order and regularity) proves
to be fully consistent with the task which we are habitually performing in our lives
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ever since our earliest infancy, in order to find our way and place in our
environment,” Planck continues re-establishing the connection between the
scientific way of thinking of people like Albert Einstein and the conventional
empiricism of all people.
Objects surrounding us in the real world of our sensations are nothing but
concepts unifying different sensations. Conceptual metaphors i.e. regularities in
relations between these concepts are established with the animal-like method of
learning. Such regularities are the laws of Nature, which true scientists, babies,
and curious people alike are seeking to invent (discover) all their lives.
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Chapter Three. The Baby Scientists
“What, then, does the child think as he makes these discoveries? First of all, he
wonders. This feeling of wonderment is the source and inexhaustible
fountain-head of his desire for knowledge. It drives the child irresistibly on to
solve the mystery, and if in his attempt he encounters a causal relationship, he
will not tire of repeating the same experiment ten times, a hundred times, in order
to taste the thrill of discovery over and over again. Thus, by a process of
incessant labor from day to day, the child eventually develops his world picture,
to the degree needed by him in practical life,” Max Planck wrote so
temperamentally about the motivation of the child to learn because he
experienced the same wonderment, excitement, and thrill of discovery in spite of
the fact that he had grown up long ago. He was a scientist.
Of course, Planck’s considerations about a child’s motivation were purely
speculative, but it was speculation of one of the brightest scientific minds in the
entire history of humankind. It is not a surprise therefore that observations of the
behavior of toddlers in some cleverly designed experiments by modern scientists
entirely support the views of Planck.
According to researchers from Johns Hopkins University, Aimee E. Stahl and Lisa
Feigenson infants begin to use the concept of an object in their first year.
Furthermore, eleven months old toddlers are already familiar with the core
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regularities governing the behavior of objects. They have their objective picture of
the world that they share with other humans and animals.
When toddlers observe something that looks like violations of those core
regularities they begin to explore the violating object by elaborating and testing
hypotheses like real scientists. Object behavior that makes toddlers wonder
attracts their attention and induces learning while they pay no attention to
objects which behave in a regular way.
For instance, if it seems that a toy car drove through a solid wall a toddler will
probe the solidity of both the car and the wall by dropping the car and pushing
the wall. Maybe either the car or the wall, or both were not solid this time?
Stahl and Feigenson support the idea that infants inherit the core knowledge
such as the concept of object and regularities rather than acquire them at the
earliest stage of development as Planck proposed. Planck’s view supported by the
concept of sensorimotor intelligence by Jean Piaget appears to be more
consistent than the introduction of the factor of inheritance. Anyway, the findings
of Stahl and Feugenson provide strong supportive evidence to the idea of Plank
that wonderment drives learning in young children.
Another team of researchers, Paul Muentener from Tufts University and Laura
Schultz from Massachusetts Institute of Technology also demonstrated in their
experiments that toddlers actively search for hidden causes of spontaneously
occurring events but don't pay attention to events with observable or clearly
demonstrated causes.
According to Muentener and Shultz, two years olds infer that spontaneous events
have hidden causes, hypothesize about cause candidates, and test their
hypotheses in practice.
In their further research scientists found out that toddlers infer not only certain
hidden causes of spontaneously occurring events but also causes that induce
such events with only probable regularity.
Those findings suggest that toddlers have a dynamic rather than a static picture
of the objective world. The probabilistic approach enables toddlers to
dynamically update their picture of the world whenever its regularities change.
Infants are driven to learn only by observations that make them wonder. They
don't pay attention to already known regularities although they can readily use
them to attain known results. Stochasticity (or chaos) doesn’t prevent them from
inferring causes to events that occur seemingly spontaneously. That suggests
that they invent core regularities of their world-picture by themselves in the
process of animal-like learning discovered by Edward Thorndike.
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Chapter Four. The Savage Scientists
Claude Levi-Strauss, a French social anthropologist often known as “the father of
modern anthropology”, in his book The Savage Mind describes in great detail the
ways how savage tribes meticulously classify the world around them. With his
deep insight derived from observations of the savage life and the structural
analysis of ancient myths, he draws a picture of the overwhelming scientific
project undertaken by our distant ancestors in learning from nature around
them.
Like cat scientists in the experiments of Edward Thorndike, savage scientists in
the descriptions cited by Levi-Strauss were relentlessly classifying external
objects through relationships between them.
“Any classification is superior to chaos and even a classification at the level of
sensible properties is a step towards rational ordering. It is legitimate, in
classifying fruits into relatively heavy and relatively light, to begin by separating
the apples from the pears even though shape, colour and taste are unconnected
with weight and volume.”
“This preoccupation with exhaustive observation and the systematic cataloguing
of relations and connections can sometimes lead to scientifically valid results.” He
wrote. “The Blackfoot Indians for instance were able to prognosticate the
approach of spring by the state of development of the foetus of bison which they
took from the uterus of females killed in hunting. These successes cannot of
course be isolated from the numerous other associations of the same kind which
science condemns as illusory.”
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Indeed, savage scientists established many illusory connections between external
objects. They used their knowledge and imagination to find the best possible
candidate for the cause of the effect that made them wonder in the same way as
infant scientists were doing in the experiments described in the previous chapter.
Levi-Strauss made his best in trying to establish a clear distinction between
magic practiced by primitive cultures and modern science but he finally arrived
at the conclusion that learning directly from nature, as savage scientists did, laid
at the core of modern science as well. However, as Albert Einstein described it,
modern scientists play with illusory associations introspectively in their minds
until they arrive at a regularity that satisfies them and can be logically explained.
Interestingly, John Maynard Keynes, better known for his ideas that
fundamentally changed the theory and practice of macroeconomics and the
economic policies of governments, in his essay Newton, the Man named Newton
“the last of the magicians.”
“Anyone who has ever attempted pure scientific or philosophical thought knows
how one can hold a problem momentarily in one's mind and apply all one's powers
of concentration to piercing through it, and how it will dissolve and escape and
you find that what you are surveying is a blank. I believe that Newton could hold a
problem in his mind for hours and days and weeks until it surrendered to him its
secret. Then being a supreme mathematical technician he could dress it up, how
you will, for purposes of exposition.” He described the magical thinking process of
Newton in a way very much resembling the words of Einstein.
Magic isn’t proto-science, it’s “a metaphorical expression” of science, as
Levi-Strauss put it. “Both science and magic however require the same sort of
mental operations and they differ not so much in kind as in the different types of
phenomena to which they are applied.”
Savage scientists practice learning directly from nature in the same way as cat
scientists, infant scientists, and real scientists do. They apply empiricism and
logic to everything that makes them wonder to derive order out of chaos.
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Chapter Five. Objectively Valid Regularities
Max Planck proposed to use investigating “the most primitive world picture, the
naive world picture of the child” as “the best start toward a correct understanding
of the scientific world picture.” His description of the way the child creates his
world picture is so accurate that I won’t even try to rephrase him. I’ll just point
your attention to the similarity between Plank’s description and Pavlov’s notion
about the scientific (or animal-like as per Thorndike) method of learning. The child
learns by classifying and connecting external stimuli with each other. The scientist
learns in the same way. So did Thorndike’s cats.

“As soon as the child begins to think, he begins to form his world picture. For this
purpose, he directs his attention toward the impressions which he receives
through his sense organs. He tries to classify them, and in this endeavor he
makes all kinds of discoveries, such as, for instance, that there is a certain orderly
interrelation between the inherently different impressions conveyed by the senses
of sight, touch and hearing. If you give the child a toy, let us say, a rattle, he will
find that the tactile sensation is always accompanied by a corresponding visual
sensation, and as he moves the rattle back and forth, he also perceives a certain
regular auditory sensation.”
Planck clearly depicted the way how the structure of the child’s world picture
changes in the process of learning.
Sensations used to be the only components of the original sense world of the
child but eventually, the concept of an object emerges. The object becomes the
dominant element of the new picture, and the tactile, visual, and auditory
sensations become its attributes.
Yet the sensations associated with objects are private and vary from one
individual to another. The transition from the sense world to the objective world
becomes complete only after “the concept of an objectively valid regularity” is
introduced. Objectively valid regularities make the world of objects truly objective
- the same for all humans.
The concept of an object plays a key role also in the theory of Jean Piaget on the
development of understanding in children. Piaget, a Swiss psychologist who is
thought by many to have been the major figure in 20th-century developmental
psychology, proposed that the emergence of understanding in the child begins
with the stage of sensory-motor intelligence that operates in the sense world as
per the explanation of Plank.
“A world without objects is a universe without systematic differentiation between
subjective and external realities,” he wrote resonating with Plank’s ideas. A world
picture embracing concepts of an object and space, according to him, makes
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possible the advancement of the child’s thought to the level of conceptual or
operational intelligence.
Furthermore, the objective world picture of the child expands spatially to reach
out into spaces that were never seen before or even can’t be seen at all. The
objective world is getting populated not only with “real entities” of sensory-motor
intelligence but also with imaginary ones. Imaginary objects become objective
because they obey the regularities governing the objective world, but not
because their reality is given to us in sensations.
“Certainly, sensori-motor intelligence lies at the source of thought, and continues
to affect it throughout life through perceptions and practical sets,” wrote Piaget.
He proposed to distinguish practical and deliberate types of intelligence. “In the
first the question appears in the form of a simple need, the hypothesis as a
sensori-motor random trial, and the testing process as a mere series of failures
or successes. In the second, the need is reflected in the question, trial-and-error is
internalised as a search for hypotheses and the testing process anticipates the
sanction of experience by means of an “awareness of relations”, which is sufficient
to discard false hypotheses and to retain true ones.”
As Thorndike before him, Piaget failed to see that the practical type of
intelligence (the natural way of learning) works in the organic cohesion with the
deliberate one as it was described by Einstein in the previous Chapter. The father
of modern Anthropology Claude Levi-Strauss also made the same mistake by
distinguishing “the science of the concrete” of primitive people and modern
science as two entirely separate ways of attacking the same problems. I guess it
was a kind of anthropocentric blindness that prevented them from seeing the
intrinsic value of the animal-like learning method to all other methods of learning
and, especially, creativity.
Yet Piaget managed to establish the equivalence between his concept of
“assimilatory schemata” and the concept of cognitive maps, proposed by
American psychologist Edward Tolman. “This double property of general validity
and meaning belonging to the structures considered by Tolman is a fairly good
indication that he is concerned with what we call assimilatory schemata,” he
wrote, paving us the way to conceptual spaces that underlie the natural method
of learning.
The Swedish philosopher and cognitive scientist Peter Gärdenfors introduced the
theory of conceptual spaces as a framework for knowledge representation “that is
based on using geometrical structures rather than symbols or connections
between neurons.” Later he linked his theory to the neurophysiological research in
the area of cognitive maps represented in the brain by the system of grid cells
and place cells. In the joint paper with Jacob Bellmund and Christian Doeller from
the Max Planck Institute for Human Cognitive and Brain Sciences, and Edvard
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Moser who was awarded the Nobel Prize in 2014 for the discovery of that system
they wrote, “we propose cognitive spaces as a primary representational format
for information processing in the brain.”
However, they stopped one step short from the idea of Max Planck himself that
the objective reality as we see, hear, feel, smell, and taste is itself a conceptual
space. Albeit it is the most fundamental, the most exact, and the most important
conceptual space of all.
Humans create, update, and navigate the objective reality as a space of concepts
that either integrate different sensations into concrete objects or create abstract
concepts with the power of imagination. If a concept obeys the laws of nature
known to us, it belongs to the objective reality no matter if it’s sensual or
imaginary. Cats, scientists, babies, and savages play with imaginary object
concepts in the conceptual space of objective reality in order to invent new
“objectively valid regularities.”
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Section Two. Objective Space
"A picture is a fact"
Ludwig Wittgenstein, a German philosopher
This book is based on a bold assumption that being human is a cognitive skill. It
may be partially inheritable but to a much greater extent, it evolves in the
interaction of a human being with the uncertain and unstructured natural
environment including other human beings.
The concept of the objectivity of reality that is existing in our subjective minds is
central to understanding how natural intelligence operates in coping with natural
uncertainties foremost uncertainties of the behavior of other humans.
Sensations that we experience are subjective. The objective reality is given to us in
concepts. We commonly assume it to be a natural environment external to us. In
reality, it is a product of our natural intelligence, an artifact, an instrument, a map
that our consciousness uses to navigate the uncertainties of our existence.
The foundation of objective reality is laid down by the anatomy of our organisms
and genetics. Its most stable components are stored in memory. The rest we
receive as phase space graphs of known parameters of raw sensory data. Our
mind retrieves known regularities from memory but even more importantly it
creates new unknown regularities using natural intelligence and incorporates
those newly acquired regularities into the manifold of the cognitive map of
objective reality. Objective reality is the most comprehensive spatial graph of
regularities that produce expected changes in our sensory fields.
To put it even shorter, objective reality is a manifold of cognitive maps starting
from the most concrete and going up to the most abstract ones. The Riemannian
topology of those maps enables us to easily accept the reality in which the
closest person to us may be located several thousand kilometers away from us.
It is a far-reaching but poorly grounded assumption that the objective reality in
our psyche models our external natural environment and is similar to it in major
components. Laws of nature on our cognitive maps of objective reality should be
rather considered as topologically invariant conceptual metaphors of the
processes which take place in nature itself rather than as their accurate
reconstruction.
Humans have the broadest cognitive map of objective reality among all living
creatures. It enables us to integrate paths of cause-effect chains of the maximum
temporal depth through the chaotic landscape of raw sensory data. As a result,
we can eliminate the causes of most errors before they occur.
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Our broad cognitive maps enable us to thrive not just survive. The problem is that
all cognitive maps are currently shrinking in our heads with an increasing speed.
Fortunately, we have the natural intelligence to overcome that catastrophic
shrinkage of objective reality. From this book, you'll learn how to consciously use
this intelligence, the most primitive, on the one hand, and the most essential, on
the other.
This book will challenge your brain to work in a way that has been almost totally
abandoned by modern humans. It is not a leisure reading. Initially, you will begin
to feel tired very quickly. It’s hard to focus your attention on hidden regularities
when your brain is continuously bombarded by natural and artificial noise.
Yet if you will manage to keep your attention focused long enough on the
wonderful things that the book is telling you about, you’ll begin to experience a
steady and strong feeling of joy rising in your soul like an ocean tide.
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Chapter One: Cognitive Maps in Rats and Men
American psychologist Edward Tolman was running a hungry rat through a maze.
The food awaited the rat at the end of the maze. He repeated the experiment
every 24 hours counting the number of errors - blind-alley entrances of the rat.
The number of errors was decreasing steadily with each new run. The rat learned
to make no errors at all after a week of runs.
Tolman began to run some hungry rats through the maze without the food at the
end of the maze at the next stage of the experiment. Unlike the rats which found
the food, these rats kept entering all blind alleys with each run as if they were
learning nothing at all. Their number of errors wasn’t falling.
Tolman placed the food at the end of the maze after a week of empty runs of the
not learning rats. After such a rat found the food for the first time its behavior
was changing dramatically. Right from the entrance of the maze, they began to
run straight to the end of the maze where food was awaiting them.
It meant, Toloman decided, that the rats from the second group had learned not a
single concrete route from the entrance to the end of the maze but a map, an
entire plan of the whole maze. That explained why they could instantly and
without errors find the way to the end as soon as the need to get there arose.
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This simple experiment demonstrates the entire difference between the artificial
method of learning based on reinforcement of animal-related stimuli or
responses and the natural method of learning based on mapping relationships
between different objects unrelated to the animal. The latter is the broader
version of the scientific method of experiment, trial, and error.
When I look at objects in my room: computer monitor, keyboard, old door with a
handle of dim brass, I can’t avoid believing that those objects exist in the same
shape, color, and feel somewhere outside my mind.
The great Newton himself placed space of the objective reality in the external
physical world. But Immanuel Kant had rightfully pointed out that objects which
we see and otherwise feel were made out of our sensations and actually could
only exist in our psyche. Therefore, space itself, according to Kant, was objective
but existed in the psychological realm.
It is impossible to know and useless to discuss if something or anything at all
really exists beyond the barrier of our sensations. Our sensations prove the
existence of the laws of nature and obey them. It makes more than a solid ground
for accepting the psychological world of our sensations as the only objective
reality that we have.
Inside my mind, I know that I can see objects because of strange phenomena at
the micro-level. They are called photons or quanta of light. They sometimes seem
to behave like particles, sometimes as waves, but they aren't either. Not too long
ago I learned that my eye can detect a single photon, a single quantum of light,
exactly that one that’s neither particle nor wave but behaves as both.
Yet I don’t see the photons. I see objects which have shapes, colors, and shades.
They are located in different places with empty spaces between them. If my eyes
see quanta of light then my brain is doing a huge amount of work to make them
comprehensible to my consciousness. It provides me with carefully selected and
structured information that enables me to understand what is happening, to
predict what may be happening in the future, and to interact with the objective
reality in order to achieve desired outcomes. The objective reality rendered by my
brain like a map enables me to navigate it, in other words.
For Immanuel Kant, “space was indeed absolute, but that it was not a property of
the physical world. Rather, it was an innate organizing principle of the mind, by
which the sensations derived from the physical world were constructed into a
conscious manifold. Space was a way of perceiving, not a thing to be perceived.”
With his concept of absolute psychological space, Kant anticipated the definition
of objective reality given by Max Planck, which we discussed in the first section. It
was a big surprise to me that the theory, put forward in 1978 by John O'Keefe and
Lynn Nadel, that the hippocampus creates and renews cognitive maps in the
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brain, was based on Kant's concept of space. I borrowed the above description of
that concept from their book.
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Chapter Two. Morris Water Maze
In their book The Hippocampus as a Cognitive Map, published in a small edition
in 1978, John O'Keefe and Lynn Nadell suggested that the hippocampus encodes
speed, direction, and distance as an animal moves. They also complained that
the then-existing tests could not reveal the behavioral features of animals with
damage to the hippocampus, which could confirm their hypothesis. Their
complaint caught on Richard Morris, and he decided to fix the problem.
Morris began to run rats into a tub filled with cloudy water and watch how quickly
the animals would learn to find a platform hidden under the water using only
landmarks located in the room outside the tub.
It turned out that healthy rats from the control group and rats with damage to
the cerebral cortex, after only a few tries, began to swim directly to the invisible
platform immediately after they got into the water. But the rats with damage to
the hippocampus continued to cut meaningless circles around the tab and, if
they found a platform, it was only by accident.
The first step towards experimental confirmation of the role of the hippocampus
in the formation of cognitive maps has been taken. And the Morris water maze
has become perhaps the most common behavioral testing tool in neuroscience.
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Chapter Three. Cognitive Space in Bats and Men
John O’Keefe and Lynn Nadel discovered place cells in the hippocampus in
support of the theory of Tolman. In their landmark book Hippocampus as a
Cognitive Map published in 1978, thirty years after the paper by Tolman, they also
extended the cognitive-mapping system in humans beyond navigation in physical
space and proposed that it could function as a deep structure for language.
In 2014 John O'Keefe together with May-Britt and Edvard Moser was awarded a
Nobel Prize for the discovery of the GPS system of the brain in rodents. In his
Nobel Prize lecture, O’Keefe stressed out that “a similar spatial system exists in
humans which additionally provides the basis for human episodic memory.”
“All three 2014 Nobel Prize winners in Physiology or Medicine stand on the
shoulders of E.C. Tolman. Based on experiments on rats running in various types
of mazes, Tolman suggested from the 1930s to the 1950s that animals form internal
maps of the external environment. He referred to such maps as cognitive maps
and considered them as mental knowledge structures in which information was
stored according to its position in the environment (Tolman, 1948). In this sense,
Tolman was not only one of the first cognitive psychologists but he also directly
set the stage for studies of how space is represented in the brain.” Edvard Moser
summarised the seminal hypothesis of Edward Tolman in his Nobel Prize lecture in
the best possible way.
In his landmark paper Cognitive Maps in Rats and Men, Tolman also proposed
that cognitive maps in humans exist not only to position them in physical space
but within a broader network of causal, social, and emotional relationships.
Tolman didn’t propose any neural structures and neural activity that might
underlie cognitive maps. When decades later John O'Keefe observed the behavior
of neurons in a rodent hippocampus it resembled a process of formation of a
cognitive map. He wondered if Tolman was right and began to dig deeper into
place cells and place fields as he named the observed phenomena. His passion
and persistence have lasted for decades because “possessing such a map would
surely furnish an animal with a very handy cognitive device enabling it to move
around environments in a creative, flexible way rather than being reduced to the
simple rigid stimulus-response routes envisaged by the behaviorists,” as he
explained in his Nobel Prize lecture decades later.
If you wrap a ball into a sheet of paper you will get a sphere but with a surface
with many folds. Now imagine a magical sheet of paper that makes a perfectly
smooth sphere without any folds if wrapped around a ball. That magical sheet of
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paper is called in topology a manifold. Interestingly, the surface of this magical
sheet of paper seems to be flat from close proximity even after it’s wrapped
around a ball in the same way as the Earth seems to be flat to all of us located on
its surface.
John O'Keefe discovered two-dimensional place fields in the hippocampus of rats.
Other researchers later discovered spherical place fields in the hippocampus of
bats. In the Nobel Prize lecture, O'Keefe characterized those spherical fields as
three-dimensional. However, a sphere may be also a two-dimensional manifold
but not only a three-dimensional object. Let's try to figure out why this difference
is important.
Place cells in the hippocampus recognize familiar places when we are in them, by
signs and landmarks. Grid cells in the entorhinal cortex adjacent to the
hippocampus allow us to orient ourselves in these places, taking into account the
location of signs and landmarks relative to each other.
Grid cells can be most easily visualized as a floor covered with hexagonal tiles,
each divided into six equilateral triangles. The hexagon is the grid cell. It fires
every time you cross one of the edges of any of its triangles while moving across
the floor.
Together, the two types of cells give us a unique opportunity to see (or otherwise
feel) the objective reality around us from our subjective point of view. There is a
world around, there is me inside it and I move across this world.
The explanation sounds simple, but the mechanism that secures this simplicity is
rather hard to understand because we are trying to study it, based on the reality
that it generates. Yet we have to break through this reality to learn how its
underlying machinery works.
Riemannian geometry is an example of such a breakthrough. In it, the plane
familiar to us from school geometry lessons turns into a surface that can take on
an infinite number of different forms, while remaining indistinguishable from the
plane we are accustomed to in small local subspaces of continuous common
space. Low dimensional graphs on Riemannian manifolds can be embedded in
higher dimensional spaces to represent almost unlimited general complexity in
the most simple local forms.
“Successfully navigating in physical or semantic space requires a neural
representation of allocentric (map-based) vectors to boundaries, objects, and
goals. Cognitive processes such as path-planning and imagination entail recall of
vector representations, but evidence of neuron-level memory for allocentric
vectors has been lacking. Here we describe a novel neuron type (Vector Trace cell,
VTC) whose firing generates a new vector field when a cue is encountered, and
also a ‘trace’ version of that field for hours after cue removal,” an international
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team of researchers coordinated by Steven Polter and Colin Lever from the
psychology department of Durham University in the UK reported in their paper
published in Nature Neuroscience in December 2020.

