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A baseball consists of a cork center wound with layers of string and covered
with a stitched leather covering. When a baseball flies through the air, light is
reflected from the ball’s leather cover and enters the observer’s retina where
photoreceptor cells containing a special protein absorb photons. Photons (the
electromagnetic field) carry energy and information causing changes in mem-
brane potentials, essentially providing signals to receptor cells. Substantial
preprocessing of information, involving action potentials and other physiological
events, occurs at the retina stage such that the 130 million receptor cells
converge on the 1.2 million axons forming the optic nerve, carrying information
(mostly) to the thalamus, which then relays information to primary visual
cortex by means of action potentials. This transformed (ordinary) information
is then relayed to secondary areas of visual cortex, also by means of action
potentials, and integrated with memory and emotional content, perhaps initiating
a motor response such as swinging a bat.

Multiple feedback processes in the brain between cortical and sub cortical
regions are responsible for conscious perception of the baseball. The processes
linking the “real” physical baseball to the baseball image in observer brains and
minds involve a sequence of complex steps in which both energy and informa-
tion are transformed in various ways. Note that I have associated “ordinary
information” processing with known physical events like action potential
propagation, integration of inputs to cells, and so forth. A wide range of
neuroscience data suggests that memory retrieval and emotional content also
involve ordinary information processing; the open question is whether these
and other aspects of consciousness involve something more, that is, some
category of Ultra-Information that exists outside the ordinary information
subset of Figure 12—1.

Two observers, say a cricket player and a baseball player, might experience
different perceptions of the same baseball even when their retinas receive
identical information. Furthermore, an alien would likely experience an entirely
different baseball reality or perhaps not even be aware of the baseball’s existence.
Unfortunately I have no close alien friends on which to test this idea, but my
golden retriever (Savannah) can serve as a substitute. We often walk in a wildlife
area bordering an athletic park containing several Little League baseball fields.
Using her superior olfactory “intellect,” she nearly always manages to find at
least one lost baseball within the leaves and bushes. Other than noting her
apparent fondness for baseballs, I can’t say much about her baseball perceptions,
except that they seem to differ substantially from mine.

Despite disparate internal perceptions, we say that baseballs are “real” because
they possess certain physical properties that we can all agree on; properties that
exist even when they are not observed. An approximate macroscopic descrip-

tion of a moving baseball might consist of its size, shape, mass, location, and
velocity. More detailed information is needed to predict its trajectory, however,
including its spin about three axes and the condition of its surface. Spin
provides the pitcher with an effective weapon, the curveball, against the
batter. Before 1920, the spitball was also legal; earlier pitchers tried many ways
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to alter baseball surfaces, scuffing using foreign objects, spit, and even tobacco
juice, thereby adding to trajectory uncertainty, both real and imagined by batters.
The macroscopic state of a moving baseball might be described in great detail,
including the surface coordinates of its raised stitches contributing to its
trajectory, by perhaps 20 variables with, let’s say, four-digit precision or roughly
18 bits of information.

If matter behaved classically and was continuous down to arbitrarily small
scales, a physical object like a baseball would contain an infinite amount of
information. The amount of information in any finite description would then
depend on the precision assigned to, let’s say, the locations and velocitie§ of each
small piece of the baseball. By contrast, in quantum theory, material objects are
believed to contain finite rather than infinite information because of the
fundamental limitations on precision dictated by the uncertainty principle. A
complete microscopic description of a baseball in terms of the locations and
velocities of its elementary particles would consist of something like 10°° bits of
information. Most of this information is inaccessible to observation, and such
inaccessible information is identified as entropy in Sections 5 and 6. Accord'ing to
quantum mechanics, it is fundamentally impossible to add precision or'u.lfor—
mation beyond 10°° bits to this description of a baseball. If any additional
baseball information exists, it is unknowable according to current science. This
label is meant to be taken literally: “Unknowable” means absolutely and forever
unknowable; “inaccessible” means not easily known.

