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INTRODUCTION

The Brain—is wider than the Sky—
For—put them side by side—

The one the other will contain

With ease—and You—beside—

The Brain is deeper than the sea—
For—hold them—Blue to Blue—
The one the other will absorb—

As Sponges—Buckets—do—

The Brain is just the weight of God

For—Heft them—Pound for Pound

And they will differ—if they do—
As Syllable from Sound



—Emily Dickinson

As the most important phenomenon in the

universe, intelligence 1is capable of
transcending natural limitations, and of
transforming the world in its own image.
In human hands, our intelligence has
enabled us to overcome the restrictions of
our biological heritage and to change
ourselves in the process. We are the only
species that does this.

The story of human intelligence starts
with a universe that is capable of
encoding information. This was the
enabling factor that allowed evolution to
take place. How the universe got to be this
way is itself an interesting story. The



standard model of physics has dozens of
constants that need to be precisely what
they are, or atoms would not have been
possible, and there would have been no
stars, no planets, no brains, and no books
on brains. That the laws of physics are so
precisely tuned to have allowed the
evolution of information appears to be
incredibly unlikely. Yet by the anthropic
principle, we would not be talking about it
if it were not the case. Where some
people see a divine hand, others see a
multiverse spawning an evolution of
universes with the boring (non-
information-bearing) ones dying out. But
regardless of how our universe got to be
the way it is, we can start our story with a
world based on information.

The story of evolution unfolds with



increasing levels of abstraction. Atoms—
especially carbon atoms, which can create
rich information structures by linking in
four different directions—formed
increasingly complex molecules. As a
result, physics gave rise to chemistry.

A billion years later, a complex
molecule called DNA evolved, which
could precisely encode lengthy strings of
information and generate organisms
described by these “programs.” As a
result, chemistry gave rise to biology.

At an increasingly rapid rate,
organisms evolved communication and
decision networks called nervous systems,
which could coordinate the increasingly
complex parts of their bodies as well as
the behaviors that facilitated their
survival. The neurons making up nervous



systems aggregated into brains capable of
increasingly intelligent behaviors. In this
way, biology gave rise to neurology, as
brains were now the cutting edge of
storing and manipulating information.
Thus we went from atoms to molecules to
DNA to brains. The next step was
uniquely human.

The mammalian brain has a distinct
aptitude not found in any other class of
animal. We are capable of hierarchical
thinking, of understanding a structure
composed of diverse elements arranged in
a pattern, representing that arrangement
with a symbol, and then using that symbol
as an element in a yet more elaborate
configuration. This capability takes place
in a brain structure called the neocortex,
which in humans has achieved a threshold



of sophistication and capacity such that
we are able to call these patterns ideas.
Through an unending recursive process
we are capable of building ideas that are
ever more complex. We call this vast
array of recursively linked ideas
knowledge. Only Homo sapiens have a
knowledge base that itself evolves, grows
exponentially, and is passed down from
one generation to another.

Our brains gave rise to yet another
level of abstraction, in that we have used
the intelligence of our brains plus one
other enabling factor, an opposable
appendage—the thumb—to manipulate the
environment to build tools. These tools
represented a new form of evolution, as
neurology gave rise to technology. It is
only because of our tools that our



knowledge base has been able to grow
without limit.

Our first invention was the story:
spoken language that enabled us to
represent ideas with distinct utterances.
With the subsequent invention of written
language we developed distinct shapes to
symbolize our ideas. Libraries of written
language vastly extended the ability of our
unaided brains to retain and extend our
knowledge base of recursively structured
ideas.

There is some debate as to whether
other species, such as chimpanzees, have
the ability to express hierarchical ideas in
language. Chimps are capable of learning
a limited set of sign language symbols,
which they can use to communicate with
human trainers. It is clear, however, that



there are distinct limits to the complexity
of the knowledge structures with which
chimps are capable of dealing. The
sentences that they can express are limited
to specific simple noun-verb sequences
and are not capable of the indefinite
expansion of complexity characteristic of
humans. For an entertaining example of the
complexity of human-generated language,
just read one of the spectacular multipage-
length sentences in a Gabriel Garcia
Maérquez story or novel—his six-page
story “The Last Voyage of the Ghost” is a
single sentence and works quite well in
both Spanish and the English translation.
The primary idea in my three
previous books on technology (7The Age of
Intelligent Machines, written in the 1980s
and published in 1989; The Age of



Spiritual Machines, written in the mid- to
late 1990s and published in 1999; and The
Singularity Is Near, written in the early
2000s and published in 2005) is that an
evolutionary process inherently
accelerates (as a result of its increasing
levels of abstraction) and that its products
grow exponentially in complexity and
capability. I call this phenomenon the law
of accelerating returns (LOAR), and it
pertains to both biological and
technological  evolution. The most
dramatic example of the LOAR is the
remarkably  predictable  exponential
growth in  the capacity and
price/performance of information
technologies. The evolutionary process of
technology led invariably to the computer,
which has in turn enabled a vast expansion



of our knowledge base, permitting
extensive links from one area of
knowledge to another. The Web is itself a
powerful and apt example of the ability of
a hierarchical system to encompass a vast
array of knowledge while preserving its
inherent structure. The world itself is
inherently  hierarchical—trees contain
branches; branches contain leaves; leaves
contain veins. Buildings contain floors;
floors contain rooms; rooms contain
doorways, windows, walls, and floors.
We have also developed tools that
are now enabling us to understand our
own biology in precise information terms.
We are rapidly reverse-engineering the
information processes that underlie
biology, including that of our brains. We
now possess the object code of life in the



form of the human genome, an
achievement that was itself an outstanding
example of exponential growth, in that the
amount of genetic data the world has
sequenced has approximately doubled

every year for the past twenty years.Z We
now have the ability to simulate on
computers how sequences of base pairs
give rise to sequences of amino acids that
fold up into three-dimensional proteins,
from which all of biology is constructed.
The complexity of proteins for which we
can simulate protein folding has been
steadily increasing as computational

resources continue to grow exponentially.
We can also simulate how proteins
interact with one another in an intricate
three-dimensional dance of atomic forces.
Our growing understanding of biology is



one important facet of discovering the
intelligent secrets that evolution has
bestowed on us and then using these
biologically inspired paradigms to create
ever more intelligent technology.

There is now a grand project under
way involving many thousands of
scientists and engineers working to
understand the best example we have of an
intelligent process: the human brain. It is
arguably the most important effort in the
history of the human-machine civilization.
In The Singularity Is Near 1 made the
case that one corollary of the law of
accelerating returns is that other intelligent
species are likely not to exist. To
summarize the argument, if they existed
we would have noticed them, given the
relatively brief time that elapses between



a civilization’s  possessing  crude
technology (consider that in 1850 the
fastest way to send nationwide
information was the Pony Express) to its
possessing technology that can transcend

its own planet? From this perspective,
reverse-engineering the human brain may
be regarded as the most important project
in the universe.

The goal of the project is to
understand precisely how the human brain
works, and then to use these revealed
methods to better understand ourselves, to
fix the brain when needed, and—most
relevant to the subject of this book—to
create even more intelligent machines.
Keep in mind that greatly amplifying a
natural phenomenon is precisely what
engineering is capable of doing. As an



example, consider the rather subtle
phenomenon of Bernoulli’s principle,
which states that there is slightly less air
pressure over a moving curved surface
than over a moving flat one. The
mathematics of how Bernoulli’s principle
produces wing lift is still not yet fully
settled among scientists, yet engineering
has taken this delicate insight, focused its
powers, and created the entire world of
aviation.

In this book I present a thesis I call
the pattern recognition theory of mind
(PRTM), which, I argue, describes the
basic algorithm of the neocortex (the
region of the brain responsible for
perception, memory, and critical thinking).
In the chapters ahead 1 describe how
recent neuroscience research, as well as



our own thought experiments, leads to the
inescapable conclusion that this method is
used consistently across the neocortex.
The implication of the PRTM combined
with the LOAR is that we will be able to
engineer these principles to vastly extend
the powers of our own intelligence.
Indeed this process is already well
under way. There are hundreds of tasks
and activities formerly the sole province
of human intelligence that can now be
conducted by computers, usually with
greater precision and at a vastly greater
scale. Every time you send an e-mail or
connect a cell phone call, intelligent
algorithms optimally route the
information. Obtain an electrocardiogram,
and it comes back with a computer
diagnosis that rivals that of doctors. The



same is true for blood cell images.
Intelligent algorithms automatically detect
credit card fraud, fly and land airplanes,
guide intelligent weapons systems, help
design products with intelligent computer-
aided design, keep track of just-in-time
inventory levels, assemble products in
robotic factories, and play games such as
chess and even the subtle game of Go at
master levels.

Millions of people witnessed the
IBM computer named Watson play the
natural-language game of Jeopardy! and
obtain a higher score than the best two
human players in the world combined. It
should be noted that not only did Watson
read and “understand” the subtle language
in the Jeopardy! query (which includes
such phenomena as puns and metaphors),



but it obtained the knowledge it needed to
come up with a response from
understanding hundreds of millions of
pages of natural-language documents
including Wikipedia and other
encyclopedias on its own. It needed to
master virtually every area of human
intellectual endeavor, including history,
science, literature, the arts, culture, and
more. IBM is now working with Nuance
Speech Technologies (formerly Kurzweil
Computer Products, my first company) on
a new version of Watson that will read
medical literature (essentially all medical
journals and leading medical blogs) to
becomea master diagnostician and
medical consultant, using Nuance’s
clinical language—understanding
technologies. Some observers have argued



that Watson does not really “understand”
t h eJeopardy!  queries or  the
encyclopedias it has read because it is just
engaging in “statistical analysis.” A key
point I will describe here is that the
mathematical techniques that have evolved
in the field of artificial intelligence (such
as those used in Watson and Siri, the
iPhone assistant) are mathematically very
similar to the methods that biology
evolved in the form of the neocortex. If
understanding  language and  other
phenomena through statistical analysis
does not count as true understanding, then
humans have no understanding either.
Watson’s ability to intelligently
master the knowledge in natural-language
documents is coming to a search engine
near you, and soon. People are already



talking to their phones in natural language
(via Siri, for example, which was also
contributed to by Nuance). These natural-
language assistants will rapidly become
more intelligent as they utilize more of the
Watson-like methods and as Watson itself
continues to improve.

The Google self-driving cars have
logged 200,000 miles in the busy cities
and towns of California (a figure that will
undoubtedly be much higher by the time
this book hits the real and virtual shelves).
There are many other examples of
artificial intelligence in today’s world,
and a great deal more on the horizon.

As further examples of the LOAR,
the spatial resolution of brain scanning
and the amount of data we are gathering on
the brain are doubling every year. We are



also demonstrating that we can turn this
data into working models and simulations
of brain regions. We have succeeded in
reverse-engineering key functions of the
auditory cortex, where we process
information about sound; the visual cortex,
where we process information from our
sight; and the cerebellum, where we do a
portion of our skill formation (such as
catching a fly ball).

The cutting edge of the project to
understand, model, and simulate the human
brain is to reverse-engineer the cerebral
neocortex, where we do our recursive
hierarchical thinking. The cerebral cortex,
which accounts for 80 percent of the
human brain, is composed of a highly
repetitive structure, allowing humans to
create arbitrarily complex structures of



ideas.

In the pattern recognition theory of
mind, I describe a model of how the
human brain achieves this critical
capability using a very clever structure
designed by biological evolution. There
are details in this cortical mechanism that
we do not yet fully understand, but we
know enough about the functions it needs
to perform that we can nonetheless design
algorithms that accomplish the same
purpose. By beginning to understand the
neocortex, we are now in a position to
greatly amplify its powers, just as the
world of aviation has vastly amplified the
powers of Bernoulli’s principle. The
operating principle of the neocortex is
arguably the most important idea in the
world, as it is capable of representing all



knowledge and skills as well as creating
new knowledge. It is the neocortex, after
all, that has been responsible for every
novel, every song, every painting, every
scientific discovery, and the multifarious
other products of human thought.

There is a great need in the field of
neuroscience for a theory that ties together
the extremely disparate and extensive
observations that are being reported on a
daily basis. A unified theory is a crucial
requirement in every major area of
science. Inchapter 1 I’ll describe how
two daydreamers unified biology and
physics, fields that had previously seemed
hopelessly disordered and wvaried, and
then address how such a theory can be
applied to the landscape of the brain.

Today we often encounter great



celebrations of the complexity of the
human brain. Google returns some 30
million links for a search request for
quotations on that topic. (It is impossible
to translate this into the number of actual
quotations it is returning, however, as
some of the Web sites linked have
multiple quotes, and some have none.)
James D. Watson himself wrote in 1992
that “the brain is the last and grandest
biological frontier, the most complex thing
we have yet discovered in our universe.”
He goes on to explain why he believes
that “it contains hundreds of billions of
cells interlinked through trillions of
connections. The brain boggles the
mind.”>

I agree with Watson’s sentiment
about the brain’s being the grandest



biological frontier, but the fact that it
contains many billions of cells and
trillions of connections does not
necessarily make its primary method
complex if we can identify readily
understandable (and recreatable) patterns
in those cells and connections, especially
massively redundant ones.

Let’s think about what it means to be
complex. We might ask, is a forest
complex? The answer depends on the
perspective you choose to take. You could
note that there are many thousands of trees
in the forest and that each one is different.
You could then go on to note that each tree
has thousands of branches and that each
branch is completely different. Then you
could proceed to describe the convoluted
vagaries of a single branch. Your



conclusion might be that the forest has a
complexity = beyond  our  wildest
imagination.

But such an approach would literally
be a failure to see the forest for the trees.
Certainly there is a great deal of fractal
variation among trees and branches, but to
correctly understand the principles of a
forest you would do better to start by
identifying the distinct patterns of
redundancy with stochastic (that is,
random) variation that are found there. It
would be fair to say that the concept of a
forest is simpler than the concept of a tree.

Thus it is with the brain, which has a
similar enormous redundancy, especially
in the neocortex. As I will describe in this
book, it would be fair to say that there is
more complexity in a single neuron than in



the overall structure of the neocortex.

My goal in this book is definitely not
to add another quotation to the millions
that already exist attesting to how complex
the brain is, but rather to impress you with
the power of its simplicity. I will do so by
describing how a basic ingenious
mechanism for recognizing, remembering,
and predicting a pattern, repeated in the
neocortex hundreds of millions of times,
accounts for the great diversity of our
thinking. Just as an astonishing diversity ot
organisms arises from the different
combinations of the values of the genetic
code found in nuclear and mitochondrial
DNA, so too does an astounding array of
ideas, thoughts, and skills form based on
the values of the patterns (of connections
and synaptic strengths) found in and



between our  neocortical  pattern
recognizers. As MIT neuroscientist
Sebastian Seung says, “Identity lies not in
our genes, but in the connections between
our brain cells.”®

We need to distinguish between true
complexity of design and apparent
complexity.  Consider the  famous
Mandelbrot set, the image of which has
long been a symbol of complexity. To
appreciate its apparent complication, it is
useful to zoom in on its image (which you
can access via the links in this endnote)./
There 1is endless intricacy within
intricacy, and they are always different.
Yet the design—the formula—for the
Mandelbrot set couldn’t be simpler. It is
six characters long: Z = Z> + C, in which
Z is a “complex” number (meaning a pair



of numbers) and C is a constant. It is not
necessary to fully understand the
Mandelbrot function to see that it is
simple. This formula is applied iteratively
and at every level of a hierarchy. The
same 1s true of the brain. Its repeating
structure 1s not as simple as that of the six-
character formula of the Mandelbrot set,
but it is not nearly as complex as the
millions of quotations on the brain’s
complexity =~ would  suggest.  This
neocortical design is repeated over and
over at every level of the conceptual
hierarchy represented by the neocortex.
Einstein articulated my goals in this book
well when he said that “any intelligent
fool can make things bigger and more
complex...but it takes...a lot of courage to
move in the opposite direction.”
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One view of the display of the
Mandelbrot set, a simple formula that
is iteratively applied. As one zooms
in on the display, the images
constantly change in apparently
complex ways.
So far I have been talking about the

brain. But what about the mind? For
example, how does a problem-solving



neocortex attain consciousness? And
while we’re on the subject, just how many
conscious minds do we have in our brain?
There is evidence that suggests there may
be more than one.

Another pertinent question about the
mind is, what is free will, and do we have
it? There are experiments that appear to
show that we start implementing our
decisions before we are even aware that
we have made them. Does that imply that
free will is an 1llusion?

Finally, what attributes of our brain
are responsible for forming our identity?
Am [ the same person I was six months
ago? Clearly I am not exactly the same as |
was then, but do I have the same identity?

We’ll review what the pattern
recognition theory of mind implies about



these age-old questions.



CHAPTER 1



THOUGHT
EXPERIMEN
ON THE
WORLD

Darwin’s theory of natural selection
came very late in the history of
thought.

Was it delayed because it
opposed revealed truth, because it
was an entirely new subject in the



history of science, because it was
characteristic only of living things, or
because it dealt with purpose and
final causes without postulating an
act of creation? I think not. Darwin
simply discovered the role of
selection, a kind of causality very
different from the  push-pull
mechanisms of science up to that
time. The origin of a fantastic variety
of living things could be explained
by the contribution of which novel
features, possibly of random
provenance, made it to survival.
There was little or nothing in
physical or biological science that
foreshadowed selection as a causal
principle.
—B. F. Skinner



Nothing is at last sacred but the
integrity of your own mind.
—Ralph Waldo Emerson



A Metaphor from
Geology

In the early nineteenth century geologists

pondered a fundamental question. Great
caverns and canyons such as the Grand
Canyon in the United States and Vikos
Gorge in Greece (reportedly the deepest
canyon in the world) existed all across the
globe. How did these majestic formations
get there?

Invariably there was a stream of
water that appeared to take advantage of
the opportunity to course through these
natural structures, but prior to the mid-
nineteenth century, it had seemed absurd
that these gentle flows could be the
creator of such huge valleys and cliffs.



British geologist Charles Lyell (1797-
1875), however, proposed that it was
indeed the movement of water that had
carved out these major geological
modifications over great periods of time,
essentially one grain of rock at a time.
This proposal was initially met with
ridicule, but within two decades Lyell’s
thesis achieved mainstream acceptance.
One person who was carefully
watching the response of the scientific
community to Lyell’s radical thesis was
English naturalist Charles Darwin (1809—
1882). Consider the situation in biology
around 1850. The field was endlessly
complex, faced with countless species of
animals and plants, any one of which
presented great intricacy. If anything, most
scientists resisted any attempt to provide a



unifying theory of nature’s dazzling
variation. This diversity served as a
testament to the glory of God’s creation,
not to mention to the intelligence of the
scientists who were capable of mastering
it.

Darwin approached the problem of
devising a general theory of species by
making an analogy with Lyell’s thesis to
account for the gradual changes in the
features of species over many generations.
He combined this insight with his own
thought experiments and observations in
his famous Voyage of the Beagle. Darwin
argued that in each generation the
individuals that could best survive in their
ecological niche would be the individuals
to create the next generation.

On November 22, 1859, Darwin’s



book On the Origin of Species went on
sale, and in it he made clear his debt to
Lyell:

I am well aware that this
doctrine  of natural selection,
exemplified in the above imaginary
instances, 1s open to the same
objections which were at first urged
against Sir Charles Lyell’s noble
views on “the modern changes of the
earth, as illustrative of geology”; but
we now very seldom hear the action,
for instance, of the coast-waves
called a trifling and insignificant
cause, when applied to the
excavation of gigantic valleys or to
the formation of the longest lines of
inland cliffs. Natural selection can



act only by the preservation and
accumulation of infinitesimally small
inherited modifications, each
profitable to the preserved being; and
as modern geology has almost
banished such views as the
excavation of a great valley by a
single diluvial wave, so will natural
selection, if it be a true principle,
banish the belief of the continued
creation of new organic beings, or of
any great and sudden modification in

their structure 1
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Charles Darwin, author of
On the Origin of Species,
which established the i1dea of

biological evolution.

There are always multiple reasons
why big new ideas are resisted, and it is
not hard to identify them in Darwin’s case.
That we were descended not from God but
from monkeys, and before that, worms,
did not sit well with many commentators.



The implication that our pet dog was our
cousin, as was the caterpillar, not to
mention the plant it walked on (a millionth
or billionth cousin, perhaps, but still
related), seemed a blasphemy to many.
But the idea quickly caught on
because it brought coherence to what had
previously been a plethora of apparently
unrelated observations. By 1872, with the
publication of the sixth edition of On the
Origin of Species, Darwin added this
passage: “As a record of a former state of
things, I have retained in the foregoing
paragraphs...several sentences which
imply that naturalists believe in the
separate creation of each species; and I
have been much censured for having thus
expressed myself. But undoubtedly this
was the general belief when the first



edition of the present work appeared....
Now things are wholly changed, and

almost every naturalist admits the great

principle of evolution.”2

Over the next century Darwin’s
unifying idea deepened. In 1869, only a
decade after the original publication of On
the Origin of Species, Swiss physician
Friedrich Miescher (1844-1895)
discovered a substance he called
“nuclein” in the cell nucleus, which turned

out to be DNA.2 In 1927 Russian biologist
Nikolai Koltsov (1872—-1940) described
what he called a “giant hereditary
molecule,” which he said was composed
of “two mirror strands that would
replicate in a semi-conservative fashion
using each strand as a template.” His
finding was also condemned by many. The



communists considered it to be fascist
propaganda, and his sudden, unexpected
death has been attributed to the secret

police of the Soviet Union? In 1953,
nearly a century after the publication of
Darwin’s seminal book, American
biologist James D. Watson (born in 1928)
and English biologist Francis Crick
(1916-2004) provided the first accurate
characterization of the structure of DNA,
describing it as a double helix of two long

twisting molecules. It is worth pointing
out that their finding was based on what is
now known as “photo 51,” taken by their
colleague Rosalind Franklin using X-ray
crystallography, which was the first
representation that showed the double
helix. Given the insights derived from
Franklin’s image, there have been



suggestions that she should have shared in
Watson and Crick’s Nobel Prize .2

Rosalind Franklin took the



critical picture of DNA (using X-ray
crystallography) that enabled Watson
and Crick to accurately describe the
structure of DNA for the first time.
With the description of a molecule
that could code the program of biology, a
unifying theory of biology was now firmly
in place. It provided a simple and elegant
foundation to all of life. Depending only
on the values of the base pairs that make
up the DNA strands in the nucleus (and to
a lesser degree the mitochondria), an
organism would mature into a blade of
grass or a human being. This insight did
not eliminate the delightful diversity of
nature, but we now understand that the
extraordinary diversity of nature stems
from the great assortment of structures that
can be coded on this universal molecule.