References:
1. John O'Keefe and Lynn Nadel (1978) The Hippocampus as a Cognitive Map
2. Edvard Moser (2014) The Nobel Prize in Physiology or Medicine 2014 Lecture
3. Tolman, E. C. (1948). Cognitive maps in rats and men. Psychological Review,
55(4), 189–208. https://doi.org/10.1037/h0061626
4. John O'Keefe (2014)The Nobel Prize in Physiology or Medicine 2014 Lecture
5. Bryan Maelfeyt, Spencer A. Smith, and Kevin A. Mitchell (2016) Using
invariant manifolds to construct symbolic dynamics for three-dimensional
volume-preserving maps
6. Dori Derdikman and Edvard I. Moser, A manifold of spatial maps in the
brain, Trends in Cognitive Sciences, October 18, 2010. DOI:
https://doi.org/10.1016/j.tics.2010.09.004
7. Steven Poulter, Sang Ah Lee, James Dachtler, Thomas J. Wills, Colin Lever,
Vector Trace cells in the Subiculum of the Hippocampal formation, bioRxiv
805242; doi: https://doi.org/10.1101/805242 Now published in Nature
Neuroscience doi: 10.1038/s41593-020-00761-w

Chapter Four. Conceptual Spaces
Moser continues to explore the application of cognitive maps in humans beyond
navigation in physical spaces. In 2018 he teamed up with a multidisciplinary group
of scientists to propose in a paper published in Science that cognitive maps in
humans are used as a basis of episodic memory as O'Keefe already envisaged
earlier. Furthermore, humans use cognitive maps not only to store and retrieve
memories but also to compare things that they meet anew with similar things that
they remember.
“By connecting all these previous discoveries, we came to the assumption that the
brain stores a mental map, regardless of whether we are thinking about a real
space or the space between dimensions of our thoughts. Our train of thought
can be considered a path through the space of our thoughts, along different
mental dimensions,” Jacob Bellmund, the first author of the publication,
explained.
“We were intrigued by evidence from many different groups that suggested that
the principles of spatial coding in the hippocampus seem to be relevant beyond
the realms of just spatial navigation,” Bellmund said.
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Neuroscientist Christian Doeller works at the Max Planck research institute.
Therefore, it is symbolic that the team of scientists led by Doeller was the first to
demonstrate, using the activation of place cells and grid cells in the
hippocampus and entorhinal cortex, how the objective reality initially outlined by
Planck emerges from subjective sensations.
Back in 2019, the Doeller team published a paper on how the brain spatially
displays various sensations that make up our perception of an object.
But already in 2020, scientists took the next step. They were able to demonstrate
that the brain records in the cognitive space, not sensations that make up the
perception of an object, but the characteristics of the object itself as a concept,
properties that the object possesses, regardless of whether we sense them at the
moment or not.
The hippocampus assigns to objects the status of objectivity, the independence
from the observer, just as it draws up an absolute map of the area with the
binding of coordinates to cardinal directions, and not in relation to the observer our consciousness.
The Doeller team has made a tremendous breakthrough because neuroscientists,
psychologists, and artificial intelligence researchers continue to generally believe
that the perception of an object is made up of sensations, not realizing that the
mind already at the level of perception generalizes objects to the level of
concepts that have characteristics independent of perception.
It seems to be more than could be desired, but the Doeller team went further.
Apparently, this is what a real scientific breakthrough looks like.
When navigating physical space, the brain uses two forms of data representation
that we load from memory and receive from the senses: (1) the God's view (using
the language of computer games), an absolute (wide) cognitive map of the area,
for which the hippocampus is responsible and (2) a first-person view of our
consciousness as it moves across an absolute map of the terrain created by the
hippocampus.
So, in the third work, also published in 2020, the Doeller team demonstrated
exactly how these two systems work in the brain, complementing each other.
Moreover, they showed this process not only when targeting the terrain, but also
when working with abstract concepts in the cognitive space of thoughts.
On the one hand, Doeller and his colleagues built upon the foundation laid by
O'Keefe and Mosers in their groundbreaking research marked with a Nobel prize.
On the other hand, they have built a complete case explaining how our minds
manipulate thoughts in space as objects whose properties do not depend on the
subjective views or sensations of the person. This way the natural way of learning,
excellently described by Einstein on his own example, received a serious
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neurophysiological foundation. A game-changing discovery is happening not 100
or 70 years ago, but right now.
If you look at science as a whole, then in any era it looks like a frozen building,
made of stone blocks, polished to a shine by crowds of science workers. And it is
always covered with crowds of such workers, polishing the stones of other people's
discoveries.
But there are always and will be outstanding scientists who conquer the unknown,
armed with the natural method of learning - the only method of scientific
discovery that reveals to us the secrets of nature.
From the point of view of a person, some ideas may be no less objective than
objects of the physical world. It is due to the fact that we perceive ideas as objects
existing in a shared cognitive space that we can exchange ideas with each other,
discuss them as such without taking into account their relational subjectivity.
Probably, the objectivity of ideas is the basis of the entire building of human
culture, the level of abstraction once achieved by our distant ancestors, from
which the ascent of man began.
Indeed it was not the descent, but the ascent of man. The third book that Darwin
never wrote. Apparently, it was early then. Now is the time.
“The idea of body-centered, sensorimotor-grounded, and attention-mediated
schemas that structure high-level cognition is not entirely new in cognitive
(neuro)science, and several names have been proposed for it, such as image
schema, attention schema, and mental metaphors.” Sounds a little bit
complicated, doesn’t it? Doller and his co-author Roberto Bottini from the
University of Trento proposed the idea of image spaces which organize our
subjective real-time sensory-motor experience into structured knowledge of the
world that interweaves with objective reality in a very interesting way.
When it comes to concepts placed not in the physical, but in the mental space, we
use basic metaphors from sensory-motor activity to operate with mental
concepts in the same way we interact with objects located in a space that we
perceive as physical, although it is essentially mental too.
We encode basic metaphors as images in space with a system of subjective
(relative to us) coordinates. We also categorize basic metaphors according to
which abstract conceptual metaphor domain they belong. Objective things and
ideas are generalized versions of basic metaphors. They are parts of objective
reality, a wide cognitive map, or actually a cognitive space with an objective
(cardinal) coordinate system.
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Through metaphors, our subjective experience evolves into objective reality.
Metaphors enable us to compare what we see or otherwise experience right now
with our previously acquired knowledge.
This, of course, is still only a hypothesis, but it possesses a strong explanatory
power. Learning at the level of the sensory-motor and image-based intelligence
according to the classification of Jean Piaget and Jerome Brunner, may, for
instance, be based on the selection of image-based, sensory-motor, and spatial
metaphors for new, previously unknown objects and phenomena.

References:
1.

2.
3.
4.

5.

6.

Bellmund, J. L. S., Gärdenfors, P., Moser, E. I., & Doeller, C. F. (2018). Navigating
cognition: Spatial codes for human thinking. Science, 362(6415).
https://doi.org/10.1126/science.aat6766
Adithya Rajagopalan New Evidence for the Strange Geometry of Thought.
Nautilus. Feb 08, 2019
Max Plank, The Meaning and Limits of Exact Science
Stephanie Theves, Guillén Fernández, and Christian F. Doeller. The
Hippocampus Encodes Distances in Multidimensional Feature Space.
Current Biology, Volume 29, Issue 7, 1 April 2019, Pages 1226-1231.e3
https://doi.org/10.1016/j.cub.2019.02.035
Stephanie Theves, Guillén Fernández, and Christian F. Doeller. The
Hippocampus Maps Concept Space, Not Feature Space. Journal of
Neuroscience 16 September 2020, 40 (38) 7318-7325; DOI:
https://doi.org/10.1523/JNEUROSCI.0494-20.2020
Roberto Bottini and Christian F. Doeller (Trends in Cognitive Sciences
August 2020) Knowledge Across Reference Frames: Cognitive Maps and
Image Spaces

Conclusion
Understanding the way our mind creates objective reality is the first and very
important step towards understanding what humanness is.
Objective reality exists for animals. But are there objectively other personalities
present in the objective reality of an animal? Are there not objects, but subjects,
endowed with consciousness? I do not know. Certainly, not all animals allow other
personalities in their objective reality. What comes to dogs and cats, my daughter
and I have different views. We endow them with personality. Can they see
personality in us?
Another person - this is how the word "budi" is translated from the language of the
Indian tribe Nayaka. Nayaka people look into the eyes of elephants to see if they
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have budi. If there is budi, you can negotiate with the elephant. If not, this is an
instinctual elephant machine. An object, not a subject. Moreover, it is a dangerous
object from which one must run and hide.
So, first, on a certain level of cognitive development objective reality emerges,
populated by objects with properties that are not related to ourselves and exist
independently of us experiencing them in our sensations or not. Only afterward,
on the even higher level of cognitive development, we begin to understand that
some objects are endowed with budi, that is, they are other persons like ourselves.
This is where the shift to humanness occurs.
Or that shift doesn't occur. Then other people around are just objects, machines
for satisfying our desires, for which we just need to choose a suitable exploitation
algorithm. Press button number 36 and a Snickers bar will drop out, button
number 15 - a can of Coca-Cola.
Those machines can also be unpredictable and dangerous. Therefore a safe
distance from them should be kept when we don’t use them for our needs. Even
when in use they should be treated cautiously. Better they would behave strictly
according to the rules.
How many people, do you think, today reach the level of abstraction of budi - the
level of understanding that other persons objectively exist?
A broad cognitive map serves as the basis of objective reality - our picture of the
world, which, although it is formed by our psyche, is objective for us, independent
of our own position on the map. It shows the angles and distances between
objects, be they objects of the physical world or abstract concepts. Actually, the
angles and distances are the parameters of objects (concepts) in relation to each
other. They exist objectively.
A narrow cognitive map is built in relation to oneself on the basis of stimuli and
responses that a person experiences and expresses subjectively. Accordingly, the
parameters - angles and distances are measured subjectively, only in relation to
the person. On such a map, we perceive the world through the prism of our
feelings and desires and without taking into account the feelings and desires of
others.
Therefore, Edward Tolman, who originally proposed the idea of cognitive maps,
believed that narrowing down a cognitive map led to xenophobia and aggression
between people.
“Over and over again men are blinded by too violent motivations and too intense
frustrations into blind and unintelligent and in the end desperately dangerous
haters of outsiders... What, in the name of Heaven and Psychology, can we do
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about it? My only answer is to preach again the virtues of reason-of, that is,
broad cognitive maps,” he wrote.
People with a narrowed down cognitive map turn into reptilians in the literal sense
of the word because we inherited from reptiles the brain substrate of narrow
cognitive maps - the caudate nucleus.
People with an underdeveloped or atrophied hippocampus simply cannot
imagine a world outside of personal beliefs and view everything through the
prism of satisfying their needs as a set of opportunities and threats. Therefore, it
is simply impossible to negotiate with them on mutually beneficial terms, because
they see only their own benefit.
That is why I believe that resolving the growing contradictions between people in
the modern world should begin with training the hippocampus and expanding
cognitive maps in people. We again need to see the objective reality in which we
all coexist, and not the reality in which each of us has his own subjective picture
of the world.
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Section Three. Finding Self in the World
What Have We Done?
Winnerless competition is a dynamic relationship of two systems coupled
(chaotically synchronized) in the phase space in which they are swapping places
in their master-slave (predator-prey) information exchange. When one system is
active, the other system is inhibited by the activation of the first and vice versa.
None of the two can take a permanent lead in this relationship.
A broad cognitive map stands for objective reality. A narrow cognitive map stands
for a subjective view over a narrow segment of objective reality.
Why does a narrow cognitive map lead to discord among people? As objective
reality deteriorates following the shrinkage of the hippocampus, subjective reality
takes its place. A person begins to perceive his subjective reality - a narrow
cognitive map formed from his first-person view of the world, as an objective
reality, which should be the same for everyone but not only for the person in
question.
The person no longer tries to update his narrow cognitive map on the basis of
the new raw data coming from the senses, but, on the contrary, manipulates this
data to make it fit his perception of the world or cancels it altogether.
It is a pity that no experiments have been carried out with brain scans of religious
fanatics. It would be interesting to know how atrophied their hippocampus is and
how often they use the caudate nucleus (a narrow egocentric cognitive map with
relative coordinates) to solve problems that require orientation using absolute
(objective) coordinates.
It is clear that if two people meet, each of whom considers his relative coordinate
system to be a common absolute coordinate system, then they will never be able
to agree.
The narrow cognitive map is equal to the frozen picture of the world as described
by Max Planck. It isn't quite frozen, however. It uses classical Bayesian inference for
updating. The process starts with an old (a priori) belief that is passed through an
observation filter. After that, a new belief is obtained, which can either correspond
to the old one or be updated based on observation.
If we consider an a priori belief (the knowledge we have) to be more reliable than
observation (data from the senses), then we ignore the data and keep faith in our
knowledge. In theory, a data filter can be strengthened so much that it will no
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longer pass through old knowledge, discounting it to zero. However, if this
happened, then the picture of the world would have to be built from scratch with
each update.
Since we have the ability to update the picture of the world only partially,
Bayesian inference must be inverted so that observation is primary. Then,
passing the observation through the filter of old knowledge, we will be able to
update (or not update) only that part of the picture of the world to which this
observation is pertinent.
This is how Vasily Nalimov, a Russian mathematician, engineer, and shaman who
worked with Andrei Kolmogorov for ten years, described the probabilistic
Nalimov-Bayes syllogism. Such a process is fully consistent with objective reality (a
broad cognitive map) if we recognize that the patterns in it exist regardless of our
subjective beliefs.
In a normal healthy brain, objective reality and subjective perception peacefully
coexist and seamlessly interact with each other. It is the presence of both of them
that allows us to make decisions in complex, ambiguous situations, and to begin
with, simply understand that the situation is complex and ambiguous.
Adolescent maximalism is on the surface similar to the effect of substituting
objective reality by subjective reality but has fundamentally different causes. The
formation of objective reality occurs in childhood. In adolescents, two realities
must integrate with each other through the formation of neural networks
necessary for the interaction of different areas of the brain.
My favorite unexpected uncertainty, which is also known as structural uncertainty
is the core environmental factor enabling the integration of brain networks
responsible for identifying and solving ambiguous problems. Unexpected
uncertainty can be also compared to gambling with unknown odds. Some
researchers name it ambiguity as an opposite to risk (expected uncertainty).
Kolmogorov complexity (algorithmic entropy) is yet another name for it.
There are already many studies showing that some allocentric computer games
can be used to train the hippocampus in adults, provided that the players enjoy
playing more than winning. Therefore, it can be assumed that such games will
also have a positive impact on adolescents, provided that they will enjoy
gameplay more than the result (see Chapter Three).
This is good news because today the artificial environment, in which all the
probabilities are known in advance, leaves fewer and fewer chances for the
successful integration of objective and subjective reality in adolescents.
Let’s continue our quest by clarifying what the integration of subjective
perception and objective reality means in the language of modern neuroscience.
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Chapter One. Teen Discovery of Self in the World
Watching a simple computer simulation of colored geometric shapes, a
three-month-old baby pities the red ball, which is climbing the hill more and more
slowly. The child rejoices when a kind yellow square comes to the aid of the ball
and starts pushing it up. He is angry at the evil green triangle that got in the way
of the square to prevent it from climbing.
The scientist reads the facial expressions of the baby, recording these
manifestations of naive morality according to the author of the experiment,
professor of psychology and cognitive science Paul Bloom from Yale. What is
naive morality? In my opinion, it is a cardinal (absolute) system of moral
coordinates installed in us by evolution and inherited in the same way as a
system of cardinal coordinates for orientation in space.
We are all born with a minimal set of broad cognitive maps of objective reality,
defined by heredity and anatomy. However, since the child's hippocampus is still
very small and underdeveloped, these are very simple maps of small size and
large scale with a minimum level of detail.
Subsequently, subjective sensory-motor intelligence is actively developing in the
child. It allows the child to satisfy usual needs. This level of intelligence
corresponds to the world of subjective sensations, in which everything is
measured relative to itself, the world with a relative coordinate system.
As the hippocampus matures, the child's objective reality begins to be filled with
objects and phenomena that exist in it by themselves, regardless of the child. The
child perceives the world, which is becoming more and more objective, only from
his subjective point of view - the first-person view as they call it in the video
gaming industry.
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We all see objective reality from the first-person view and do not look from the
side or from the godlike view at our figure running through physical space.
However, we can imagine how this happens. That is, in our imagination, we can
see objective reality and ourselves in it from different angles, and not only from
our subjective perspective.
This ability allows us to navigate complex and ambiguous situations, for making
the right decisions for which a one-sided view is not sufficient. Neurophysiologists
call this ability the executive function of the brain.
For the executive function to work properly, the neural circuit connecting the
hippocampus, which is responsible for objective reality, and the prefrontal cortex,
which is responsible for our real and imagined actions in this reality, should be
integrated both physiologically and functionally.
The integration of this network occurs in adolescence under the influence of
unexpected uncertainty or Kolmogorov complexity, as we should probably more
correctly call this type of uncertainty from now on.
Psychologists only in recent decades have finally learned to separate two types of
uncertainty: (1) expected uncertainty with a known outcome and its known
probability, and (2) unexpected uncertainty with unknown probability of a yet
unknown outcome. In the latter case, both outcome and its probability should be
learned. In other words, the algorithm that encodes them should be discovered
and applied in reverse in the same way as in dealing with Kolmogorov’s
complexity.
In recent years, several scientific works have appeared, which demonstrate that
adolescents are not at all prone to increased risk, as was previously thought. On
the contrary, they are more cautious than adults in situations where there is a
risk with known probability. Teens are exclusively interested in Kolmogorov
(algorithmic) complexity because it allows them to train their brains to
successfully integrate the hippocampal-prefrontal circuit enabling a full-fledged
executive function.
Adults should also think about getting a hefty portion of Kolmogorov complexity
to protect their executive function from disintegration and their objective reality
from falling apart as a result of progressing hippocampal atrophy.
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Chapter Two. The Coupled Brain
Humans, like all living beings, have one whole intelligence - natural intelligence,
which was shaped by adaptation to the natural environment. This intelligence has
various components, but they function together as a whole, as a family, and not
as different brains living under the same roof like neighbors in a shared
apartment.
The holistic nature of intelligence became clear to me only recently. From the very
beginning of my quest, the idea there are two brains embedded under the same
skull: one of a reptile (caudate nucleus with its surroundings) and another of a
mammal (hippocampus with its surroundings) appeared very appealing and
logical. Each of these two quasi-brains relies on its own type of memory: the first
one uses procedural (action) memory and the other - declarative (context)
memory. They also apply two distinct cognitive strategies: response
(stimulus-response) learning, based on procedural memory, and spatial
(stimulus-stimulus) learning, based on declarative memory. There are even two
different navigation systems supported by the two: the egocentric autopilot and
the allocentric GPS. In fact, it looked like two different intellects evolved to
simultaneously coexist in one brain.
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A powerful movement in modern neuroscience supports the idea that these two
neighbors are competing for the resources of the cerebral cortex and cannot
work simultaneously, that one neighbor always inhibits the other. A series of
various experiments, conducted over decades, was constructed in such a way as
to maximally demonstrate the competitive behavior of two intellects.
These experiments have proven many times over, using fMRI, EEG, and gray
matter volume measurements, that one type of intelligence only works when the
other is idle. If such inhibition of one type by another lasts a long time, then even
the volume of gray matter in the inhibiting quasi-brain increases and in the
inhibited quasi-brain decreases.
I came across the first mention of the fact that the hippocampus and the caudate
nucleus can work simultaneously as part of the same integrated network, in a
research paper on the development of cognitive functions in adolescence. I
searched the web and found many more publications confirming that two types
of memory and two learning strategies in adolescents can work together., that
they can cooperate, not compete.
Further on, I discovered some research papers about the cooperation of the
brain's autopilot and GPS. Everywhere the term cooperation was used as opposed
to competition. Experts have elaborated complex experiments that have
demonstrated that the cooperation of two intellects is possible not only in
teenagers but in adults as well.
The notion of cooperation as the only opposite of competition haunted me. Wait,
what if we are observing a winnerless competition? Winnerless competition is a
metaphor introduced by mathematicians to describe the behavior of two (or
several) coupled systems in which activation of one system temporarily inhibits
the other system and vice versa. In information exchange between such coupled
systems, the active system transmits information while the passive system
receives information from the active one. A dynamic equilibrium between the two
systems can be achieved that way.
In a non-zero-sum game, the winnerless competition provides not only dynamic
equilibrium but also the transition of this equilibrium from lower complexity levels
to higher ones that may be equal to cognitive development. Isn’t this the same
cognitive development that scientists observe in adolescents?
The possibility of detecting such a state in the brain of adults decreases as their
picture of the world freezes as Max Planck described it. Perhaps the rules of the
game are also changing: a zero-sum game replaces a non-zero-sum game. The
zero-sum game also makes it possible to maintain a dynamic equilibrium, but
without an increase in knowledge. This is how the transition from exploration
(creation of new knowledge) to exploitation (utilization of existing knowledge)
might look like.