If some new theory, more fundamental than quantum mechanics, should be
discovered, a new kind of information, some category of Ultra-Information,
would be implied. For example, according to current physical theory, there
exists a minimum length scale, called the Planck length, at which the structure
of space-time itself becomes dominated by quantum effects. In several theqries,
space-time takes on a sort of foamy structure at very small scales. The ratio of
the smallest physical scale that can currently be studied (10'® cm) to the P}anck
length (107>* cm) is 10", about equal to the ratio of the Earth—sun separation to
the size of a living cell. This huge range allows plenty of room for all kinds of sub
electron structure, perhaps even arranged in a nested hierarchy. Such st'ructure
might contain Ultra-Information of many kinds and be related to or interact
with nonlocal hidden variables, the implicate order, the propensity state, or the
multiverse as discussed in Chapter 11. Here is still another wild speculation: It
might even have some connection with consciousness.

5. VERY BASIC INFORMATION THEORY

This section represents a short detour from our journey to the more c.entrz.il
layers of our metaphorical “onion” of consciousness. Ultra-Information is
defined quite broadly but includes ordinary information as a subcategory. as
indicated in Figure 12-1. Ordinary information is itself divided into accesszb?e
ordinary information and inaccessible ordinary information or entropy. This
detour section has two goals:
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* To quantify ordinary information so that we may consider the amount of
ordinary information processing taking place in various complex systems.
The question of whether it is even possible to quantify other kinds of
Ultra-Information is left unanswered.

® To provide a simple description of inaccessible ordinary information
(entropy). Later I will speculate about the possible existence of a deeper
kind of inaccessibility, Ultra-Entropy, which may be fundamentally
unknowable,

Even the restricted label ordinary information can have quite a few meanings
depending on context but is typically related to concepts like records, patterns,
sending and receiving messages, sensory input, and processing of this input by
the brain. In this section, we focus on specific kinds of ordinary information from
the field of information theory as adopted in physics, computer science, and
communications engineering, although our discussion overlaps ordinary
“information” as used in other fields.

The basic unit of information in a message is the bit, shorthand for binary
digit. A bit is either 0 or 1; bits might be used to represent a written language or
the state of some physical device like the local magnetic field direction stored in
a computer memory. Bits might also represent the spin direction of an elementary
particle in a quantum computer. A string of bits can represent any symbol; all
possible 3-bit numbers are (000, 001, 010, 011, 100, 101, 110, 111) normally
representing the base-10 numbers 1 through 8. Larger base-10 numbers and
other symbols require longer bit strings. The standard computer code ASCII
consists of 7-bit numbers, for example, the letter “g” is (1100111). A 7-bit
number (sequence) can represent 27 = 128 symbols.

Communication engineers are concerned with finding the most efficient way
to encode messages. Suppose a message consists of 1000 random bits; say I toss a
coin 1000 times, and send you the sequence, H, H, T, H, and so forth. The
information content of my message is 1000 bits; the fact that this “information”
is of no use to either of us is not yet an issue in our discussion. Consider a
collection of messages consisting of bit sequences of equal length; the informa-
tion content will generally vary from message to message. Perhaps counter
intuitively, the random (and useless) bit sequences contain the maximum
amount of “information,” as defined in this context.

Suppose I replace coin tosses with tosses of a six-faced fair die and send the
sequence of results; the probability of any particular number showing on a
single toss is 1/6. Representing the die numbers 1 through 6 in my message
requires a sequence of 3-bit numbers; thus, I could relay the entire sequence of
1000 die tosses using a string of 3000 bits. But, it turns out that this is not the
most efficient encoding; I can relay. the same information with shorter bit
strings.

One improved strategy is to lump the die tosses in groups of three; the
number of possible (base-10) die outcomes like (1,2,1),(3,6,2),and so forth in
each group is then 6° = 216. With 8-bit sequences, I can send all of these cases by
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encoding any number between 1 and 2° = 256. In the original inefficient scheme,
the base-10 outcome (1, 2, 1) would be encoded as the three 3-bit sequences
(001, 010, 001), whereas the same lumped group of three tosses might be more
efficiently represented by the single 8-bit sequence (00000110), representing a
reduction from 9 to 8 bits for each group of three die tosses. The total number of
bits required to transfer the same information is then reduced from 3000 to
(8/9) x (3000) or 2667.