Riding on a Light Beam

At the beginning of the twentieth century
the world of physics was upended through
another series of thought experiments. In
1879 a boy was born to a German
engineer and a housewife. He didn’t start
to talk until the age of three and was
reported to have had problems in school
at the age of nine. At sixteen he was
daydreaming about riding on a moonbeam.

This young boy was aware of English
mathematician Thomas Young’s (1773—
1829) experiment in 1803 that established
that light is composed of waves. The
conclusion at that time was that light
waves must be traveling through some sort
of medium; after all, ocean waves
traveled through water and sound waves



traveled through air and other materials.
Scientists called the medium through
which light waves travel the “ether.” The
boy was also aware of the 1887
experiment by American scientists Albert
Michelson (1852-1931) and Edward
Morley (1838-1923) that attempted to
confirm the existence of the ether. That
experiment was based on the analogy of
traveling in a rowboat up- and
downstream in a river. If you are paddling
at a fixed speed, then your speed as
measured from the shore will be faster if
you are paddling with the stream as
opposed to going against it. Michelson
and Morley assumed that light would
travel through the ether at a constant speed
(that 1s, at the speed of light). They
reasoned that the speed of sunlight when



Earth is traveling toward the sun in its
orbit (as measured from our vantage point
on Earth) versus its apparent speed when
Earth is traveling away from the sun must
be different (by twice the speed of Earth).
Proving that would confirm the existence
of the ether. However, what they
discovered was that there was no
difference in the speed of the sunlight
passing Earth regardless of where Earth
was in its orbit. Their findings disproved
the idea of the “ether,” but what was
really going on? This remained a mystery
for almost two decades.

As this German teenager imagined
riding alongside a light wave, he reasoned
that he should be seeing the light waves
frozen, in the same way that a train would
appear not to be moving if you rode



alongside it at the same speed as the train.
Yet he realized that this was impossible,
because the speed of light is supposed to
be constant regardless of your own
movement. So he imagined instead riding
alongside the light beam but at a
somewhat slower speed. What if he
traveled at 90 percent of the speed of
light? If light beams are like trains, he
reasoned, then he should see the light
beam traveling ahead of him at 10 percent
of the speed of light. Indeed, that would
have to be what observers on Earth would
see. But we know that the speed of light is
a constant, as the Michelson-Morley
experiment had shown. Thus he would
necessarily see the light beam traveling
ahead of him at the full speed of light.
This seemed like a contradiction—how



could it be possible?

The answer became evident to the
German boy, whose name, incidentally,
was Albert Einstein (1879-1955), by the
time he turned twenty-six. Obviously—to
young Master Einstein—time itself must
have slowed down for him. He explains
his reasoning in a paper published in
19052 If observers on Earth were to look
at the young man’s watch they would see it
ticking ten times slower. Indeed, when he
got back to Earth, his watch would show
that only 10 percent as much time had
passed (ignoring, for the moment,
acceleration and deceleration). From his
perspective, however, his watch was
ticking normally and the light beam next to
him was traveling at the speed of light.
The ten-times slowdown in the speed of



time itself (relative to clocks on Earth)
fully explains the apparent discrepancies
in perspective. In the extreme, the
slowdown in the passage of time would
reach zero once the speed of travel
reached the speed of light; hence it was
impossible to ride along with the light
beam. Although it was impossible to
travel at the speed of light, it turned out
not to be theoretically impossible to move
faster than the light beam. Time would
then move backward.

This resolution seemed absurd to
many early critics. How could time itself
slow down, based only on someone’s
speed of movement? Indeed, for eighteen
years (from the time of the Michelson-
Morley experiment), other thinkers had
been unable to see a conclusion that was



so obvious to Master Einstein. The many
others who had considered this problem
through the latter part of the nineteenth
century had essentially “fallen off the
horse” in terms of following through on
the implications of a principle, sticking
instead to their preconceived notions of
how reality must work. (I should probably
change that metaphor to ‘“fallen off the
light beam.”)

Einstein’s second mind experiment
was to consider himself and his brother
flying through space. They are 186,000
miles apart. Einstein wants to move faster
but he also desires to keep the distance
between them the same. So he signals his
brother with a flashlight each time he
wants to accelerate. Since he knows that it
will take one second for the signal to



reach his brother, he waits a second (after
sending the signal) to initiate his own
acceleration. Each time the brother
receives the signal he immediately
accelerates. In this way the two brothers
accelerate at exactly the same time and
therefore remain a constant distance apart.

But now consider what we would
see 1f we were standing on Earth. If the
brothers were moving away from us (with
Albert in the lead), it would appear to
take less than a second for the light to
reach the brother, because he is traveling
toward the light. Also we would see
Albert’s brother’s clock as slowing down
(as his speed increases as he is closer to
us). For both of these reasons we would
see the two brothers getting closer and
closer and eventually colliding. Yet from



the perspective of the two brothers, they
remain a constant 186,000 miles apart.

How can this be? The answer
—obviously—is that distances contract
parallel to the motion (but not
perpendicular to it). So the two Einstein
brothers are getting shorter (assuming they
are flying headfirst) as they get faster.
This bizarre conclusion probably lost
Einstein more early fans than the
difference in the passage of time.

During the same year, FEinstein
considered the relationship of matter and
energy with yet another mind experiment.
Scottish physicist James Clerk Maxwell
had shown in the 1850s that particles of
light called photons had no mass but
nonetheless carried momentum. As a child
I had a device called a Crookes



radiometer,® which consisted of an airtight
glass bulb that contained a partial vacuum
and a set of four vanes that rotated on a
spindle. The vanes were white on one
side and black on the other. The white
side of each vane reflected light, and the
black side absorbed light. (That’s why it
is cooler to wear a white T-shirt on a hot
day than a black one.) When a light was
shined on the device, the vanes rotated,
with the dark sides moving away from the
light. This is a direct demonstration that
photons carry enough momentum to

actually cause the vanes of the radiometer

to move.g

The issue that Einstein struggled with
is that momentum is a function of mass:
Momentum is equal to mass times
velocity. Thus a locomotive traveling at



30 miles per hour has a lot more
momentum than, say, an insect traveling at
the same speed. How, then, could there be
positive momentum for a particle with
zero mass?

Einstein’s mind experiment consisted
of a box floating in space. A photon is
emitted inside the box from the left toward
the right side. The total momentum of the
system needs to be conserved, so the box
would have to recoil to the left when the
photon was emitted. After a certain
amount of time, the photon collides with
the right side of the box, transferring its
momentum back to the box. The total
momentum of the system is again
conserved, so the box now stops moving.



A Crookes radiometer—the vane
with four wings rotates when light
shines on it.

So far so good. But consider the



perspective from the vantage point of Mr.
Einstein, who is watching the box from the
outside. He does not see any outside
influence on the box: No particles—with
or without mass—hit it, and nothing
leaves it. Yet Mr. Einstein, according to
the scenario above, sees the box move
temporarily to the left and then stop.
According to our analysis, each photon
should permanently move the box to the
left. Since there have been no external
effects on the box or from the box, its
center of mass must remain in the same
place. Yet the photon inside the box,
which moves from left to right, cannot
change the center of mass, because it has
no mass.

Or does 1it? Einstein’s conclusion
was that since the photon clearly has



energy, and has momentum, it must also
have a mass equivalent. The energy of the
moving photon is entirely equivalent to a
moving mass. We can compute what that
equivalence is by recognizing that the
center of mass of the system must remain
stationary during the movement of the
photon. Working out the math, Einstein
showed that mass and energy are
equivalent and are related by a simple
constant. However, there was a catch: The
constant might be simple, but it turned out
to be enormous; it was the speed of light
squared (about 1.7 x 10!7 meters® per

second>—that is, 17 followed by 16
zeroes). Hence we get Einstein’s famous
E =mc?>A% Thus one ounce (28 grams) of

mass is equivalent to 600,000 tons of
TNT. Einstein’s letter of August 2, 1939,



to President Roosevelt informing him of
the potential for an atomic bomb based on

this formula ushered in the atomic age.1!

You might think that this should have
been obvious earlier, given that
experimenters had noticed that the mass of
radioactive substances decreased as a
result of radiation over time. It was
assumed, however, that radioactive
substances contained a special high-
energy fuel of some sort that was burning
off. That assumption is not all wrong; it’s
just that the fuel that was being “burned
off” was simply mass.

There are several reasons why I have
opened this book with Darwin’s and
Einstein’s mind experiments. First of all,
they show the extraordinary power of the
human brain. Without any equipment at all



other than a pen and paper to draw the
stick figures in these simple mind
experiments and to write down the fairly
simple equations that result from them,
Einstein was able to overthrow the
understanding of the physical world that
dated back two centuries, deeply influence
the course of history (including World
War II), and usher in the nuclear age.

It is true that Einstein relied on a few
experimental findings of the nineteenth
century, although these experiments also
did not use sophisticated equipment. It is
also true that subsequent experimental
validation of Einstein’s theories has used
advanced technologies, and if these had
not been developed we would not have
the validation that we possess today that
Einstein’s 1ideas are authentic and



significant. However, such factors do not
detract from the fact that these famous
thought experiments reveal the power of
human thinking at its finest.

Einstein is widely regarded as the
leading scientist of the twentieth century
(and Darwin would be a good contender
for that honor in the nineteenth century),
yet the mathematics underlying his
theories is  ultimately not  very
complicated. The thought experiments
themselves were straightforward. We
might wonder, then, in what respect could
Einstein be considered particularly smart.
We’ll discuss later exactly what it was
that he was doing with his brain when he
came up with his theories, and where that
quality resides.

Conversely, this  history also



demonstrates the limitations of human
thinking. Einstein was able to ride his
light beam without falling off (albeit he
concluded that it was impossible to
actually ride a light beam), but how many
thousands of other observers and thinkers
were completely unable to think through
these remarkably uncomplicated
exercises? One common failure is the
difficulty that most people have in
discarding and transcending the ideas and
perspectives of their peers. There are
other inadequacies as well, which we will
discuss in more detail after we have
examined how the neocortex works.



A Unified Model of the
Neocortex

The most important reason I am sharing
what are perhaps the most famous thought
experiments in history is as an
introduction to using the same approach
with respect to the brain. As you will see,
we can get remarkably far in figuring out
how human intelligence works through
some simple mind experiments of our
own. Considering the subject matter
involved, mind experiments should be a
very appropriate approach.

If a young man’s idle thoughts and the
use of no equipment other than pen and
paper were sufficient to revolutionize our
understanding of physics, then we should



be able to make reasonable progress with
a phenomenon with which we are much
more familiar. After all, we experience
our thinking every moment of our waking
lives—and our dreaming lives as well.

After we construct a model of how
thinking works through this process of
self-reflection, we’ll examine to what
extent we can confirm it through the latest
observations of actual brains and the state
of the art in re-creating these processes in
machines.



CHAPTER 2



THOUGHT
EXPERIMEN
ON
THINKING

I very rarely think in words at all. A

thought comes, and I may try to

express it in words afterwards.
—Albert Einstein



The brain is a three-pound mass you
can hold in your hand that can
conceive of a universe a hundred
billion light years across.

—Marian Diamond

What seems astonishing is that a
mere three-pound object, made of the
same atoms that constitute everything
else under the sun, is capable of
directing virtually everything that
humans have done: flying to the moon
and hitting seventy home runs,
writing Hamlet and building the Taj
Mahal—even unlocking the secrets
of the brain itself.
—Joel Havemann



I started thinking about thinking around

1960, the same year that I discovered the
computer. You would be hard pressed
today to find a twelve-year-old who does
not use a computer, but back then there
were only a handful of them in my
hometown of New York City. Of course
these early devices did not fit in your
hand, and the first one I got access to took
up a large room. In the early 1960s I did
some programming on an IBM 1620 to do
analyses of variance (a statistical test) on
data that had been collected by studying a
program for early childhood education, a
forerunner to Head Start. Hence there was
considerable drama involved in the effort,
as the fate of this national educational



initiative rode on our work. The
algorithms and data being analyzed were
sufficiently complex that we were not able
to anticipate what answers the computer
would come up with. The answers were,
of course, determined by the data, but they
were not predictable. It turns out that the
distinction between being determined and
being predictable 1s an important one, to
which I will return.

I remember how exciting it was when
the front-panel lights dimmed right before
the algorithm finished its deliberations, as
if the computer were deep in thought.
When people came by, eager to get the
next set of results, I would point to the
gently flashing lights and say, “It’s
thinking.” This both was and wasn’t a joke
—it really did seem to be contemplating



the answers—and staff members started to
ascribe a personality to the machine. It
was an anthropomorphization, perhaps,
but it did get me to begin to consider in
earnest the relationship between thinking
and computing.

In order to assess the extent to which
my own brain is similar to the computer
programs I was familiar with, I began to
think about what my brain must be doing
as it processed information. 1 have
continued this investigation for fifty years.
What 1 will describe below about our
current understanding of how the brain
works will sound very different from the
standard concept of a computer.
Fundamentally, however, the brain does
store and process information, and
because of the universality of computation



—a concept to which I will also return—
there is more of a parallel between brains
and computers than may be apparent.

Each time I do something—or think
of something—whether it is brushing my
teeth, walking across the kitchen,
contemplating a  business problem,
practicing on a music keyboard, or coming
up with a new idea, I reflect on how I was
able to accomplish it. I think even more
about all of the things that I am not able to
do, as the limitations of human thought
provide an equally important set of clues.
Thinking so much about thinking might
very well be slowing me down, but I have
been hopeful that such exercises in self-
reflection will enable me to refine my
mental methods.

To raise our own awareness of how



our brains work, let’s consider a series of
mind experiments.

Try this: Recite the alphabet.

You probably remember this from
childhood and can do it easily.

Okay, now try this: Recite the
alphabet backward.

Unless you have studied the alphabet
in this order, you are likely to find it
impossible to do. On occasion someone
who has spent a significant amount of time
in an elementary school classroom where
the alphabet is displayed will be able to
call up his visual memory and then read it
backward from that. Even this is difficult,
though, because we do not actually
remember whole images. Reciting the
alphabet backward should be a simple
task, as it involves exactly the same



information as reciting it forward, yet we
are generally unable to do it.

Do you remember your social
security number? If you do, can you recite
it backward without first writing it down?
How about the nursery rhyme “Mary Had
a Little Lamb”? Computers can do this
trivially. Yet we fail at it unless we
specifically learn the backward sequence
as a new series. This tells us something
important about how human memory is
organized.

Of course, we are able to perform
this task easily if we write down the
sequence and then read it backward. In
doing so we are using a technology—
written language—to compensate for one
of the limitations of our unaided thinking,
albeit a very early tool. (It was our second



invention, with spoken language as the
first.) This is why we invent tools—to
compensate for our shortcomings.

This suggests that our memories are
sequential and in order. They can be
accessed in the order that they are
remembered. We are unable to directly
reverse the sequence of a memory.

We also have some difficulty starting
a memory in the middle of a sequence. If |
learn to play a piece of music on the
piano, I generally can’t just begin it at an
arbitrary point in its middle. There are a
few points at which I can jump in, because
my sequential memory of the piece is
organized in segments. If I try to start in
the middle of a segment, though, I need to
revert to sight-reading until my sequential
memory kicks in.



Next, try this: Recall a walk that you
took in the last day or so. What do you
remember about it?

This mind experiment works best it
you took a walk very recently, such as
earlier today or yesterday. (You can also
substitute a drive, or basically any activity
during which you moved across some
terrain.)

It 1s likely that you don’t remember
much about the experience. Who was the
fifth person you encountered (not just
including people you know)? Did you see
an oak tree? A mailbox? What did you see
when you turned the first corner? If you
passed some stores, what was in the
second window? Perhaps you can
reconstruct the answers to some of these
questions from the few clues that you do



remember, but it is likely that you
remember relatively few details, even
though this is a very recent experience.

If you take walks regularly, think
back to the first walk you took last month
(or to the first trip to the office last month,
if you commute). You probably cannot
recall the specific walk or commute at all,
and if you do, you doubtless recall even
fewer details about it than about your
walk today.

I will later discuss the issue of
consciousness and make the point that we
tend to equate consciousness with our
memory of events. The primary reason we
believe that we are not conscious when
under anesthesia is that we don’t
remember anything from that period
(albeit  there are  intriguing—and



disturbing—exceptions to this). So with
regard to the walk I took this morning,
was I not conscious during most of it? It’s
a reasonable question, given that I
remember almost nothing about what I
saw or even what | was thinking about.
There happen to be a few things I do
remember from my walk this morning. I
recall thinking about this book, but I
couldn’t tell you exactlywhat those
thoughts were. 1 also recall passing a
woman pushing a baby carriage. I
remember that the woman was attractive,
and that the baby was cute as well. I recall
two thoughts I had in connection with this
experience: This baby is adorable, like
my new grandson, and What is this baby
perceiving in her visual surroundings? 1
cannot recall what either of them was



wearing or the color of their hair. (My
wife will tell you that that is typical.)
Although I am unable to describe anything
specific about their appearance, I do have
some ineffable sense of what the mom
looked like and believe I could pick out
her picture from among those of several
different women. So while there must be
something about her appearance that I
have retained in my memory, if I think
about the woman, baby carriage, and
baby, I am unable to visualize them. There
is no photograph or video of this event in
my mind. It is hard to describe exactly
what is in my mind about this experience.

I also recall having passed a
different woman with a baby carriage on a
walk a few weeks earlier. In that case I
don’t believe I could even recognize that



woman’s picture. That memory is now
much dimmer than it must have been
shortly after that walk.

Next, think about people whom you
have encountered only once or twice.
Can you visualize them clearly? If you are
a visual artist, then you may have learned
this observational skill, but typically we
are unable to visualize people we’ve only
casually come across to draw or describe
them sufficiently but would have little
difficulty in recognizing a picture of them.

This suggests that there are no
images, videos, or sound recordings
stored in the brain. Our memories are
stored as sequences of patterns.
Memories that are not accessed dim
over time. When police sketch artists
interview a crime victim, they do not ask,



“What did the perpetrator’s eyebrows
look like?” Rather, they will show a
series of images of eyebrows and ask the
victim to select one. The correct set of
eyebrows will trigger the recognition of
the same pattern that is stored in the
victim’s memory.

Let’s now consider faces that you
know well. Can you recognize any of
these people?



AN

You are undoubtedly able to
recognize these familiar personalities,
even though they are partially covered or
distorted. This represents a key strength of
human perception: We can recognize a
pattern even if only part of it is
perceived (seen, heard, felt) and even if
it contains alterations. Our recognition
ability is apparently able to detect
invariant features of a pattern—




characteristics that survive real-world
variations. The apparent distortions in a
caricature or in certain forms of art such
as impressionism emphasize the patterns
of an image (person, object) that we
recognize while changing other details.
The world of art is actually ahead of the
world of science in appreciating the
power of the human perceptual system.
We use the same approach when we
recognize a melody from only a few notes.
Now consider this image:



The image is ambiguous—the corner
indicated by the black region may be an
inside corner or an outside corner. At first
you are likely to perceive it one way or
the other, though with some effort you can
change your perception to the alternate
interpretation. Once your mind has fixed
on an understanding, however, it may be
difficult to see the other perspective. (This
turns out to be true of intellectual



perspectives as well.) Your brain’s
interpretation of the image actually
influences your experience of it. When the
corner appears to be an inside one, your
brain will interpret the grey region as a
shadow, so it does not seem to be as dark
as when you interpret the corner as being
an outside one.

Thus our conscious experience of
our perceptions is actually changed by
our interpretations.

Consider that we see what we
expect to

I’m confident that you were able to
complete the above sentence.

Had I written out the last word, you
would have needed only to glance at it
momentarily to confirm that it was what
you had expected.



This implies that we are constantly
predicting the future and hypothesizing
what we will experience. This
expectation influences what we actually
perceive. Predicting the future is actually
the primary reason that we have a brain.

Consider an experience that we all
have on a regular basis: A memory from
years ago inexplicably pops into your
head.

Often this will be a memory of a
person or an event that you haven’t thought
about for a long time. It is evident that
something has triggered the memory. The
train of thought that did so may be
apparent and something you are able to
articulate. At other times you may be
aware of the sequence of thoughts that led
to the memory but would have a hard time



expressing it. Often the trigger is quickly
lost, so the memory appears to have come
from nowhere. I often experience these
random memories while doing routine
procedures such as brushing my teeth.
Sometimes | may be aware of the
connection—the toothpaste falling off the
toothbrush might remind me of the paint
falling off a brush in a painting class I
took in college. Sometimes I have only a
vague sense of the connection, or none at
all.