62

There is a notion of the master-slave relationship in information theory. A master
sends information, a slave receives it from the master. In winnerless competition, a
master and a slave are constantly and frequently changing sides. If the strength
of coupling of two systems extends beyond a particular threshold the master
permanently enslaves the slave. The relationships between the two systems that
have been dynamic become rigid. The winner takes it all.
In such a situation, there is no winning opportunity for human intelligence left.
Whoever wins, the hippocampus or the caudate nucleus, the intelligence will still
be the loser. Therefore, not pumping the hippocampus up with gray matter using
video games or spatial navigation is needed to prevent Alzheimer's disease, but
the reinstatement of the winnerless competition as a non-zero-sum game
between the alternative strategies. Only a comprehensive solution will work, not
an attempt to fix one part by breaking the other.
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Chapter Three. The Happiness of Pursuit
Two groups of scientists: one from McGill University in Canada, the other from the
Max Planck Institute for Human Development, and the University of Hamburg in
Germany over the past decade and a half have been investigating the correlation
between changes in gray matter volumes in various anatomical brain regions and
playing different types of video games.
At first, the difference in approach between the two groups seemed insignificant
to me, because they both convincingly demonstrated that the volume of gray
matter in the hippocampus increases when playing video games with an
allocentric orientation, such as, for example, Super Mario 3D. It was this
correlation that I believed was the most significant because hippocampal atrophy
is both a sign and a consequence of a narrowing of the cognitive map.
But the devil, as always, was in the details. Canadian scientists have focused on
spatial orientation. For them, it serves as a sign of which of the two competing
cognitive strategies the participants in the experiments prefer to use.
Therefore, they studied the dynamics of gray matter in the hippocampus and
caudate nucleus, reasonably assuming that if a person uses allocentric
navigation, his hippocampus grows, and if egocentric, then the caudate nucleus.
Conversely, the gray matter in the part of the brain that is not used for navigation
in the game will contract. They were able to confirm many times, both direct and
inverse correlation. It would seem, what other questions could be there?
The questions arose from German scientists who tracked changes in the volume
of gray matter in both the hippocampus and the prefrontal cortex, precisely in
the executive control network that, as we remember, integrates during
adolescence.
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It turned out that for some players in allocentric games (in the same Super Mario
3D), only the volume of gray matter in the hippocampus had grown, while other
players had an increase in the volume of gray matter both in the hippocampus
and in the prefrontal cortex.
The only difference between the two types of players was in their assessment of
their self-interest in the game. The volume of gray matter in the hippocampus
and prefrontal cortex increased simultaneously in those players who liked to play,
who enjoyed the game itself.
German scientists have suggested that dopamine stimulation activates many
more brain regions, including the caudate nucleus, in the participants enjoying
the game than in the players who do not experience the joy of playing and use
only the spatial orientation circuit in the brain. I managed to find some good
evidence for their hypothesis.
The brain must develop harmoniously. You won't grow your right leg by shortening
your left. But it turned out to be very difficult to understand.
The hippocampus requires long exposure to dopamine to activate. Caudate
nucleus requests are more modest. Short sharp peaks are enough for its
activation. The hippocampus only develops when the player remains passionate
about playing the game for a long time. It's enough for the caudate nucleus to
just win from time to time. Personality investigator Colin DeYoung from the
University of Minnesota proposed a theory of the dopamine being a universal
neuromodulator of exploration that matches the finding of German researchers
very well.
Yet another team of researchers from the University of California, Irvine also
explored the impact of video games on the hippocampus. They were using the
declarative memory test instead of measuring the gray matter volume to monitor
the hippocampal development in the experiment participants who played Super
Mario 3D and Minecraft for several weeks. The test demonstrated that the
hippocampal memory was significantly improved in players versus their
pre-playing performance and non-playing controls.
The researchers attributed the performance improvement to adult neurogenesis
in players stimulated by the uncertainty-enriched environment of video games.
Let’s have a closer look at hippocampal neurogenesis in the next chapter.
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Chapter Four. Adult Hippocampal Neurogenesis
New nerve cells - neurons are constantly being born in the hippocampus of adult
mammals, including rodents and primates. This process is called neurogenesis. It
has been verified many times and with different methods. Yet with regard to the
human hippocampus, disputes still continue. Each year, new studies appear, half
of which claim that there is no neurogenesis in the hippocampus in adult
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humans, and the other half equally convincingly demonstrates that there is
neurogenesis.
Several studies that focus on the survival of the newborn neurons seem to open
the way to understanding the reason why scientists sometimes see and other
times don’t see signs of neurogenesis in adult humans. Studies with contradicting
results usually track young neurons which already have developed dendrites and
axon, in other words, those progenitor cells that managed successfully connected
to the neural networks of the brain. This is where the answer lies. It looks like
neurons are born in adult humans just as often as in other mammals but in some
humans, they just don’t survive because there's no place to plug-in for them.
If within 10 days a newborn neuron does not plug into the network, then it dies. A
neuron cannot plug if all sockets are occupied. New connections may only take
place when the network is rearranging its circuits.
The restructuring of the network in the hippocampus occurs only when it updates
cognitive maps and, first of all, the most complex and detailed map - objective
reality.
To update the objective reality, it is necessary to get into the chaotic flow of raw
data from the senses and pull out another thread of regularity from this flow. This
is the work for a natural method of learning, which requires a long and strong
activation of the hippocampus and precisely the restructuring of its synaptic
connections, and not just strengthening or weakening of them.
Therefore, the vault opens easily. You may think that you are loading your brain to
its fullest. But if this loading consists of navigating existing cognitive maps, then
your hippocampus does not develop, does not restructure, and generally works
with little load. Not all mental tasks or physical activities help to stop and even
reverse hippocampal atrophy, but only those associated with changing,
expanding, and refining cognitive maps.
Some researchers propose that adult hippocampal neurogenesis is a
manifestation of the continuous cognitive development of the human brain
throughout the entire lifespan. As one of them, Mikhail Semenov from the Boston
University School of Medicine put it, “only a continuously developing brain may
properly adapt to the continuously changing world.”
Therefore adult hippocampal neurogenesis is a clear marker of the broadening
and updating of the objective reality in the person’s mind.
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Section Four: Intelligence on the Move
Chapter One. Roaming Entropy
Scientists have labeled stem cells (neuronal progenitors) in the hippocampus of
mice with a special marker - bromodeoxyuridine. After three weeks, they counted
how many labeled cells had grown dendrites and axons, that is, they became new
neurons. It turned out that neurogenesis in the brains of mice, placed in a more
complex environment than a simple cage was much more active than in their
clones from the control group, who lived in an ordinary one-room cage, and not
in a multi-room apartment with a maze.
The result was significant, but one problem did not give the researchers rest: the
correlation between the activity of mice and neurogenesis was not observed.
Scientists decided to introduce a new parameter of the behavior of mice, which
would determine the level of unpredictability and not just the activity of their
movements in the large apartment. They called this parameter roaming entropy.
The movement of the mice was monitored using miniature radio beacons worn on
their backs, like backpacks, and receivers registering the signal of beacons
placed in all rooms accessible to the mice.
It turned out that there is a direct and clear correlation between the roaming
entropy and neurogenesis in the hippocampus. The higher the level of entropy
(unpredictability) of behavior, the more abundant is neurogenesis.
Neurogenesis enables the hippocampus to respond flexibly to increasing
complexity, the neuroscientists who performed the experiment decided.
The higher the unpredictability, the more information it contains, the creator of
information theory Claude Shannon would probably say.
The mice achieved the maximum Kolmogorov complexity of their movements
because it allowed them to visit all the corners of a large apartment using the
shortest possible trajectory, a specialist in the algorithmic theory of probability
would probably say.
The problem of a common language is more severe in science than ever. It seems
to me that incredible breakthroughs can be achieved by just translating the
essence of the discoveries of some scientists into the languages of others.
In the meantime, we can develop the hippocampus by increasing the entropy of
our roaming through objective reality generated by our mind.
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Chapter Two: Goal-Free Exploration
In modern psychology and neuroscience, there is a misconception that an animal
explores its habitat solely for the purpose of obtaining food or other utility. The
animal’s search behavior is assumed to be goal-directed. Yet animals also explore
the environment out of curiosity, perhaps mainly out of curiosity. They are
interested in the relationship between external objects, and not only and not so
much in the relationship of these objects directly to themselves. Their worldview is
made up of connections between external objects that define the properties of
these objects. Founders of psychology as a science Ivan Pavlov and Edward
Thorndike wrote about this, but no one listened to old Pavlov debunking his own
idea of reinforcement. Thorndike himself dismissed the animal-like learning
method as outdated and ineffective.
Since then, generation after generation of scientists, with a persistence worthy of
a better application, have reduced the exploration behavior of animals to search
for utilities, mostly for foraging or mating. My recent finding in this area is the
theory of information foraging. It sounds beautiful, but it suggests that
information exists somewhere in the environment and you just need to find it as
any other utility. Yet animals create information, not find it.
The easiest way to create information is to classify external objects in relation to
each other using subjective sensations that they cause in us.
What has Maxwell's demon been doing for over a century and a half to disprove
the law of conservation of energy? He divided the gas tank into two parts with a
partition. He made a door in the partition and allows only hot (fast) molecules to
pass in one direction, and only cold (slow) molecules in the other. He continues
doing so until the difference in gas temperatures between the two compartments
of the tank reaches a level sufficient to carry out work.
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Thus, the demon due to the creation of information again obtains energy from
the maximum entropy of a gas uniform in temperature, in which the energy is
irretrievably dissipated. The demon destroys entropy, indeed, as Andrei Belyi
wrote.
We mentally imagine the process of classification as putting similar items on the
same shelf or in the same container. Claude Levi-Strauss devoted a lot of space
to classification for a reason in his study of the intelligence of savages.
Was the information in the environment or did we get it through sensations
(measurements)? We got it, in the sense that we created it. Now how can one call
the process of creating information about the environment by an animal utility
search activity?
An outstanding Russian-French-American mathematician, winner of the Abel
Prize, Misha Gromov, being a theoretician, made a huge contribution to the
development of computer vision. Without the Gromov-Hausdorff distance, which,
with Misha's light hand, is often called simply the Hausdorff distance, it would
hardly be possible for a computer to correctly recognize three-dimensional
objects that occur in many variations and positions.
Gromov is interested in creating a mathematical foundation of universal,
goal-free, unreinforced learning, which he names the ergo-brain or ergo-system.
Unsurprisingly, there is no noticeable difference between the animal-like learning
method as it was named by Edward Thorndike, who discovered it in experiments
on cats, and Gromov's ergo brain. They are one and the same system of natural
intelligence.
I like the name ergo system more than the ergo brain because such a universal,
goal-free, curiosity-driven system exists not only in animals with a brain, but also
even in unicellular organisms, in general, in all living creatures without exception.
While they are alive, they record phase states in the form of graphs on whatever
carrier they have to. Bacteria, for example, do this through the expression of
genes. Somehow, after all, you have to dodge if you want to live, but neither the
brain nor the nervous system is available.
As you probably already guessed, I got from Gromov the idea that objective reality
is a product of our intelligence. He very lucidly describes how the ergo system
receives a muddy stream of electrical and chemical impulses at the input and
unfolds them into a reality filled with colors, shapes, light, shadows, touch, sounds,
which all perfectly fit with each other and line up in endless patterns of
objectively valid regularities.
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Probably the idea that the universe is a graph of phase states, also intuitively
emerged from the world of Gromov, where topology and Riemannian manifolds
reign. I won’t even try to understand and explain them.
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Chapter Three: Fly, Snail, Fly!
Sea angels are snails that have learned to fly. The shell falls off in infancy, and the
angel flaps its former crawling leg like a butterfly flaps its wings to soar in the
water column or rush for prey.
Pablo Varona, a colleague of Mikhail Rabinovich in the development of concepts
of stable heteroclinic channels and winnerless competition, chose, together with
his colleagues, an outlandish mollusk as a model to study the transition from
sensation to movement in the nervous system due to the simplicity of its structure
and behavior.
Although it is hard to call a simple device gravimetric organs, the statocysts, with
the help of which an angel determines the position of its body. Inside the angel,
there are two round bubbles, on the surface of which a ring of six statocyst
receptors is located. Something like a stone - the statolith - dangles inside the
bubble. When the stone touches the surface of the bubble, the receptor closest to
the place of contact is triggered.
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The signal from the statocyst receptor ring goes to central pattern generators of
wings and tail. A central pattern generator is a ring of neurons, which fire
chaotically one by one but together produce a stable periodic signal due to rigid
hierarchical coupling of their phase orbits according to the "winner takes all"
principle.
The signal from the statocyst receptor ring makes central pattern generators
change the pattern of movements of wings and tail so that the mollusk maintains
an upright position and slowly hovers in the ocean water.
The situation changes when the chemical receptors of the angel detect the
presence of prey nearby. The mollusk has no vision, and its chemical receptors
cannot determine direction. However, the mollusk knows how to hunt. Upon
receiving a signal of the presence of prey the statocyst ring turns central pattern
generators of wings and tail to a state of rapid movements along a complex
unpredictable trajectory similar to a random walk or to its chaotic sibling - a Levy
flight. The angel’s roaming entropy increases dramatically and such a hunt often
ends in success.
What happens in the control system of the movement of a mollusk during a hunt?
The coupling of the phase orbits of neurons firing in the rings of central pattern
generators becomes less rigid. The dynamics of central pattern generators’
interaction with the statocyst ring go into a winnerless competition mode.
Central pattern generators continue to generate rhythmic movements, but the
pace of switching between different rhythms increases. Furthermore, the new
regime of movements overrides the coupling between the statocyst ring and the
central pattern generators, which maintains the angel's upright position under
normal circumstances.
The hunting angel isn’t chasing the prey. It has no information about the
movements of the prey. It simply moves along a chaotic trajectory that maximizes
the chances of the intersection of his path with the path of the invisible prey
irrespectively of the way the prey is choosing.
I describe in such detail the twenty years old work of Varona because, as it seems
to me, it contains the answer to the question of how the autopilot (the reptilian
brain) and GPS (the mammalian brain) interact in the human brain.
It turns out that by default under normal conditions the autopilot completely
takes over the control of the movement. When a signal about a change in the
environment arrives, the GPS takes control over the piloting by broadening
dramatically the repertoire of available patterns of movement and the pace of
changing them.
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That, in fact, is all. If you overtrain the autopilot using Reinforcement Learning,
the GPS function simply won't turn on. And we will not be able to catch the prey
for the mind, new knowledge, the presence of which we can only subtly feel, but we
can neither see nor touch it.
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Chapter Four: Learning from Randomness
The ellipsoid body (EB in science) in the central part (central complex in science)
of the brain of the Drosophila fly looks more like a donut than an ellipse. The
neurons on the donut's surface form a ring. Therefore, they are called ring
neurons. All ring neurons are interconnected. While the activation of neurons in
the donut occurs in waves, the fly sees and in many other ways perceives the
world around it in all its richness and variety.
A signal from a blinding flash of light changes the dynamics of activation of
donut neurons. Now one group of neurons suppresses the activity of all the
others. The dynamics of winnerless competition is replaced by the
winner-takes-all lock up. In humans, the process is probably more complicated,
but the principle is the same.
By and large, this is all that I have taken away from a scientific work of more than
300 pages, half consisting of incomprehensible terminology and abbreviations.
Once again, I was surprised at the ability of scientists to express their thoughts in
such a way that no one, except for narrow specialists, would understand anything.
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Then another article from 2021 arrived in time about how the sensation of heating
the surface of the body of the same fly turns into motion. Firstly, from the latter
paper I was able to learn the meaning of the most important abbreviations and
special terms that I did not understand when reading the former work. Thus, I was
finally able to formulate my conclusions from it.
Secondly, from the latter article it follows that the donut not only forms
environmental patterns (objective reality) for the fly, but also sends signals to the
central pattern generators, which are responsible for the movement of the wings.
Then it struck me that the donut of the fruit fly plays the same role as the ring of
statocyst receptors of the flying snail - the sea angel from the previous chapter. It
not only seamlessly combines patterns created by it into objective reality, but also
forms patterns of regular behavior in a patterned artificial environment that we
call objective reality. It also gives the command to begin exploration activity if a
vital pattern disintegrates under the influence of an abnormal change in the level
of stochasticity of raw data.
Probability diffuses in the same way as energy. If the speed of diffusion of
probability is normal we get a Gaussian distribution of probabilities. Such close
to average distribution enables us to roam steadily through a stable environment
with only slight adjustments to our course.
If the speed of diffusion of probability is abnormally high then we get a
distribution of probabilities by a power law. This distribution has a fat tail
meaning that many probabilities which will finally materialize will be sparsely and
randomly located throughout the entire distribution. In the latter case, it is
especially important to remember that the entire distribution is a prediction, not
only its averages.
For average values of probabilities, living things have an autopilot and central
pattern generators. For everything else, they have natural intelligence: (1) Levy
walk-based exploration (best strategy for finding sparsely and randomly located
objects) and (2) winnerless competition-based learning (best strategy for
achieving a shared understanding). Stochasticity and learning combined in a
stable heteroclinic network dynamically emerging in the phase space may be
powering the Universe in the same way as it powers every living creature in it.
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Section Five: Time & Causality
“If there is hope for a more appropriate assessment of the uniqueness of episodic
memory and autonoetic consciousness, it may come through the realization that
mental time travel involves awareness not only of what has been but also of what
may come. This awareness allows autonoetic creatures to reflect on, worry about,
and make plans for their own and their progeny's future in a way that those
without this capability possibly could not. Homo sapiens, taking full advantage of
its awareness of its continued existence in time, has transformed the natural
world into one of culture and civilization that our distant ancestors, let alone
members of other species, possibly could not imagine.”
“With one singular exception, time's arrow is straight. Unidirectionality of time is
one of nature's most fundamental laws. It has relentlessly governed all
happenings in the universe—cosmic, geological, physical, biological,
psychological—as long as the universe has existed. Galaxies and stars are born
and they die, living creatures are young before they grow old, causes always
precede effects, there is no return to yesterday, and so on and on. Time's flow is
irreversible.
The singular exception is provided by the human ability to remember past
happenings. When one thinks today about what one did yesterday, time's arrow is
bent into a loop. The rememberer has mentally traveled back into her past and
thus violated the law of the irreversibility of the flow of time. She has not
accomplished the feat in physical reality, of course, but rather in the reality of the
mind, which, as everyone knows, is at least as important for human beings as is
the physical reality. When Mother Nature watches her favorite creatures turning
one of her immutable laws on its head, she must be pleased with her own
creativity.
How did Mother Nature do it? We do not yet know…”
Endel Tulving, an Estonian-born Canadian cognitive neuroscientist, World
authority on human memory function
Our brains record the history of our lives using a dual coding system. First, it
encodes a storyline - a sequence of events linked to time and space, a kind of
storyboard consisting of schemas of events. The scene contains schematic
images of characters and objects that are involved in it, landscapes, and interiors
- the context, the background against which the action takes place.
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Detailed information about characters, objects, and backgrounds is stored in the
nodes of the network, where every object involved in at least one scene is a node.
The connections of these nodes with each other, as well as with scenes in different
stories, are in themselves the most important characteristic of the object.
Information on each node gets updated as it participates in new scenes and
stories. It may also be updated during playback. Scenes and stories may also be
adjusted as the new data emerge or the old one becomes obsolete. Memories are
thus formed dynamically and are not a cast or record of the past in an
unchanging form.
Similarly, the brain works with abstract representations, ideas, concepts. This is
how the brain builds a picture of the surrounding world, a system of moral values,
or a scientific theory. At the same time, objects, characters, terms, or concepts
can wander from one story to another, from theory to theory, not only without
losing information about themselves but, on the contrary, constantly updating
and replenishing it. It looks like a very economical and efficient way.
This mechanism is most fully studied by scientists on the example of the so-called
episodic memory - the one that stores the story of our life, as well as on the
example of the coding of stories by the brain, in particular, when people are
watching and retelling films.
Several factors allowed episodic memory to emerge: “sense of subjective time,
autonoetic awareness, and self.” Episodic memory enables a human being (self) to
travel in time (subjective time) being aware that memories of the past and dreams
about tomorrow differ from actual experiences of here and now (autonoetic
awareness).
It seems that only humans have a mechanism for the formation of episodic
memory. According to the standards of evolution, it appeared quite recently, and,
as Endel Tulving, the scientist who first theoretically described episodic memory
suggests, this mechanism was not formed solely as a result of evolution, and is
only partly heritable. Therefore, episodic memory emerges at a fairly late stage in
a child's development. It begins to suffer from old age earlier than all other types
of memory and is most often susceptible to neurodegenerative diseases.
I repeat once again, the mechanism by which the episodic memory of our self
forms is used by the human brain very widely. According to the founder and CEO
of DeepMind Demis Hassabis, when he was still doing research in neuroscience,
the mechanism of scene formation in episodic memory is used as the basis for
almost all cognitive processes that we consider to be truly human.
According to researchers of the effect on the brain of psychedelic drugs, it is this
mechanism that keeps our brain from going into its original - completely chaotic
state, which can be seen on MRI scans of the brains of patients in psychedelic
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trance. That is, it is he who keeps us within the framework of the plot called “life”
and allows us to focus on this plot.
This mechanism also allows people to understand each other because the brain
activity of different people under the influence of a narrative (story, plot) is
synchronized. Functional MRI can also record this process. Only for decisions
made on the basis of this mechanism, a person should be held accountable. Only
here is the room for free will.
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Chapter One. Subjective Time
“If there is hope for a more appropriate assessment of the uniqueness of episodic
memory and autonoetic consciousness, it may come through the realization that
mental time travel involves awareness not only of what has been but also of what
may come. This awareness allows autonoetic creatures to reflect on, worry about,
and make plans for their own and their progeny's future in a way that those
without this capability possibly could not. Homo sapiens, taking full advantage of
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its awareness of its continued existence in time, has transformed the natural
world into one of culture and civilization that our distant ancestors, let alone
members of other species, possibly could not imagine.”
Endel Tulving
The cognitive map of time is fundamentally different from the cognitive map of
space because the past and the future do not exist in the present. Our memory
and imagination create them. Therefore, we can mentally travel through time,
remembering the past and predicting the future, or simply dreaming about it.
However, we can also dream about the past. Dreaming about the past and the
future is not such a pointless exercise. With the help of dreams, we work out
scenarios of what could be and what can be, and what can never be under any
circumstances.
Time travel is perhaps one of the most common human activities. Regardless of
whether a person plans tediously and meticulously every step in the future, or just
dreams of the future laying on the couch.
The conceptual metaphor for time is space. In space, simultaneously with us, a
point exists from which we departed, and a point where we are going to arrive.
Flying in an airplane from Paris to New York, we firmly believe that both Paris and
New York exist somewhere at a distance from our airplane, regardless of whether
we see them or not, that is, they exist objectively.
Moving in time, we unwittingly take the metaphor of space for reality. We forget
about the rule of metaphor domain invariance, which cuts off from the resulting
part of the metaphor everything that is not in the source part.
Like the monkey from the Russian cartoon who demanded the elephant to
actually hand over to her the greetings sent by the boa, we are convinced that
the past and the future exist objectively. They are just located at some distance in
time either behind or ahead of us.
Subjective time exists. There is a clock with which the subjective times of living
beings are synchronized. Any regularly recurring phenomenon in objective reality
can serve as such a clock. It is curious that the arrow of time is completely absent
precisely in regularly recurring phenomena. It makes no difference for them in
which direction to measure the movement of time.
Does time exist objectively? We do not know. Einstein dealt a serious blow to the
objectivity of the existence of time with his theory of relativity. Today, many
scientists are trying to finish off the objective time entirely. Luckily in order to
understand the structure of human intelligence, we do not need to dive into
abstract concepts of theoretical physics.
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Time for our intelligence is subjective. This is why we can mentally travel through
time. Everything that happened or may happen at some distance from us in time
differs from what is happening to us now. Flying up to New York in clear weather,
we will see it more clearly outside the window, but the city itself will not change
from this. Paris, too, will not dissolve into thin air as our memories of it become
vaguer.
The universe is a phase space, not a space-time. An increasing number of
astrophysicists are beginning to lean towards this idea. There are events in the
phase space that line up in chains. We get a kind of a schedule of events, a graph
of a universal scale, consisting of many self-similar levels nested in each other,
(fractal in the language of science or a Russian matryoshka doll).
Locally, events may occur following each other. Then the arrow of time arises also
locally, thanks to which the past turns out to be behind, and the future to be
ahead, and not just next to us in any direction. Therefore, locally we feel the arrow
and the flow of time.
However, if we assume that locality is also relative, then local time can flow in
different speeds and directions for different local observers. The phenomenon of
deceleration or acceleration of subjective time is experienced by athletes in a
state of their peak performance that they call being in the base. This state is also
called the flow.
If they are right, then it turns out that we can get out of sync with the clock by
which we get used to living. You can become the master of your time even for a
short moment. This time management is fundamentally different from mental time
travel. The insight at the moment of scientific discovery is probably also a
consequence of the acceleration or deceleration of time.
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Chapter Two. Absolute Time
In 1997, Oxford University Press published the book The Life of Cosmos by the
forty-two-year-old American astrophysicist Lee Smolin. The author hypothesized
that in the Universe there is the natural selection like in biological life. Black holes
are the seeds of new universes that appear at the other end of a black hole when
a star collapses into a black hole to the point where time stops.
New universes are born with parameters that can only slightly differ from the
parameters of the mother universe. Since natural selection promotes
reproduction, only those children survive who can produce enough black holes.
Those who cannot do this due to differences in parameters will face a quick heat
death.
Smolin theory could be called a fantasy, if not for two testable predictions of the
author, which could have been easily falsified by astronomical observations over
the 20 plus years following the publication of Smolin book. However, the best
measurements of the masses of neutron stars confirm the first prediction that the
mass of a neutron star can’t be bigger than about two masses of the sun. The
observations of the Planck satellite are consistent with the second prediction
dealing with the cosmic microwave background radiation and the hypothesis of
the inflation of the universe after the Big Bang. Both predictions make Smolin’s
theory of cosmological natural selection scientific (falsifiable according to
Popper) but not yet falsified.
In 2006 another book by Smolin, The Problem of Physics, was published. In it, he
argued that the development of science is facilitated by the maximum variety of
scientific points of view on a given problem and scientific consensus can only be
reached on the basis of experimental or observational confirmation of the theory.
The formation of a premature consensus around unproven and often unprovable
(not falsifiable) theories hinders the development of science.
In particular, Smolin wrote about string theory: “To me, the present situation is a
puzzle: we have a theory of unification and quantum gravity with great promise
and yet it appears we are unable to make falsifiable predictions for doable
experiments.” Some proponents of string theory took up arms against Smolin,
confirming that he was right. Smolin just went on. He set out to propose another
theory that could unify quantum and classical physics with falsifiable predictions
based on it. Now he is close to creating such a theory.
I came across Smolin's work in search of an answer to the question of whether
time exists objectively. We humans use subjective time to remember the past and
plan for the future. At the same time, remembering ourselves in the past or
imagining in the future, we draw a clear boundary in relation to ourselves in the
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present. Why, if time is subjective? It seems I found the answer to this question in
Smolin’s theory of energy causal sets.
Interestingly, the first work on this theory, written by Smolin together with
Portuguese astrophysicist Marina Cortes, The Universe as a Process of Unique
Events, was published in 2015, at the same time, when the famous computer
scientist, physicist, mathematician, and entrepreneur Stephen Wolfram first
voiced his ideas regarding a unifying theory of everything.
The roots of both theories can be traced back to the theory of causal sets, in
accordance with which the basis of the universe is a microscopic (less than the
scale of quanta) network (graph) of nodes - events connected as cause and effect.
As far as I understand, Wolfram followed up on his paper from 2015 by saying in
the spring of 2020: Look, here is the hypergraph of the underlying structure of the
universe, but it’s computationally irreducible. Let's solve that problem together.
Cortes and Smolin added two parameters: energy and momentum, to the
connections between events of the graph that they proposed. Time has become
in their theory the absolute generator of events, and causal relationships
between events have become their only and comprehensive characteristic. It is
the history of connections that makes each event unique.
Every event has a dad and mom. And those have their own. And this is how the
unique history of each event is built. There is only one way to get to each event.
Here we need to be attentive. Computing a unique path leading to each event is
too complex for a basic structure of the universe. To make it simple, the network
of events is embedded in the Minkowski space-time and there, in its manifold, the
uniqueness of each event is determined only by its coordinates. You don't need to
compute anything. There are exact coordinates. They are unique to each event.
It turns out that quantum space-time at the most fundamental level consists of
sets of discrete events and causal connections between them. The geometry of
ordinary space-time arises as an image of fundamental causal relationships,
roughened to average values over a large sample.
It means that we see not even the pixels of individual unique events, but blurred
spots of their sets. And here the question arises: should causal relations in our
objective reality coincide with fundamental causal relations?
Cortes, Smolin, and their colleagues answer: No, they should not, and, moreover,
they cannot and do not coincide. A causal disorder arises, within which both
movements from cause to effect and movement back - from effect to cause is
possible.
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Here's an explanation of quantum paradoxes. However, this theory also explains
the episodic memory of a person. It even explains how we manage to discover the
laws of nature at the level of causal disorder. In the next chapter I’ll try to explain
how it may happen.
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Chapter Three: The Thick Present
All events that have free childbearing connections continue in the present, even if
they have already generated other events. That is why a situation arises when the
effect precedes the cause. In fact, it does not so much precede as it coexists with
the cause in the present.
It may also happen that the effect has already exhausted all its fertile possibilities
and has gone into the past, but its cause still lives in the present and goes into
the past much later than its effect. In this case, even in history, cause and effect
will be reversed. This will happen on the time scale in the Minkowski space-time, of
course. In the graph of causal sets, the cause will always precede the effect.
The thickness of the present sets the boundaries of the causal corridor within
which the effects can happen before their causes. But the effect remains the
effect even if it precedes the cause.
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Space-time arises from the relations between causes and effects, which are
irreversible. Chaotic leaps of cause and effect, both in the direction of the arrow
of time and against it, gradually become more orderly.
Events get connected in pairs, which begin to move along the arrow of time
alternately. They stabilize the movement of the system along the arrow of time
until a sharp jump in the direction opposite to the one in which time flows in our
space-time occurs.
That reminded me of something. Of course! Winnerless competition. Heteroclinic
networks in phase space. They also know how to jump between saddles - states of
dynamic equilibrium. And ensembles of neurons also jump from saddle to saddle.
This means that we also jump into the past in episodic memory. But the most
interesting things happen in the causal corridor. The thickness of the present is
given by the events of childbearing age, those that are still capable of giving birth
to new events, becoming their cause.
In the corridor of causality, you can move faster than time and against it, dealing
with events in the present, really influencing the present in order to get the
desired result in the future. This is what top athletes experience when they feel
themselves in the base. This is precisely why Silicon Valley startupers microdose
LSD to get into the state of flow.
It is from there, from the corridor of causality, that great scientists, as well as
savages, babies and Thorndike's cats, bring their discoveries. The natural way of
learning works in the corridor of causality. We search for causes of unexplainable
events thus learning to improve our present and future odds of survival. That's
why we can’t survive without natural intelligence.
Someone asked me what examples of physical retrocausality I could give. Indeed,
where and when can we meet with the effect before its cause appears?
I felt confused. I was so carried away by the concept of absolute time that I forgot:
time is subjective for us. Space is objective and time is subjective.
It turns out that any event, the cause of which we do not know, in essence, has no
cause for us. But it cannot be without cause. For some reason, both great
scientists and two-month-old babies are sure of this. Only we - ordinary adults believe that there are events without a cause, effects that have no causes.
Why? Because our cognitive map of time has narrowed. The causal corridor has
narrowed. The present has become so thin that events that are still capable of
generating new events are sent straight to the past. They become dead,
crystallised knowledge. Orphan events without cause also move into the past
without revealing their mysteries.
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The search for the cause of an event that happened without obvious causes is a
search in the causality corridor for an event that has not yet taken the place
appropriate for the cause on the arrow of time - before its effect, and not after it.
We are looking for an existing cause. Where can it exist? Can it exist in the past?
No, in the past, everything has already happened. The past has crystallised and
cannot influence the present any longer. I will again be accused of playing on
words, but how else can you describe this process?
We can say that we take an event from the past and start looking for a cause for it
also in the past. Thus, we are remaking the past. It sounds logical, but something
haunts me in this explanation. It shifts the dynamics from the present to the past.
I use Smolin's theory as a metaphor and therefore cannot say that the shift of
dynamics into the past is unacceptable from the point of view of his model. I can
only emotionally and intuitively say: if you dwell in the past, there is no time to
deal with the present.
I also remembered the principle of Markov chains: the future does not depend on
the past given the present (if the present is known). In combination with Jim
Crutchfield's principle of causal equivalence: all pasts are equivalent if they lead
to the same present, it turns out that the search for a cause in the past is a
useless (according to Markov) and futile (according to Crutchfield) occupation.
Therefore, we look for the cause in the thick present, in the corridor of causality. If
we find it, it takes its rightful place - before the effect, and both of them move to
the past in the right order.
If a cause similar to the past cause reappears in the present, we already know
what effect to expect from it. We can also create the causes of the desired effects
ourselves. But I’ll probably write about this in another book. The subject of natural
intelligence turned out to be very heavy by itself. God, give me enough strength to
carry it to the end.
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Chapter Four. The Manifold of Time
Natural intelligence is a mental search for the cause of an event that has already
happened, that already exists. Time travel into the past, even if it’s mental, is an
extremely costly process in terms of the required amount of memory and
processing power. It’s much more memory-consuming than forecasting the future.
The reason is causal asymmetry resulting from the causal equivalence principle
coined by an American expert in chaos theory the creator of computational
mechanics James Crutchfield. According to that principle, all pasts are equivalent
if they lead to the same present.
You can create a million pasts, but how can we choose which one is true? It’s
possible, of course, to use artificial selection criteria. For example, we can decide
that the most energy-efficient past is the true one. But how can we be sure?
Natural learning is finding the true past. To do this, we have Endel Tulving’s
episodic memory that allows us to travel across a manifold of our pasts, not just
along one line of one past at a time. The one-dimensional and irreversible arrow
of time becomes the two-dimensional manifold of time.
We no longer have to go back and forth on the arrow of time each time, checking
each of the countless pasts leading to the present. We can see them all as routes
on one surface and compare.
The shortest route will be the only true one. It is also the most beautiful. It is the
opened bit of the omega number according to Gregory Chaitin. It is the meaning
unpacked into a text from a semantic continuum according to Vassili Nalimov.
Computers and modern systems of artificial intelligence are not yet able to
reproduce the process of natural learning. Quantum systems seem to have no
causal asymmetry, but until now they have no applied value. Moreover, they can
walk only backward and forward along the arrow of time without the extra
memory cost for moving backward. The intelligence of even the simplest living