While it might appear that finding the most efficient coding scheme requires
a lot of trial and error, information theory provides a simple equation applic-
able to messages consisting of bit strings when the probability of each event
leading to a bit string is known. The most efficient possible encoding of the
sequence defines the information content of each bit transmitted in the message
and is given by

bits/action = — Zp(x) logs [p(x)] (12.1)

Here the sum is over all possible actionable outcomes, each having
probability p(x). Note that the logarithmic operation on the function
p(x) <1 yields either 0 or a negative number so the number of bits per
action is always 0 or positive. In our die example, x is the die number
occurring with probability p(x) = 1/6 in each die toss (action), and the sum
is over the six possible outcomes. The transmitted information expressed in
minimum bits per die toss as obtained from Equation 12.1 is then 2.585; thus,
the minimal number bits required to transmit the desired information pro-
duced by 1000 die tosses is 2585 rather than the values 2667 or 3000 bjts
required by the less efficient encoding schemes. In the case of a coin toss Wlth
p(x) = 1/2, the sum of two outcomes (heads and tails) in Equation 12.1 yields
1 bit per coin toss as expected.

Equation 12.1 has an important alternate interpretation as the entropy H(p)
of a generally unknown system. Suppose the probability p(x) of outcomes x is
unknown; our six-sided die may be loaded, for example. If we have absolutely
no knowledge about the die, p(x) = 1/6 as a result of this ignorance, and the
entropy H(p) attains its maximum possible value of 2.585. On the other hand,
suppose we take a close look at the die and find that two of the faces are printed
with 1s but no face is printed with a 6. If the die is otherwise fair, we conclude
that p(1) = 1/3 and p(6) = 0, Equation 12.1 then yields H(p) = 2.252. We have
gained important information about the die system; as a result, its entropy has
decreased. In the extreme case of perfect knowledge of die outcomes, say because
all faces are printed with 1s, p(1) = 1 and the entropy H(p) = 0. Entropy is often
said to be a measure of system disorder, here interpreted to mean that increased
entropy occurs as our ignorance of the likelihood of die outcomes increases. For
purposes of our interest in information and consciousness, our essential con-
clusion is this: Entropy is information inaccessible because of ignorance, a basic
measure of observer ignorance.
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6. UNIVERSAL ORDINARY INFORMATION

As discussed in Chapters 9-11, the three fundamental theories of the universe,
relativity, quantum mechanics, and the second law of thermodynamics all
involve limitations on the transfer, accessibility, quantity, or usefulness of
information. Relativity prohibits the transfer of messages (ordinary informa-
tion) or particles at faster-than-light speed; the uncertainty principle prohibits
quantum particles from having definite speeds and locations at the same time.
The second law of thermodynamics fundamentally limits our ability to use
energy and information. Perhaps then, we should consider information itself as
a fundamental property of the universe, promoting information to a status
equal to or perhaps even greater than that afforded energy and its relativistic
equivalent, mass.

This idea of treating information as a fundamental property is not proposed
simply as a metaphor; rather, it is a view adopted by number of smart physicists
who even appear to be quite sane. In order to summarize the framework
supporting this view, I have borrowed much of the material in this section
from the writings of MIT professor and quantum computer scientist Seth
Lloyd®. For purposes of discussion in this section, ordinary information and
Ultra-Information are treated as identical; that is, the inner ellipse in Figure 12-1
is assumed to fill the outer ellipse consistent with treatment of quantum
mechanics as a complete theory, discounting possible contributions from any
extraordinary (Ultra-) information.

Table 12-1 lists short descriptions for a number of ordinary information-
related entities from Lloyd’s perspective; these should be interpreted as com-
plementary rather than conflicting with the more conventional descriptions
from traditional physics and engineering. The amount of information contained
in a physical system equals the number of atoms in the system multiplied by the

Table 12-1 Seth Lloyd’s Information Jargon

Total (ordinary) The sum of accessible information and inaccessible

information information. Total information never decreases and exists
independent of observation.

Accessible Directs physical action; messages received and acted on.

information

Inaccessible Also called entropy (see below). Decreased locally by

information observations causing known information to increase (local

Computer

decrease of ignorance).
Any system that processes information.
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Table 12-1 (Continued)

Observable universe

Universe

Energy
Entropy

Fields, waves
Mass, particles
First law
Second law

Space

Bit
ASCII code

Chaos
Effective complexity

Flipping a bit

FLOPS, ops
Free energy

Temperature

Spherical region with radius equal to 14 billion light years with
earth at the center. The largest known machine that processes
information. Energy and information have equal status. A
quantum computer that “computes” its own behavior by
registering and transferring information. Has performed no
more than 10'?? operations since the universe began with the
big bang.