A related phenomenon that everyone
experiences frequently is trying to think of
a name or a word. The procedure we use
in this circumstance is to try to remind
ourselves of triggers that may unlock the
memory. (For example: Who played
Queen Padmé in Revenge of the Sith?



Let’s see, its that same actress who was
the star in a recent dark movie about
dancing, that was Black Swan, oh yes,
Natalie Portman.) Sometimes we adopt
idiosyncratic mnemonics to help us
remember. (For example: Shes always
slim, not portly, oh yes, Portman, Natalie
Portman.) Some of our memories are
sufficiently robust that we can go directly
from a question (such as who played
Queen Padmé) to the answer; often we
need to go through a series of triggers until
we find one that works. It’s very much
like having the right Web link. Memories
can indeed become lost like a Web page
to which no other page links to (at least no
page that we can find).

While executing routine procedures
—such as putting on a shirt—watch



yourself performing them, and consider
the extent to which you follow the same
sequence of steps each time. From my
own observation (and as I mentioned, I am
constantly trying to observe myself), it is
likely that you follow very much the same
steps each time you perform a particular
routine task, though there may be
additional modules added. For example,
most of my shirts do not require cuff links,
but when one does, that involves a further
series of tasks.

The lists of steps in my mind are
organized in hierarchies. I follow a
routine procedure before going to sleep.
The first step is to brush my teeth. But this
action is in turn broken into a smaller
series of steps, the first of which is to put
toothpaste on the toothbrush. That step in



turn is made up of yet smaller steps, such
as finding the toothpaste, removing the
cap, and so on. The step of finding the
toothpaste also has steps, the first of
which is to open the bathroom cabinet.
That step in turn requires steps, the first of
which is to grab the outside of the cabinet
door. This nesting actually continues
down to a very fine grain of movements,
so that there are literally thousands of
little actions constituting my nighttime
routine. Although I may have difficulty
remembering details of a walk I took just
a few hours ago, 1 have no difficulty
recalling all of these many steps in
preparing for bed—so much so that [ am
able to think about other things while I go
through these procedures. It is important to
point out that this list is not stored as one



long list of thousands of steps—rather,
each of our routine procedures is
remembered as an elaborate hierarchy
of nested activities.

The same type of hierarchy is
involved in our ability to recognize
objects and situations. We recognize the
faces of people we know well and also
recognize that these faces contain eyes, a
nose, a mouth, and so on—a hierarchy of
patterns that we wuse in both our
perceptions and our actions. The use of
hierarchies allows us to reuse patterns.
For example, we do not need to relearn
the concept of a nose and a mouth each
time we are introduced to a new face.

In the next chapter, we’ll put the
results of these thought experiments
together into a theory of how the neocortex




must work. I will argue that they reveal
essential attributes of our thinking that are
uniform, from finding the toothpaste to
writing a poem.
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The brain is a tissue. It is a
complicated, intricately = woven
tissue, like nothing else we know of
in the universe, but it is composed of
cells, as any tissue is. They are, to be
sure, highly specialized cells, but
they function according to the laws
that govern any other cells. Their
electrical and chemical signals can
be detected, recorded and interpreted
and their chemicals can be 1dentified;
the connections that constitute the
brain’s woven feltwork can be
mapped. In short, the brain can be
studied, just as the kidney can.
—David H. Hubel,
neuroscientist



Suppose that there be a machine, the
structure of which produces thinking,
feeling, and perceiving; imagine this
machine enlarged but preserving the
same proportions, so you could enter
it as if it were a mill. This being
supposed, you might visit inside; but
what would you observe there?
Nothing but parts which push and
move each other, and never anything
that could explain perception.
—Gottfried Wilhelm Leibniz



A Hierarchy of Patterns

I have repeated the simple experiments

and observations described in the
previous chapter thousands of times in
myriad contexts. The conclusions from
these observations necessarily constrain
my explanation for what the brain must be
doing, just as the simple experiments on
time, space, and mass that were conducted
in the early and late nineteenth century
necessarily constrained the young Master
Einstein’s reflections on how the universe
functioned. In the discussion that follows
I’ll also factor in some very basic
observations from neuroscience,
attempting to avoid the many details that
are still in contention.




First, let me explain why this section
specifically discusses the neocortex (from
the Latin meaning “new rind”). We do
know the neocortex is responsible for our
ability to deal with patterns of information
and to do so in a hierarchical fashion.
Animals without a neocortex (basically
nonmammals) are largely incapable of

understanding hierarchies.! Understanding
and leveraging the innately hierarchical
nature of reality is a uniquely mammalian
trait and results from mammals’ unique
possession of this evolutionarily recent
brain structure. The neocortex is
responsible for sensory perception,
recognition of everything from visual
objects to abstract concepts, controlling
movement, reasoning from spatial
orientation to rational thought, and



language—basically, what we regard as
“thinking.”

The human neocortex, the outermost
layer of the brain, is a thin, essentially
two-dimensional  structure = with a
thickness of about 2.5 millimeters (about a
tenth of an inch). In rodents, it is about the
size of a postage stamp and is smooth. An
evolutionary innovation in primates is that
it became intricately folded over the top
of the rest of the brain with deep ridges,
grooves, and wrinkles to increase its
surface area. Due to its elaborate folding,
the neocortex constitutes the bulk of the
human brain, accounting for 80 percent of
its weight. Homo sapiens developed a
large forehead to allow for an even larger
neocortex; in particular we have a frontal
lobe where we deal with the more



abstract patterns associated with high-
level concepts.

This thin structure is basically made
up of six layers, numbered I (the outermost
layer) to VI. The axons emerging from the
neurons in layers II and III project to other
parts of the neocortex. The axons (output
connections) from layers V and VI are
connected primarily outside of the
neocortex to the thalamus, brain stem, and
spinal cord. The neurons in layer IV
receive synaptic (input) connections from
neurons that are outside the neocortex,
especially in the thalamus. The number of
layers varies slightly from region to
region. Layer IV is very thin in the motor
cortex, because in that area it largely does
not receive input from the thalamus, brain
stem, or spinal cord. Conversely, in the



occipital lobe (the part of the neocortex
usually responsible for visual processing),
there are three additional sublayers that
can be seen in layer IV, due to the
considerable input flowing into this
region, including from the thalamus.

A critically important observation
about the neocortex is the extraordinary
uniformity of its fundamental structure.
This was first noticed by American
neuroscientist Vernon Mountcastle (born
in 1918). In 1957 Mountcastle discovered
the columnar organization of the
neocortex. In 1978 he made an
observation that is as significant to
neuroscience as the Michelson-Morley
ether-disproving experiment of 1887 were
to physics. That year he described the
remarkably unvarying organization of the



neocortex, hypothesizing that it was

composed of a single mechanism that was

repeated over and over again? and

proposing the cortical column as that
basic unit. The differences in the height of
certain layers in different regions noted
above are simply differences in the
amount of interconnectivity that the
regions are responsible for dealing with.
Mountcastle hypothesized the
existence of mini-columns within columns,
but this theory became controversial
because there were no  visible
demarcations of such smaller structures.
However, extensive experimentation has
revealed that there are in fact repeating
units within the neuron fabric of each
column. It is my contention that the basic
unit is a pattern recognizer and that this



constitutes the fundamental component of
the neocortex. In contrast to Mountcastle’s
notion of a mini-column, there is no
specific physical boundary to these
recognizers, as they are placed closely
one to the next in an interwoven fashion,
so the cortical column is simply an
aggregate of a large number of them.
These recognizers are capable of wiring
themselves to one another throughout the
course of a lifetime, so the elaborate
connectivity (between modules) that we
see in the neocortex is not prespecified by
the genetic code, but rather is created to
reflect the patterns we actually learn over
time. I will describe this thesis in more
detail, but I maintain that this is how the
neocortex must be organized.

It should be noted, before we further



consider the structure of the neocortex,
that it is important to model systems at the
right level. Although chemistry is
theoretically based on physics and could
be derived entirely from physics, this
would be unwieldy and infeasible in
practice, so chemistry has established its
own rules and models. Similarly, we
should be able to deduce the laws of
thermodynamics from physics, but once
we have a sufficient number of particles to
call them a gas rather than simply a bunch
of particles, solving equations for the
physics of each particle interaction
becomes hopeless, whereas the laws of
thermodynamics work quite well. Biology
likewise has its own rules and models. A
single pancreatic islet cell is enormously
complicated, especially if we model it at



the level of molecules; modeling what a
pancreas actually does in terms of
regulating levels of insulin and digestive
enzymes is considerably less complex.
The same principle applies to the
levels of modeling and understanding in
the brain. It is certainly a useful and
necessary part of reverse-engineering the
brain to model its interactions at the
molecular level, but the goal of the effort
here is essentially to refine our model to
account for how the brain processes
information to produce cognitive meaning.
American scientist Herbert A. Simon
(1916-2001), who 1is credited with
cofounding the field of artificial
intelligence, wrote eloquently about the
issue of understanding complex systems at
the right level of abstraction. In describing



an Al program he had devised called
E P A M (elementary  perceiver and
memorizer), he wrote in 1973, “Suppose
you decided that you wanted to understand
the mysterious EPAM program that [ have.
I could provide you with two versions of
it. One would be...the form in which it
was actually written—with its whole
structure of routines and subroutines....
Alternatively, I could provide you with a
machine-language version of EPAM after
the whole translation had been carried out
—after it had been flattened so to
speak.... 1 don’t think I need argue at
length which of these two versions would
provide the most parsimonious, the most
meaningful, the most lawful description....
I will not even propose to you the third...
of providing you with neither program, but



instead with the electromagnetic equations
and boundary conditions that the
computer, viewed as a physical system,
would have to obey while behaving as

EPAM. That would be the acme of

reduction and incomprehensibility.”2

There are about a half million
cortical columns in a human neocortex,
each occupying a space about two
millimeters high and a half millimeter
wide and containing about 60,000 neurons
(resulting in a total of about 30 billion
neurons in the neocortex). A rough
estimate is that each pattern recognizer
within a cortical column contains about
100 neurons, so there are on the order of
300 million pattern recognizers in total in
the neocortex.

As we consider how these pattern



recognizers work, let me begin by saying
that it 1s difficult to know precisely where
to begin. Everything happens
simultaneously in the neocortex, so there
is no beginning and no end to its
processes. I will frequently need to refer
to phenomena that I have not yet explained
but plan to come back to, so please bear
with these forward references.

Human beings have only a weak
ability to process logic, but a very deep
core capability of recognizing patterns. To
do logical thinking, we need to use the
neocortex, which is basically a large
pattern recognizer. It is not an ideal
mechanism  for  performing logical
transformations, but it is the only facility
we have for the job. Compare, for
example, how a human plays chess to how



a typical computer chess program works.
Deep Blue, the computer that defeated
Garry Kasparov, the human world chess
champion, in 1997 was capable of
analyzing the logical implications of 200
million board positions (representing
different move-countermove sequences)
every second. (That can now be done, by
the way, on a few personal computers.)
Kasparov was asked how many positions
he could analyze each second, and he said
it was less than one. How is it, then, that
he was able to hold up to Deep Blue at
all? The answer is the very strong ability
humans have to recognize patterns.
However, we need to train this facility,
which is why not everyone can play
master chess.

Kasparov had learned about 100,000



board positions. That’s a real number—
we have established that a human master
in a particular field has mastered about
100,000 chunks of  knowledge.
Shakespeare composed his plays with
100,000 word senses (employing about
29,000 distinct words, but using most of
them in multiple ways). Medical expert
systems that have been built to represent
the knowledge of a human medical
physician have shown that a typical human
medical specialist has mastered about
100,000 concepts in his or her domain.
Recognizing a chunk of knowledge from
this store is not straightforward, as a
particular item will present itself a little
bit differently each time it is experienced.

Armed with his  knowledge,
Kasparov looks at the chessboard and



compares the patterns that he sees to all
100,000 board situations that he has
mastered, and he does all 100,000
comparisons simultaneously. There is
consensus on this point: All of our neurons
are processing—considering the patterns
—at the same time. That does not mean
that they are all firing simultaneously (we
would probably fall to the floor if that
happened), but while doing their
processing are considering the possibility
of firing.

How many patterns can the neocortex
store? We mneed to factor in the
phenomenon of redundancy. The face of a
loved one, for example, is not stored once
but on the order of thousands of times.
Some of these repetitions are largely the
same image of the face, whereas most



show different perspectives of it, different
lighting, different expressions, and so on.
None of these repeated patterns are stored
as 1images per se (that is, as two-
dimensional arrays of pixels). Rather, they
are stored as lists of features where the
constituent elements of a pattern are
themselves patterns. We’ll  describe
below more precisely what these
hierarchies of features look like and how
they are organized.

If we take the core knowledge of an
expert as consisting of about 100,000
“chunks” of knowledge (that is, patterns)
with a redundancy estimate of about 100
to 1, that gives us a requirement of 10
million patterns. This core expert
knowledge is built on more general and
extensive professional knowledge, so we



can increase the order of magnitude of
patterns to about 30 to 50 million. Our
everyday “commonsense” knowledge as a
human being is even greater; “street
smarts” actually require substantially
more of our neocortex than “book smarts.”
Including this brings our estimate to well
over 100 million patterns, taking into
account the redundancy factor of about
100. Note that the redundancy factor is far
from fixed—very common patterns will
have a redundancy factor well into the
thousands, @ whercas a  brand-new
phenomenon may have a redundancy
factor of less than 10.

As 1 will discuss below, our
procedures and actions also comprise
patterns and are likewise stored in regions
of the cortex, so my estimate of the total



capacity of the human neocortex is on the
order of low hundreds of millions of
patterns. This rough tally correlates well
with the number of pattern recognizers that
I estimated above at about 300 million, so
it is a reasonable conclusion that the
function of each neocortical pattern
recognizer is to process one iteration (that
is, one copy among the multiple redundant
copies of most patterns in the neocortex)
of a pattern. Our estimates of the number
of patterns that a human brain is capable
of dealing with (including necessary
redundancy) and the number of physical
pattern recognizers happen to be the same
order of magnitude. It should be noted
here that when I refer to “processing” a
pattern, I am referring to all of the things
we are able to do with a pattern: learn it,



predict it (including parts of it), recognize
it, and implement it (either by thinking
about it further or through a pattern of
physical movement).

Three hundred million pattern
processors may sound like a large number,
and indeed it was sufficient to enable
Homo sapiens to develop verbal and
written language, all of our tools, and
other diverse creations. These inventions
have built upon themselves, giving rise to
the exponential growth of the information
content of technologies as described in my
law of accelerating returns. No other
species has achieved this. As I discussed,
a few other species, such as chimpanzees,
do appear to have a rudimentary ability to
understand and form language and also to
use primitive tools. They do, after all,



also have a neocortex, but their abilities
are limited due to its smaller size,
especially of the frontal lobe. The size of
our own neocortex has exceeded a
threshold that has enabled our species to
build ever more powerful tools, including
tools that can now enable us to understand
our own intelligence. Ultimately our
brains, combined with the technologies
they have fostered, will permit us to
create a synthetic neocortex that will
contain well beyond a mere 300 million
pattern processors. Why not a billion? Or
a trillion?



The Structure of a
Pattern

The pattern recognition theory of mind that
I present here is based on the recognition
of patterns by pattern recognition modules
in the neocortex. These patterns (and the
modules) are organized in hierarchies. I
discuss below the intellectual roots of this
idea, including my own work with
hierarchical pattern recognition in the
1980s and 1990s and Jeft Hawkins (born
in 1957) and Dileep George’s (born in
1977) model of the neocortex in the early
2000s.

Each pattern (which is recognized by
one of the estimated 300 million pattern
recognizers in the neocortex) is composed



of three parts. Part one is the input, which
consists of the lower-level patterns that
compose the main pattern. The
descriptions for each of these lower-level
patterns do notneed to be repeated for
each higher-level pattern that references
them. For example, many of the patterns
for words will include the letter “A.”
Each of these patterns does not need to
repeat the description of the letter “A” but
will use the same description. Think of it
as being like a Web pointer. There is one
Web page (that is, one pattern) for the
letter “A,” and all of the Web pages
(patterns) for words that include “A” will
have a link to the “A” page (to the “A”
pattern). Instead of Web links, the
neocortex uses actual neural connections.
There is an axon from the “A” pattern



recognizer that connects to multiple
dendrites, one for ecach word that uses
“A.” Keep in mind also the redundancy
factor: There is more than one pattern
recognizer for the letter “A.” Any of these
multiple “A” pattern recognizers can send
a signal up to the pattern recognizers that
incorporate “A.”
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module represents the presence of a
lower-level pattern (t also encodes size
information). A dendrite sending signals out of
the module indicates that the corresponding
lower-level pattern is expected.

The second part of each pattern is the
pattern’s name. In the world of language,
this higher-level pattern is simply the
word “apple.” Although we directly use
our neocortex to understand and process
every level of language, most of the
patterns it contains are not language
patterns per se. In the neocortex the
“name” of a pattern is simply the axon that
emerges fromeach pattern processor;



when that axon fires, its corresponding
pattern has been recognized. The firing of
the axon is that pattern recognizer shouting
the name of the pattern: “Hey guys, I just
saw the written word ‘apple.””

i ' N

APPLE PEAR
| —
S [A Al

Ara 444 Aaa

Three redu-.ndanth (but somewhat
different) patterns for “A” feeding up
to  higher-level  patterns  that




incorporate “A.”

The third and final part of each
pattern is the set of higher-level patterns
that it in turn 1s part of. For the letter “A,”
this is all of the words that include “A.”
These are, again, like Web links. Each
recognized pattern at one level triggers the
next level that part of that higher-level
pattern is present. In the neocortex, these
links are represented by physical
dendrites that flow into neurons in each
cortical pattern recognizer. Keep in mind
that each neuron can receive inputs from
multiple dendrites yet produces a single
output on an axon. That axon, however,
can then in turn transmit to multiple
dendrites.

To take some simple examples, the
simple patterns on the next page are a



small subset of the patterns used to make
up printed letters. Note that every level
constitutes a pattern. In this case, the
shapes are patterns, the letters are
patterns, and the words are also patterns.
Each of these patterns has a set of inputs, a
process of pattern recognition (based on
the inputs that take place in the module),
and an output (which feeds to the next
higher level of pattern recognizer).

Southwest to north-central
connection:

Southeast to north-central
connection:

Horizontal crossbar:



Leftmost vertical line:

Concave region facing
south:

Bottom horizontal line:

Top horizontal line:

D

Middle horizontal line:

Loop constituting upper



region: D

| |

The above patterns are constituents
of the next higher level of pattern, which
is a category called printed letters (there
is no such formal category within the
neocortex, however; indeed, there are no
formal categories).

“A”:
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Two different patterns, either of
which constitutes “A,” and two
different patterns at a higher level
(“APPLE” and “PEAR”) of which
“A” is a part.

“P:




| D

Patterns that are part of the
higher-level pattern “P.”

“L”,
.



| _

Patterns that are part of the
higher-level pattern “L.”

“E”,
.



Patterns that are part of the
higher-level pattern “E.”

These letter patterns feed up to an
even higher-level pattern in a category
called words. (The word “words” is our
language category for this concept, but the
neocortex just treats them only as
patterns.)

“APPLE”:



APPLE

AP LE

In a different part of the cortex is a
comparable  hierarchy = of  pattern
recognizers processing actual images ot
objects (as opposed to printed letters). If
you are looking at an actual apple, low-
level recognizers will detect curved edges
and surface color patterns leading up to a
pattern recognizer firing its axon and
saying in effect, “Hey guys, I just saw an
actual apple.” Yet other pattern
recognizers will detect combinations of
frequencies of sound leading up to a



pattern recognizer in the auditory cortex
that might fire its axon indicating, “I just
heard the spoken word ‘apple.’”

Keep in mind the redundancy factor
—we don’t just have a single pattern
recognizer for “apple” in each of its forms
(written, spoken, visual). There are likely
to be hundreds of such recognizers firing,
if not more. The redundancy not only
increases the likelihood that you will
successfully recognize each instance of an
apple but also deals with the variations in
real-world apples. For apple objects,
there will be pattern recognizers that deal
with the many varied forms of apples:
different views, colors, shadings, shapes,
and varieties.

Also keep in mind that the hierarchy
shown above is a hierarchy of concepts.



These recognizers are not physically
placed above each other; because of the
thin construction of the neocortex, it is
physically only one pattern recognizer
high. The conceptual hierarchy is created
by the connections between the individual
pattern recognizers.

An important attribute of the PRTM
is how the recognitions are made inside
each pattern recognition module. Stored in
the module is a weight for each input
dendrite indicating how important that
input is to the recognition. The pattern
recognizer has a threshold for firing
(which indicates that this pattern
recognizer has successfully recognized the
pattern it is responsible for). Not every
input pattern has to be present for a
recognizer to fire. The recognizer may



still fire if an input with a low weight is
missing, but it is less likely to fire if a
high-importance input is missing. When it
fires, a pattern recognizer is basically
saying, “The pattern I am responsible for
is probably present.”