creature can roam along and across the arrow of time exoplring the past as a
territory. Moving across is no less important than moving back. Among all life
forms, humans have probably the deepest and the widest plane of the past to
explore - a cognitive map of the episodic memory.
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We can also randomly wonder across the plain of time to check different possible
causes of the effect that we explore. Nevertheless, we often grab onto the first
past we come across and begin to develop it logically. A chain of logical
arguments elaborated in such a way always appears to be correct but all its
rationales are on a foundation which truth or falsity cannot be determined.
Usually, conspiracy theorists are blamed for this approach. Although the official
versions are no better if they are not based on understanding.
As the founding father of cybernetics Ross Ashby rightfully pointed out, it is a
mistake to think that it will be easier to understand a complex system if we
accumulate more data. Rather, the opposite. Natural intelligence is an
introspection of the prepared mind. There is no other way to understand.
Attempts to replace understanding with computations only lead to the
accumulation of errors, and not to their elimination. A critical mass of mistakes
may lead to the dropout of the organism (either a microbe or a human being, or a
human society) from its ecological niche. Only understanding differentiates us
from the environment. Free energy isn’t free after all.
Ivan Petrovich Pavlov coined the term reinforcement to refer to the connection
between two stimuli, which is formed in the psyche of an animal if both stimuli act
on it simultaneously.
Thirty years later, Pavlov realized that the connections between various
phenomena of the external world can form in the psyche of an animal even if
these phenomena are not directly related to the animal. He called this method of
forming an understanding of the world that wasn’t based on reflexes the embryo
of science because the behavior of an animal that purposefully examines the
environment was no different in his opinion from the behavior of a scientist
studying a scientific problem.
In this book, we call Pavlov’s germ of science natural intelligence.
Pavlov, however, noted that science is increasingly gaining new knowledge from
the already accumulated old knowledge but not from observations. So Pavlov’s
reinforcement over the course of a century went around the whole planet with a
victorious march. Indeed, nothing more was needed for the exploitation of old
knowledge. Reinforcement turned out to be a simple but effective method of
learning things without understanding them. That's why people forgot about
understanding. What do we need to understand again things that have already
been understood?
But, it turns out, there is a reason. Each scientific paradigm begins with an
understanding that is given by a metaphor that defines this paradigm. Over time,
the old metaphor becomes transparent. An opportunity to use only literal
definitions emerges. A paradigm shift - the development of science requires a new
metaphor, and therefore a new understanding.
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Understanding is the basis of humanness. The cultural co-adaptation of people
is based on the ability to understand another person, not a message, not a set of
symbols, but a human being as a whole.
Without understanding and humanness, people will not survive in the digital
jungle. If we shut down the portal into the digital realm, that was opened for us by
Alan Turing and John von Neumann, we’ll slide straight into the harsh reality of
the Stone Age instead of entering the age of technological singularity.
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Section Six: Learning from Chaos
Introduction. Attractive Chaos
Medieval alchemists encrypted their records so competitors could not steal their
secrets. There is no need for modern scientists to come up with codes. It is
enough to come up with your own names for things that someone else has
already named differently.
From the point of view of scientific correctness, it is necessary to use the term
saddle for both a fixed point and a dynamically formed limit cycle if either of them
form an attractor in the phase space. Nevertheless, in the works of Valentin
Afraimovich, Mikhail Rabinovich, and Pablo Varona, it is the limit cycles that are
meant by the saddle. It goes without saying that the terms saddle and attractor
are used interchangeably. A dynamically generated network of saddles in phase
space is also an attractor. The network is heteroclinic because there are many
smaller attractors in it. If there was one, the attractor would be homoclinic. And it
would be impossible to build a network out of it.
So, once again: saddles (network nodes, graph vertices) are attractors in the form
of limit cycles. The orbits of jumps from one saddle to another are the edges of
the graph (network connections).
For those who have not figured it out yet, there is another name for a heteroclinic
network - a self-organizing map. In 2015, a group of scientists led by James Reggia
from the University of Maryland decided to use limit cycles for a self-organizing
map instead of fixed points which made the map static.
They managed not only to build a dynamically generated self-organizing map but
also to show that one map can learn from another by copying its topology.
Maximilian Voit and Hildegard Meyer-Ortmanns from the Jacobs University in
Bremen showed the same result, but with heteroclinic networks in the mode of
winnerless competition.
I would never have learned about the work of scientists from Maryland, if not for
Lee Smolin's theory of how the space-time we perceive at the macrolevel is
dynamically emerging as a generalized image of microscopic causal sets, which,
according to this theory, constitute the fundamental basis of the Universe.
There Smolin writes about pairs of events that form limit cycles moving along the
arrow of time and orbits of transition from one limit cycle to another, which
connect them and go in the opposite direction of the arrow of time.
So, one has to travel to the cosmos in order to connect two streams of research of
the same process in the human brain hidden under different names.
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Interestingly, Meyer-Ortmanns and Voit proposed a nested self-similar
hierarchical network architecture, which means that each node in the network is a
smaller copy of the network of which it is a node. They made this proposal by
analyzing how the networks of neurons in the human brain work. To what level this
fractal hierarchy descends: Down to two neurons? Or down to two dendrites of
one neuron? Or to the level of cellular receptors arranged into hexagonal
lattices?
Curiously, this year Smolin published a paper that the phospholipids that make
up a cell membrane and a membrane of a nucleus of a cell can serve as a
prototype for a bionic solid-state quantum computer. Phosphorus “is, besides
hydrogen, the unique element common in biology which has a spin 1/2 nucleus.”
Such nuclear spins are “uniquely suited as carriers of quantum information.” An
atom of phosphorus is conveniently sitting in the head group of each
phospholipid of a cellular membrane.
There is only one step from the level of quanta to the fabric of the universe,
consisting of micro-events and connections between them cause -> effect ...
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Chapter One. Turing Pattern
Now I think I learned about Alan Turing from the movie Steve Jobs. Remember the
scene when a journalist sees an advertising poster in the hallway and asks Jobs:
who is this? Jobs replies that this is Alan Turing, the inventor of the computer,
whose name every student should know.
“But we're going to remove his portrait from ads,” Jobs adds.
“Why?” The journalist is surprised.
“Because you asked who he is.”
The journalist lags behind Jobs. He stands for a while, looking at the portrait and
trying to remember something. Then he remembers something. He catches up
with Jobs.
“This is the guy who was prosecuted for being gay and committed suicide by
biting off a poisoned apple! So that's where the Apple logo came from!’
“No,” Jobs replies, “but it would be great if it were.”
For those who don't remember, the original Apple logo was colored like a rainbow.
Turing didn't just come up with a universal programmable computer and wrote its
first programming language. He was a mathematician trying to solve the problem
of creating a universal system of axiomatic logic. As a result, following Kurt Gödel,
he proved that the creation of such a system is impossible. Actually, this proof
became the description of the computer that John von Neumann used to
actually build the first computer.
But some biologists consider Turing a biologist. The first time I met a mention of
the British biologist Alan Turing in an article on how the extermination of aphids
leads to a decrease in the population of Azteca ants on coffee plantations in
Mexico, and then the coffee trees get killed by the fungus.
Immediately I went to look for the article on morphogenesis, to which the link was
made. I wondered if there really was a complete namesake of the mathematician.
But it turned out to be the same Turing who invented the computer.
Morphogenesis is a process of the emergence of a pattern from a homogeneous
mixture. Turing illustrated it with the example of a mathematical model of an
isolated ring of six cells, in which molecules of color are evenly dispersed.
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It turned out that as a result of random disturbances in the ring, the equilibrium
of homogeneity can become unstable and a chemical wave is formed instead.
Every second cell in the ring is now colored. Colored and colorless cells begin to
alternate.
This is really a wave, an equilibrium that is formed exclusively dynamically
because molecules can freely move between cells, but the concentration of
molecules in each cell changes only slightly.
Turing wrote that he chose a ring of six cells solely for mathematical convenience,
although this is rarely found in nature.
I nevertheless remembered that the central pattern generator driving the
heartbeat of the leech is precisely a ring of six nerve cells - neurons.
This ring of six cells also creates a dynamic pattern - a sequence of electrical
impulses: there is an impulse, there is no impulse. Is it just a coincidence?
Turing also pointed out that a constant supply of free energy is needed to form a
chemical wave. He, of course, had in mind the Gibbs free energy, without which no
spontaneous chemical reaction can proceed.
Josiah Willard Gibbs's work laid the foundation for the statistical mechanics of
physical, chemical, and quantum processes. Nobel laureate, one of the founders
of quantum mechanics, Erwin Schrödinger, in his book What is life, meant the
Gibbs or Boltzmann free energy when he said that life feeds it.
Karl Friston, a neurophysiologist with a degree in physics came up with
variational free energy and the principle of its minimization by the human brain
and living organisms in general.
More precisely, Schrödinger used the term negative entropy with a comment that
it would be more correct to write about free energy, but then it would be
completely incomprehensible. We will still try to figure it out, but a little later.
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Chapter Two. Central Pattern Generators
Imagine picking up a ping-pong ball and dropping it on a flat table. The ball will
bounce up and down. Gradually, the amplitude of its jumps will decrease, and the
frequency will increase until it stops after dr-r-r-r-r.
Now let's imagine that the ball bounced vertically upwards for the first time, and
the second time a little to the side, then even more to the side, but in the other
direction. Moreover, each of its bounces becomes higher than the previous one.
Have you imagined it? Chaos behaves exactly like the last ball. Moreover, when we
release the ball from the hand, its movement is described by simple and
understandable (for mathematicians) formulas. Therefore, chaos is considered a
strictly deterministic process. But it turns out that we cannot calculate where the
ball will be, say, after ten bounces from the table. It is believed that this happens
because we lack the accuracy of measuring the initial coordinates of the ball at
the moment we drop it.
The slightest deviation and the ball will bounce a little differently than it bounced
the previous time. With each new bounce, the difference will increase at a
tremendous rate. As a result, the trajectory of the ball's movement will be no
different from completely random.
Therefore, I sometimes use the words chaos, complete randomness, Kolmogorov
complexity as interchangeable, although chaos, in this case, must be called
mature. And in general, this is not entirely correct.
After all, we will now be interested not in mature chaos, but in chaos just in the
beginning. Suppose we have a chaotic ball. After the first fall, it will bounce to
almost the same point from where we dropped it. The rebound height will not be
less and we can catch this ball without lowering our hands, and release it again.
Catch and release again. And so many times in a row.
In this case, we will not have to lower our hand in order to catch the ball and raise
it to the same height so that the amplitude of the bounces does not fade away.
This is how central pattern generators work. Only in them, one neuron catches
and releases the other, preventing the comrade from escaping into mature chaos.
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Every single neuron is bursting into a series of chaotic spikes. Together they form
a pattern. One chaos restrains another chaos and a dynamic order is obtained. A
wave emerges like in Turing’s morphogenesis.
So six neurons both catch and release each other in a circle in the central
pattern generator of the heart muscle of the leech. Our picture of the world - the
only objective reality that we can experience - gets formed from the signals of a
manyfold of central pattern generators.
Only in our brain the central pattern generators are nested within one another.
That is, a ring of neurons is one node in a ring of rings of neurons. And a ring of
rings of neurons is a node in a ring of rings of rings of neurons.
When the rings of neuron rings run out, rings of individual brains can appear,
and then rings of brain rings. Such a structure is called a nested fractal - a tree,
each branch of which looks like a larger branch and a smaller branch too.
Only the branches of our tree grow inward, not outward. Therefore, the fractal is
nested. By the way, the cerebral cortex, as we already know, is a nested fractal
that formed like a sheet of paper from which they tried to crumple a ball for a
long time. The skull, apparently, grew more slowly than the cerebral cortex, and
the cortex crumpled until it reached the level of maximum collapse - the nested
fractal.
The operating mode of each generator can be changed, and the most bizarre
patterns can be built from the work of many generators at different levels. The
brain can switch between these patterns almost instantly, using the same chaos,
contained by itself. A network node in the phase space of the dynamics of brain
activity is one pattern. Another node is a different pattern.
If the nodes are informationally connected to each other, then in the case of
weakening of the control of one node from the other, a jump of brain activity
occurs from one pattern to another. This is the meaning of the word heteroclinic
orbit (network).
There remains one more question, why does a chaotic ball bounce to the same
height, and then higher, if an ordinary ball bounces lower and lower? For an
ordinary ball, additional energy will have to be expended in order to raise it to the
same height from which it fell the first time.
Did the chaotic ball invent a perpetual motion machine? The law of conservation
of energy has not yet been canceled. This means there is a hidden source that
recharges the chaotic ball. You probably already guessed what could be such a
source. But we will talk about free energy later.
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Chapter Three. Unexpected Uncertainty
If everything in the Universe were ordered and predictable, then there would be
no complexity at all in it. There would simply be no place for it to come from. If
randomness only reigned in the Universe, then there would be nothing
complicated in it. Everything is random, period.
In the universe of our objective reality, randomness is mixed with order. It is this
mix that creates difficulties for us. It is the complexity that requires
understanding. Intelligence could only arise in response to complexity, in
response to the need to exist, constantly demonstrating an understanding of
complexity.
Even if we leave the thought that our objective reality is itself a product of our
intelligence, we can observe in it not just the presence of complexity, but its
dynamic change. Randomness can arise from order, as chaos arises from a pair
of perfectly comprehensible differential equations.
Order can arise from almost complete randomness, if, for example, you walk,
taking each new step in any randomly chosen direction, except for a step back.
The exclusion of only one direction from an infinite assortment of directions leads
to the outcome that the configuration of the route of such a random walk
becomes self-similar over time.
One segment becomes similar to another, albeit on a different scale. This
configuration is called a fractal and usually results from deterministic chaos, not
pure randomness. So can deterministic chaos be pure randomness minus just
one direction?
Complexity as a state of a system, in which both structure and randomness are
simultaneously present and dynamically interact with each other, fully
corresponds to the concept of unexpected uncertainty. Everything was clear and
suddenly it became incomprehensible. It was predictable, but it has become
unpredictable. We must try to understand and predict again. This requires
intelligence if you want reality not to reject you.
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Here we again encounter the processes of the emergence of order from
randomness and randomness from order, which can be described as processes of
increasing and decreasing entropy. I intuitively like complexity, in this case, more
than entropy.
Some researchers believe that Kolmogorov complexity with this definition of
complexity is more a measure of pure randomness than a measure of complexity.
However, Kolmogorov himself believed that his complexity contained in a
condensed form all the regularities and therefore it appears to look like pure
randomness. He did not separate randomness from regularity to measure it
separately but measured the complexity as a whole.
The higher the system complexity, the longer the absolutely random sequence of
digits in the Kolmogorov complexity number.
An epsilon machine cannot compute Kolmogorov complexity as a whole, but it
does it in pieces with a minimum step of one link between cause and effect using
only one parameter. For some reason, it seems to me that this is the
implementation of the Kolmogorov machine, which would have remained just a
note on a piece of paper if not for Crutchfield.
Now imagine that objective reality and a subjective observer (an agent) are
playing a game. One speaks - tells the story of its complexity, the other listens,
infers the complexity using its own structure as a filter. Then they change places.
It turns out that the answers do not need to be transmitted, but it is necessary to
answer the question with a question, complexity in response to complexity.
The right question always contains the answer. The structure allows you to
condense the answer into a part of the question. There is not just a dynamic
equilibrium, but a constant increase in structured knowledge and the exchange
of this knowledge in the most concentrated form - through copying the topology
of the network of stable phase states.
This exchange takes place without transferring the bulk of information, because
each of the systems connected by synchronization acquires knowledge absolutely
independently, following its orbit in phase space. The systems simply show each
other their complexity on a regular basis to keep them in sync.
It was a difficult explanation of what unexpected uncertainty is. The term itself
was coined in 2003 by neuroscientists Angela Yu and Peter Dayan from the Gatsby
Computational Neuroscience Unit in London. It was intended to explain why the
brain reacts differently when a person faces uncertainty.
Expected uncertainty is a probabilistic pattern because the average statistical
probability of an event is known. An unbent coin always falls either heads or tails
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up with a 50-50 probability. However, it is impossible to predict which side the coin
will fall on the next flip. One of two, with a probability of 50 to 50. A very simple
Crutchfield epsilon machine can comprehensively describe this process.
Two circles (vertices) A and B and four arcs with arrows (edges) each with a
probability of 50%. After heads, either tails or heads again with a probability of 50
to 50 can come up. After tails, similarly, either tails or heads and again 50 to 50.
Nothing else can be added or subtracted. How many times tossing a coin.
Knowledge is collected in its entirety. By the way, this is a classic Markov chain.
But if a coin bends accidentally, then the average result of tossing it will again
become unpredictable. We will be faced with unexpected or structural uncertainty
then.
Unexpected uncertainty is also known as ambiguity to neuroscientists who are
specializing in adolescent cognitive development. They keep discovering new
evidence that ambiguity plays a crucial role in the integration of the network
responsible for autonomous decision-making in an adolescent brain as it
matures.
Expectedly uncertain events can make you happy or disappointed after their
positive or negative outcomes will be achieved. If you are gambling with known
odds you can either win or lose but neither result will surprise you. You won't be
curious to discover the odds as you already know them.
In the vast but yet limited number of cases when expected events occur almost
certainly people can use rewards and punishments to facilitate sharing their
knowledge of such events with each other. That practice is most commonly known
as reinforcement learning, in which the acquisition of knowledge is reinforced with
rewards or punishments external to the content of learning itself.
Reinforcement learning proved to be extremely successful for the exploitation of
the existing almost certain knowledge simultaneously by many people who do not
necessarily understand the knowledge that they exploit.
Unexpectedly uncertain events surprise you. They make you wonder why they are
happening even before their outcomes surface. You will keep wondering about
their mysteries, their hidden causes for as long as it will take you to discover
them. That process of exploration is self-rewarding. It doesn’t require external
reinforcements as it continuously leads you from one mystery to the other
because all human knowledge is inherently incomplete.
We can’t know everything but we can keep learning continuously; seek for hidden
causes of events, which never happened before; hypothesize about them; test
hypotheses for their validity, and occasionally discover the cause that works.
Only such a process of learning by resolving unexpected uncertainty leads to the
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emergence of understanding. Understanding allows us to modify our knowledge,
to apply it under unfamiliar conditions, to build even more knowledge upon the
existing base. Understanding already existing knowledge equals rediscovering it
by each learner.
The process of resolving unexpected uncertainty may take milliseconds or
decades to arrive at the next intermediate level of understanding. People use it in
everyday life almost unconsciously. Great scientists during their entire life steadily
and sometimes consciously master that way of learning because it underpins the
very nature of scientific discovery.
As Albert Einstein once wrote, “The most beautiful thing we can experience is the
mysterious. It is the source of all true art and science. He to whom this emotion is
a stranger, who can no longer pause to wonder and stand rapt in awe, is as good
as dead: his eyes are closed.”
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Chapter Four. Chaotic Communications
Louis Pecora and Thomas Carroll began studying chaos in 1988 in the U.S. Naval
Forces Laboratory in Washington, DC. The US Navy is, in principle, good at basic
research, but it needs to be shown from time to time what practical results can
someday be achieved.
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So Pecora and Carroll puzzled over what practical use could be found for chaos.
The idea that came to their mind was to use chaos to mask the signal in
communications.
They did not understand anything about cryptography, but this ignorance only
helped them. If they had known in advance how difficult the task they had chosen,
then, most likely, they would have abandoned it without even starting.
However, the idea that visited them looked, to put it mildly, unrealistic. It is
necessary to synchronize two generators of chaotic radio waves. One will be the
receiver. The second is the transmitter. To the chaos that the transmitter
transmits, we add a message, and, voila, the receiver subtracts the chaos (it is
identical to the basic chaos of the transmitter) and the message remains.
The encryption is complete because, without a chaotic receiver synchronized with
the transmitter, it is impossible to separate the message from the chaos.
Super! But there was one catch. Chaotic systems, in principle, cannot be
synchronized. This is their fundamental property.
On the contrary, everyone knows that if two chaotic systems begin to move in
phase space from practically the same point, then their trajectories will fly in
different directions in a short time, so that they will never meet again. For
scattering, the slightest deviation in the initial conditions is sufficient, which no
measuring device is capable of registering.
In principle, this is the case, but why haven’t we tried this interesting idea? - asked
Pecora and Carroll, - Well, what are we doing here with theory? Let's take and show
everything on a real device.
They took it and showed it. It turned out that if two generators of chaotic
oscillations are connected in such a way that they exchange information with
each other, then after a while their trajectories in the phase space will meet and
begin to perform the same pirouettes, albeit with a small time delay.
A few years later, Pecora and Carroll came across an old article by Valentin
Afraimovich and Mikhail Rabinovich, which described a similar phenomenon. The
difference was that the article dealt with stochastic (randomly evolving), not
chaotic systems. Both systems demonstrate completely unpredictable behavior,
however, if the origin of stochastic systems is unknown to us, then a chaotic
system can be started very simply: using a pair of differential equations.
The future evolution of a system launched in such a simple manner is impossible
to predict. It is believed, however, that such a system is completely deterministic,
and we cannot calculate its evolution due to a lack of computing power. Hence
the expression - deterministic chaos.
When Pecora finally met Rabinovich at a conference on chaos, it turned out that
the article was about chaotic systems, and Pecora's chaotic synchronization is a
‘winner takes it all' rigid type of master-slave relationship of chaotic systems
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introduced by Afraimovich and Rabinovich along with the winnerless competition
coupling model.
Theory and practice came together halfway, and we were once again convinced
that chaos and winnerless competition can be found virtually everywhere.
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Chapter Five. Epsilon Machine
It was not in vain that Thorndike's cats began to rush about the cage randomly
before moving on to a more systematic search for a way out. They increased the
roaming entropy of their behavior to the maximum in order to reveal all possible
hypotheses of the cause, which would enable them to get out. In this case,
freedom was the effect they wanted to get. They had a good idea of freedom
because they were free before, but they did not have the slightest idea of how to
achieve it in the new conditions.
Increasing the entropy of one's own behavior is a way to reveal the entire spread
of probabilities of possible causes, regardless of the degree of probability that
one or another cause will work.
The entire probability distribution is a prediction. Remember this basic postulate
of statistical mechanics? It follows that we need to identify all possible candidates
for the cause, including rare and sparsely located.
Chaotic behavior allows you to both add maximum candidates to the sample,
and immediately test some of them using random sampling.
The principle of causal equivalence is coined by James Crutchfield, the creator of
the theory of computational mechanics. It says the same thing as the main
principle of statistical mechanics, I think, only in different words. All pasts are
equivalent if they lead to the same future, states Crutchfield. This means that
such options can be combined into one and the same causal set or, as he began
to call them more recently, a causal state, meaning a phase state, naturally.
Crutchfield’s epsilon machine is a probabilistic Nalimov-Bayes syllogism, a
conceptual metaphor of George Lakoff that creates meaning by superposing a
probability distribution of a known concept over the distribution of the unknown
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one. According to Crutchfield, his epsilon machine can detect patterns in
uncertainty. My question remains: does the machine detect or create them?
If we take a pair of objective reality and a subjective agent, then the agent's
attempts to add a new pattern to those already known to him in objective reality
remind me of the gifts that the reality either accepts because it likes them, that is,
they agree with it, or rejects them because she doesn't like them.
If the reality likes the gift the agent is rewarded with the opportunity to use this
gift, built into objective reality and performing the role for which it was intended.
Such a gift cannot be found in objective reality because it is not there. The agent
creates a gift with the power of its imagination, trying to make the gift that the
objective reality would like and accept.
A meticulous reader expressed the opinion that objective reality is the model
created by our ancestors that all people keep creating today. I almost agree with
him. Almost in a sense that I do not see a problem that the one who likes it more
should call the objective reality, shaped by our intelligence, a model. This seems
to me to be the introduction of a redundant entity purely as a tribute to one’s
beliefs. But if it is more convenient for a person, then I do not mind.
Now let's take a closer look at the topology of Crutchfield epsilon machines. They
have two vertices (representing two phase states) and several edges, which show
possible paths of the system's transition from one state to another with varying
degrees of probability.
Vertices are denoted by circles with letters inside, and edges by curved lines with
arrows in the direction of the transition. All arrows are numbered and each of
them should be assigned the probability that the system transition from one
state to another will occur exactly along this arrow. As in the Kolmogorov machine,
one single minimal step is taken here. The connection line is also one.
The epsilon machine differs from a stable heteroclinic network in phase space in
that it considers the evolution in phase space of only one system, and a
heteroclinic network arises when there are at least two systems synchronized with
each other asymmetrically in time.
If we connect two epsilon machines in this way, then they begin to partially inhibit
the uncertainty of each other's activation. Moreover, when one system is active,
the other is inhibited. One speaks, the other listens. One teaches, the other
learns.
A ring of six generators of chaotic oscillations, as we remember, is capable of
creating a completely stable periodic signal out of chaos. By increasing the
heteroclinic network, we can achieve a state in which most of the time the systems
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will move along only one of all possible routes of the epsilon machine. An
unstable probability law will thus turn into a stable one. The rest of the routes can
be used to transfer the system from one stable state to another.
The inner observer captures the state of inner reality and transforms it from
probabilistic (uncertain) to almost certain. I can’t resist recalling the role of the
observer in quantum physics, but this can only be a metaphor so far, nothing
more.
Human consciousness produces knowledge because it is divided into objective
reality and its subjective perception. Only together are these two halves able to
learn from each other. Therefore we are talking about consciousness (con"together" and scio "to know").
Consciousness of a human personality is only one network, one step in the
hierarchy of heteroclinic networks - consciousnesses, which has the topology of
an embedded fractal. Below it there are networks topologically arranged in the
same way at the level of the brain, an individual neuron, a molecule, an atom and
an elementary particle. Above there is society and the noosphere - the Universe.
Only one single human consciousness is capable of perceiving all this variety of
consciousnesses. Isn't it a miracle? Is Atman and Brahman really the same?
Anything can be.
A person is able to supplement this all-pervading consciousness with the results
of his/her creativity not only at the level of products of consciousness - stable
central pattern generators, but also at the level of new consciousnesses, which
themselves will be able to create their own new patterns, and not only copy and
repeat already existing ones. This will be true artificial intelligence, another kind
of atman.
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Chapter Six. Epsilon Network
Lana Sinapayen was born near Paris, but spent her entire childhood on the island
of Martinique. She graduated from the National Institute of Applied Science in
Lyon with a degree in information technology in parallel with receiving her
master's degree at Tohoku University in Japan for programming the behavior of a
swarm of robots. Since then, she has been working in Japan dedicating her
research to artificial life. She earned a PhD for her achievements in this are at the
University of Tokyo.
Several years ago, Sinapayen designed a new neural network using concepts
borrowed from the realm of human cognition: predictive coding, surprise,
short-term memory. She called her neural network, which can increase or
decrease in size depending on the level of complexity of the data being
processed, epsilon neural network. At the time, Sinapayen had absolutely no idea
that there was an epsilon machine designed by James Crutchfield to measure
complexity.
Later, after reading an article about the epsilon machine published by Crutchfield
in the bearded 1989, Sinapayen was very much surprised. Starting from
approaches completely different from those used by Crutchfield, she managed to
build an epsilon neural network from "minimal representations of the causal state"
with only one parameter, that is, from epsilon machines.
Not only the basic principles but also the results of the epsilon neural network
and epsilon machines turned out to be the same. Chaos and brain met again.
This did not surprise me at all, because I was already used to the fact that
scientists often find similarities between the spiking and bursting activity of
neural networks in the brain and the behavior of generators of chaotic
oscillations in the phase space.
In their very first article on the synchronization of chaotic systems Louis Pecora
and Thomas Carrol already concluded that chaotic synchronisation concept can
act as a metaphor of neural processes. In particular they referred to the ideas
about chaotic dynamics in the brain proposed by philosophers and theoretical
neuroscientists Christine Skarda and Walter Freeman.
The early works of Afraimovich, Rabinovich and Varona also referred to this
similarity. Then the authors and their followers explored this link further for many
years.
Karl Friston has reviewed and appreciated several of Rabinowitz's works related to
neurophysiology. But his theory does not yet fit into the general stream of
convergence of computational mechanics, chaos theory and neuroscience.
However, I learned from Sinapayen's Twitter that Friston admitted in a 2018
interview that his principle of free energy is not a scientific theory because it
cannot be falsified. This is precisely the principle. Rosalyn Moran of King's College
London attempted to use this principle to program players in the Open AI
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computer game sandbox. There, her bots performed better than bots
programmed with reinforcement learning.
Moran is an engineer. Although she did not study robots like Sinapayen, she
studied neurophysiology. All that remains is to be patient and see who will make
artificial life faster and better. I will send both a link to my brochure's manuscript.
What if it will help them to discern the deep similarity of their approaches under
the layer of superficial differences. After all, human intelligence knows how to do
this unlike the currently existing artificial one.
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Chapter Seven. Helmholtz Free Energy
To grow large, a tomato must overcome the pressure of the Earth's atmosphere. To
do this, it needs Gibbs free energy. If a tomato had used Helmholtz free energy, it
would have remained negligible as an embryo, albeit fully ripe.
Hermann Ludwig Ferdinand von Helmholtz was both a physicist and a
physiologist. His research in the thermodynamics of chemical reactions arose out
of his work on the principles of muscle function. From his formula for free energy,
it follows that the energy required for an open system for transformation can be
either taken from the system itself or borrowed in the form of heat from the
environment.
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For example, in the electrolysis (reaction) system, water and electricity are
involved. Electricity in this case is the source of the internal energy of the system,
although it comes from the outside. It's just the way we have drawn the
thermodynamic boundary between the system and the environment.
It takes about 285 kilojoules of energy to decompose one mole of water into
hydrogen and oxygen. If the temperature of the environment is 298 degrees Kelvin
(approximately 25 degrees Celsius), then the electrolysis system can take 48
kilojoules of energy from the environment. Therefore, it takes only 237 kilojoules of
electricity to complete the reaction. This is Helmholtz free energy.
Where did 48 kilojoules of heat come from? The system was able to accept them
from the environment because, in the process of converting water and electricity
into two gases, the internal entropy of the system increased. The more the
entropy of the system increased as a result of its transformation, the more energy
the system was able to receive from the environment. The less free energy it
needed.
So we got to the formula. The free energy (of a transformation) of a system is
equal to the internal energy of the system minus the final entropy of the system,
multiplied by the temperature of the environment.
In the fuel cells of the hydrogen engines that are fashionable today, the opposite
reaction occurs. The hydrogen in them combines with oxygen to produce
electricity and water. In this case, the final entropy of the system decreases (there
are simply fewer molecules in water than in two gases, so they collide less often).
Two negatives make a positive.
Therefore, in the reverse reaction, we do not save free energy but use up all of it.
Of the 285 kilojoules of free energy, now 237 are converted into electricity (internal
energy), and 48 are returned to the environment in the form of heat.
What else is important to understand here? If the process goes with an increase
in the internal entropy of the system, then the entropy of the environment
decreases. If the process leads to a decrease in the entropy of the system, then
the entropy of the environment increases. Thus, the system and the environment
exchange entropy with each other.
Although we were talking here about thermodynamic entropy, measured in
kilojoules divided by degrees Kelvin, you can also consider these processes from
an informational point of view.
The higher the entropy of the system, the more information it contains. This
fundamental assumption of the founder of information theory, Claude Shannon,
is considered intuitive because there is no formula to substantiate it. I think that
it is correct to call it an axiom of information theory, because all modern means
of communication work on the basis of this assumption.
Andrey Kolmogorov, with his complexity, developed Shannon's assumption further
and tried to substantiate it. He made a theorem out of the axiom. The proof
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turned out to be interesting, but the result was an incomputable number. That is,
he managed to move the border, but not overcome it.
However, what do we have? There is an exchange of not only energy, but also
information, and in both directions between the open system and the
environment, if the system is in a non-equilibrium state. Moreover, when one side
transmits information, the other receives it, and vice versa.
First of all, there is an informational coupling between the system and the
environment. Secondly, the system and the environment can exchange
information alternately, if processes with an increase and decrease in internal
entropy take place in turn in the system. It turns out that the winnerless
competition regime in the phase space for the system-environment pair is quite
possible.
An organism is a thermodynamic system. Consciousness may well be its
informational representation in the phase space. Life can be represented, in this
way, as an information exchange between the consciousness of the organism and
the environment (the consciousness of the environment?) In the form of
winnerless competition.
That is, it turns out that the conversation of two heteroclinic networks in phase
space follows from the Helmholtz free energy formula?
One of the founders of the modern theory of deep neural networks, Jeffrey
Hinton, invented the Helmholtz machine in the 1990s as a self-supervised learning
mechanism for two neural networks, built on the principle of Bayesian inference.
One network in Hinton's machine generated top-down patterns (beliefs) based on
a model of the environment. The second network recognized patterns (updates) in
the environment from bottom to top. In the event of a mismatch in the recognized
pattern of the model, the model was updated to better match the environment.
Ultimately, Hinton took the supervised learning path and achieved the stunning
success that sparked the current boom in artificial intelligence.
However, one of Hinton's lectures in the years when he was fond of the Helmholtz
machine accidentally attracted Karl Friston, in those years already an extremely
famous researcher in the field of neuroscience, thanks to his titanic work on
mapping the human brain based on the then relatively new technology of
functional MRI (magnetic resonance imaging).
Hinton's ideas inspired Friston to formulate the free energy principle. To do this,
he invented variational free energy, which he related to Helmholtz free energy, but
not as directly, as I did above. He did it through the difference between the model
of the environment that the system has and the sensory perception of the
environment as such.
I keep looking for simple words to describe Friston's theory. When I find it, I will
describe it. In the meantime, it turned out that the dualism of the subjective self
and the objective environment, which exist in the mind of a person, can be
demonstrated using the example of Helmholtz free energy.
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You will also learn later about Gibbs free energy and tomatoes.
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Chapter Eight. Gibbs Free Energy
Free energy in the thermodynamics of chemical reactions is the minimum energy
that must be consumed by a system in order for a chemical reaction, which
occurs with the absorption of energy, to take place.
Free energy is the internal energy of the system with which work can be done. We
can say that this is structured energy if we recall Maxwell’s demon, who took a
container with a homogeneous gas, divided it with a partition, and placed hot
(fast) gas molecules on one side, and cold - slow ones - on the other. After that, the
gas became capable of performing work due to the temperature difference in the
two compartments of the container.
The demon mined the free energy of the system in this way. In this case, the
entropy in the hot section of the system increased, and in the cold section,
accordingly, decreased. The hotter the gas, the faster the molecules move, the
more often they collide, the more unpredictable their trajectories become. On the
whole, the level of entropy in the system remained unchanged. It is a paradox
resulting from the way how the fictional demon created the difference in
temperature. In reality, decreasing entropy in one part of the system would
require work to be done that will result in an increase in entropy.
If you take a reservoir of water, put two electrodes in it and connect them to the
plus and minus of a charged battery, then hydrogen bubbles will appear around
one electrode, and oxygen bubbles around the other. They, too, can be collected
in different reservoirs, as the Maxwell demon collected hot and cold molecules.
A charged battery, a water tank, electrodes, and two gas tanks is an electrolysis
system. During the electrolysis reaction, the entropy of the system increases
because there are more molecules in two gases than in water and they move
faster.
The temperature should rise with entropy. This requires additional energy. It can
be taken from the battery if the system is completely isolated from the
environment. Then the total consumption of free energy of the system will be
greater. Or heat can be taken from the environment due to the resulting
difference in entropies in the system and outside it.