Cosmic computer of unknown size; might be infinite. A
quantum system with many of its parts entangled; entanglement
is responsible for the generation of new information.

An entity that causes objects to perform physical action.

The information required to specify the motions of atoms,
molecules, and so forth, information generally inaccessible to
humans. A measure of the disorder of small particles; a measure
of ignorance. Limits the efficiency of heat engines.
Information and energy organized in specific ways.
Information and energy organized in specific ways.

Energy is conserved.

Total information never decreases; the laws of physics preserve
information. Arises from the interplay between accessible
information and inaccessible information (entropy).

Paths along which information flows; essentially the “wires” of
the universe connecting “quantum logic gates.”

Basic unit of information; a byte is 8 bits.

Sequences of bits (binary numbers) representing computer
keyboard letters, symbols, etc.

Infection of macroscopic bits by microscopic bits.

The amount of information required to describe a system’s
regular features, the properties essential for successful operatiop.
Operation of replacing 1 by 0 or 0 by 1. May be accomplished in
quantum computation by resonant interaction between laser
and atom. Occurs through continuous intermediate sequences
of superpositions. _
Standard measure of computer speed, floating point operations
per second, or basic operations per second (ops)

Energy with a small amount of entropy. The amount of work
(or useful energy) that can be extracted from a system.

Energy per bit.

Quantum computer  Operations based on superposition of states; a bit can be 0 and 1
at the same time (superposition). No distinction between
analog and digital computation.

(continued)

number of bits registered by each atom; that is, the total number of bits required
to describe the positions and velocities of all atoms at the smallest possible scale.
If matter were continuous “all the way down” to arbitrarily small scales, the
“information” contained in any system would be infinite by this definition. But
quantum mechanics defines the precision (smallest scale) to which an atom’s
position and velocity can be specified. As a result, each atom registers only
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something like 20 bits, and physical systems possess finite information content.
Any one kilogram mass, if fully converted to energy, would produce 10'7 joules
of energy, enough energy to run one million 400 horsepower engines for 100
hours. However, there is a big difference between 1 kg of mud and 1 kg of
enriched uranium; only the uranium can be converted to energy with current
technology. The difference between uranium and mud can be attributed to
differences in their informational structures.

Based on the number of atoms and the atomic precision dictated by
quantum mechanics, the total information in the physical structure of this
book is about 10%° bits. By contrast, the verbal information content represented
by the 100,000 or so printed words is about 10° bits, and the images of the
book’s pages printed at, let’s say, 300 dots per inch total about 10° bits. Thus,
several kinds of information are potentially available to observers with different
interests and armed with different measuring devices. Nevertheless, total
(ordinary) information is independent of observation and may be expressed
as the sum of accessible and inaccessible information, the latter assigned the
label entropy. For a book that is read in the normal manner, the information
accessible to an unaided human observer is 10° bits and the entropy is 10%°~10°
~ 10°® bits. Special instruments, a microscope and so forth, can be employed to
convert entropy to accessible information, say by finding the locations of all
pixels on the printed pages. Such a detailed observation would reduce book
entropy, but this reduction must be compensated for by an increase in observer
entropy. The second law of thermodynamics says that total information and
entropy can never decrease; the laws of physics create ordinary information.
The second law of thermodynamics arises from the interplay between accessible
ordinary information and ordinary entropy.

7. COMPLEX SYSTEMS

Complex systems generally consist of multiple interacting parts such that a
system taken as a whole exhibits emergent properties not obvious in any single
part: airplanes, hurricanes, living cells, ant colonies, economies, and human
social systems are common examples. But what makes one system more or less
complex than another? Can we establish a useful definition of complexity? A
number of semi quantitative definitions have been advanced; in particular, Seth
Lloyd has proposed more than 30 different definitions of complexity. His
proposal (with Murray Gell-Mann) for a quantity labeled effective complexity
is outlined in the following paragraphs.®

Every physical system has total (ordinary) information determined at the
atomic level; part describes the random aspects, and part describes the regular
aspects. In an engineering system like an airplane, the “effective complexity” is
essentially the length of the airplane’s blueprint, the amount of information
required to construct the airplane. The blueprint specifies the wing shape and
the chemical content for the metal alloy used to construct the wing. But the
blueprint does not specify just where each atom is located; these are not needed
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for the airplane to fly. Good design attempts to minimize the effective complexity
of an engineered system while maintaining the system’s abilit?f to function
properly. As the old engineering adage goes, keep it simple, stupid (KISS), but
not too simple. . .