Successful recognition by a module
of its pattern goes beyond just counting the
input signals that are activated (even a
count weighted by the importance
parameter). The size (of each input)
matters. There is another parameter (for
each input) indicating the expected size of
the input, and yet another indicating how
variable that size is. To appreciate how
this works, suppose we have a pattern
recognizer that is responsible for
recognizing the spoken word “steep.” This
spoken word has four sounds: [s], [t], [E],



and [p]. The [t] phoneme is what is known
as a “dental consonant,” meaning that it is
created by the tongue creating a burst of
noise when air breaks its contact with the
upper teeth. It is essentially impossible to
articulate the [t] phoneme slowly. The [p]
phoneme is considered a “plosive
consonant” or “oral occlusive,” meaning
that it is created when the vocal tract is
suddenly blocked (by the lips in the case
of [p]) so that air no longer passes. It is
also necessarily quick. The [E] vowel is
caused by resonances of the vocal cord
and open mouth. It is considered a “long
vowel,” meaning that it persists for a
much longer period of time than
consonants such as [t] and [p]; however,
its duration can be quite variable. The [s]
phoneme is known as a “sibilant



consonant,” and is caused by the passage
of air against the edges of the teeth, which
are held close together. Its duration is
typically shorter than that of a long vowel
such as [E], but it is also variable (in
other words, the [s] can be said quickly or
you can drag it out).

In our work in speech recognition,
we found that it is necessary to encode
this type of information in order to
recognize speech patterns. For example,
the words “step” and “steep” are very
similar. Although the [e] phoneme in
“step” and the [E] in “steep” are
somewhat different vowel sounds (in that
they have different resonant frequencies),
it is not reliable to distinguish these two
words based on these often confusable
vowel sounds. It is much more reliable to



consider the observation that the [e] in
“step” is relatively brief compared with
the [E] in “steep.”

We can encode this type of
information with two numbers for each
input: the expected size and the degree of
variability of that size. In our “steep”
example, [t] and [p] would both have a
very short expected duration as well as a
small expected variability (that is, we do
not expect to hear long t’s and p’s). The
[s] sound would have a short expected
duration but a larger variability because it
is possible to drag it out. The [E] sound
has a long expected duration as well as a
high degree of variability.

In our speech examples, the “size”
parameter refers to duration, but time is
only one possible dimension. In our work



in character recognition, we found that
comparable spatial information was
important in order to recognize printed
letters (for example the dot over the letter
“1” 1s expected to be much smaller than
the portion under the dot). At much higher
levels of abstraction, the neocortex will
deal with patterns with all sorts of
continuums, such as levels of
attractiveness, irony, happiness,
frustration, and myriad others. We can
draw similarities across rather diverse
continuums, as Darwin did when he
related the physical size of geological
canyons to the amount of differentiation
among species.

In a biological brain, the source of
these parameters comes from the brain’s
own experience. We are not born with an



innate knowledge of phonemes; indeed
different languages have very different
sets of them. This implies that multiple
examples of a pattern are encoded in the
learned parameters of each pattern
recognizer (as it requires multiple
instances of a pattern to ascertain the
expected distribution of magnitudes of the
inputs to the pattern). In some Al systems,
these types of parameters are hand-coded
by experts (for example, linguists who can
tell us the expected durations of different
phonemes, as I articulated above). In my
own work, we found that having an Al
system discover these parameters on its
own from training data (similar to the way
the brain does it) was a superior
approach. Sometimes we used a hybrid
approach; that is, we primed the system



with the intuition of human experts (for the
initial settings of the parameters) and then
had the AI system automatically refine
these estimates using a learning process
from real examples of speech.

What the pattern recognition module
is doing is computing the probability (that
i1s, the likelihood based on all of its
previous experience) that the pattern that it
is responsible for recognizing is in fact
currently represented by its active inputs.
Each particular input to the module is
active ifthe corresponding lower-level
pattern recognizer is firing (meaning that
that lower-level pattern was recognized).
Each input also encodes the observed size
(on some appropriate dimension such as
temporal duration or physical magnitude
or some other continuum) so that the size



can be compared (with the stored size
parameters for each input) by the module
in computing the overall probability of the
pattern.

How does the brain (and how can an
Al  system) compute the overall
probability that the pattern (that the
module is responsible for recognizing) is
present given (1) the inputs (each with an
observed size), (2) the stored parameters
on size (the expected size and the
variability of size) for each input, and (3)
the parameters of the importance of each
input? In the 1980s and 1990s, I and
others pioneered a mathematical method
called hierarchical hidden Markov models
for learning these parameters and then
using them to recognize hierarchical
patterns. We used this technique in the



recognition of human speech as well as
the understanding of natural language. I
describe this approach further in chapter
7.

Getting back to the flow of
recognition from one level of pattern
recognizers to the next, in the above
example we see the information flow up
the conceptual hierarchy from basic letter
features to letters to words. Recognitions
will continue to flow up from there to
phrases and then more complex language
structures. If we go up several dozen more
levels, we get to higher-level concepts
like irony and envy. Even though every
pattern recognizer is working
simultaneously, it does take time for
recognitions to move upward in this
conceptual hierarchy. Traversing each



level takes between a few hundredths to a
few tenths of a second to process.
Experiments have shown that a moderately
high-level pattern such as a face takes at
least a tenth of a second. It can take as
long as an entire second if there are
significant distortions. If the brain were
sequential (like conventional computers)
and was performing each pattern
recognition in sequence, it would have to
consider every possible low-level pattern
before moving on to the next level. Thus it
would take many millions of cycles just to
go through each level. That is exactly what
happens when we simulate these
processes on a computer. Keep in mind,
however, that computers process millions
of times faster than our biological circuits.

A very important point to note here is



that information flows down the
conceptual hierarchy as well as up. If
anything, this downward flow is even
more significant. If, for example, we are
reading from left to right and have already
seen and recognized the letters “A,” “P,”
“P,” and “L,” the “APPLE” recognizer
will predict that it is likely to see an “E”
in the next position. It will send a signal
down to the “E” recognizer saying, in
effect, “Please be aware that there is a
high likelihood that you will see your ‘E’
pattern very soon, so be on the lookout for
it.” The “E” recognizer then adjusts its
threshold such that it is more likely to
recognize an “E.” So if an image appears
next that is vaguely like an “E,” but is
perhaps smudged such that it would not
have been recognized as an “E” under



“normal”  circumstances, the “E”
recognizer may nonetheless indicate that it
has indeed seen an “E,” since it was
expected.

The  neocortex 1s, therefore,
predicting what it expects to encounter.
Envisaging the future is one of the primary
reasons we have a neocortex. At the
highest conceptual level, we are
continually making predictions—who 1is
going to walk through the door next, what
someone is likely to say next, what we
expect to see when we turn the corner, the
likely results of our own actions, and so
on. These predictions are constantly
occurring at every level of the neocortex
hierarchy. We often misrecognize people
and things and words because our
threshold for confirming an expected



pattern is too low.

In addition to positive signals, there
are also negative or inhibitory signals
which indicate that a certain pattern is less
likely to exist. These can come from
lower conceptual levels (for example, the
recognition of a mustache will inhibit the
likelihood that a person I see in the
checkout line 1s my wife), or from a higher
level (for example, I know that my wife is
on a trip, so the person in the checkout
line can’t be she). When a pattern
recognizer receives an inhibitory signal, it
raises the recognition threshold, butit is
still possible for the pattern to fire (so if
the person in line really is her, I may still
recognize her).



The Nature of the Data

Flowing into a
Neocortical Pattern
Recognizer

Let’s consider further what the data for a
pattern looks like. If the pattern is a face,
the data exists in at least two dimensions.
We cannot say that the eyes necessarily
come first, followed by the nose, and so
on. The same thing is true for most sounds.
A musical piece has at least two
dimensions. There may be more than one
instrument and/or voice making sounds at
the same time. Moreover, a single note of
a complex instrument such as the piano
consists of multiple frequencies. A single
human voice consists of varying levels of



energy in dozens of different frequency
bands simultaneously. So a pattern of
sound may be complex at any one instant,
and these complex instants stretch out over
time. Tactile inputs are also two-
dimensional, since the skin is a two-
dimensional sense organ, and such
patterns may change over the third
dimension of time.

So it would seem that the input to a
neocortex  pattern  processor  must
comprise two- if not three-dimensional
patterns. However, we can see in the
structure of the neocortex that the pattern
inputs are only one-dimensional lists. All
of our work in the field of creating
artificial pattern recognition systems (such
as speech recognition and visual
recognition systems) demonstrates that we



can (and did) represent two- and three-
dimensional phenomena with such one-
dimensional lists. I’'ll describe how these
methods work in chapter 7, but for now
we can proceed with the understanding
that the input to each pattern processor is a
one-dimensional list, even though the
pattern itself may inherently reflect more
than one dimension.

We should factor in at this point the
insight that the patterns we have learned to
recognize (for example, a specific dog or
the general idea of a “dog,” a musical note
or a piece of music) are exactly the same
mechanism that is the basis for our
memories. Our memories are in fact
patterns organized as lists (where each
item in each list is another pattern in the
cortical hierarchy) that we have learned



and then recognize when presented with
the appropriate stimulus. In fact, memories
exist in the neocortex in order to be
recognized.

The only exception to this is at the
lowest possible conceptual level, in
which the input data to a pattern
represents specific sensory information
(for example, image data from the optic
nerve). Even this lowest level of pattern,
however,  has  been  significantly
transformed into simple patterns by the
time it reaches the cortex. The lists of
patterns that constitute a memory are in
forward order, and we are able to
remember our memories only in that
order, hence the difficulty we have in
reversing our memories.

A memory needs to be triggered by



another thought/memory (these are the
same thing). We can experience this
mechanism of triggering when we are
perceiving a pattern. When we perceived
“A,” “P,” “P,” and “L,” the “APPLE”

pattern predicted that we would see an
“E” and triggered the “E” pattern that it is
now expected. Our cortex is thereby
“thinking” of seeing an “E” even before
we see it. If this particular interaction in
our cortex has our attention, we will think
about “E” before we see it or even if we
never see it. A similar mechanism triggers
old memories. Usually there is an entire
chain of such links. Even if we do have
some level of awareness of the memories
(that is, the patterns) that triggered the old
memory, memories (patterns) do not have
language or image labels. This is the



reason why old memories may seem to
suddenly jump into our awareness. Having
been buried and not activated for perhaps
years, they need a trigger in the same way
that a Web page needs a Web link to be
activated. And just as a Web page can
become “orphaned” because no other page
links to it, the same thing can happen to
our memories.

Our thoughts are largely activated in
one of two modes, undirected and
directed, both of which use these same
cortical links. In the undirected mode, we
let the links play themselves out without
attempting to move them in any particular
direction. Some forms of meditation (such
as Transcendental Meditation, which I
practice) are based on letting the mind do
exactly this. Dreams have this quality as



well.

In directed thinking we attempt to
step through a more orderly process of
recalling a memory (a story, for example)
or solving a problem. This also involves
stepping through lists in our neocortex, but
the less structured flurry of undirected
thought will also accompany the process.
The full content of our thinking is
therefore very disorderly, a phenomenon
that James Joyce illuminated in his
“stream of consciousness” novels.

As you think through the
memories/stories/patterns in your life,
whether they involve a chance encounter
with a mother with a baby carriage and
baby on a walk or the more important
narrative of how you met your spouse,
your memories consist of a sequence of



patterns. Because these patterns are not
labeled with words or sounds or pictures
or videos, when you try to recall a
significant event, you will essentially be
reconstructing the images in your mind,
because the actual images do not exist.

If we were to “read” the mind of
someone and peer at exactly what is going
on in her neocortex, it would be very
difficult to interpret her memories,
whether we were to take a look at patterns
that are simply stored in the neocortex
waiting to be triggered or those that have
been triggered and are currently being
experienced as active thoughts. What we
would “see” is the simultaneous activation
of millions of pattern recognizers. A
hundredth of a second later, we would see
a different set of a comparable number of



activated pattern recognizers. Each such
pattern would be a list of other patterns,
and each of those patterns would be a list
of other patterns, and so on until we
reached the most elementary simple
patterns at the lowest level. It would be
extremely difficult to interpret what these
higher-level patterns meant without
actually copying all of the information at
every level into our own cortex. Thus
each pattern in our neocortex is
meaningful only in light of all the
information carried in the levels below it.
Moreover, other patterns at the same level
and at higher levels are also relevant in
interpreting a particular pattern because
they provide context. True mind reading,
therefore, would necessitate not just
detecting the activations of the relevant



axons in a person’s brain, but examining
essentially her entire neocortex with all of
its memories to understand these
activations.

As we experience our own thoughts
and memories, we “know” what they
mean, but they do not exist as readily
explainable thoughts and recollections. If
we want to share them with others, we
need to translate them into language. This
task 1s also accomplished by the
neocortex, using pattern recognizers
trained with patterns that we have learned
for the purpose of wusing language.
Language is itself highly hierarchical and
evolved to take advantage of the
hierarchical nature of the neocortex,
which in turn reflects the hierarchical
nature of reality. The innate ability of



humans to learn the hierarchical structures
in language that Noam Chomsky wrote
about reflects the structure of the
neocortex. In a 2002 paper he coauthored,
Chomsky cites the attribute of “recursion”
as accounting for the unique language

faculty of the human species.? Recursion,
according to Chomsky, is the ability to put
together small parts into a larger chunk,
and then use that chunk as a part in yet
another structure, and to continue this
process iteratively. In this way we are
able to build the elaborate structures of
sentences and paragraphs from a limited
set of words. Although Chomsky was not
explicitly referring here to brain structure,
the capability he is describing is exactly
what the neocortex does.

Lower species of mammals largely



use up their neocortex with the challenges
of their particular lifestyles. The human
species acquired additional capacities by
having grown substantially more cortex to
handle spoken and written language. Some
people have learned such skills better than
others. If we have told a particular story
many times, we will begin to actually
learn the sequence of language that
describes the story as a series of separate
sequences. Even in this case our memory
is not a strict sequence of words, but
rather of language structures that we need
to translate into specific word sequences
each time we deliver the story. That is
why we tell a story a bit differently each
time we share it (unless we learn the exact
word sequence as a pattern).

For each of these descriptions of



specific thought processes, we also need
to consider the issue of redundancy. As |
mentioned, we don’t have a single pattern
representing the important entities in our
lives, whether those entities constitute
sensory categories, language concepts, or
memories of events. Every important
pattern—at every level—is repeated many
times. Some of these recurrences
represent simple repetitions, whereas
many represent different perspectives and
vantage points. This is a principal reason
why we can recognize a familiar face
from various orientations and under a
range of lighting conditions. Each level up
the hierarchy has substantial redundancy,
allowing sufficient variability that is
consistent with that concept.

So if we were to imagine examining



your neocortex when you were looking at
a particular loved one, we would see a
great many firings of the axons of the
pattern recognizers at every level, from
the basic level ofprimitive sensory
patterns up to many different patterns
representing that loved one’s image. We
would also see massive numbers of firings
representing other aspects of the situation,
such as that person’s movements, what she
is saying, and so on. So if the experience
seems much richer than just an orderly trip
up a hierarchy of features, it is.



A computer simulation of the
firings of many simultaneous pattern
recognizers in the neocortex.

But the basic mechanism of going up




a hierarchy of pattern recognizers in
which each higher conceptual level
represents a more abstract and more
integrated concept remains valid. The
flow of information downward is even
greater, as each activated level of
recognized pattern sends predictions to the
next lower-level pattern recognizer of
what it is likely to be encountering next.
The apparent lushness of human
experience is a result of the fact that all of
the hundreds of millions of pattern
recognizers in our neocortex are
considering their inputs simultaneously.

In chapter 5 I’ll discuss the flow of
information from touch, vision, hearing,
and other sensory organs into the
neocortex. These early inputs are
processed by cortical regions that are



devoted to relevant types of sensory input
(although there is enormous plasticity in
the assignment of these regions, reflecting
the basic uniformity of function in the
neocortex). The conceptual hierarchy
continues above the highest concepts in
each sensory region of the neocortex. The
cortical association areas integrate input
from the different sensory inputs. When
we hear something that perhaps sounds
like our spouse’s voice, and then see
something that is perhaps indicative of her
presence, we don’t engage in an elaborate
process of logical deduction; rather, we
instantly perceive that our spouse is
present from the combination of these
sensory recognitions. We integrate all of
the germane sensory and perceptual cues
—perhaps even the smell of her perfume



or his cologne—as one multilevel
perception.

At a conceptual level above the
cortical sensory association areas, we are
capable of dealing with—perceiving,
remembering, and thinking about—even
more abstract concepts. At the highest
level we recognize patterns such as that’s
funny, or she’s pretty, orthatl ironic,
and so on. Our memories include these
abstract recognition patterns as well. For
example, we might recall that we were
taking a walk with someone and that she
said something funny, and we laughed,
though we may not remember the actual
joke itself. The memory sequence for that
recollection has simply recorded the
perception of humor but not the precise
content of what was funny.



In the previous chapter I noted that
we can often recognize a pattern even
though we don’t recognize it well enough
to be able to describe it. For example, I
believe I could pick out a picture of the
woman with the baby carriage whom I
saw earlier today from among a group of
pictures of other women, despite the fact
that I am unable to actually visualize her
and cannot describe much specific about
her. In this case my memory of her is a list
of certain high-level features. These
features do not have language or image
labels attached to them, and they are not
pixel images, so while I am able to think
about her, I am unable to describe her.
However, if [ am presented with a picture
of her, I can process the image, which
results in the recognition of the same high-



level features that were recognized the
first time 1 saw her. I would be able to
thereby determine that the features match
and thus confidently pick out her picture.

Even though I saw this woman only
once on my walk, there are probably
already multiple copies of her pattern in
my neocortex. However, if I don’t think
about her for a given period of time, then
these pattern recognizers will become
reassigned to other patterns. That is why
memories grow dimmer with time: The
amount of redundancy becomes reduced
until certain memories become extinct.
However, now that I have memorialized
this particular woman by writing about her
here, I probably won’t forget her so
easily.



Autoassociation and
Invariance

In the previous chapter I discussed how
we can recognize a pattern even if the
entire pattern is not present, and also if it
is distorted. The first capability is called
autoassociation: the ability to associate a
pattern with a part of itself. The structure
of each pattern recognizer inherently
supports this capability.

As each input from a lower-level
pattern recognizer flows up to a higher-
level one, the connection can have a
“weight,” indicating how important that
particular element in the pattern is. Thus
the more significant elements of a pattern
are more heavily weighted in considering




whether that pattern should trigger as
“recognized.” Lincoln’s beard, Elvis’s
sideburns, and Einstein’s famous tongue
gesture are likely to have high weights in
the patterns we’ve learned about the
appearance of these iconic figures. The
pattern recognizer computes a probability
that takes the importance parameters into
account. Thus the overall probability is
lower if one or more of the elements is
missing, though the threshold of
recognition may nonetheless be met. As |
pointed out, the computation of the overall
probability (that the pattern is present) is
more complicated than a simple weighted
sum in that the size parameters also need
to be considered.

If the pattern recognizer has received
a signal from a higher-level recognizer



that its pattern is “expected,” then the
threshold 1s effectively lowered (that is,
made easier to achieve). Alternatively,
such a signal may simply add to the total
of the weighted inputs, thereby
compensating for a missing element. This
happens at every level, so that a pattern
such as a face that is several levels up
from the bottom may be recognized even
with multiple missing features.

The ability to recognize patterns even
when aspects of them are transformed is
called feature invariance, and is dealt
with in four ways. First, there are global
transformations that are accomplished
before the neocortex receives sensory
data. We will discuss the voyage of
sensory data from the eyes, ears, and skin
in the section “The Sensory Pathway” on




page 94.
The second method takes advantage

of the redundancy in our cortical pattern
memory. Especially for important items,
we have learned many different
perspectives and vantage points for each
pattern. Thus many variations are
separately stored and processed.

The third and most powerful method
is the ability to combine two lists. One list
can have a set of transformations that we
have learned may apply to a certain
category of pattern; the cortex will apply
this same list of possible changes to
another pattern. That 1is how we
understand such language phenomena as
metaphors and similes.

For example, we have learned that
certain phonemes (the basic sounds of



language) may be missing in spoken
speech (for example, “goin’”). If we then
learn a new spoken word (for example,
“driving”), we will be able to recognize
that word if one of its phonemes is
missing even if we have never
experienced that word in that form before,
because we have become familiar with the
general phenomenon of certain phonemes
being omitted. As another example, we
may learn that a particular artist likes to
emphasize (by making larger) certain
elements of a face, such as the nose. We
can then identify a face with which we are
familiar to which that modification has
been applied even if we have never seen
that modification on that face. Certain
artistic modifications emphasize the very
features that are recognized by our pattern



recognition—based neocortex. As
mentioned, that is precisely the basis of
caricature.

The fourth method derives from the
size parameters that allow a single module
to encode multiple instances of a pattern.
For example, we have heard the word
“steep” many times. A particular pattern
recognition module that is recognizing this
spoken word can encode these multiple
examples by indicating that the duration of
[E] has a high expected variability. If all
the modules for words including [E] share
a similar phenomenon, that variability
could be encoded in the models for [E]
itself.  However, different  words
incorporating [E] (or many other
phonemes) may have different amounts of
expected variability. For example, the



word “peak” is likely not to have the [E]
phoneme as drawn out as in the word
“steep.”



Learning

Are we not ourselves creating our
successors in the supremacy of the
earth? Daily adding to the beauty and
delicacy of their organization, daily
giving them greater skill and
supplying more and more of that self-
regulating self-acting power which
will be better than any intellect?
—Samuel Butler, 1871

The principal activities of brains are
making changes in themselves.
—Marvin Minsky, The Society
of Mind



So far we have examined how we
recognize (sensory and perceptual)
patterns and recall sequences of patterns
(our memory of things, people, and
events). However, we are not born with a
neocortex filled with any of these patterns.
Our neocortex is virgin territory when our
brain is created. It has the capability of
learning and therefore of creating
connections  between  its  pattern
recognizers, but it gains those connections
from experience.