108
In the reverse process of combining hydrogen and oxygen, water and electricity
are formed, and the entropy of the system decreases. Accordingly, the process
proceeds with the release of heat by the system, and not with absorption, as in
the case of electrolysis. The heat borrowed from the environment is returned to it,
and the battery charge returns to the same level as before the start of the
previous electrolysis reaction.
Now let’s get back to Gibbs and the growing tomato for a moment. Hydrogen and
oxygen occupy a larger volume than the water from which they are obtained.
Therefore, during electrolysis, the volume of the system must be increased or the
pressure in it must increase. Actually, Gibbs made an amendment to this in the
Helmholtz formula.
Gibbs free energy is the internal energy of the system (the battery in our example)
minus the final entropy of the system, multiplied by the temperature of the
environment, and plus the pressure of the gas in the environment, multiplied by
the final volume of the system. Processes that go with an increase in volume
require more free energy. Those that go with a decrease in volume, respectively,
save free energy.
I write about thermodynamic free energy in such detail before moving on to
information, because it seems to me that the confusion with the use of the term
free energy arose precisely from a misunderstanding of the relationship between
free energy and entropy in the thermodynamics of chemical reactions, from where
this term was borrowed. Therefore, it is very important to understand the
dynamics of free energy and entropy, not just to memorize their static definitions.
As you already understood, there are reactions that consume free energy
(electrolysis) and produce it (hydrogen fuel cell). In this case, an increase in the
entropy of an open system during the reaction leads to a decrease in the
consumption of free energy of the system due to the import of energy in the form
of heat from the environment. A decrease in internal entropy requires the export
of excess heat to the environment. Due to this export, the amount of free energy
in the system is reduced. Entropy acts as a kind of heat exchanger between the
system and the environment.
Let's return now to Maxwell's demon. What was he doing? He sorted molecules by
their speed. That is, he was engaged in the classification of molecules in the same
way as the aborigines in the book The Savage Mind by the father of modern
anthropology Claude Levi-Strauss were engaged in the classification of fruits,
separating large fruits from small.
What is classification? This is the creation of a structure. There was a heap of
fruits of different sizes. Then we divided it into two piles: one with small fruits, and
another with large ones. Structure means knowledge. We can use this knowledge
to carry out transformations, chemical, physical, and others.
In my opinion, thus, thermodynamic free energy can serve as a metaphor for
knowledge in terms of information. The amount of free energy is a metaphor for
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the measure of knowledge that can be used. Entropy, in turn, is a measure of
ignorance in a positive sense. The less we know, the more we can learn.
If knowledge is an analog of energy, then we have a very interesting twist. By
increasing our entropy, we make room for new knowledge from the environment.
When we lower our entropy, we are releasing some of our existing knowledge into
the environment.
If we recall the experiment with genetically identical mice, the behavior of which
scientists monitored using sensors in backpacks on their backs, then the concept
of roaming entropy begins to take on a new meaning. The more the roaming
entropy of an animal grows, the faster knowledge flows to the animal from the
environment. Conversely, the more predictable behavior becomes, the more
patterns it contains, the faster knowledge flows from the animal to the
environment.
Sea angels, as you hopefully remember, have two modes of movement: a quiet
hoover mode while maintaining an upright position and a search mode - Levy's
flight, during which the angel manages to catch prey, not paying attention to its
movement at all. The angel simply does not have the senses for this.
Maybe it just seems to me, but the exchange of entropy with the environment
looks a lot like a game of the winnerless competition. Only this game is going on
as if in a vicious circle. We just pass the ball to each other with the environment.
The result is a dynamic equilibrium. The volume of knowledge increases and
decreases by the same amount.
Now let's imagine that we are playing a non-zero-sum game with the environment.
Then, at each step of the exchange, each of the parties adds something unique
to the knowledge that the other party receives as a result. Then it turns out not
just a rehash of old melodies, but an alternate improvisation on a given theme.
The receiving party learns, listens, and stays silent. The transmitting one teaches.
We can develop this topic for a long time. In particular, we can show why a system
that only exploits existing knowledge instead of developing new knowledge
together with the environment is doomed to destruction. But you can think about
it yourself. Now that there is understanding, it is easy to draw conclusions.
One last important note for today. It is not by chance that each of us subjectively
is dealing with his/her own version of objective reality, which is formed inside the
person’s mind.
To ensure learning and development in the process of the exchange of entropy
with the environment, this exchange must be localized. After all, even our mind,
which creates an ordered environment with which we interact, is not able to
contain it all.
Therefore, if we do not localize contact with the environment, any of our impact
on it will be negligible. Then we will not be able to receive answers to our
questions. Indeed, on the scale of the Universe, the entropy of our behavior as a
question is simply impossible to discern.
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So we are mutually learning with the environment locally within our mind.
Although who said that this is not actually happening?
PS: Yes, now we know why the creation of a dynamic pattern in a ring of six cells by
Alan Turing requires a constant flow of free energy. Because the pattern reduces
entropy and it is necessary to export heat to the environment.
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Chapter Nine. Friston Free Energy
The term inference in Karl Friston's theory means the derivation of an unknown
cause from a known consequence. According to Friston, living beings guess
about the cause hidden from them (by the Markov blanket), based on the
outcome, which surprises them—precisely by the absence of an obvious cause.
“This surprise can be thought of as a prediction error, which can be used to
update the best guess to provide a better prediction”, Friston clarified, helping
me to finally understand that a strange event can be also classified as a
prediction error although no specific prediction in respect of such an event was
made beforehand. An outlier is a prediction error indeed!
When they find a suitable cause or explanation for their sensations, the
prediction error is resolved. If they manage to explain away the prediction error or
surprise, then their new explanation or causal relationship (regularity, pattern)
replenishes their picture of the world (objective reality). This is known as Bayesian
belief updating as a nod to the underlying rules of probability and inference.
Thus, living things resolve uncertainty as Friston put it. Surprise serves as their
driving motive, but they are surprised not by uncertainty, but by unexpectedness.
It is the unexpected uncertainty, which I love so much, that both stimulates
learning and provides an opportunity to learn something because the surprise
here is the equivalent of the unknown.
We do not know what was the cause for the event to happen, and we are curious
to find out why it happened. We do not know, which means we can find out. This
means that we can learn something. Once we find out the reason for that
inexplicable event, we will not be surprised if a similar event happens again. In
short, minimizing surprise compels us to be curious creatures.
It seems to me that everything I have written so far about Friston's theory should
not only be easy to understand but should also seem painfully familiar to any
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person who has read the first section of this book about the natural method of
learning. In my opinion, this is it, word for word.
Further details begin. We do not just speculate about the reason on the coffee
grounds, but we use the Bayesian inference for this, yet applied in reverse. It
means, we take the observed outcome in the form of raw data, put it through the
individual filter of our structured experience (subjective perception), and get an
update of the picture of the world (objective reality) either with the help of a new
pattern we have invented - a cause combined with an effect or by determining an
event that falls out of this picture as an outlier.
Naturally, I am not at all surprised that in this case the probability distribution
according to Bayes’s formula is calculated only approximately. Friston actually
uses the probabilistic Nalimov-Bayes syllogism, most probably without even
realizing it.
Further, the meaning is unpacked into text by mathematical means, in which I am
not fluent. However, I would not be surprised if Friston's mathematics resembles
the mathematics of Kolmogorov complexity, which describes both the process of
compressing text (a pattern of algorithms) into meaning (the shortest algorithm
that can reproduce the entire pattern) and the reverse process of extracting text
from meaning. “Indeed, this is exactly where the predictive coding gloss on free
energy minimization started in the 1950s, where it was used to compress sound
files. Compression, efficiency, and the minimization of complexity have been
central and recurrent themes throughout”, Friston commented, further
strengthening this link.
Where is free energy here? Friston's free energy is a measure of surprise. It has no
semantic relation to thermodynamic free energy, which we discussed in the
previous chapters. Perhaps there is some formal similarity only in mathematics.
Therefore, I do not use this term in describing Friston's theory. What interests me
most about it is the meaning.
Friston's theory, however, contradicts the behavior of the wise squeaker-gudgeon
in the fairy tale of Mikhail Saltykov-Shchedrin. He sat in his hole, not sticking his
head out, because he was afraid of the expected (known) uncertainty and, as a
result, waited for the only unexpected certainty called death. When assessing the
likelihood of being or not being eaten by a pike or caught on bait, the wise
squeaker-gudgeon always proceeded from the worst course of events, the
probability of which seemed to the squeaker-gudgeon simply enormous.
Well, God bless him. The wise squeaker-gudgeon is a fictional character, but the
behavior of people often doesn’t differ from the behavior of that
squeaker-gudgeon. What the hell resolution of uncertainty you are talking
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about?! We just have to sit in holes and tremble! "Lived trembled and died
trembled", as it was written by Saltykov-Shchedrin.
Expected (known) uncertainty can’t be resolved because it is already a result of
the resolution of unexpected uncertainty. We can learn nothing from exploring it
further. You can flip a coin a million times, but it does not help to predict which
side it will fall next time. Although the probability is known: 50 to 50. Neither heads
nor tails will surprise us. We will be surprised if the coin stands on its edge. Only
then will we start looking for the cause and learn something if we find it (and even
if we don't find it).
Different events occur with varying degrees of probability. Some almost certainly
happen, others only rarely. Knowing the probabilities, we can use this knowledge
to minimize bad outcomes (and their consequences) and maximize good ones.
This is called knowledge exploitation. It is important but it’s not the subject of this
book.
I really like the metaphor of knowledge as something like thermodynamic free
energy. Knowledge can do work. However, in the course of work, part of the
knowledge is dissipated in the same manner as part of the energy that produces
work gets dissipated into heat. The level of informational entropy of the system is
increasing, but we cannot export this entropy to the environment if the level of
entropy there is higher than in our system.
In order to export entropy to the environment, we must lower the level of our
internal entropy below the level of external entropy.
If entropy (i.e., average surprise) is a measure of ignorance, then we need to lower
our ignorance. How can we do it?
This can be done by resolving unexpected uncertainty and thereby reducing
entropy. Each correct solution along this path increases our knowledge only by a
fraction but expands the space of our ignorance many times more. By reducing
the entropy of knowledge in the field of knowledge exploitation, we simultaneously
increase it in the field of knowledge creation.
I am not yet ready to describe what this process looks like, but I rely on my
judgment on eyewitness accounts. Einstein, Planck, Feynman - it seems to me that
this list can be continued with many more names of great scientists - everyone
said and wrote that each new discovery opens up a huge new field of unknown.
In response to the correct answer, we get a whole dozen of new questions.
Prominent American theoretical physicist John Archibald Wheeler compared
knowledge to an island in the ocean of ignorance. The larger the island becomes,
the longer its coastline with ignorance stretches.
By eliminating one reason for surprise, we simultaneously create a lot of new
reasons. Probably, someone will say that this increase in entropy with the help of
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its decrease contradicts some important law of nature but it doesn’t mean it’s
unreal.
It seems to me now that Erwin Schrödinger wrote about this kind of negative
entropy when he claimed that life feeds on it. Any dead matter is capable of
following the laws of nature, but only life can invent these laws.
In an article about curiosity, exploration, and insight, Friston and his colleagues
really described the natural learning method in great detail and, from my point of
view, very precisely. However, in their description, it again boiled down to
minimizing surprise.
Finding the cause, indeed, turns an unexpected event into an expected one,
however, only within very narrow limits - only when we observe the event that we
have identified as the cause. Friston sees this narrowness and introduces several
more levels, at which the unexpected is also minimized. He gets a fairly complete
and consistent design, which, nevertheless, is based on nothing but minimization
of surprise.
A child is born into a world full of surprises. For him, everything happens for the
first time. He not only looks for the causes of everything that happens around him
but also constantly expands his space, meeting more new surprises.
I cannot get rid of the thought that the behavior of a living creature, according to
Friston's theory, is still a modification of the behavior of the wise
squeaker-gudgeon.
"If you want to enjoy life, keep your eyes open," the father instructed the
squeaker-gudgeon. “The pike is in the pool so that the crucian carp won’t doze,”
says a Russian popular proverb. This is, of course, completely anti-scientific, but
let's investigate what they are talking about. Why is it necessary for the
squeaker-gudgeon to keep its eyes open? Are we looking not to miss an expected
event or an unexpected one?
If the crucian carp already knows that the pike is sitting in the pool, then for him
the attack of the pike will be an expected event that fits into his model of the
world. However, he does not know when and from which direction the attack will
come. How can he minimize this surprise with Friston’s model?
In my opinion, it turns out that he can not in any way unless he hides in a hole like
the wise squeaker-gudgeon or jumps out of the water onto the shore. Death
minimizes all surprises, my regular Facebook opponent wrote recently.
It turns out that after birth we maximize surprises, and then we begin to minimize
them until we reduce them to zero with the help of death. Although we will no
longer know about this, the model by which we predict the future according to
Friston will cease to exist.
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Probably, I would be reconciled with Friston's theory by replacing minimization
with eating. Life feeds on unexpectedness. We absorb surprise because it feeds
our minds. We minimize the surprise by eating it.
Of course, you can call lunch a process of minimizing food. But minimizing food is
not the goal. Our goal is to get enough and enjoy the process.
I don't know if Friston's outstanding math can be adapted to the mind-feeding
process instead of minimization. It would be great if it could. Friston found the
mind-feeding analogy excellent so now it will be definitely done.
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Section Seven. Equations of Life
Chapter One. Winnerless Competition
Winnerless Competition is a mathematical framework that emulates the process
of understanding as a whole instead of trying to recreate the complexity of a
living brain. It engages hierarchical networks of asymmetrically synchronized
chaotic oscillators to achieve this target.
I’m an apprentice of natural learning. Therefore, I try to figure out a very primitive
sketch of a very complex mathematical concept that reaches far beyond my
mathematical faculties.
Louis Pecora, the American scientist, who created the first communication system
based on synchronization of chaos, proposed to extend a thought experiment
that is usually used to explain why very simple chaotic systems produce signals of
very high complexity. According to that experiment, trajectories of two separated
chaotic systems starting at close initial conditions always diverge and can fly
away very far from each other. It means that they never synchronize. However, if
the two systems exchange information in just the right way, they can synchronize.
In this case in the thought experiment proposed by Pecora, we see two systems
starting at initial conditions, which are far apart, converge to the same trajectory.
To my understanding in winnerless competition, phase trajectories of
synchronized chaotic systems do not converge into one but become intertwined.
Only the intertwining provides channel stability. The convergence of the two
trajectories means that one trajectory overlaps the other as if superimposing it.
Given a time lag one system leads and the other follows continuously. Such a
setup looks to me rather one-sided and unstable. Chaotic systems always strive
to run away from being too close to each other in the phase space.
When the trajectories intertwine, then they overlap each other alternately, from all
sides. We get a twisted thread. One vein of this thread does not allow another to
run away and vice versa. This intertwining gives the channel stability. This is my
primitive understanding of winnerless competition, proposed by Valentin
Afraimovich and Mikhail Rabinovich.
James Reggia writes in 2021: “We present a recurrent neural network that encodes
structured representations as systems of contextually-gated dynamical
attractors called attractor graphs.”
Frison wrote in 2009: “We show that a plausible candidate for an internal or
generative model (of how sensory input is generated, when formulated in a
Bayesian framework) is a hierarchy of ‘stable heteroclinic channels’ … Under this
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model, online recognition corresponds to the dynamic decoding of causal
sequences.”
Mostafa Bendahmane wrote in 2016: “We have introduced the L´evy flights type of
superdiffusion into a Lotka-Volterra competitive model. A stability analysis yields
a conclusion that cross superdiffusion gives rise to Turing instability while self
superdiffusion suppresses Turing instability. Moreover, after applying a weakly
nonlinear analysis, we can also assert that the Turing patterns are stable
hexagons. An immediate application of these observations from the viewpoint of
biology, is that when the inter-population competition is larger than the
intra-population competition, the reached inhomogeneous steady state is stable.”
How do natural neural networks learn? They copy the topology of each other's
oscillation networks in phase space.
First, they oscillate constantly. Secondly, they can connect by synchronizing each
other's oscillations asymmetrically in time. Time asymmetry means that when one
network speaks, the other is silent. Then they change places.
If the nature of the oscillations of the networks does not change, if their topology
in the phase space remains unchanged, then they turn into woodpeckers,
tirelessly repeating the same thing to each other. The neurons in the central
pattern generators do just that. Sometimes they just change the topic of the
conversation or speed up/slow down its pace.
If only one network speaks, and the other only listens, then only the network that
listens is learning. It is impossible, however, to check how well the new knowledge
gets integrated with the existing one, because the answer does not come from it,
which just should show whether the network topology develops in the phase
space further using new knowledge received from another network, or not.
Mutually learning neural networks behave like two musicians who improvise in
turn. They don't repeat the tune that the other musician played, but use in their
performance other musician's ideas, creatively rethinking them. Each musician
plays his own music, but it is related to the music of another artist, and is not a
complete gag. The class of both musicians is constantly growing with this
performance.
The neural network in the brain is the piano keys. The music of thought sounds in
phase space. Observing only the process of activation of certain neurons and
neural networks, we see how the keys move, but we do not hear their sound. Of
course, there is a correlation, but you can understand it only if you hear the
music. This is necessary, at least in order to understand what the keys are
pressed for.
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So far most neuroscientists believe that neural networks act like a computer
keyboard. Thus pressing the keys is thought to reflect the programming process.
However, there are some researchers who have already heard the music in phase
space. And this is wonderful because the music of phase spaces is the language
spoken by the mind in the Universe.
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Chapter Two. Lotka-Volterra System
Alfred Lotka and Vito Volterra came up with a system of two differential equations
named after them almost simultaneously, but completely independently of each
other: one in the USA, the other in Italy.
However, their system still had a common progenitor - the Belgian mathematician
Pierre François Verhulst. It was its logistical function that both authors, without
saying a word, adapted to the dynamics of populations of predators and their
prey. Only instead of one nonlinear differential equation of the logistic function,
they used two at once: one for the predator, and the other for the prey.
This is how the predator-prey model appeared. It is also the Lotka-Volterra
system. It inspired Andrey Kolmogorov to create his own predator-prey system
from four couples of equations for different types of dynamics of interaction of
species.
Lotka started working with the logistics function back in 1912 because he was
interested in a hypothetical chemical reaction in which the concentration of
chemicals was supposed to fluctuate. By 1925, he finalized his system and, under
the influence of Kolmogorov, reoriented its application from chemistry to biology.
The hypothetical chemical reaction that interested Lotka was mathematically
deciphered by Alan Turing, showing how dynamically formed patterns - waves of
different molecules can emerge as a result of activation/suppression oscillations
in a previously homogeneous chemical environment. Turing, by the way, also
considered this chemical process, which he called morphogenesis, in relation to
biology.
“At school I was best at mathematics, but my favorite subjects were biology and
Russian history,” Kolmogorov recalled.
Volterra applied the predator-prey model to populations of fish in the area of
biology from the very beginning.
Mustafa Bendahmane works at the Faculty of Mathematics at the University of
Bordeaux in France. He does not refer to Mikhail Rabinovich in his publications
and does not use the terms winnerless competition or heteroclinic. Recently, he
has focused on mathematical modeling of the dynamics of calcium in the heart
cell. He is also interested in biology.
Several years ago, together with colleagues from France and China, he showed
how a stable heterogeneous Turing pattern can emerge from super-diffusion of
probabilities (Levy flight) in the Lotka-Volterra system on the example of inter and
intra competition of species.
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Rabinovich's work with colleagues was devoted to a similar topic. Back in 2008,
they used the Lotka-Volterra system in order to show the possibility of
mathematical forecasting of interspecies winnerless competition cycles.
Rock Paper Scissors. This game is known to everyone. According to the Nash
equilibrium, the optimal strategy for this game is to randomly choose from three
options with equal probability. By following the optimal strategy, you cannot lose,
but you cannot win either.
The winner is the one who, at the beginning of the movement of the opponent's
hand, can predict what combination the opponent is going to show. We won't take
this option. It is biased like a bent coin.
The mathematical representation of the rock-paper-scissors game in its
unbiased form is a stable heteroclinic cycle. Eternal winnerless competition,
without the possibility to move to another level without changing the rules of the
game.
However, transitions are possible. It is the stable cycles (vertices, nodes) and
transitions between them (edges, links) that describe the models of the stable
heteroclinic channel of Rabinovich and the stable heteroclinic network of
Meyer-Ortmanns and Voit.
Quite a long time ago, in the first half of the 2000s, Crutchfield came close to the
transitional dynamics of the rock-paper-scissors game in collaboration with the
Japanese researcher Yuzuru Sato. By adding the ability to learn to artificial
agents in game simulations, the researchers first got deep chaos (instead of the
pure randomness of Nash equilibrium), and then also the dynamics of transitions.
They also had to introduce a variable between zero and one instead of 0.5 for the
tie in the game in order to achieve transient dynamics.
Then everyone went their own way. But, it is possible that their paths will converge
again to create the law of preservation of life, at last.
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Chapter Three. Mathematics of Meaning
I tried to close the door to the book, but Walter Freeman the Third (not to be
confused with the Second - the inventor of the lobotomy) stuck his leg through
the gap. He slipped it completely unexpectedly through an article by Louis Pecora
about the synchronization of chaotic systems.
Now Freeman is pulling in together with him Thomas Aquinas and the Japanese
scientist Ichiro Tsuda, who built a chaotic model of the hippocampus and made a
lot more interesting things out of chaos, natural numbers, for example.
The phrase "hierarchy of nested landscapes'' in Freeman's article on how symbols
arise from meaning (and where the meaning comes from) naturally refers to the
space of phase states of the neural activity in the brain.
“Heteroclinic networks are structures in phase space that consist of multiple
saddle fixed points as nodes, connected by heteroclinic orbits as edges. They
provide a promising candidate attractor to generate reproducible sequential
series of metastable states”. This is how Maximilian Voit and Hildegard
Meyer-Ortmanns now describe the dynamical phase space structure underlying
cognitive dynamics and brain dynamics in general.
Freeman, a philosopher and theoretical neurophysiologist, as he called himself,
investigated the activity of the olfactory bulb in rabbits using
electroencephalography in his laboratory at the University of Berkeley. It was in
practice that he discovered that the recognition of smells could not be organized
by searching for a suitable representation of a smell in a kind of a database.
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Perception is not passive but active. The mind does not try to find meaning in the
stimulus, but selects a stimulus that is appropriate in meaning. Meaning emerges
before information and controls the process of its creation.
Therefore, it is impossible to extract meaning from information. The mind
operates with operators of meaning, categories, like the conceptual metaphors of
George Lakoff. For Freeman, imaginative thinking is primary and does not exist
without connection with the body. Even observation is an intentional activity. An
intention always has a meaning.
Here Freeman, like Lakoff, came up with the idea of embodied knowledge, drawing
inspiration from the works of Thomas Aquinas 700 years ago. Aristotle again
prevailed over Plato. Now I see winnerless competition everywhere, just with a
different frequency and amplitude of oscillations.
Freeman, unfortunately, died in 2016, and the co-author of his most cited works,
Christina Skarda, is apparently in nirvana. She dived deeply into Buddhism more
than a quarter of a century ago and since then only occasionally shares her
impressions from the depth. I still had to let them into the book. Let them have fun
in the company of their successors.
Karl Friston followed the steps of Freeman into the territory of the topology of
nonlinear dynamics. I won't be surprised if both Freeman and Friston were
inspired by the idea of Eugene Wigner, a Nobel laureate in physics of elementary
particles, that “non-linearity of equations” can be interpreted as “an indication of
life.”
Michal Levin, principal investigator of Levin Lab in Tufts University conducts mind
blowing experiments with “bioelectric manipulations of body-axis polarity in
planaria” in the neutral language of science growing two headed planaria that
inherits two headedness without any alterations to genes.
Levin unequivocally follows Walter Freeman into the book because he knows that
meaning is primary. He even used E. coli as an example of meaningful activity.
He walks hand in hand with Karl Friston because he uses the free energy principle
“in pattern formation” as “an essential quantitative formalism for understanding
cellular decision-making” as stated in their joint publication on morphogenesis. In
plain words, he uses the free energy principle in electrical morphogenesis to make
two headed planaria.
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Chapter Four. Angel in Fur
An angel in fur. So Helen Keller named the puppy, which was presented to her in
Akita prefecture in Japan. The puppy was Hachiko's grandson, but for Helen the
feeling of soft, warm - living fur under the palm was more important.
Nothing beats the feeling of life at your fingertips. Dogs died in my arms twice.
There is nothing worse than feeling with your skin how a miracle evaporates, how
a living creature ceases to live.
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Feelings convey meaning more sharply and more accurately than any thoughts,
not to mention words.
Thick-skinned. Perhaps someone imagined an elephant. I meant an insensitive
person; not someone who is not able to feel, but someone who is not able to
imagine, to fill the sensation with meaning.
Helen had very thin skin. The skin was her only window into the world, a window
into life, I would say. As a very young girl, Helen lost her sight and hearing. It was
as if a firm shield had been lowered between her and life, through which only
touch penetrated.
The girl withdrew into herself, hated everyone and began to die. Parents invited
her teacher Anne Sullivan, who herself had vision problems. The wild beast
rejected any attempts to establish contact and did not want to understand
anything.
Ann let Helen touch various objects, and then wrote the name in letters in the
palm of her hand. The girl tore her palm out of the teacher's hands and threw
objects. She broke everything that could be broken. She threw herself at Ann with