Lloyd defines effective complexity as the amount of information required to
describe a system’s regular features. But what are these so-called “regular features”
of the system? They are the properties essential for successful operation. A simple
thought experiment might distinguish information associated with regular from
that of random features: Flip any bit in the system (for example, transform one of
the Os to a 1); a bit flip that affects the ability of the system to attain its purpose
contributes to the system’s regular features and effective complexity. This test
makes sense for manmade systems, but what are the “purposes” and successful
operations of living systems? Living systems are apparently “successful” when
they consume energy and reproduce efficiently, but at least some of us seem to
have other things to do in addition to just eating and engaging in sex.

Another problem with this definition of effective complexity concerns the
spatial and temporal scales at which the description of the system’s “regular”
features is to be truncated. Again consider an airplane blueprint. One important
component of the airplane shell is aluminum, an abundant element in th'e
Earth’s crust, but too chemically reactive to occur naturally as a free metal; it
must be separated from bauxite ore. Furthermore, aluminum is typically
alloyed with the element titanium to enhance its physical properties. Sk.lould
these alloy production processes be included in the blueprint, thereby a_ddlng to
effective complexity? What about instructions for mining the titanium and
bauxite ore, including perhaps political information about the third wqud
country where the ore is obtained? If these are made part of the bl}lepnnt,
perhaps one should also include the following instructions for creating aliu-
minum and titanium: Go ye forth into the universe and use gravitational attraction
to attract clumps of hydrogen. Wait a few billion years or so for a star to form and
produce the required metals by nuclear fusion, then wait awhile longer f(.)r the star to
end its life in a supernova and expel the desired metals. But perhaps these instructions
are still not enough; maybe we require our blueprint to include instructhns to
create the universe in the first place. With these arguments about the meanmg.of
“complexity” in mind, I consider multiscale contributions to brain com.plexny
and information coding in the following sections and their possible links to
consciousness. But unfortunately finding good definitions for “complexity” is
not a simple task; it is, in fact, rather complex.6

8. BRAINS, INTEGRATED INFORMATION, AND PATTERNS
IN NESTED HIERARCHIES

Giulio Tononi, Professor of Psychiatry at the University of Wisconsin, has
proposed the concept of integrated information, defined as the inf(?rmation
generated by a “complex” of interacting elements ?ve1: apd above the informa-
tion generated by all elements acting in isolation.” Giulio notes that everyday



262 Brain, Mind, and the Structure of Reality

consciousness involves brains making fine discriminations between large classes
of alternative choices. Furthermore, consciousness is not an all-or-nothing
phenomenon. Rather, consciousness is graded as evidenced by the drowsy
transition periods between waking and sleeping, light anesthesia, alcohol intox-
ication, multiple stages of Alzheimer’s disease, the active unconscious, and the
other varied conscious states indicated in Figure 3-1. Based partly on this
general notion, Giulio suggests that integrated information generated by “com-
plexes” of neural elements may provide a plausible quantitative measure of
consciousness. This picture may also account for a number of puzzling obser-
vations: Consciousness is associated with cortical-thalamic neural assemblies
but not obviously with the cerebellum, and unconscious functions evidently
occur in many cortical and sub cortical networks. The concept of integrated
information in neural complexes overlaps and serves to extend our discussion
of graphs (or networks) in Chapter 7 if “complexes” are identified with multiscale
neural networks.

Interactions might occur between individual neurons, cortical columns, or
other neural structures at arbitrary spatial scales as indicated in Figures 3—6 and
4-8. For integrated information (defined at a particular scale) to be high, the
system must be interconnected such that the informational effect of interactions
among its basic elements dominates the effect of interactions inside individual
elements. In this manner, integrated information can be much larger than that
which would be produced by the same collection of isolated elements. As
emphasized in Chapters 4 and 7, a hallmark of complex adaptive systems is
the presence of distinct dynamic behavior at multiple scales and important
interactions across scales. Evidently, such cross-scale interactions can add
substantially to integrated information, which might also be labeled emergent
information, matching the concept of emergent behavior typically attributed to a
broad class of complex adaptive systems.