This learning process begins even
before we are born, occurring
simultaneously ~ with the biological
process of actually growing a brain. A
fetus already has a brain at one month,
although it is essentially a reptile brain, as



the fetus actually goes through a high-
speed re-creation of biological evolution
in the womb. The natal brain is distinctly
a human brain with a human neocortex by
the time it reaches the third trimester of
pregnancy. At this time the fetus is having
experiences, and the neocortex is learning.
She can hear sounds, especially her
mother’s heartbeat, which is one likely
reason that the rhythmic qualities of music
are universal to human culture. Every
human civilization ever discovered has
had music as part of its culture, which is
not the case with other art forms, such as
pictorial art. It is also the case that the
beat of music is comparable to our heart
rate. Music beats certainly vary—
otherwise music would not keep our
interest—but heartbeats vary also. An



overly regular heartbeat is actually a
symptom of a diseased heart. The eyes of
a fetus are partially open twenty-six
weeks after conception, and are fully open
most of the time by twenty-eight weeks
after conception. There may not be much
to see inside the womb, but there are
patterns of light and dark that the
neocortex begins to process.

So while a newborn baby has had a
bit of experience in the womb, it is clearly
limited. The neocortex may also learn
from the old brain (a topic I discuss in
chapter 5), but in general at birth the child
has a lot to learn—everything from basic
primitive sounds and shapes to metaphors
and sarcasm.

Learning 1is critical to human
intelligence. If we were to perfectly



model and simulate the human neocortex
(as the Blue Brain Project is attempting to
do) and all of the other brain regions that
it requires to function (such as the
hippocampus and thalamus), it would not
be able to do very much—in the same way
that a newborn infant cannot do much
(other than to be cute, which is definitely a
key survival adaptation).

Learning and recognition take place
simultaneously. =~ We  start  learning
immediately, and as soon as we’ve
learned a pattern, we immediately start
recognizing it. The neocortex is
continually trying to make sense of the
input presented to it. If a particular level
is unable to fully process and recognize a
pattern, it gets sent to the next higher level.
If none of the levels succeeds in



recognizing a pattern, it is deemed to be a
new pattern. Classifying a pattern as new
does not necessarily mean that every
aspect of it is new. If we are looking at the
paintings of a particular artist and see a
cat’s face with the nose of an elephant, we
will be able to identify each of the
distinctive features but will notice that this
combined pattern is something novel, and
are likely to remember it. Higher
conceptual levels of the neocortex, which
understand context—for example, the
circumstance that this picture is an
example of a particular artist’s work and
that we are attending an opening of a
showing of new paintings by that artist—
will note the unusual combination of
patterns in the cat-elephant face but will
also include these contextual details as



additional memory patterns.

New memories such as the cat-
elephant face are stored in an available
pattern recognizer. The hippocampus
plays a role in this process, and we’ll
discuss what is known about the actual
biological mechanisms in the following
chapter. For the purposes of our neocortex
model, it is sufficient to say that patterns
that are not otherwise recognized are
stored as  new patterns and are
appropriately connected to the lower-
level patterns that form them. The cat-
elephant face, for example, will be stored
in several different ways: The novel
arrangement of facial parts will be stored
as well as contextual memories that
include the artist, the situation, and
perhaps the fact that we laughed when we



first saw it.

Memories that are successfully
recognized may also result in the creation
of a new pattern to achieve greater
redundancy. If patterns are not perfectly
recognized, they are likely to be stored as
reflecting a different perspective of the
item that was recognized.

What, then, is the overall method for
determining what patterns get stored? In
mathematical terms, the problem can be
stated as follows: Using the available
limits of pattern storage, how do we
optimally represent the input patterns that
have thus far been presented? While it
makes sense to allow for a certain amount
of redundancy, it would not be practical to
fill up the entire available storage area
(that 1is, the entire neocortex) with



repeated patterns, as that would not allow
for a sufficient diversity of patterns. A
pattern such as the [E] phoneme in spoken
words is something we have experienced
countless times. It is a simple pattern of
sound frequencies and it undoubtedly
enjoys significant redundancy in our
neocortex. We could fill up our entire
neocortex with repeated patterns of the
[E] phoneme. There is a limit, however, to
useful redundancy, and a common pattern
such as this clearly has reached it.

There is a mathematical solution to
this optimization problem called linear
programming, which solves for the best
possible allocation of limited resources
(in this case, a limited number of pattern
recognizers) that would represent all of
the cases on which the system has trained.



Linear programming is designed for
systems with one-dimensional inputs,
which is another reason why it is optimal
to represent the input to each pattern
recognition module as a linear string of
inputs. We can use this mathematical
approach in a software system, and though
an actual brain is further constrained by
the physical connections it has available
that it can adapt between pattern
recognizers, the method is nonetheless
similar.

An important implication of this
optimal solution is that experiences that
are routine are recognized but do not
result in a permanent memory’s being
made. With regard to my walk, I
experienced millions of patterns at every
level, from basic visual edges and



shadings to objects such as lampposts and
mailboxes and people and animals and
plants that I passed. Almost none of what I
experienced was unique, and the patterns
that I recognized had long since reached
their optimal level of redundancy. The
result is that I recall almost nothing from
this walk. The few details that I do
remember are likely to get overwritten
with new patterns by the time [ take
another few dozen walks—except for the
fact that I have now memorialized this
particular walk by writing about it.

One important point that applies to
both our biological neocortex and attempts
to emulate it is that it is difficult to learn
too many conceptual levels
simultaneously. We can essentially learn
one or at most two conceptual levels at a



time. Once that learning is relatively
stable, we can go on to learn the next
level. We may continue to fine-tune the
learning in the lower levels, but our
learning focus is on the next level of
abstraction. This 1is true at both the
beginning of life, as newborns struggle
with basic shapes, and later in life, as we
struggle to learn new subject matter, one
level of complexity at a time. We find the
same phenomenon in machine emulations
of the neocortex. However, if they are
presented increasingly abstract material
one level at a time, machines are capable
of learning just as humans do (although not
yet with as many conceptual levels).

The output of a pattern can feed back
to a pattern at a lower level or even to the
pattern itself, giving the human brain its



powerful recursive ability. An element of
a pattern can be a decision point based on
another pattern. This is especially useful
for lists that compose actions—for
example, getting another tube of toothpaste
if the current one is empty. These
conditionals exist at every level. As
anyone who has attempted to program a
procedure on a computer knows,
conditionals are vital to describing a
course of action.



The Language of
Thought

The dream acts as a safety-valve for
the over-burdened brain.
—Sigmund Freud,
The Interpretation of
Dreams, 1911

Brain: an apparatus with which we
think we think.
—Ambrose Bierce, The
Devil’s Dictionary

To summarize what we’ve learned so far
about the way the neocortex works, please



refer to the diagram of the neocortical
pattern recognition module on page 42.

a) Dendrites enter the module that
represents the pattern. Even though
patterns may seem to have two- or
three-dimensional qualities, they
are represented by a one-
dimensional sequence of signals.
The pattern must be present in this
(sequential) order for the pattern
recognizer to be able to recognize
it. Each of the dendrites is
connected ultimately to one or
more axons of pattern recognizers
at a lower conceptual level that
have recognized a lower-level
pattern that constitutes part of this
pattern. For each of these input



patterns, there may be many
lower-level pattern recognizers
that can generate the signal that the
lower-level pattern has been
recognized. The necessary
threshold to recognize the pattern
may be achieved even if not all of
the inputs have signaled. The
module computes the probability
that the pattern it is responsible for

is present. This computation
considers the “importance” and
“size” parameters (see [f] below).
Note that some of the dendrites
transmit signals into the module and
some out of the module. If all of the
input dendrites to this pattern
recognizer are signaling that their
lower-level patterns have been



recognized except for one or two,
then this pattern recognizer will send
a signal down to the pattern
recognizer(s) recognizing the lower-
level patterns that have not yet been
recognized, indicating that there is a
high likelihood that that pattern will
soon be recognized and that lower-
level recognizer(s) should be on the
lookout for it.

b) When this pattern recognizer
recognizes its pattern (based on all
or most of the input dendrite
signals being activated), the axon
(output) of this pattern recognizer
will activate. In turn, this axon can
connect to an entire network of
dendrites connecting to many



higher-level pattern recognizers
that this pattern is input to. This
signal will transmit magnitude
information so that the pattern
recognizers at the next higher
conceptual level can consider it.

c) If a higher-level pattern recognizer
1s receiving a positive signal from
all or most of its constituent
patterns except for the one
represented by this  pattern
recognizer, then that higher-level
recognizer might send a signal
down to this recognizer indicating
that its pattern is expected. Such a
signal would cause this pattern
recognizer to lower its threshold,
meaning that it would be more



likely to send a signal on its axon
(indicating that its pattern 1is
considered to  have  been
recognized) even if some of its
inputs are missing or unclear.

d) Inhibitory signals from below
would make it less likely that this
pattern recognizer will recognize
its pattern. This can result from
recognition of lower-level patterns
that are inconsistent with the
pattern associated with this pattern
recognizer (for example,
recognition of a mustache by a
lower-level recognizer would
make it less likely that this image
is “my wife”).



e) Inhibitory signals from above
would also make it less likely that
this pattern recognizer will
recognize its pattern. This can
result from a higher-level context
that is inconsistent with the pattern
associated with this recognizer.

f) For each input, there are stored
parameters for importance,
expected size, and expected
variability of size. The module
computes an overall probability
that the pattern is present based on
all of these parameters and the
current signals indicating which of
the inputs are present and their
magnitudes. A  mathematically
optimal way to accomplish this is



with atechnique called hidden
Markov models. When such
models are organized in a
hierarchy (as they are in the
neocortex or in attempts to
simulate a neocortex), we call
them hierarchical hidden Markov
models.

Patterns triggered in the neocortex
trigger other patterns. Partially complete
patterns send signals down the conceptual
hierarchy; completed patterns send signals
up the conceptual hierarchy. These
neocortical patterns are the language of
thought. Just like language, they are
hierarchical, but they are not language per
se. Our thoughts are not conceived
primarily in the elements of language,



although since language also exists as
hierarchies of patterns in our neocortex,
we can have language-based thoughts. But
for the most part, thoughts are represented
in these neocortical patterns.

As 1 discussed above, if we were
able to detect the pattern activations in
someone’s neocortex, we would still have
little idea what those pattern activations
meant without also having access to the
entire hierarchy of patterns above and
below each activated pattern. That would
pretty much require access to that person’s
entire neocortex. It is hard enough for us
to understand the content of our own
thoughts, but understanding another
person’s requires mastering a neocortex
different from our own. Of course we
don’t yet have access to someone else’s



neocortex; we need instead to rely on her
attempts to express her thoughts into
language (as well as other means such as
gestures). People’s incomplete ability to
accomplish these communication tasks
adds another layer of complexity—it is no
wonder that we misunderstand one another
as much as we do.

We have two modes of thinking. One
is nondirected thinking, in which thoughts
trigger one another in a nonlogical way.
When we  experience a  sudden
recollection of a memory from years or
decades ago while doing something else,
such as raking the leaves or walking down
the street, the experience is recalled—as
all memories are—as a sequence of
patterns. We do not immediately visualize
the scene unless we can call upon a lot of



other memories that enable wus to
synthesize a more robust recollection. If
we do visualize the scene in that way, we
are essentially creating it in our mind from
hints at the time of recollection; the
memory itself is not stored in the form of
images or visualizations. As | mentioned
earlier, the triggers that led this thought to
pop into our mind may or may not be
evident. The sequence of relevant thoughts
may have been immediately forgotten.
Even if we do remember it, it will be a
nonlinear and circuitous sequence of
associations.

The second mode of thinking is
directed thinking, which we use when we
attempt to solve a problem or formulate an
organized response. For example, we
might be rehearsing in our mind something



we plan to say to someone, or we might be
formulating a passage we want to write
(in a book on the mind, perhaps). As we
think about tasks such as these, we have
already broken down each one into a
hierarchy of subtasks. Writing a book, for
example, involves writing chapters; each
chapter has sections; each section has
paragraphs; each paragraph contains
sentences that express ideas; each idea has
its configuration of elements; each element
and each relationship between elements is
an i1dea that needs to be articulated; and so
on. At the same time, our neocortical
structures have learned certain rules that
should be followed. If the task is writing,
then we should try to avoid unnecessary
repetition; we should try to make sure that
the reader can follow what is being



written; we should try to follow rules
about grammar and style; and so on. The
writer needs therefore to build a model of
the reader in his mind, and that construct
is hierarchical as well. In doing directed
thinking, we are stepping through lists in
our neocortex, each of which expands into
extensive hierarchies of sublists, each
with its own considerations. Keep in mind
that elements in a list in a neocortical
pattern can include conditionals, so our
subsequent thoughts and actions will
depend on assessments made as we go
through the process.

Moreover, each such directed thought
will trigger hierarchies of undirected
thoughts. A continual storm of ruminations
attends both our sensory experiences and
our attempts at directed thinking. Our



actual mental experience is complex and
messy, made up of these lightning storms
of triggered patterns, which change about
a hundred times a second.



The Language of Dreams

Dreams are examples of undirected
thoughts. They make a certain amount of
sense because the phenomenon of one
thought’s triggering another is based on
the actual linkages of patterns in our
neocortex. To the extent that a dream does
not make sense, we attempt to fix it
through our ability to confabulate. As I
will describe inchapter 9, split-brain
patients (whose corpus callosum, which
connects the two hemispheres of the brain,
is severed or damaged) will confabulate
(make up) explanations with their left
brain—which controls the speech center
—to explain what the right brain just did
with input that the left brain did not have
access to. We confabulate all the time in



explaining the outcome of events. If you
want a good example of this, just tune in to
the daily commentary on the movement of
financial markets. No matter how the
markets perform, it’s always possible to
come up with a good explanation for why
it happened, and such after-the-fact
commentary is plentiful. Of course, if
these commentators really understood the
markets, they wouldn’t have to waste their
time doing commentary.

The act of confabulating is of course
also done in the neocortex, which is good
at coming up with stories and explanations
that meet certain constraints. We do that
whenever we retell a story. We will fill in
details that may not be available or that
we may have forgotten so that the story
makes more sense. That is why stories



change over time as they are told over and
over again by new storytellers with
perhaps different agendas. As spoken
language led to written language,
however, we had a technology that could
record a definitive version of a story and
prevent this sort of drift.

The actual content of a dream, to the
extent that we remember it, is again a
sequence of patterns. These patterns
represent constraints in a story; we then
confabulate a story that fits these
constraints. The version of the dream that
we retell (even if only to ourselves
silently) 1s this confabulation. As we
recount a dream we trigger cascades of
patterns that fill in the actual dream as we
originally experienced it.

There is one key difference between



dream thoughts and our thinking while
awake. One of the lessons we learn in life
is that certain actions, even thoughts, are
not permissible in the real world. For
example, we learn that we cannot
immediately fulfill our desires. There are
rules against grabbing the money in the
cash register at a store, and constraints on
interacting with a person to whom we may
be physically attracted. We also learn that
certain thoughts are not permissible
because they are culturally forbidden. As
we learn professional skills, we learn the
ways of thinking that are recognized and
rewarded in our professions, and thereby
avoid patterns of thought that might betray
the methods and norms of that profession.
Many of these taboos are worthwhile, as
they enforce social order and consolidate



progress. However, they can also prevent
progress by enforcing an unproductive
orthodoxy. Such orthodoxy is precisely
what Einstein left behind when he tried to
ride a light beam with his thought
experiments.

Cultural rules are enforced in the
neocortex with help from the old brain,
especially the amygdala. Every thought we
have triggers other thoughts, and some of
them will relate to associated dangers. We
learn, for example, that breaking a cultural
norm even in our private thoughts can lead
to ostracism, which the neocortex realizes
threatens our well-being. If we entertain
such thoughts, the amygdala is triggered,
and that generates fear, which generally
leads to terminating that thought.

In dreams, however, these taboos are



relaxed, and we will often dream about
matters that are culturally, sexually, or
professionally forbidden. It is as if our
brain realizes that we are not an actual
actor in the world while dreaming. Freud
wrote about this phenomenon but also
noted that we will disguise such
dangerous thoughts, at least when we
attempt to recall them, so that the awake
brain continues to be protected from them.

Relaxing professional taboos turns
out to be useful for creative problem
solving. I use a mental technique each
night in which I think about a particular
problem before I go to sleep. This triggers
sequences of thoughts that will continue
into my dreams. Once I am dreaming, I can
think—dream—about solutions to the
problem without the burden of the



professional restraints 1 carry during the
day. I can then access these dream
thoughts in the morning while in an in-
between state of dreaming and being
awake, sometimes referred to as “lucid
dreaming,”

Freud also famously wrote about the
ability to gain insight into a person’s
psychology by interpreting dreams. There
is of course a vast literature on all aspects
of this theory, but the fundamental notion
of gaining insight into ourselves through
examination of our dreams makes sense.
Our dreams are created by our neocortex,
and thus their substance can be revealing
of the content and connections found there.
The relaxation of the constraints on our
thinking that exist while we are awake is
also useful in revealing neocortical



content that we otherwise would be
unable to access directly. It is also
reasonable to conclude that the patterns
that end up in our dreams represent
important matters to us and thereby clues
in understanding our unresolved desires
and fears.



The Roots of the Model

As I mentioned above, I led a team in the
1980s and 1990s that developed the
technique of hierarchical hidden Markov
models to recognize human speech and
understand natural-language statements.
This work was the predecessor to today’s
widespread commercial systems that
recognize and understand what we are
trying to tell them (car navigation systems
that you can talk to, Siri on the iPhone,
Google Voice Search, and many others).
The technique we developed had
substantially all of the attributes that I
describe in the PRTM. It included a
hierarchy of patterns with each higher
level being conceptually more abstract
than the one below it. For example, in



speech recognition the levels included
basic patterns of sound frequency at the
lowest level, then phonemes, then words
and phrases (which were often recognized
as if they were words). Some of our
speech  recognition systems could
understand the meaning of natural-
language commands, so yet higher levels
included such structures as noun and verb
phrases. Each pattern recognition module
could recognize a linear sequence of
patterns from a lower conceptual level.
Each input had parameters for importance,
size, and variability of size. There were
“downward” signals indicating that a
lower-level pattern was expected. 1
discuss this research in more detail in

chapter 7.
In 2003 and 2004, PalmPilot inventor



Jeff Hawkins and Dileep George
developed a hierarchical cortical model
called hierarchical temporal memory.
With science writer Sandra Blakeslee,
Hawkins described this model eloquently
in their book On Intelligence. Hawkins
provides a strong case for the uniformity
of the cortical algorithm and its
hierarchical and list-based organization.
There are some important differences
between the model presented in On
Intelligence and what 1 present in this
book. As the name implies, Hawkins is
emphasizing the temporal (time-based)
nature of the constituent lists. In other
words, the direction of the lists is always
forward in time. His explanation for how
the features in a two-dimensional pattern
such as the printed letter “A” have a



direction in time is predicated on eye
movement. He explains that we visualize
images using saccades, which are very
rapid movements of the eye of which we
are unaware. The information reaching the
neocortex 1s therefore not a two-
dimensional set of features but rather a
time-ordered list. While it is true that our
eyes do make very rapid movements, the
sequence in which they view the features
of a pattern such as the letter “A” does not
always occur in a consistent temporal
order. (For example, eye saccades will
not always register the top vertex in “A”
before its bottom concavity.) Moreover,
we can recognize a visual pattern that is
presented for only a few tens of
milliseconds, which is too short a period
of time for eye saccades to scan it. It is



true that the pattern recognizers in the
neocortex store a pattern as a list and that
the list 1s indeed ordered, but the order
does not necessarily represent time. That
is often indeed the case, but it may also
represent a spatial or higher-level
conceptual ordering as I discussed above.

The most important difference is the
set of parameters that I have included for
each input into the pattern recognition
module, especially the size and size
variability parameters. In the 1980s we
actually tried to recognize human speech
without this type of information. This was
motivated by linguists’ telling us that the
duration information was not especially
important. This perspective is illustrated
by dictionaries that write out the
pronunciation of each word as a string of



phonemes, for example the word “steep”
as [s] [t] [E] [p], with no indication of
how long each phoneme is expected to
last. The implication is that if we create
programs to recognize phonemes and then
encounter this particular sequence of four
phonemes (in a spoken utterance), we
should be able to recognize that spoken
word. The system we built using this
approach worked to some extent but not
well enough to deal with such attributes as
a large vocabulary, multiple speakers, and
words spoken continuously  without
pauses. When we used the technique of
hierarchical hidden Markov models in
order to incorporate the distribution of
magnitudes of each input, performance
soared.



CHAPTER 4



THE
BIOLOGICAL
NEOCORTEX

Because important things go in a

case, you've got a skull for your

brain, a plastic sleeve for your comb,

and a wallet for your money.
—George Costanza, in “The
Reverse Peephole” episode
of Seinfeld



Now, for the first time, we are
observing the brain at work in a
global manner with such clarity that
we should be able to discover the
overall — programs  behind its
magnificent powers.