her fists; rolled hysterically on the ground.
We know this story from a book written by Helen Keller. The book was sold in large
circulation and withstood several screen adaptations. Mark Twain highly
appreciated Helen's writing talent and sensitivity of her soul. They were friends
until the last day of the writer's life.
Helen became a public figure, activist in the fight for the rights of women and
people with disabilities. She travelled to Japan on a peace mission, trying to
prevent the impending war.
Thanks to Helen's book, we know exactly when and how the transition from an
animal that almost lost individuality to a human took place. Ann, as always,
unsuccessfully tried to explain to Helen how to use the water dispenser. Again
and again, she put the girl's palm to the handle of the column and tried to press
her palm on the handle to make the water flow.
Helen jerked her hand away, as always. Desperate, Anne herself pressed the
handle of the dispenser several times and put the girl's hand under the stream
when water began to flow. And then she put her hand to the column handle again.
And Helen understood. The touch of the handle made sense to her.
It’s not about pressing the handle so that the water flows out, but the water flows
because the handle is pressed. All the next days, Helen did nothing but grab onto
everything with one hand, and hold out the other to the teacher - write what it is!
The connection between meaning and intention is as obvious as we tend to
ignore it. The metaphor of a machine for denoting a living being gained such
strength that many scientists began to deny the existence of any meaning in the
actions of people and animals altogether.
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Meaningless automatism, it seems to them, can explain everything in the behavior
of a living creature. There is a difference, but you need to experience it in order to
understand it.
A meaningful action differs from a meaningless action not in that we can speak it
in words or calculate it mathematically, but in that we can imagine its
consequences. We carry out a meaningful action with the intention of getting the
result we have imagined. An intentional action is always meaningful because its
meaning is in obtaining an imaginary result.
Intending to carry out an action, we can imagine not only the desired
consequence of this action, but also other possible consequences, including
undesirable ones. We are aware that different consequences may or may not
occur. We can even roughly estimate the probability of the onset of certain
consequences using semantic, rather than numerical Bayesian inference
(probabilistic syllogism).
In this case, only such a consequence of an act that a person could neither
imagine nor comprehend, respectively, can be considered unintentional. Lack of
intention does not release one from responsibility for an action if a person had
the opportunity to comprehend this action and its consequences. And it doesn't
matter whether a person took advantage of this opportunity or not. After all, it
was his choice. Refusal to accept responsibility does not release from
responsibility.
The mathematics of life can be described as object-oriented spatial
sensory-motor computation based on metaphorical inference. Probably, in
another language the mathematics of life can also be named quantum learning.
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Chapter Five. World about Us
Rereading Julian Jaynes very thoroughly I found a fundamental contradiction. He
states that subjective consciousness is a metaphor for the real world (objective
reality) but his argumentation is that we use words from the real world to describe
what happens in our conscious mind.
His arguments stand strong. We really describe all things which we do mentally
with words that we borrow from the real world. However, it means that the real
world is the metaphor for consciousness but not vice-versa.
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Our intelligence is dynamically creating objective reality from things that we do
know. Looks like our subjective consciousness is something that we don't know.
Therefore we use language describing our actions in the objective reality to
describe what is happening in our subjective consciousness and that we believe
is similar in a certain way to things that take place in the objective reality.
"Nevertheless, it is a fundamental requirement of the scientific viewpoint -- the
so-called principle of the psycho-physical parallelism -- that it must be possible
so to describe the extra-physical process of the subjective perception as if it were
in reality in the physical world -- i.e., to assign to its parts equivalent physical
processes in the objective environment, in ordinary space. (Of course, in this
correlating procedure there arises the frequent necessity of localizing some of
these processes at points which lie within the portion of space occupied by our
own bodies. But this does not alter the fact of their belonging to the "world about
us," the objective environment referred to above.)"
The ordinary world (objective reality) is an objectified projection of the observer's
subjective perception of the physical (quantum) world. Objectification is needed
to make subjective perception available for learning. The mind creates virtual
objective reality in order to make sense of its subjective perception of the physical
reality that is quantum.
I saw this thought while rereading an excerpt from the Mathematical Foundations
of Quantum Mechanics by John von Neumann, probably for the fifteenth time,
when it seemed to me that I already knew it by heart.
Needless to say, those who read von Neumann's book from a purely materialistic
angle miss this point, if I couldn’t spot it looking specifically for an understanding
of what exactly he had in mind, saying that the consciousness collapses the wave
function, as it is customary to say now.
Interpretation of quantum paradoxes, as is known, does not affect the results of
experiments demonstrating these paradoxes. Therefore, the choice of
interpretation remains a matter of taste. The Copenhagen interpretation is the
most widespread, but that does not make it any more correct than the others.
Von Neumann's interpretation, as I understand it, was first voiced by Werner
Heisenberg, who received the Nobel Prize for the creation of quantum mechanics.
Eugene Wigner also shared and developed this interpretation. He was a Nobel
laureate in the field of elementary particle physics and the third scientist
participating in the famous meeting of Albert Einstein and Leo Szilard with
President Roosevelt, which resulted in the decision to create an atomic bomb.
“It may be premature to believe that the present philosophy of quantum
mechanics will remain a permanent feature of future physical theories;” Wigner
wrote in 1967, “it will remain remarkable, in whatever way our future concepts may
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develop, that the very study of the external world led to the conclusion that the
content of the consciousness is an ultimate reality.”
I was looking for the most accurate description of what they meant by the sore
phrase about collapse. It is not my fault that von Neumann meant exactly the
same thing as I mean when I write about objective reality as a metaphor for
consciousness. The words are different, but the meaning is the same.
We create the objective reality of the ordinary world in order to study our
subjective perception of an unusual world, the behavior of which eludes us at the
moment of observation. However, if we consider that I got the idea of objective
reality as a projection of subjective sensations from Max Planck (another Nobel
laureate in the field of quantum physics this time) then there is nothing surprising
in the fact that he and von Neumann looked at this problem from the same angle.
A retrodiction is an inference of the cause from the effect, as opposed to a
prediction, when the effect is inferred from the cause. I took this term from the
paper of James Crutchfield and a group of scientists from Singapore specializing
in the development of quantum computers.
The authors discovered and managed to reproduce experimentally how temporal
asymmetry in the ordinary world turns into symmetry in the quantum world. If in
the ordinary world retrodiction requires much more memory and computational
resources than prediction, then in the quantum world it is no more difficult than
prediction, even when it comes to complex systems with non-linear dynamics.
The cost of retrodiction of states of such systems in the ordinary world is
prohibitively high. It seems to me that this is exactly what Ilya Prigogine (also a
Nobel laureate, but in the field of thermodynamics) meant when he said that time
travel backward is impossible because the entropy barrier is very high.
In the quantum world there is no entropy barrier because there is no arrow of
time. Or is there no arrow of time because there is no entropy barrier? I’m getting
lost. It's time to wrap up.
The episodic memory of a person, according to Endel Tulving, is nothing more
than a mental travel back in time. People are engaged in retrodiction all the time
easily. Karl Friston believes that for retrodiction we are building an inverted model
of the environment. It should be a hell of a model if the environment is quantum.
Now, as it turns out, thanks to Vitaly Vanchurin and Mikhail Katsnelson,
quantumness can arise in neural networks in learning equilibrium. Then there is
no need to build a model. The main thing is to remove the arrow of time because
it seems to be not a feature, but a bug that arises in the process of objectifying
subjective perception.
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The objectified projection of subjective perception certainly has gaps, like a map
unrolled from a globe onto a flat surface. Gaps are closed using distortion. The
arrow of time is such a distortion then. Oh yes, I almost forgot to confirm that the
ordinary world is a simulation, of course, which is based on a nested self-similar
hierarchy of heteroclinic networks in phase space.
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Chapter Six. The World as a Neural Network
The simplest mathematical model of a neural network can generate the dynamics
of processes from both quantum and classical physics. Thus, the hypothesis that
the universe is a neural network can become a unifying theory of everything.
Some people call it God’s Algorithm. This is the essence of Vitaly Vanchurin’s
hypothesis.
If it were otherwise, humanity would still not be aware of the fact that there are
quantum and classical processes. If the neural networks of individual people, at
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least, could not reproduce the dynamics of these processes, no one would
understand that they exist.
It is impossible to remove science from science, but the fruit fly, for example, or E.
coli bacteria reproduce the dynamics of both quantum and classical processes in
the networks of their cells, molecules, and atoms, ensuring their survival and
reproduction with great success.
Neural networks are just a special case of the ubiquitous proliferation of
networks (they are also very often called lattices). The main thing is the dynamics
of the production of an ordered signal at the output from chaos (or Kolmogorov
complexity) at the input.
The more complex the organism is, the more ordered signals it is able to produce,
the more complex and extended in time and space is its Universe.
I constantly cut off the question, where does the chaos at the input come from,
because we cannot find a scientific way to refute any of the hypotheses: from
matter, from God, by itself. And I want to limit the book to scientific hypotheses
and theories.
A completely unique group of scientists from an astrophysicist and jazzman to
the quantum computer architect of Microsoft published an article on April 9 that
the universe is a neural network that learns its own laws. At the center of the list of
seven co-authors was Lee Smolin, the author of the theory that there is a universe
in each black hole. Four are Microsoft employees.
The authors cited the work of Vitaly Vanchurin that the Universe is a neural
network, published in August 2020, but for some reason, they called his theory “a
new framework for the presentation of known laws”, apparently with a hint that the
“deep, recurrent, cyclic neural network” proposed by them is much cooler than the
basic model used by Vanchurin.
The place seems to be getting hot because for the second day I wade through an
article written by Vanchurin in collaboration with Mikhail Katsnelson and
published in December 2020 that the behavior of learning neurons in a neural
network can, under certain conditions, be described by the Schrödinger
equation, in other words, it can be quantum and correspond to process 2 as
defined by John von Neumann, albeit at the macro level.
But that was not the only thing that impressed me. In fact, there is only one
condition — the level of free energy in the hidden layer of the network should have
an ensemble of values, and not one value. It immediately occurred to me that the
variational free energy according to Karl Friston is also an ensemble of values.
The multivaluedness is achieved by the arrangement that the neural network has
access to a source of new neurons and the number of neurons in it can both
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increase and decrease. Neurogenesis goes on in the hippocampus constantly but
only those neurons that get connected to the network survive.
Neurodegeneration happens all the time, and the network takes in more new
neurons when it learns harder.
The number of neurons in the epsilon neural network of Lana Sinapayen also
increases or decreases depending on the level of complexity of the data being
processed.
As a cherry on top, quantum learning is reversible, which allows the network to
maintain a constant level of entropy because the production of negative
(destruction of) entropy in the learning process is balanced by the production of
entropy in the unlearning process.
So it happens straight according to Alvin Toffler: learn, unlearn and relearn.
The growth of chaos is - an increase in the degrees of freedom - the destruction
of patterns. Learning is the reduction of the degrees of freedom - the creation of
patterns.
The more degrees of freedom the chaos has, the more patterns learning can
create from it.
The more order emerges from patterns created with learning, the less degrees of
freedom are left to create new patterns.
The growth of chaos can also be thought of as an increase in entropy. Learning,
accordingly, leads to a decrease in entropy. At the same time, the level of
knowledge increases, and the level of energy should decrease.
You cannot lower entropy without spending energy on it. Energy always flows
freely only from an area of low entropy to an area of high entropy.
Knowledge, on the contrary, flows freely in the learning process from an area of
high entropy to an area of low entropy.
If the system is unlearning - loses knowledge, increases entropy, and has access
to an energy source, the entropy of which remains unchanged, then the system
can replenish its energy level due to the spontaneous flow of energy into the area
of increasing entropy.
In this case, the learning process is equivalent to the process of decreasing the
energy level in the system. We learn - we breathe in knowledge, discharge energy,
we unlearn - we breathe out knowledge, we refill energy.
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Dynamic equilibrium in learning is achieved when inhalation and exhalation
alternate constantly and are never so deep as to displace all energy or exhale all
knowledge.
The remainder of knowledge with each exhalation may not change quantitatively,
but improves qualitatively if more and more capacious and universal laws are
preserved in it.
The theory of the universe as a neural network is about this, I think.
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Chapter Seven. Equations of Life
1961 went down in history as the year of the first manned flight into space. Even
now, 60 years later, the thought experiment with Wigner's friend does not seem to
us even close to an event of comparable magnitude.
Eugene Wigner's experiment and the conclusion he drew from it remained
unknown to the general public and misunderstood by most scientists.
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In recent years, the interest of physicists and mathematicians in Wigner's
experiment has revived. They are trying not so much to understand what Wigner
had in mind, but to reproduce his thought experiment in physical reality or to
prove or disprove it using mathematical calculations.
I do not know how to read formulas and therefore have to read the text, with
difficulty analyzing the shortest equations. Despite this or perhaps because of
this, sometimes it seems to me that I see a meaning in scientific works that
escapes the professionally trained readers. This is what I was able to take away
from Wigner's work Remarks on the Mind-Body Question.
Wigner believed that the discovery of quantum physics leads to the conclusion
that the ordinary physical world exists only in the mind of the observer. This
conclusion completely refutes materialism, and also favours solipsism (a
philosophical theory postulating that the world is given to us only in subjective
sensations and in principle it is impossible to break out of the limits of the
individual psyche).
Most scientists, in his opinion, continued to adhere to the materialistic point of
view, only because they needed motivation to continue scientific research. They
wanted to work with the universal objective laws of nature, and not just with some
limitations of subjective perception.
Wigner wrote this work in 1961, when several decades have passed since the
creation of quantum physics. Therefore, he needed to explain why such an
obvious and scientifically grounded conclusion was not widely disseminated in
the scientific community. He couldn’t find any other reason than the
psychological one to explain this phenomenon.
Solipsism did not satisfy Wigner because he somehow could get ready-made
results of observations in his mind without collapsing the wave function on his
own. He decided to focus his work on proving the existence of other minds
besides his own. That's why he needed a friend, and not at all in order to prove
that consciousness collapses the wave function. He considered the answer to the
question of collapse obvious.
Wigner's thought experiment showed, from his point of view, that the process of
observing an observer (and in his and von Neumann's interpretation, the
observer is consciousness, not a device) cannot be described by either quantum
or ordinary linear equations. He recalled that Lev Landau, back in 1927, proposed
using mixed equations in such a situation. The mixed equations turned out to be
nonlinear.
Therefore, Wigner titled the final section of the description of his experiment
Non-linearity of Equations as Indication of Life. By the time of this writing, Wigner
probably already believed that all living things have consciousness.
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If Wigner is right, it becomes clear why nonlinear dynamics climbs out of every
crack in this book about natural intelligence as the basis of life.
When the hype about chaos theory began to wane in the late 1990s, chaos
research was renamed nonlinear dynamics research. Therefore, chaos in the
scientific sense and nonlinear dynamics are almost synonymous. Chaos is a sign
of life (intelligence), it turns out.
A small problem with nonlinear dynamical equations is that modern mathematics
cannot solve them, as one mathematician told me. However, we can build graphs draw trajectories of nonlinear dynamics in phase space. If we assume that any life
is intelligent per se, then the emergence of learning-capable networks in phase
space may be an indication of natural intelligence.
It's time for me to stop at this point. It is impossible to end with a dot. So I put a
question mark.
If we want to survive, it's time for us to shift the focus from trying to deal with
external phenomena of nature to better understanding ourselves. Wigner made
such a conclusion from the discoveries of quantum physics. For this to happen,
as I now understand it, it is necessary to break down the walls that scientists are
erecting in front of themselves and between each other. This book is my so far the
best attempt to connect brilliant but sparse brains into a network attractor in the
phase space. What if it works out?
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Chapter Eight. Rock-Paper-Scissors
A mathematical model of just one neuron can predict earthquake aftershocks
using only two parameters and logistic regression (the same one used in the
Lotka-Volterra system of equations) with the same or higher accuracy as a deep
neural network of six hidden layers of 50 neurons in each, processing over 13
thousand parameters.
The story about this made a lot of noise in narrow circles in 2018-19. Since then, I
have been constantly asking myself the question: do modern versions of artificial
neural networks have redundant functionality, which makes the basic principle of
their work incomprehensible?
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It seems to me that a simple ancient game of rock-paper-scissors helps to reveal
just such a fundamental principle of learning from chaos.
A player in rock-paper scissors can be represented as a heteroclinic network of
three phase states: rock (R), scissors (S) and paper (P). Possible transitions between
these states (variants of moves), the network’s edges are indicated by arrows,
each of which has its own probability.
Each new move in this game does not depend on the previous one and the graph
of the player's phase states is a classic Markov chain or Crutchfield epsilon
machine.
If all moves (phase states) are equally probable, then the player behaves
completely randomly. Determining the probabilities of choosing moves is called a
strategy.
If there is a second player, then whatever strategy he chooses, he will not be able
to beat the first player in a series of attempts. On the contrary, in order not to
lose, the second player must adhere to the same strategy as the first.
Thus, the choice of the strategy of equal probability of all moves leads to the
achievement of the Nash equilibrium. Named after John Forbes Nash and
formulated by him in his doctoral dissertation, the equilibrium just means that in
a noncooperative game there are strategies that allow you to avoid losing with a
large number of attempts.
As long as we have only one player, he constantly changes his states, in other
words, fluctuates or oscillates in a completely random way.
The appearance of the second player does not change anything in his
oscillations. Moreover, the second player begins to oscillate as unpredictably as
the first.
If win = 1, loss = -1, and draw = 0, then each player will win exactly as much as the
other will lose. This is a zero-sum game.
If win = 1, loss = -1, and a draw can give one player the opportunity to win more
than another loses, then it will be a non-zero-sum game. This option is possible if
the rules state that the payout what players get in case of a draw ranges from 0
to 0.5.
I want to focus on this point especially because Yuzuru Sato and his colleagues
focused on the nonzero sum of the game in their work, although, in addition to
deviating the result from zero, we also get a great deal of variability using such a
step. If we recall the work of Vanchurin and Katsnelson on the emergence of
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quantum dynamics in an artificial neural network in learning equilibrium, there
the authors also added variability to the stochastic (random) dynamics of the
hidden layer, on the input of which the output layer of the network was learning.
Now let's move on to learning. If we base it on the simple principle that the payoff
serves as a reinforcement for adjusting the probabilities of choosing moves by
each of the players, then the system of coupled replicator equations turns out to
be very suitable for mathematical programming of such a learning process.
Here, too, emphasis is required. The replicator equations in game theory are
completely equivalent to the Lotka-Volterra equations in evolutionary theory.
Moreover, the replicator equations are an adaptation of the Lotka-Volterra
equations to game theory.
The emphasis is important because we are dealing here with the same processes
of winnerless competition, which, once again, are simply called differently. It is the
dual replicator equations that were used by James Crutchfield and Sato to
describe the learning process of two players (two heteroclinic networks in phase
space) while playing rock-paper-scissors.
The result turned out to be very interesting and painfully familiar. Applying a
system of learning equations to a zero-sum game resulted in the players not
achieving Nash equilibrium, but creating real deterministic chaos without
attractors.
Although the averages for the zero-sum series of games did not differ from the
Nash equilibrium (pure randomness), the deviations from the averages in some
sections of the game's course became much stronger. Randomness has become
much more varied, so to speak.
With a deviation from zero sum, the dynamics of the game became even more
interesting. Let's give the floor to Sato: "When the zero-sum condition is violated
we observe other complicated dynamical behaviors, such as heteroclinic orbits
with chaotic transients." Naturally, we are talking about orbits in phase space.
This is the winnerless competition dynamics.
Two neurons can learn from each other, having access to the same source of
chaos at the action-perception level, but not at all directly exchanging
information with each other. It turns out that chaos becomes a medium (a
channel of transmission or a source of information) if you add variety to it.
To figure this out, we needed only two neurons, each of which is a simple network
of three states in phase space, as well as assigning dynamics to them using a
simple system of equations with nonlinear dynamics - equations indicating the
presence of life, according to Eugene Wigner. I will now call them equations of
learning.
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Curiously, dynamics similar to the wave function in quantum physics can, under
certain circumstances, arise in the evolving Lotka-Volterra system when it reaches
stability.
A work with an example of such system behavior was published in 2016. Djordje
Minic of the Virginia Tech University and Sinisa Pajevic of the US National
Institutes of Health suggested that in order to explain the effect of the formation
of stability in nonlinear processes in living nature, it is necessary to create a
theory of quantum-similar processes.
After all, the emergence of stability in complex adaptive systems (such as
Lotka-Volterra) does not at all correspond to the classical theories of stability, but
fits perfectly into the Schrödinger equation with the "Planck constant", which in
this case has a different value than in quantum physics and depends on the
system.
Therefore, the authors of the work emphasize that the theory proposed by them
describes a new type of emergent stability arising in biological systems, and they
do not try to assert that classical quantum physics can be applied at the macro
level.
Here, I involuntarily see an analogy with the wave function that arises in the
Vanchurin and Katsnelson neural networks when the network reaches equilibrium
in learning. The excellent description of complex adaptive systems that was given
Serena Chan
Eugene Wigner gave a very interesting definition of the wave function. The wave
function of an object is a mathematical concept that is composed of a countable
infinity of numbers containing all possible knowledge concerning an object. "If
one knows these numbers, one can foresee the behavior of the object as far as it
can be foreseen. More precisely, the wave function permits one to foretell with
what probabilities the object will make one or another impression on us either
directly, or indirectly."
So defined, the wave function conveys the distribution of meaning of any object.
Emergent quantum-like behaviour in complex adaptive systems may bridge
classical and quantum physics through the process of learning of chaos (either
derived from observations or self-emergent).
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Chapter Nine. Surprise Engineering
Serena Chan is currently a Department Director at the Defense Information
Systems Agency (DISA) of the United States. She came to my attention thanks to a
report on Complex Adaptive Systems, which she made at a seminar back in 2001,
during her doctoral studies at the Massachusetts Institute of Technology.
I will not retell here all the properties of complex adaptive systems. They are
beautifully described in Serena's report. I only point out that all living creatures,
all systems of living agents, and natural neural networks are complex adaptive
systems.
The best way to work with such systems is the aggregation of models, which
makes it possible to simplify them without significant errors.
Markov chains are the most general way of aggregating the description of such
systems through their various states and connections (transitions) between these
states. Heteroclinic networks in the phase space and Crutchfield epsilon
machines serve for such aggregation based on Markov chains.
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Simple evolutionary algorithms also serve as additional aggregation tools.
Generalized systems of Lotka-Volterra equations are precisely such algorithms,
and their use in games allows adding functions of selection, mutation, and fitness
to them.
Complex adaptive systems are capable of co-evolution. The American medical
doctor and scientist Stuart Kauffman coined the term co-evolution in 1993. He
studies the origins of life and co-founded the Santa Fe Institute for the study of
complexity, where James Crutchfield began his career.
The world of complexity is intertwined. Astrophysicist Marina Cortes, co-author
with Lee Smolin's of the theory of energy causal sets as the basis of the universe,
recently wrote to me that she, Smolin, Andrew Liddle, a cosmologist researching
the origin and evolution of the universe, and aforementioned Stuart Kauffman will
soon together publish the first paper on biocosmology - the new science which
the four of them create.
I cannot withstand bragging that, in Marina's opinion, this book has many
intersections with their new science.
The phenomenon of emergence is inherent in complex adaptive systems. Order in
them emerges from chaos, and stability - from deviation from equilibrium. Now we
seem to know that a quantum-like state can also emerge in them.
However, the most important question for me, Chan saved for the end of her
presentation. In the section on assessing the applicability of complex adaptive
systems in engineering solutions, she wrote that the Internet is certainly a very
large and complex system, but even it does not have the characteristics of a
complex adaptive system. The way of thinking of the Internet is human and
therefore the Internet cannot behave surprisingly.
Therefore, the question of using complex adaptive systems in engineering comes
down to the question: are we, in principle, capable of creating artifacts that can
behave so surprisingly that the phenomena of emergence can emerge in them?
I think we need to learn how to create them. After all, we need such genuienly
surprising artifacts to preserve humanness in ourselves. At this point I will rely for
closing remarks on Albert Einstein:
“The most beautiful thing we can experience is the mysterious. It is the source of
all true art and science. He to whom this emotion is a stranger, who can no longer
pause to wonder and stand rapt in awe, is as good as dead: his eyes are closed.”
and Max Planck:
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“In view of these facts, perhaps many who have lost the art of wondering may feel
disposed to learn it anew. And in fact, compared with immeasurably rich, ever
young Nature, advanced as man may be in scientific knowledge and insight, he
must forever remain the wondering child and must constantly be prepared for
new surprises.”
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Conclusion. From One to Zero
“There are attractive possibilities for conceiving and demonstrating complex
topological changes in attractor landscapes in the insulated neocortices that
accompany performance of the most elemental arithmetic operations.”
Walter Freeman, biologist, theoretical neuroscientist and philosopher