Top-down and bottom-up hierarchical interactions across spatial scales
occur in many systems; such phenomena are a hallmark of complex systems.
Complex dynamic phenomena have been studied in physical, biological, social,
and financial systems. Small-scale events cause new events to occur at larger
scales, which in turn influence both smaller and even larger scales in the system’s
nested hierarchy, a general process termed circular causality. Take the human
global social system as an example: Families, corporations, cities, and nations
form nested hierarchies and interact with each other, at the same scales and
across scales, as discussed in several contexts in earlier chapters (see Figs. 3-6
and 4-8). Even the highest ranking national leaders act as small-scale units, but
they may exert strong bottom-up influences on humans worldwide; such
influences can be felt at several larger scales. At the same time, the actions of
such leaders are influenced top-down by larger scales, including global events
like world wars and financial crises as well as mesoscopic (intermediate scale)
events like corporate bankruptcies or political action at state levels. Cross-scale
interactions appear to be essential to brain function, including its dynamic
behavior and, as I conjecture throughout this book, consciousness itself.
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Complex systems often exhibit fractal-like dynamic behavior. The word
“fractal” (derived from “fractional dimension”) indicates geometric shapes
that exhibit fine structure at arbitrarily small scales. Magnify an image of a
coastline, mountain range, or brain tissue, and you find more intricate struc-
tural patterns as the magnification is increased. Technically, “fractals” are
supposed to possess a mathematical property called statistical self-similarity,
roughly meaning cross-scale “similarity” (in some sense) of spatial shapes. But
in order to avoid over restrictive definition, I adopt the label “fractal-like” to
refer to both geometrical features like the (static) multiscale columnar structure
of cerebral cortex and the (dynamic) electrical behavior recorded with elec-
trodes of different sizes. In both the static and dynamic cases, the closer we look,
the more detail we expect to find. Weather systems are famous for exhibiting
fractal-like dynamic behavior: Global systems contain hurricanes at the scale of
hundreds of miles. The hurricanes may contain 100 meter-scale tornados and
water spouts, which themselves contain progressively smaller vortices, all the
way down to very small scales where matter no longer behaves as a fluid. Still
more intricate dynamic behaviors await any “incredible shrinking observer,”
including semi classical molecular interactions and full quantum behavior at
electron scales.

Metaphors like weather or the human global social system are useful for
providing an introduction to the dynamics of complex systems, but more
realistic models are needed in genuine brain science. Artificial neural networks
can be useful in this regard as they can exhibit relatively complex dynamics
while processing input information in ways that appear to mimic aspects of
human performance, albeit quite limited ones. Artificial networks can learn to
classify patterns as in practical tasks like speech or text recognition; for example,
networks analogous to the graphs shown in Figures 7-1 and 7-2 can be con-
structed with distinct processing stages and interaction rules. Despite their
ability to perform simple tasks, artificial networks consisting of a few hundr'ed
or a few thousand nodes provide only very hollow representations of genuine
brains consisting of 100 billion neurons arranged in a nested hierarchy of
structure: minicolumns, macrocolumns, and so forth. By analogy, we would
expect even a perfectly accurate social model of an isolated tribe living in the
Amazon rain forest to be inadequate as a model of the human global system.

To overcome some of the formidable modeling limitations, my colleague
Lester Ingber developed a statistical mechanical theory of neocortical interac-
tions in the early 1980s based on new mathematical developments first applied
in statistical and quantum mechanics in the 1970s.®> Macroscopic variables like
EEG and large-scale neural firing patterns are indentified through a chain of
interactions across spatial scales ranging from single neurons to minicolumns to
macrocoiumns. One might loosely term this approach “crossing the fractal
divide.” The theory’s outcomes are statistical predictions of spatial-temporal
patterns of action potential firings. Lester’s theory predicts that cerebral co_rt.ex
should possess something like 5 to 10 dynamic memories consisting of propensities
to generate specific firing patterns, which typically persist for several hundreds