—J. G. Taylor, B. Horwitz,

and K. J. Friston

The mind, in short, works on the data
it receives very much as a sculptor
works on his block of stone. In a
sense the statue stood there from
eternity. But there were a thousand
different ones beside 1it, and the
sculptor alone is to thank for having
extricated this one from the rest. Just
so the world of each of us,



howsoever different our several
views of it may be, all lay embedded
in the primordial chaos of sensations,
which gave the mere matter to the
thought of all of us indifferently. We
may, if we like, by our reasonings
unwind things back to that black and
jointless continuity of space and
moving clouds of swarming atoms
which science calls the only real
world. But all the while the world
we feel and live in will be that which
our ancestors and we, by slowly
cumulative strokes of choice, have
extricated out of this, like sculptors,
by simply rejecting certain portions
of the given stuff. Other sculptors,
other statues from the same stone!
Other minds, other worlds from the



same monotonous and inexpressive
chaos! My world is but one in a
million alike embedded, alike real to
those who may abstract them. How
different must be the worlds in the
consciousness of ant, cuttle-fish, or
crab!
—William James

Is intelligence the goal, or even a goal, of

biological evolution? Steven Pinker
writes, “We are chauvinistic about our

brains, thinking them to be the goal of

evolution,”! and goes on to argue that “that

makes no sense.... Natural selection does
nothing even close to striving for



intelligence. The process is driven by
differences in the survival and
reproduction  rates  of  replicating
organisms in a particular environment.
Over time, the organisms acquire designs
that adapt them for survival and
reproduction in that environment, period;
nothing pulls them in any direction other
than success there and then.” Pinker
concludes that “life is a densely branching
bush, not a scale or a ladder, and living
organisms are at the tips of branches, not
on lower rungs.”

With regard to the human brain, he
questions whether the “benefits outweigh
the costs.” Among the costs, he cites that
“the brain [is] bulky. The female pelvis
barely accommodates a baby’s outsized
head. That design compromise kills many



women during childbirth and requires a
pivoting gait that makes women
biomechanically less efficient walkers
than men. Also a heavy head bobbing
around on a neck makes us more
vulnerable to fatal injuries in accidents
such as falls.” He goes on to list
additional shortcomings, including the
brain’s energy consumption, its slow
reaction time, and the lengthy process of
learning.

While each of these statements is
accurate on its face (although many of my
female friends are better walkers than I
am), Pinker is missing the overall point
here. It is true that biologically, evolution
has no specific direction. It is a search
method that indeed thoroughly fills out the
“densely branching bush” of nature. It is



likewise true that evolutionary changes do
not necessarily move in the direction of
greater intelligence—they move inall
directions. There are many examples of
successful creatures that have remained
relatively unchanged for millions of years.
(Alligators, for instance, date back 200
million years, and many microorganisms
go back much further than that.) But in the
course of thoroughly filling out myriad
evolutionary branches, one of the
directions itdoes move in is toward
greater intelligence. That is the relevant
point for the purposes of this discussion.



Meocortex

The neccortex covers the entire brain
with its convoluted thin surface and is
separated in two halves, connected

by the corpus callesurn

Sensorimotor Left Right
/ area hemisphere hemisphere

Corpus
callosum

Cerabellum

Physical layout of key regions of
the brain.



Sheep

Chimpanzes

Dolphin
Human

Dolphin

The neocortex in different
mammals.

Suppose we have a blue gas in a jar.
When we remove the lid, there is no
message that goes out to all of the
molecules of the gas saying, “Hey, guys,
the 1id is off the jar; let’s head up toward
the opening and out to freedom.” The



molecules just keep doing what they
always do, which is to move every which
way with no seeming direction. But in the
course of doing so, some of them near the
top will indeed move out of the jar, and
over time most of them will follow suit.
Once biological evolution stumbled on a
neural mechanism capable of hierarchical
learning, it found it to be immensely useful
for evolution’s one objective, which is
survival. The benefit of having a
neocortex became acute when quickly
changing circumstances favored rapid
learning. Species of all kinds—plants and
animals—can learn to adapt to changing
circumstances over time, but without a
neocortex they must use the process of
genetic evolution. It can take a great many
generations—thousands of years—for a



species without a neocortex to learn
significant new behaviors (or in the case
of plants, other adaptation strategies). The
salient survival advantage of the
neocortex was that it could learn in a
matter of days. If a species encounters
dramatically changed circumstances and
one member of that species invents or
discovers or just stumbles upon (these
three methods all being variations of
innovation) a way to adapt to that change,
other individuals will notice, learn, and
copy that method, and it will quickly
spread virally to the entire population.
The cataclysmic Cretaceous-Paleogene
extinction event about 65 million years
ago led to the rapid demise of many non-
neocortex-bearing species that could not
adapt quickly enough to a suddenly altered



environment. This marked the turning
point for neocortex-capable mammals to
take over their ecological niche. In this
way, biological evolution found that the
hierarchical learning of the neocortex was
so valuable that this region of the brain
continued to grow in size until it virtually
took over the brain of Homo sapiens.
Discoveries in neuroscience have
established convincingly the key role
played by the hierarchical capabilities of
the neocortex as well as offered evidence
for the pattern recognition theory of mind
(PRTM). This evidence is distributed
among many observations and analyses, a
portion of which I will review here.
Canadian psychologist Donald O. Hebb
(1904—-1985) made an initial attempt to
explain the neurological basis of learning.



In 1949 he described a mechanism in
which neurons change physiologically
based on their experience, thereby
providing a basis for learning and brain
plasticity: “Let us assume that the
persistence  or  repetition of a
reverberatory activity (or ‘trace’) tends to
induce lasting cellular changes that add to
its stability.... When an axon of cell 4 is
near enough to excite a cell B and
repeatedly or persistently takes part in
firing 1t, some growth process or
metabolic change takes place in one or
both cells such that A’s efficiency, as one

of the cells firing B, is increased.”? This
theory has been stated as “cells that fire
together wire together” and has become
known as Hebbian learning. Aspects of
Hebb’s theory have been confirmed, in



that it is clear that brain assemblies can
create new connections and strengthen
them, based on their own activity. We can
actually see neurons developing such
connections in brain scans. Artificial
“neural nets” are based on Hebb’s model
of neuronal learning.

The central assumption in Hebb’s
theory is that the basic unit of learning in
the neocortex is the neuron. The pattern
recognition theory of mind that I articulate
in this book is based on a different
fundamental unit: not the neuron itself, but
rather an assembly of neurons, which I
estimate to number around a hundred. The
wiring and synaptic strengths within each
unit are relatively stable and determined
genetically—that is, the organization
within each pattern recognition module is



determined by genetic design. Learning
takes place in the creation of connections
between these units, not within them, and
probably in the synaptic strengths of those
interunit connections.

Recent support for the basic module
of learning’s being a module of dozens of
neurons comes from Swiss neuroscientist
Henry Markram (born in 1962), whose
ambitious Blue Brain Project to simulate
the entire human brain I describe in
chapter 7. In a 2011 paper he describes
how while scanning and analyzing actual
mammalian neocortex neurons, he was
“search[ing] for evidence of Hebbian
assemblies at the most elementary level of
the cortex.” What he found instead, he
writes, were “elusive assemblies [whose]
connectivity and synaptic weights are



highly predictable and constrained.” He
concludes that “these findings imply that
experience cannot easily mold the
synaptic connections of these assemblies”
and speculates that “they serve as innate,
Lego-like building blocks of knowledge
for perception and that the acquisition of
memories involves the combination of
these building blocks into complex
constructs.” He continues:

Functional neuronal assemblies
have been reported for decades, but
direct evidence of clusters of
synaptically connected neurons...has
been missing.... Since these
assemblies will all be similar in
topology and synaptic weights, not
molded by any specific experience,



we consider these to be innate
assemblies.... Experience plays only
a minor role in determining synaptic
connections and weights within these
assemblies.... Our study found
evidence [of] innate Lego-like
assemblies of a few dozen
neurons.... Connections between
assemblies may combine them into
super-assemblies within a
neocortical layer, then in higher-
order assemblies in a cortical
column, even higher-order
assemblies in a brain region, and
finally in the highest possible order
assembly represented by the whole
brain.... Acquiring memories is very
similar to building with Lego. Each
assembly is equivalent to a Lego



block holding some piece of
elementary innate knowledge about
how to process, perceive and
respond to the world.... When
different blocks come together, they
therefore form a unique combination
of these innate percepts that

represents an individual’s specific

knowledge and experience.2

The “Lego blocks” that Markram
proposes are fully consistent with the
pattern recognition modules that I have
described. In an e-mail communication,
Markram described these “Lego blocks™
as  ‘“shared content and  innate
knowledge.”* 1 would articulate that the
purpose of these modules is to recognize
patterns, to remember them, and to predict



them based on partial patterns. Note that
Markram’s estimate of each module’s
containing ‘“several dozen neurons” 1is
based only on layer V of the neocortex.
Layer V is indeed neuron rich, but based
on the usual ratio of neuron counts in the
six layers, this would translate to an order
of magnitude of about 100 neurons per
module, which is consistent with my
estimates.

The consistent wiring and apparent
modularity of the neocortex has been
noted for many years, but this study is the
first to demonstrate the stability of these
modules as the brain undergoes its
dynamic processes.

Another recent study, this one from
Massachusetts General Hospital, funded
by the National Institutes of Health and the



National ~ Science  Foundation and
published in a March 2012 issue of the
journal Science, also shows a regular

structure of connections across the

neocortex> The article describes the

wiring of the neocortex as following a
grid pattern, like orderly city streets:
“Basically, the overall structure of the
brain ends up resembling Manhattan,
where you have a 2-D plan of streets and
a third axis, an elevator going in the third
dimension,” wrote Van J. Wedeen, a
Harvard neuroscientist and physicist and
the head of the study.

In aScience magazine podcast,
Wedeen described the significance of the
research: “This was an investigation of
the three-dimensional structure of the
pathways of the brain. When scientists



have thought about the pathways of the
brain for the last hundred years or so, the
typical image or model that comes to mind
is that these pathways might resemble a
bowl of spaghetti—separate pathways that
have little particular spatial pattern in
relation to one another. Using magnetic
resonance imaging, we were able to
investigate this question experimentally.
And what we found was that rather than
being haphazardly arranged or
independent pathways, we find that all of
the pathways of the brain taken together fit
together in a single exceedingly simple
structure. They basically look like a cube.
They basically run in three perpendicular
directions, and in each one of those three
directions the pathways are highly parallel
to each other and arranged in arrays. So,



instead of independent spaghettis, we see
that the connectivity of the brain is, in a
sense, a single coherent structure.”
Whereas the Markram study shows a
module of neurons that repeats itself
across the neocortex, the Wedeen study
demonstrates a remarkably orderly pattern
of connections between modules. The
brain starts out with a very large number
of “connections-in-waiting” to which the
pattern recognition modules can hook up.
Thus if a given module wishes to connect
to another, it does not need to grow an
axon from one and a dendrite from the
other to span the entire physical distance
between them. It can simply harness one
of these axonal connections-in-waiting
and just hook up to the ends of the fiber.
As Wedeen and his colleagues write,



“The pathways of the brain follow a base-
plan established by...early
embryogenesis. Thus, the pathways of the
mature brain present an image of these
three primordial gradients, physically
deformed by development.” In other
words, as we learn and have experiences,
the pattern recognition modules of the
neocortex are connecting to these
preestablished connections that were
created when we were embryos.

There is a type of electronic chip
called a field programmable gate array
(FPGA) that is based on a similar
principle. The chip contains millions of
modules that implement logic functions
along with connections-in-waiting. At the
time of use, these connections are either
activated or  deactivated  (through



electronic signals) to implement a
particular capability.

In the neocortex, those long-distance
connections that are not used are
eventually pruned away, which is one
reason why adapting a nearby region of
the neocortex to compensate for one that
has become damaged is not quite as
effective as using the original region.
According to the Wedeen study, the initial
connections are extremely orderly and
repetitive, just like the modules
themselves, and their grid pattern is used
to “guide connectivity” in the neocortex.
This pattern was found in all of the
primate and human brains studied and was
evident across the neocortex, from regions
that dealt with early sensory patterns up to
higher-level emotions. Wedeen’s Science



journal article concluded that the “grid
structure of cerebral pathways was
pervasive, coherent, and continuous with
the three principal axes of development.”
This again speaks to a common algorithm
across all neocortical functions.

It has long been known that at least
certain regions of the neocortex are
hierarchical. The best-studied region is
the visual cortex, which is separated into
areas known as V1, V2, and MT (also
known as V5). As we advance to higher
areas in this region (“higher” in the sense
of conceptual processing, not physically,
as the neocortex is always just one pattern
recognizer thick), the properties that can
be recognized become more abstract. V1
recognizes very basic edges and primitive
shapes. V2 can recognize contours, the



disparity of images presented by each of
the eyes, spatial orientation, and whether
or not a portion of the image is part of an

object or the background.® Higher-level
regions of the neocortex recognize
concepts such as the identity of objects
and faces and their movement. It has also
long been known that communication
through this hierarchy is both upward and
downward, and that signals can be both
excitatory and inhibitory. MIT
neuroscientist Tomaso Poggio (born in
1947) has extensively studied vision in the
human brain, and his research for the last
thirty-five years has been instrumental in
establishing hierarchical learning and
pattern recognition in the “early” (lowest
conceptual) levels of the visual
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The highly regular grid structure
of initial connections in the neocortex
found in a National Institutes of
Health study.




Another view of the regular grid
structure of neocortical connections.



The grid structure found in the
neocortex is remarkably similar to
what 1s called crossbar switching,
which is used in integrated circuits
and circuit boards.

Our understanding of the lower
hierarchical levels of the visual neocortex
is consistent with the PRTM I described
in the previous chapter, and observation
of the hierarchical nature of neocortical




processing has recently extended far
beyond these levels. University of Texas
neurobiology  professor  Daniel .
Felleman and his colleagues traced the
“hierarchical organization of the cerebral
cortex...[in] 25 neocortical areas,” which
included both visual areas and higher-
level areas that combine patterns from
multiple senses. What they found as they
went up the neocortical hierarchy was that
the processing of patterns became more
abstract, comprised larger spatial areas,
and involved longer time periods. With

every connection they found
communication both up and down the
hierarchy.®

Recent research allows us to
substantially broaden these observations
to regions well beyond the visual cortex



and even to the association areas, which
combine inputs from multiple senses. A
study published in 2008 by Princeton
psychology professor Uri Hasson and his
colleagues  demonstrates  that  the
phenomena observed in the visual cortex
occur across a wide variety of neocortical
areas: “It is well established that neurons
along the visual cortical pathways have
increasingly larger spatial receptive
fields. This is a basic organizing principle
of the visual system.... Real-world events
occur not only over extended regions of
space, but also over extended periods of
time. We therefore hypothesized that a
hierarchy analogous to that found for
spatial receptive field sizes should also
exist for the temporal response
characteristics of different brain regions.”



This is exactly what they found, which
enabled them to conclude that “similar to
the known cortical hierarchy of spatial
receptive fields, there is a hierarchy of
progressively longer temporal receptive
windows in the human brain.”?

The most powerful argument for the
universality of processing in the neocortex
is the pervasive evidence of plasticity (not
just learning but interchangeability): In
other words, one region is able to do the
work of other regions, implying a common
algorithm across the entire neocortex. A
great deal of neuroscience research has
been focused on identifying which regions
of the neocortex are responsible for which
types of patterns. The classical technique
for determining this has been to take
advantage of brain damage from injury or



stroke and to correlate lost functionality
with specific damaged regions. So, for
example, when we notice that someone
with newly acquired damage to the
fusiform gyrus region suddenly has
difficulty recognizing faces but is still
able to identify people from their voices
and language patterns, we can hypothesize
that this region has something to do with
face  recognition. The  underlying
assumption has been that each of these
regions 1is designed to recognize and
process a particular type of pattern.
Particular physical regions have become
associated with particular types of
patterns,  because =~ under = normal
circumstances that is how the information
happens to flow. But when that normal
flow of information is disrupted for any



reason, another region of the neocortex is
able to step in and take over.

Plasticity has been widely noted by
neurologists, who observed that patients
with brain damage from an injury or a
stroke can relearn the same skills in
another area of the neocortex. Perhaps the
most dramatic example of plasticity is a
2011 study by American neuroscientist
Marina Bedny and her colleagues on what
happens to the visual cortex of
congenitally blind people. The common
wisdom has been that the early layers of
the visual cortex, such as V1 and V2,
inherently deal with very low-level
patterns (such as edges and curves),
whereas the frontal cortex (that
evolutionarily new region of the cortex
that we have in our uniquely Ilarge



foreheads) inherently deals with the far
more complex and subtle patterns of
language and other abstract concepts. But
as Bedny and her colleagues found,
“Humans are thought to have evolved
brain regions in the left frontal and
temporal cortex that are uniquely capable
of language processing. However,
congenitally blind individuals also
activate the visual cortex in some verbal
tasks. We provide evidence that this
visual cortex activity in fact reflects
language processing. We find that in
congenitally blind individuals, the left
visual cortex behaves similarly to classic
language regions.... We conclude that
brain regions that are thought to have
evolved for vision can take on language
processing as a result of early



experience.” 10

Consider the implications of this
study: It means that neocortical regions
that are physically relatively far apart, and
that have also been considered
conceptually very different (primitive
visual cues versus abstract language
concepts), use essentially the same
algorithm. The regions that process these
disparate types of patterns can substitute
for one another.

University of California at Berkeley
neuroscientist Daniel E. Feldman wrote a
comprehensive 2009 review of what he
called “synaptic mechanisms for plasticity
in the neocortex” and found evidence for
this type of plasticity across the neocortex.
He writes that “plasticity allows the brain
to learn and remember patterns in the



sensory world, to refine movements...and
to recover function after injury.” He adds
that this plasticity is enabled by
“structural changes including formation,
removal, and morphological remodeling

of cortical synapses and dendritic

spines.”

Another  startling example  of
neocortical plasticity (and therefore of the
uniformity of the neocortical algorithm)
was recently demonstrated by scientists at
the University of California at Berkeley.
They hooked up implanted microelectrode
arrays to pick up brain signals specifically
from a region of the motor cortex of mice
that controls the movement of their
whiskers. They set up their experiment so
that the mice would get a reward if they
controlled these neurons to fire in a



certain mental pattern but not to actually
move their whiskers. The pattern required
to get the reward involved a mental task
that their frontal neurons would normally
not do. The mice were nonetheless able to
perform this mental feat essentially by
thinking with their motor neurons while
mentally decoupling them from controlling

motor movements.12 The conclusion is that
the motor cortex, the region of the
neocortex responsible for coordinating
muscle movement, also uses the standard
neocortical algorithm.

There are several reasons, however,
why a skill or an area of knowledge that
has been relearned using a new area of the
neocortex to replace one that has been
damaged will not necessarily be as good
as the original. First, because it took an



entire lifetime to learn and perfect a given
skill, relearning it in another area of the
neocortex will not immediately generate
the same results. More important, that new
area of the neocortex has not just been
sitting around waiting as a standby for an
injured region. It too has been carrying out
vital functions, and will therefore be
hesitant to give up its neocortical patterns
to compensate for the damaged region. It
can start by releasing some of the
redundant copies of its patterns, but doing
so will subtly degrade its existing skills
and does not free up as much cortical
space as the skills being relearned had
used originally.

There is a third reason why plasticity
has its limits. Since in most people
particular types of patterns will flow



through specific regions (such as faces
being processed by the fusiform gyrus),
these regions have become optimized (by
biological evolution) for those types of
patterns. As [ report in chapter 7, we
found the same result in our digital
neocortical developments. We could
recognize speech with our character
recognition systems and vice versa, but
the speech systems were optimized for
speech and similarly the character
recognition systems were optimized for
printed characters, so there would be
some reduction in performance if we
substituted one for the other. We actually
used evolutionary (genetic) algorithms to
accomplish this optimization, a simulation
of what biology does naturally. Given that
faces have been flowing through the



fusiform gyrus for most people for
hundreds of thousands of years (or more),
biological evolution has had time to
evolve a favorable ability to process such
patterns in that region. It uses the same
basic algorithm, but it is oriented toward
faces. As Dutch neuroscientist Randal
Koene wrote, “The [neo]cortex is very
uniform, each column or minicolumn can
in principle do what each other one can

do.”13

Substantial recent research supports
the observation that the pattern recognition
modules wire themselves based on the
patterns to which they are exposed. For
example, neuroscientist Yi Zuo and her
colleagues watched as new “dendritic
spines” formed connections between
nerve cells as mice learned a new skill



(reaching through a slot to grab a seed).!
Researchers at the Salk Institute have
discovered that this critical self-wiring of
the neocortex modules 1is apparently
controlled by only a handful of genes.
These genes and this method of self-

wiring are also uniform across the
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Many other studies document these
attributes of the neocortex, but let’s
summarize what we can observe from the
neuroscience literature and from our own
thought experiments. The basic unit of the
neocortex is a module of neurons, which I
estimate at around a hundred. These are
woven together into each neocortical
column so that each module is not visibly
distinct. The pattern of connections and
synaptic strengths within each module is



relatively stable. It is the connections and
synaptic strengths between modules that
represent learning.

There are on the order of a

quadrillion (10'%) connections in the
neocortex, yet only about 25 million bytes
of design information in the genome (after

lossless ~ compression),1®  so  the
connections themselves cannot possibly
be predetermined genetically. It is
possible that some of this learning is the
product of the neocortex’s interrogating
the old brain, but that still would
necessarily represent only a relatively
small amount of information. The
connections between modules are created
on the whole from experience (nurture
rather than nature).