“It may well be that certain nerve pulse combinations will stimulate a given neuron
not simply by virtue of their number but also by virtue of the spatial relations of
the synapses to which they arrive…
...when we talk mathematics, we may be discussing a secondary language, built on
the primary language truly used by the central nervous system. Thus the outward
forms of our mathematics are not absolutely relevant from the point of view of
evaluating what the mathematical or logical language truly used by the central
nervous system is. However, the above remarks about reliability and logical and
arithmetical depth prove that whatever the system is, it cannot fail to differ
considerably from what we consciously and explicitly consider as mathematics.”
John von Neumann, mathematician, physicist, computer scientist, engineer and
polymath

“The common viewpoint that a neuron consists of a unique and centralized
excitable element which sums all incoming signals was questioned through the
proposed new types of experiments. A new realization for the computational
scheme of a neuron was presented, indicating that a neuron consists of several
independent threshold units. Each sub-cellular threshold unit sums the incoming
signals from a given confined direction with its given threshold...”
Ido Kanter, professor of physics
Power-law scaling to assist with key challenges in artificial intelligence is the title
of an article by the Department of Physics, Bar-Ilan University in Israel. published
in the journal Nature in November 2020.
The inspirer and coordinator of the project, professor of physics Ido Kanter, who
combines the study of the nonlinear dynamics of lasers and brain neurons, came
into my field of vision much earlier. In 2018, his team proved experimentally an idea
expressed by John von Neumann exactly 70 years earlier.
In his latest book The Computer and the Brain, published already posthumously,
von Neumann suggested that the excitation of a neuron does not occur after

140
reaching one common threshold value of its action potential, but after reaching
several threshold values, which depend on the directions from which the impulse
arrives. It was this idea that Kanter confirmed.
Why is it important? Because this idea implies that the brain does not deal with
unambiguous markers, but it derives meaning from the statistical properties of
the message. The brain sacrifices mathematical precision in favor of logical
precision, but it still remains logically imprecise because it deals with the
distribution of probability, and not with its mean.
It turns out not very clear, but I try as best I can. Don't shoot the pianist. He plays
as best he can.
If you recall the section Intelligence on the Move, then you will remember two
modes of movement described there. One corresponded to the exploitation of
knowledge obtained earlier, and the other secured the process of exploration,
obtaining new knowledge.
These two modes differed from each other in the speed of diffusion of probability.
Exponential diffusion of probability took place in the exploitation mode.
Abnormally high diffusion speed - according to the power law - occurred in the
exploration mode, when learning took place.
Kanter believes that by applying the power law to deep neural networks, he
obtained results that can enable “the building of an initial step for theoretical
framework for deep learning by feedforward neural networks.” One such result, for
instance, suggests that the learning ability of the network does not improve with
adding more hidden layers to just one hidden layer.
Kanter's optimal mathematical model of a neural network that can learn in real
time becomes very similar to the model used by Vitaly Vanchurin, although they
use different terms to denote the variable parameter of minimization of the cost
function (God, forgive me, for I don't know, what I'm writing about).
Natural intelligence uses, in the words of von Neumann, a notation system that
conveys meaning through the statistical properties of a message. Statistical
properties in such a system cannot be conveyed using mathematical symbols
because the symbolic notation system is secondary to the language of the brain.
How are they conveyed then?
Perhaps Kanter or Vanchurin will find the right answer? Appendix One to the book
will be a list of all living scientists featured in it. There were 54 of them in total. Not
so few already but there are also co-authors and researchers whom I didn’t find.
This afterword was born because I was unable to end the book with the
testimonies of those who died long ago. They created quantum physics, a
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computer and an atomic bomb, and left the riddle of how the mind works for
resolution to those who live today.
I have a feeling that the decisive steps towards understanding ourselves are
being made right now. Small steps are being taken that raise big questions laying
down the foundation to big answers.
“What is the step in brain dynamics that goes beyond categorizing inputs from a
collection of objects or events in creating a symbol of a category that has no
objects or events?” Walter Freeman asked after explaining that digits literally
mean fingers in Latin.
Of course, before everything else we should see how the transition from one to
zero occurs in the language of meanings, possibly, in heteroclinic networks in
phase space.
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Appendix One
Featured living scientists in the order of appearance:
David C. Geary
Drew H. Bailey
Peter J. Richerson
Robert Boyd
John Hawks
Maciej Henneberg
Gerald R. Crabtree
Buce Hood
Richard Wrangham
Hugo Spiers
Aida Gómez-Robles
George Lakoff
Aimee E. Stahl
Lisa Feigenson
Paul Muentener
Laura Schultz
Peter Gärdenfors
Jacob Bellmund
Christian Doeller
Edvard Mozer
John O'Keefe
Lynn Nadel
Richard Morris
May-Britt Moser
Colin Lever
Steven Poulter
Roberto Bottini
Paul Bloom
Colin G. DeYoung
Mikhail Semenov
Misha Gromov
Pablo Varona
Mikhail Rabinovich
Endel Tulving
Lee Smolin
Marina Cortes
James Crutchfield
Angela Yu
Peter Dayan
Louis Pecora
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Thomas Carroll
Lana Sinapayen
Karl Friston
Rosalyn Moran
Jeffrey Hinton
James Reggia
Mostafa Bendahmane
Ichiro Tsuda
Maximilian Voit
Hildegard Meyer-Ortmanns
Michael Levin
Vitaly Vanchurin
Mikhail Katsnelson
Ido Kanter