The brain does not have sufficient



flexibility so that each neocortical pattern
recognition module can simply link to any
other module (as we can easily program in
our computers or on the Web)—an actual
physical connection must be made,
composed of an axon connecting to a
dendrite. We each start out with a vast
stockpile of possible neural connections.
As the Wedeen study shows, these
connections are organized in a very
repetitive and orderly manner. Terminal
connection to these axons-in-waiting takes
place based on the patterns that each
neocortical ~ pattern  recognizer  has
recognized. Unused connections are
ultimately ~ pruned away. These
connections are built hierarchically,
reflecting the natural hierarchical order of
reality. That is the key strength of the



neocortex.

The basic algorithm of the
neocortical pattern recognition modules is
equivalent across the neocortex from
“low-level” modules, which deal with the
most basic sensory patterns, to “high-
level” modules, which recognize the most
abstract concepts. The vast evidence of
plasticity and the interchangeability of
neocortical regions is testament to this
important observation. There is some
optimization of regions that deal with
particular types of patterns, but this is a
second-order effect—the fundamental
algorithm is universal.

Signals go up and down the
conceptual hierarchy. A signal going up
means, “I’ve detected a pattern.” A signal
going down means, “I’m expecting your



pattern to occur,” and is essentially a
prediction. Both upward and downward
signals can be either excitatory or
inhibitory.

Each pattern is itself in a particular
order and is not readily reversed. Even if
a pattern appears to have
multidimensional aspects, it is represented
by a one-dimensional sequence of lower-
level patterns. A pattern is an ordered
sequence of other patterns, so each
recognizer is inherently recursive. There
can be many levels of hierarchy.

There is a great deal of redundancy
in the patterns we learn, especially the
important ones. The recognition of
patterns (such as common objects and
faces) uses the same mechanism as our
memories, which are just patterns we have



learned. They are also stored as
sequences of patterns—they are basically
stories. That mechanism is also used for
learning and carrying out physical
movement in the world. The redundancy
of patterns is what enables us to recognize
objects, people, and ideas even when they
have variations and occur in different
contexts. The size and size variability
parameters also allow the neocortex to
encode variation in magnitude against
different dimensions (duration in the case
of sound). One way that these magnitude
parameters could be encoded is simply
through multiple patterns with different
numbers of repeated inputs. So, for
example, there could be patterns for the
spoken word “steep” with different
numbers of the long vowel [E] repeated,



each with the importance parameter set to
a moderate level indicating that the
repetition of [E] 1is wvariable. This
approach is not mathematically equivalent
to having the explicit size parameters and
does not work nearly as well in practice,
but is one approach to encoding
magnitude. The strongest evidence we
have for these parameters is that they are
needed in our Al systems to get accuracy
levels that are near human levels.

The summary above constitutes the
conclusions we can draw from the
sampling of research results I have shared
above as well as the sampling of thought
experiments I discussed earlier. I maintain
that the model I have presented is the only
possible model that satisfies all of the
constraints that the research and our



thought experiments have established.

Finally, there is one more piece of
corroborating evidence. The techniques
that we have evolved over the past
several decades in the field of artificial
intelligence to recognize and intelligently
process real-world phenomena (such as
human speech and written language) and
to understand natural-language documents
turn out to be mathematically similar to the
model I have presented above. They are
also examples of the PRTM. The Al field
was not explicitly trying to copy the brain,
but it nonetheless arrived at essentially
equivalent techniques.



CHAPTER 5



THE OLD
BRAIN

I have an old brain but a terrific
memory.
—Al Lewis

Here we stand in the middle of this
new world with our primitive brain,
attuned to the simple cave life, with
terrific forces at our disposal, which
we are clever enough to release, but



whose consequences we cannot
comprehend.
—Albert Szent-Gyorgyi

Our old brain—the one we had before

we were mammals—has not disappeared.
Indeed it still provides much of our
motivation in seeking gratification and
avoiding danger. These goals are
modulated, however, by our neocortex,
which dominates the human brain in both
mass and activity.

Animals used to live and survive
without a neocortex, and indeed all
nonmammalian animals continue to do so
today. We can view the human neocortex
as the great sublimator—thus our



primitive motivation to avoid a large
predator may be transformed by the
neocortex today into completing an
assignment to impress our boss; the great
hunt may become writing a book on, say,
the mind; and pursuing reproduction may
become gaining public recognition or
decorating your apartment. (Well, this last
motivation is not always so hidden.)

The neocortex is likewise good at
helping us solve problems because it can
accurately model the world, reflecting its
true hierarchical nature. But it is the old
brain that presents us with those problems.
Of course, like any clever bureaucracy,
the neocortex often deals with the
problems it is assigned by redefining
them. On that note, let’s review the
information processing in the old brain.



The Sensory Pathway

Pictures, propagated by motion along

the fibers of the optic nerves in the

brain, are the cause of vision.
—Isaac Newton

Each of us lives within the universe
—the prison—of his own brain.
Projecting from it are millions of
fragile sensory nerve fibers, in
groups uniquely adapted to sample
the energetic states of the world
around us: heat, light, force, and
chemical composition. That is all we
ever know of it directly; all else is
logical inference.

—Vernon Mountcastle!



Although we experience the illusion of
receiving high-resolution images from our
eyes, what the optic nerve actually sends
to the brain is just a series of outlines and
clues about points of interest in our visual
field. We then essentially hallucinate the
world from cortical memories that
interpret a series of movies with very low
data rates that arrive in parallel channels.
In a study published in Nature, Frank S.
Werblin, professor of molecular and cell
biology at the University of California at
Berkeley, and doctoral student Boton
Roska, MD, showed that the optic nerve
carries ten to twelve output channels, each
of which carries only a small amount of



information about a given scene.?2 One
group of what are called ganglion cells
sends information only about edges
(changes in contrast). Another group
detects only large areas of uniform color,
whereas a third group is sensitive only to
the backgrounds behind figures of interest.
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“Even though we think we see the
world so fully, what we are receiving is
really just hints, edges in space and time,”
says Werblin. “These 12 pictures of the
world constitute all the information we
will ever have about what’s out there, and
from these 12 pictures, which are so
sparse, we reconstruct the richness of the



visual world. I’'m curious how nature
selected these 12 simple movies and how
it can be that they are sufficient to provide
us with all the information we seem to
need.”

This data reduction is what in the Al
field we call “sparse coding.” We have
found in creating artificial systems that
throwing most of the input information
away and retaining only the most salient
details provides superior  results.
Otherwise the limited ability to process
information in a neocortex (biological or
otherwise) gets overwhelmed.



Seven of the twelve low-data-
rate “movies” sent by the optic nerve
to the brain.

The  processing of  auditory
information from the human cochlea
through the subcortical regions and then
through the early stages of the neocortex
has been meticulously modeled by Lloyd
Watts and his research team at Audience,

Inc2 They have developed research




technology that extracts 600 different
frequency bands (60 per octave) from
sound. This comes much closer to the
estimate of 3,000 bands extracted by the
human  cochlea  (compared  with
commercial speech recognition, which
uses only 16 to 32 bands). Using two
microphones and its detailed (and high—
spectral resolution) model of auditory
processing, Audience has created a
commercial technology (with somewhat
lower spectral resolution than its research
system)  that  effectively  removes
background noise from conversations.
This is now being used in many popular
cell phones and is an impressive example
of a commercial product based on an
understanding of how the human auditory
perceptual system is able to focus on one



sound source of interest.

Primary
auditory
cortex

Auditory nerve

Cochlea

The auditory pathway in the

brain.
Inputs from the body (estimated at
hundreds of megabits per second),



including that of nerves from the skin,
muscles, organs, and other areas, stream
into the upper spinal cord. These
messages involve more than just
communication about touch; in addition
they carry information about temperature,
acid levels (for example, lactic acid in
muscles), the movement of food through
the gastrointestinal tract, and many other
signals. This data is processed through the
brain stem and midbrain. Key cells called
lamina 1 neurons create a map of the
body, representing its current state, not
unlike the displays used by flight
controllers to track airplanes. From here
the sensory data heads to a mysterious
region called the thalamus, which brings
us to our next topic.
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Audience, Inc. Figure adapted from
L. Watts, “Reverse-Engineering the
Human Auditory Pathway,” in J. Liu
et al. (eds.), WCCI 2012 (Berlin:
Springer-Verlag, 2012), p. 49.



The Thalamus

Everyone knows what attention is. It
is the taking possession by the mind,
in clear and vivid form, of one out of
what seem several simultaneously
possible objects or trains of thought.
Focalization,  concentration,  of
consciousness, are of its essence. It
implies withdrawal from some things
in order to deal effectively with
others.
—William James

From the midbrain, sensory information
then flows through a nut-sized region
called the posterior ventromedial nucleus



(VMpo) of the thalamus, which computes
complex reactions to bodily states such as
“this tastes terrible,” “what a stench,” or
“that light touch 1is stimulating.” The
increasingly processed information ends
up at two regions of the neocortex called
the insula. These structures, the size of
small fingers, are located on the left and
right sides of the neocortex. Dr. Arthur
Craig of the Barrow Neurological Institute
in Phoenix describes the VMpo and the
two insula regions as ‘“a system that

represents the material me.”?



=

ator cortex
Inzula

Ineula [~
Sensory cortex

Posterior vertromedial nucleus
jcomplex of the thalamus)

Brain stem

Spinal cord

|
A — Hair Skin - Sensory receptors

U
I
—
Sensory nerve : \—
L e | w2 T

Motornere —Y e =00 o sesmsssm= e 3
t‘\ ------ -

NQUI’O&USCL."W .\‘
junction Mitasle
The sensory-touch pathway in the
brain.

Among its other functions, the
thalamus is considered a gateway for
preprocessed sensory information to enter
the neocortex. In addition to the tactile
information flowing through the VMpo,



processed information from the optic
nerve (which, as noted above, has already
been substantially transformed) is sent to a
region of the thalamus called the lateral
geniculate nucleus, which then sends it on
to the V1 region of the neocortex.
Information from the auditory sense is
passed through the medial geniculate
nucleus of the thalamus en route to the
early auditory regions of the neocortex.
All of our sensory data (except,
apparently, for the olfactory system, which
uses the olfactory bulb instead) passes
through specific regions of the thalamus.
The most significant role of the
thalamus, however, 1is its continual
communication with the neocortex. The
pattern recognizers in the neocortex send
tentative results to the thalamus and



receive responses principally using both
excitatory and inhibitory reciprocal
signals from layer VI of each recognizer.
Keep in mind that these are not wireless
messages, so that there needs to be an
extraordinary amount of actual wiring (in
the form of axons) running between all
regions of the neocortex and the thalamus.
Consider the vast amount of real estate (in
terms of the physical mass of connections
required) for the hundreds of millions of

pattern recognizers in the neocortex to be

constantly checking in with the thalamus.2

So what are the hundreds of millions
of neocortical pattern recognizers talking
to the thalamus about? It is apparently an
important conversation, because profound
damage to the main region of the thalamus
bilaterally can lead to prolonged



unconsciousness. A person with a
damaged thalamus may still have activity
in his neocortex, in that the self-triggering
thinking by association can still work. But
directed thinking—the kind that will get us
out of bed, into our car, and sitting at our
desk at work—does not function without a
thalamus. In a famous case, twenty-one-
year-old Karen Ann Quinlan suffered a
heart attack and respiratory failure and
remained in an unresponsive, apparently
vegetative state for ten years. When she
died, her autopsy revealed that her
neocortex was normal but her thalamus
had been destroyed.

In order to play its key role in our
ability to direct attention, the thalamus
relies on the structured knowledge
contained in the neocortex. It can step



through a list (stored in the neocortex),
enabling us to follow a train of thought or
follow a plan of action. We are apparently
able to keep up to about four items in our
working memory at a time, two per
hemisphere according to recent research
by neuroscientists at the MIT Picower

Institute for Learning and Memory.® The
issue of whether the thalamus 1s in charge
of the neocortex or vice versa is far from
clear, but we are unable to function
without both.



The Hippocampus

Each brain hemisphere contains a
hippocampus, a small region that looks
like a sea horse tucked in the medial
temporal lobe. Its primary function is to
remember novel events. Since sensory
information flows through the neocortex, it
is up to the neocortex to determine that an
experience is novel in order to present it
to the hippocampus. It does so either by
failing to recognize a particular set of
features (for example, a new face) or by
realizing that an otherwise familiar
situation now has unique attributes (such
as your spouse’s wearing a fake
mustache).

The hippocampus is capable of
remembering these situations, although it



appears to do so primarily through
pointers into the neocortex. So memories
in the hippocampus are also stored as
lower-level patterns that were earlier
recognized and stored in the neocortex.
For animals without a neocortex to
modulate  sensory  experiences, the
hippocampus will simply remember the
information from the senses, although this
will have undergone sensory
preprocessing  (for  example,  the
transformations performed by the optic
nerve).

Although the hippocampus makes use
of the neocortex (if a particular brain has
one) as its scratch pad, its memory (of
pointers into the neocortex) is not
inherently hierarchical. Animals without a
neocortex can accordingly remember



things using their hippocampus, but their
recollections will not be hierarchical.

The capacity of the hippocampus is
limited, so its memory is short-term. It
will transfer a particular sequence of
patterns from its short-term memory to the
long-term hierarchical memory of the
neocortex by playing this memory
sequence to the neocortex over and over
again. We need, therefore, a hippocampus
in order to learn new memories and skills
(although strictly motor skills appear to
use a different mechanism). Someone with
damage to both copies of her hippocampus
will retain her existing memories but will
not be able to form new ones.

University of Southern California
neuroscientist Theodore Berger and his
colleagues modeled the hippocampus of a



rat and have successfully experimented
with implanting an artificial one. In a
study reported in 2011, the USC scientists
blocked particular learned behaviors in
rats with drugs. Using an artificial
hippocampus, the rats were able to
quickly relearn the behavior. “Flip the
switch on, and the rats remember. Flip it
off and the rats forget,” Berger wrote,
referring to his ability to control the neural
implant remotely. In another experiment
the scientists allowed their artificial
hippocampus to work alongside the rats’
natural one. The result was that the ability
of the rats to learn new behaviors
strengthened. “These integrated
experimental modeling studies show for
the first time,” Berger explained, “that...a
neural prosthesis capable of real-time



identification and manipulation of the
encoding process can restore and even

enhance cognitive mnemonic processes.””
The hippocampus is one of the first
regions damaged by Alzheimer’s, so one
goal of this research is to develop a neural
implant for humans that will mitigate this
first phase of damage from the disease.



The Cerebellum

There are two approaches you can use to
catch a fly ball. You could solve the
complex simultaneous differential
equations controlling the ball’s movement
as well as further equations governing
your own particular angle in viewing the
ball, and then compute even more
equations on how to move your body, arm,
and hand to be in the right place at the
right time.

This is not the approach that your
brain adopts. It basically simplifies the
problem by collapsing a lot of equations
into a simple trend model, considering the
trends of where the ball appears to be in
your field of vision and how quickly it is
moving within it. It does the same thing



with your hand, making essentially linear
predictions of the ball’s apparent position
in your field of view and that of your
hand. The goal, of course, is to make sure
they meet at the same point in space and
time. If the ball appears to be dropping
too quickly and your hand appears to be
moving too slowly, your brain will direct
your hand to move more quickly, so that
the trends will coincide. This “Gordian
knot” solution to what would otherwise be
an intractable mathematical problem is
called basis functions, and they are
carried out by the cerebellum, a bean-
shaped and appropriately baseball-sized

region that sits on the brain stem.®

The cerebellum is an old-brain
region that once controlled virtually all
hominid movements. It still contains half



of the neurons in the brain, although most
are relatively small ones, so the region
constitutes only about 10 percent of the
weight of the brain. The cerebellum
likewise represents another instance of
massive repetition in the design of the
brain. There is relatively little information
about its design in the genome, as its
structure is a pattern of several neurons
that is repeated billions of times. As with
the neocortex, there is uniformity across

its structure.?

Most of the function of controlling
our muscles has been taken over by the
neocortex, using the same pattern
recognition algorithms that it uses for
perception and cognition. In the case of
movement, we can more appropriately
refer to the neocortex’s function as pattern



implementation. The neocortex does make
use of the memory in the cerebellum to
record delicate scripts of movements—for
example, your signature and certain
flourishes in artistic expression such as
music and dance. Studies of the role of the
cerebellum during the learning of
handwriting by children reveal that the
Purkinje cells of the cerebellum actually
sample the sequence of movements, with

each one sensitive to a specific sample.1?
Because most of our movement is now
controlled by the neocortex, many people
can manage with a relatively modest
obvious disability even with significant
damage to the cerebellum, except that their
movements may become less graceful.

The neocortex can also call upon the
cerebellum to use its ability to compute



real-time basis functions to anticipate
what the results of actions would be that
we are considering but have not yet
carried out (and may never carry out), as
well as the actions or possible actions of
others. It is another example of the innate
built-in linear predictors in the brain.
Substantial progress has been made
in simulating the cerebellum with respect
to the ability to respond dynamically to
sensory cues using the basis functions I
discussed above, in both bottom-up
simulations (based on biochemical
models) and top-down simulations (based
on mathematical models of how each
repeating unit in the cerebellum

operates).1l



Pleasure and Fear

Fear is the main source of
superstition, and one of the main
sources of cruelty. To conquer fear is
the beginning of wisdom.
—Bertrand Russell

Feel the fear and do it anyway.
—Susan Jeffers

If the neocortex is good at solving
problems, then what is the main problem
we are trying to solve? The problem that
evolution has always tried to solve is
survival of the species. That translates



into the survival of the individual, and
each of us uses his or her own neocortex
to interpret that in myriad ways. In order
to survive, animals need to procure their
next meal while at the same time avoiding
becoming someone else’s meal. They also
need to reproduce. The earliest brains
evolved pleasure and fear systems that
rewarded the fulfillment of these
fundamental needs along with basic
behaviors that facilitated them. As
environments and competing species
gradually changed, biological evolution
made corresponding alterations. With the
advent of hierarchical thinking, the
satisfaction of critical drives became
more complex, as it was now subject to
the vast complex of ideas within ideas.
But despite its considerable modulation



by the neocortex, the old brain is still
alive and well and still motivating us with
pleasure and fear.

One region that is associated with
pleasure is the nucleus accumbens. In
famous experiments conducted in the
1950s, rats that were able to directly
stimulate this small region (by pushing a
lever that activated implanted electrodes)
preferred doing so to anything else,
including having sex or eating, ultimately
exhausting and starving themselves to

death.12 In humans, other regions are also
involved in pleasure, such as the ventral
pallidum and, of course, the neocortex
itself.

Pleasure is also regulated by
chemicals such as dopamine and
serotonin. It is beyond the scope of this



book to discuss these systems in detail,
but it is important to recognize that we
have inherited these mechanisms from our
premammalian cousins. It is the job of our
neocortex to enable us to be the master of
pleasure and fear and not their slave. To
the extent that we are often subject to
addictive behaviors, the neocortex is not
always successful in this endeavor.
Dopamine  in  particular is a
neurotransmitter  involved in  the
experience of pleasure. If anything good
happens to us—winning the lottery,
gaining the recognition of our peers,
getting a hug from a loved one, or even
subtle achievements such as getting a
friend to laugh at a joke—we experience a
release of dopamine. Sometimes we, like
the rats who died overstimulating their



nucleus accumbens, use a shortcut to
achieve these bursts of pleasure, which is
not always a good idea.

Gambling, for example, can release
dopamine, at least when you win, but this
is dependent on its inherent lack of
predictability. Gambling may work for the
purpose of releasing dopamine for a
while, but given that the odds are
intentionally ~ stacked  against  you
(otherwise the business model of a casino
wouldn’t work), it can become ruinous as
a regular strategy. Similar dangers are
associated with any addictive behavior. A
particular genetic mutation of the
dopamine-receptor D2 gene causes
especially strong feelings of pleasure from
initial  experiences  with  addictive
substances and behaviors, but as is well



known (but not always well heeded), the
ability of these substances to produce
pleasure on subsequent use gradually
declines. Another genetic mutation results
in people’s not receiving normal levels of
dopamine release from everyday
accomplishments, which can also lead to
seeking enhanced early experiences with
addictive activities. The minority of the
population that has these genetic
proclivities to addiction creates an
enormous social and medical problem.
Even those who manage to avoid severely
addictive  behaviors  struggle  with
balancing the rewards of dopamine
release with the consequences of the
behaviors that release them.

Serotonin is a neurotransmitter that
plays a major role in the regulation of



mood. In higher levels it is associated
with  feelings of well-being and
contentment. Serotonin has other functions,
including modulating synaptic strength,
appetite, sleep, sexual desire, and
digestion. Antidepression drugs such as
selective serotonin reuptake inhibitors
(which tend to increase serotonin levels
available to receptors) tend to have far-
reaching effects, not all of them desirable
(such as suppressing libido). Unlike
actions 1n the neocortex, where
recognition of patterns and activations of
axons affect only a small number of
neocortical circuits at a time, these
substances affect large regions of the brain
or even the entire nervous system.

Each hemisphere of the human brain
has an amygdala, which consists of an



almond-shaped region comprising several
small lobes. The amygdala is also part of
the old brain and 1is involved in
processing a number of types of emotional
responses, the most notable of which is
fear. In premammalian animals, certain
preprogrammed  stimuli  representing
danger feed directly into the amygdala,
which in turn triggers the “fight or flight”
mechanism. In humans the amygdala now
depends on perceptions of danger to be
transmitted by the neocortex. A negative
comment by your boss, for example, might
trigger such a response by generating the
fear of losing your job (or maybe not, if
you have confidence in a plan B). Once
the amygdala does decide that danger is
ahead, an ancient sequence of events
occurs. The amygdala signals the pituitary



gland to release a hormone called ACTH
(adrenocorticotropin). This in turn triggers
the stress hormone cortisol from the
adrenal glands, which results in more
energy being provided to your muscles
and nervous system. The adrenal glands
also produce adrenaline and
noradrenaline, which suppress your
digestive, i1mmune, and reproductive
systems (figuring that these are not high-
priority processes in an emergency).
Levels of blood pressure, blood sugar,
cholesterol, and fibrinogen (which speeds
blood clotting) all rise. Heart rate and
respiration go up. Even your pupils dilate
so that you have better visual acuity of
your enemy or your escape route. This is
all very useful if a real danger such as a
predator suddenly crosses your path. It is



well known that in today’s world, the
chronic activation of this fight-or-flight
mechanism can lead to permanent health
damage in terms of hypertension, high
cholesterol levels, and other problems.
The system of global
neurotransmitter levels, such as serotonin,
and hormone levels, such as dopamine, is
intricate, and we could spend the rest of
this book on the issue (as a great many
books have done), but it is worth pointing
out that the bandwidth of information (the
rate of information processing) in this
system is very low compared with the
bandwidth of the neocortex. There are
only a limited number of substances
involved and the levels of these chemicals
tend to change slowly and are relatively
universal across the brain, as compared



with the neocortex, which is composed of
hundreds of trillions of connections that
can change quickly.

It is fair to say that our emotional
experiences take place in both the old and
the new brains. Thinking takes place in the
new brain (the neocortex), but feeling
takes place in both. Any emulation of
human behavior will therefore need to
model both. However, if it is just human
cognitive intelligence that we are after, the
neocortex is sufficient. We can replace the
old brain with the more direct motivation
of a nonbiological neocortex to achieve
the goals that we assign to it. For example,
in the case of Watson, the goal was simply
stated: Come up with correct answers to
Jeopardy! queries (albeit these were
further modulated by a program that



understood Jeopardy! wagering). In the
case of the new Watson system being
jointly developed by Nuance and IBM for
medical knowledge, the goal is to help
treat human disease. Future systems can
have goals such as actually curing disease
and alleviating poverty. A lot of the
pleasure-fear struggle is already obsolete
for humans, as the old brain evolved long
before even primitive human society got
started; indeed most of it is reptilian.
There is a continual struggle in the
human brain as to whether the old or the
new brain is in charge. The old brain tries
to set the agenda with its control of
pleasure and fear experiences, whereas
the new brain is continually trying to
understand the relatively primitive
algorithms of the old brain and seeking to



manipulate it to its own agenda. Keep in
mind that the amygdala is unable to
evaluate danger on its own—in the human
brain it relies on the neocortex to make
those judgments. Is that person a friend or
a foe, a lover or a threat? Only the
neocortex can decide.

To the extent that we are not directly
engaged in mortal combat and hunting for
food, we have succeeded in at least
partially sublimating our ancient drives to
more creative endeavors. On that note,
we’ll discuss creativity and love in the

next chapter.



CHAPTER 6



TRANSCEND)]
ABILITIES

This is my simple religion. There is
no need for temples; no need for
complicated philosophy. Our own
brain, our own heart is our temple;
the philosophy is kindness.

—The Dalai Lama

My hand moves because certain
forces—electric,  magnetic,  or



whatever “nerve-force” may prove to
be—are impressed on it by my brain.
This nerve-force, stored in the brain,
would probably be traceable, if
Science were complete, to chemical
forces supplied to the brain by the
blood, and ultimately derived from
the food I eat and the air I breathe.
—Lewis Carroll

Our emotional thoughts also take place in

the neocortex but are influenced by
portions of the brain ranging from ancient
brain regions such as the amygdala to
some  evolutionarily recent  brain
structures such as the spindle neurons,
which appear to play a key role in higher-



level emotions. Unlike the regular and
logical recursive structures found in the
cerebral cortex, the spindle neurons have
highly irregular shapes and connections.
They are the largest neurons in the human
brain, spanning its entire breadth. They
are deeply interconnected, with hundreds
of thousands of connections tying together
diverse portions of the neocortex.

As mentioned earlier, the insula
helps process sensory signals, but it also
plays a key role in higher-level emotions.
It is this region from which the spindle
cells originate. Functional magnetic
resonance imaging (fMRI) scans have
revealed that these cells are particularly
active when a person is dealing with
emotions such as love, anger, sadness, and
sexual desire. Situations that strongly



activate them include when a subject
looks at her partner or hears her child
crying.

Spindle cells have long neural
filaments called apical dendrites, which
are able to connect to faraway neocortical
regions. Such “deep” interconnectedness,
in  which certain neurons provide
connections across numerous regions, is a
feature that occurs increasingly as we go
up the evolutionary ladder. It is not
surprising that the spindle cells, involved
as they are in handling emotion and moral
judgment, would have this form of
connectedness, given the ability of higher-
level emotional reactions to touch on
diverse topics and thoughts. Because of
their links to many other parts of the brain,
the high-level emotions that spindle cells



process are affected by all of our
perceptual and cognitive regions. It is
important to point out that these cells are
not doing rational problem solving, which
is why we don’t have rational control
over our responses to music Or over
falling in love. The rest of the brain is
heavily engaged, however, in trying to
make sense of our mysterious high-level
emotions.

There are relatively few spindle
cells: only about 80,000, with
approximately 45,000 1in the right
hemisphere and 35,000 in the left. This
disparity is at least one reason for the
perception that emotional intelligence is
the province of the right brain, although
the disproportion is modest. Gorillas have
about 16,000 of these cells, bonobos



about 2,100, and chimpanzees about
1,800. Other mammals lack them
completely.

Anthropologists believe that spindle
cells made their first appearance 10 to 15
million years ago in the as yet
undiscovered common ancestor to apes
and hominids (precursors to humans) and
rapidly increased in numbers around
100,000 years ago. Interestingly, spindle
cells do not exist in newborn humans but
begin to appear only at around the age of
four months and increase significantly in
number from ages one to three. Children’s
ability to deal with moral issues and
perceive such higher-level emotions as
love develop during this same period.



Aptitude

Wolfgang Amadeus Mozart (1756-1791)
wrote a minuet when he was five. At age
six he performed for the empress Maria
Theresa at the imperial court in Vienna.
He went on to compose six hundred
pieces, including forty-one symphonies,
before his death at age thirty-five, and is
widely regarded as the greatest composer
in the European classical tradition. One
might say that he had an aptitude for
music.

So what does this mean in the context
of the pattern recognition theory of mind?
Clearly part of what we regard as aptitude
is the product of nurture, that is to say, the
influences of environment and other
people. Mozart was born into a musical



family. His father, Leopold, was a
composer and kapellmeister (literally
musical leader) of the court orchestra of
the archbishop of Salzburg. The young
Mozart was immersed in music, and his
father started teaching him the violin and
clavier (a keyboard instrument) at the age
of three.

However, environmental influences
alone do not fully explain Mozart’s
genius. There 1s clearly a nature
component as well. What form does this
take? As I wrote in chapter 4, different
regions of the neocortex have become
optimized (by biological evolution) for
certain types of patterns. Even though the
basic pattern recognition algorithm of the
modules is uniform across the neocortex,
since certain types of patterns tend to flow



through particular regions (faces through
the fusiform gyrus, for example), those
regions will become better at processing
the associated patterns. However, there
are numerous parameters that govern how
the algorithm is actually carried out in
each module. For example, how close a
match is required for a pattern to be
recognized? How is that threshold
modified if a higher-level module sends a
signal that its pattern is “expected”? How
are the size parameters considered? These
and other factors have been set differently
in different regions to be advantageous for
particular types of patterns. In our work
with similar methods in artificial
intelligence, we have noticed the same
phenomenon and have used simulations of
evolution to optimize these parameters.



If particular regions can be optimized
for different types of patterns, then it
follows that individual brains will also
vary in their ability to learn, recognize,
and create certain types of patterns. For
example, a brain can have an innate
aptitude for music by being better able to
recognize rhythmic patterns, or to better
understand the geometric arrangements of
harmonies. The phenomenon of perfect
pitch (the ability to recognize and to
reproduce a pitch without an external
reference), which is correlated with
musical talent, appears to have a genetic
basis, although the ability needs to be
developed, so it is likely to be a
combination of nature and nurture. The
genetic basis of perfect pitch is likely to
reside outside the neocortex in the



preprocessing of auditory information,
whereas the learned aspect resides in the
neocortex.

There are other skills that contribute
to degrees of competency, whether of the
routine variety or of the legendary genius.
Neocortical abilities—for example, the
ability of the neocortex to master the
signals of fear that the amygdala generates
(when presented with disapproval)—play
a significant role, as do attributes such as
confidence, organizational skills, and the
ability to influence others. A very
important skill I noted earlier is the
courage to pursue ideas that go against the
grain of orthodoxy. Invariably, people we
regard as geniuses pursued their own
mental experiments in ways that were not
initially understood or appreciated by



their peers. Although Mozart did gain
recognition in his lifetime, most of the
adulation came later. He died a pauper,
buried in a common grave, and only two
other musicians showed up at his funeral.



Creativity

Creativity is a drug 1 cannot live
without.
—Cecil B. DeMille

The problem is never how to get
new, innovative thoughts into your
mind, but how to get old ones out.
Every mind is a building filled with
archaic furniture. Clean out a corner
of your mind and creativity will
instantly fill it.
—Dee Hock

Humanity can be quite cold to those
whose eyes see the world differently.



—FEric A. Burns

Creativity can solve almost any
problem. The creative act, the defeat
of habit by originality, overcomes
everything.

—George Lois

A key aspect of creativity is the process of
finding great metaphors—symbols that
represent something else. The neocortex is
a great metaphor machine, which accounts
for why we are a uniquely creative
species. Every one of the approximately
300 million pattern recognizers in our
neocortex is recognizing and defining a



pattern and giving it a name, which in the
case of the neocortical pattern recognition
modules is simply the axon emerging from
the pattern recognizer that will fire when
that pattern is found. That symbol in turn
then becomes part of another pattern. Each
one of these patterns is essentially a
metaphor. The recognizers can fire up to
100 times a second, so we have the
potential of recognizing up to 30 billion
metaphors a second. Of course not every
module is firing in every cycle—but it is
fair to say that we are indeed recognizing
millions of metaphors a second.

Of course, some metaphors are more
significant than others. Darwin perceived
that Charles Lyell’s insight on how very
gradual changes from a trickle of water
could carve out great canyons was a



powerful metaphor for how a trickle of
small  evolutionary = changes  over
thousands of generations could carve out
great changes in the differentiation of
species. Thought experiments, such as the
one that Einstein used to illuminate the
true meaning of the Michelson-Morley
experiment, are all metaphors, in the sense
of being a “thing regarded as
representative or symbolic of something
else,” to quote a dictionary definition.

Do you see any metaphors in Sonnet
73 by Shakespeare?

That time of year thou mayst in me
behold

When yellow leaves, or none, or
few, do hang

Upon those boughs which shake



against the cold,

Bare ruined choirs, where late the
sweet birds sang.

In me thou seest the twilight of such
day

As after sunset fadeth in the west,
Which by and by black night doth
take away,

Death's second self that seals up all
in rest.

In me thou seest the glowing of such
fire

That on the ashes of his youth doth
lie,

As the deathbed whereon it must
expire

Consumed with that which it was
nourished by.

This thou perceivst, which makes



thy love more strong,
To love that well which thou must
leave ere long.

In this sonnet, the poet uses extensive
metaphors to describe his advancing age.
His age is like late autumn, “when yellow
leaves, or none, or few, do hang.” The
weather is cold and the birds can no
longer sit on the branches, which he calls
“bare ruin’d choirs.” His age is like the
twilight as the “sunset fadeth in the west,
which by and by black night doth take
away.” He is the remains of a fire “that on
the ashes of his youth doth lie.” Indeed, all
language is ultimately metaphor, though
some expressions of it are more
memorable than others.

Finding a metaphor is the process of



recognizing a pattern despite differences
in detail and context—an activity we
undertake trivially every moment of our
lives. The metaphorical leaps that we
consider of significance tend to take place
in the interstices of different disciplines.
Working against this essential force of
creativity, however, is the pervasive trend
toward ever greater specialization in the
sciences (and just about every other field
as well). As American mathematician
Norbert Wiener (1894—1964) wrote in his
seminal book Cybernetics, published the
year [ was born (1948):

There are fields of scientific
work, as we shall see in the body of
this book, which have been explored
from the different sides of pure



mathematics, statistics, electrical
engineering, and neurophysiology; in
which every single notion receives a
separate name from each group, and
in which important work has been
triplicated or quadruplicated, while
still other important work is delayed
by the unavailability in one field of
results that may have already become
classical in the next field.

It is these boundary regions
which offer the richest opportunities
to the qualified investigator. They are
at the same time the most refractory
to the accepted techniques of mass
attack and the division of labor.

A technique | have used in my own
work to combat increasing specialization



is to assemble the experts that I have
gathered for a project (for example, my
speech recognition work included speech
scientists, linguists, psychoacousticians,
and pattern recognition experts, not to
mention  computer  scientists)  and
encourage each one to teach the group his
particular techniques and terminology. We
then throw out all of that terminology and
make up our own. Invariably we find
metaphors from one field that solve
problems in another.

A mouse that finds an escape route
when confronted with the household cat—
and can do so even if the situation is
somewhat different from what it has ever
encountered before—is being creative.
Our own creativity is orders of magnitude
greater than that of the mouse—and



involves far more levels of abstraction—
because we have a much larger neocortex,
which is capable of greater levels of
hierarchy. So one way to achieve greater
creativity is by effectively assembling
more neocortex.

One approach to expand the
available neocortex is through the
collaboration of multiple humans. This is
accomplished  routinely  via  the
communication between people gathered
in a problem-solving community. Recently
there have been efforts to use online
collaboration tools to harness the power
of real-time collaboration, which have
shown success in mathematics and other
fields.L

The next step, of course, will be to
expand the neocortex itself with its



nonbiological equivalent. This will be our
ultimate act of creativity: to create the
capability of being creative. A
nonbiological neocortex will ultimately be
faster and could rapidly search for the
kinds of metaphors that inspired Darwin
and Finstein. It could systematically
explore all of the overlapping boundaries
between our exponentially expanding
frontiers of knowledge.

Some people express concern about
what will happen to those who would opt
out of such mind expansion. I would point
out that this additional intelligence will
essentially reside in the cloud (the
exponentially expanding network of
computers that we connect to through
online communication), where most of our
machine intelligence is now stored. When



you use a search engine, recognize speech
from your phone, consult a virtual
assistant such as Siri, or use your phone to
translate a sign into another language, the
intelligence is not in the device itself but
in the cloud. Our expanded neocortex will
be housed there too. Whether we access
such expanded intelligence through direct
neural connection or the way we do now
—by interacting with it via our devices—
is an arbitrary distinction. In my view we
will all become more creative through this
pervasive enhancement, whether we
choose to opt in or out of direct
connection to humanity’s expanded
intelligence. We have already outsourced
much of our personal, social, historical,
and cultural memory to the cloud, and we
will ultimately do the same thing with our



hierarchical thinking.

Einstein’s breakthrough resulted not
only from his application of metaphors
through mind experiments but also from
his courage in believing in the power of
those metaphors. He was willing to
relinquish the traditional explanations that
failed to satisfy his experiments, and he
was willing to withstand the ridicule of
his peers to the bizarre explanations that
his metaphors implied. These qualities—
belief in metaphor and courage of
conviction—are ones that we should be
able to program into our nonbiological
neocortex as well.



Love

Clarity of mind means clarity of
passion, too; this is why a great and
clear mind loves ardently and sees
distinctly what it loves.

—Blaise Pascal

There is always some madness in
love. But there is also always some
reason in madness.

—Friedrich Nietzsche

When you have seen as much of life

as I have, you will not underestimate

the power of obsessive love.
—Albus Dumbledore, in J. K.



Rowling, Harry Potter and
the Half-Blood Prince

I always like a good math solution to
any love problem.

—Michael Patrick King, from
the “Take Me Out to the
Ballgame” episode of Sex
and the City

If you haven’t actually experienced
ecstatic love personally, you have
undoubtedly heard about it. It is fair to say
that a substantial fraction if not a majority
of the world’s art—stories, novels, music,
dance, paintings, television shows, and



movies—is inspired by the stories of love
in its earliest stages.

Science has recently gotten into the
act as well, and we are now able to
identify the biochemical changes that
occur when someone falls in love.
Dopamine is released, producing feelings
of happiness and delight. Norepinephrine
levels soar, which lead to a racing heart
and overall feelings of exhilaration. These
chemicals, along with phenylethylamine,
produce elation, high energy levels,
focused attention, loss of appetite, and a
general craving for the object of one’s
desire. Interestingly, recent research at
University College in London also shows
that serotonin levels go down, similar to
what happens in obsessive-compulsive
disorder, which is consistent with the



obsessive nature of early love.2 The high
levels of dopamine and norepinephrine
account for the heightened short-term
attention, euphoria, and craving of early
love.

If these biochemical phenomena
sound similar to those of the fight-or-flight
syndrome, they are, except that here we
are running toward something or someone;
indeed, a cynic might say toward rather
than away from danger. The changes are
also fully consistent with those of the
early phases of addictive behavior. The
Roxy Music song “Love Is the Drug” is
quite accurate in describing this state
(albeit the subject of the song is looking to
score his next fix of love). Studies of
ecstatic religious experiences also show
the same physical phenomena; it can be



said that the person having such an
experience is falling in love with God or
whatever spiritual connection on which
they are focused.

In the case of early romantic love,
estrogen and testosterone certainly play a
role in establishing sex drive, but if sexual
reproduction were the only evolutionary
objective of love, then the romantic aspect
of the process would not be necessary. As
psychologist John William Money (1921—
2006) wrote, “Lust is lewd, love is
lyrical.”

The ecstatic phase of love leads to
the attachment phase and ultimately to a
long-term bond. There are chemicals that
encourage this process as well, including
oxytocin and vasopressin. Consider two
related species of voles: the prairie vole



and the montane vole. They are pretty
much identical, except that the prairie vole
has  receptors for oxytocin and
vasopressin, whereas the montane vole
does not. The prairie vole is noted for
lifetime monogamous relationships, while
the montane vole resorts almost
exclusively to one-night stands. In the case
of voles, the oxytocin and vasopressin
receptors are pretty much determinative as
to the nature of their love life.

While these chemicals are influential
on humans as well, our neocortex has
taken a commanding role, as in everything
clse we do. Wles do have a neocortex,
but it is postage-stamp sized and flat and
just large enough for them to find a mate
for life (or, in the case of montane voles,
at least for the night) and carry out other



basic vole behaviors. We humans have
sufficient additional neocortex to engage
in the expansive “lyrical” expressions to
which Money refers.

From an evolutionary perspective,
love itself exists to meet the needs of the
neocortex. If we didn’t have a neocortex,
then lust would be quite sufficient to
guarantee reproduction. The ecstatic
instigation of love leads to attachment and
mature love, and results in a lasting bond.
This in turn 1s designed to provide at least
the possibility of a stable environment for
children while their own neocortices
undergo the critical learning needed to
become responsible and capable adults.
Learning in a rich environment 1is
inherently part of the method of the
neocortex. Indeed the same oxytocin and



vasopressin hormone mechanisms play a
key role in establishing the critical
bonding of parent (especially mother) and
child.

At the far end of the story of love, a
loved one becomes a major part of our
neocortex. After decades of being
together, a virtual other exists in the
neocortex such that we can anticipate
every step of what our lover will say and
do. Our neocortical patterns are filled
with the thoughts and patterns that reflect
who they are. When we lose that person,
we literally lose part of ourselves. This is
notjust a metaphor—all of the wvast
pattern recognizers that are filled with the
patterns reflecting the person we love
suddenly change their nature. Although
they can be considered a precious way to



keep that person alive within ourselves,
the vast neocortical patterns of a lost
loved one turn suddenly from triggers of
delight to triggers of mourning.

The evolutionary basis for love and
its phases is not the full story in today’s
world. We have already largely
succeeded in liberating sex from its
biological function, in that we can have
babies without sex and we can certainly
have sex without babies. The vast
majority of sex takes place for its sensual
and relational purposes. And we routinely
fall in love for purposes other than raising
children.

Similarly, the vast expanse of artistic
expression of all kinds that celebrates
love and its myriad forms dating back to
antiquity is also an end in itself. Our



ability to create these enduring forms of
transcendent knowledge—about love or
anything else—is precisely what makes
our species unique.

The neocortex is biology’s greatest
creation. In turn, it is the poems about love
—and all of our other creations—that
represent the greatest inventions of our
neocortex.



CHAPTER 7



THE
BIOLOGICAL
INSPIRED
DIGITAL
NEOCORTEX

Never trust anything that can think for
itself if you can’t see where it keeps
its brain.

—Arthur Weasley, in J. K



Rowling, Harry Potter and
the Prisoner of Azkaban

No, I’m not interested in developing
a powerful brain. All I’'m after is just
a mediocre brain, something like the
President of the American Telephone
and Telegraph Company.

—Alan Turing

A computer would deserve to be
called intelligent if it could deceive a
human into believing that it was
human.

—Alan Turing



I believe that at the end of the century
the use of words and general
educated opinion will have altered
so much that one will be able to
speak of machines thinking without
expecting to be contradicted.

—Alan Tu