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Abstract

For millennia, the mind-body problem remained a philosophical issue without
an empirical basis and practical implications. In recent decades, natural
science has finally started to treat the mind as an object of research. The main
approach was to study the ‘neural correlates of consciousness’. Since then,
we have accumulated a vast amount of data on neural processes that appear
to correlate with observed mental phenomena. However, the explanatory gap
between mental and physical is not covered, as the main questions about the
mind remain unanswered. What is the mind? What does it do? Why does it
do it? How does it do it? The article reviews a theory that aims to answer these
phenomenological, functional, teleological, and causal questions from a
physical perspective. The theory elucidates physical processes and
mechanisms that give rise to mental phenomena in the brain, thus enabling
neuroscience to progress from correlational descriptions to an explanation of
the physical causes of the mind and solve the mind-body problem.
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1. Introduction

The mind-body problem from a materialistic standpoint can be
formulated shortly: how does the body produce the mind? Many
philosophers and even neuroscientists share the idealistic dualism
that considers the mind a non-physical entity within a physical body.
This creates a cognitive dissonance for a scientist, as idealism forbids
physical answers and keeps us outside the domain of empirical
research. Thus, even if some researchers think that the mind is
something “over and above the properties invoked by physics”
(Chalmers, 2005, p.15), here we take as a foundation the materialistic
stance of natural science in general. It is the only one that can lead to
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concrete answers to the practical issues embedded in the mind-body
problem. However, the answers to the questions about the mind do
not appear as if by magic if we take the materialistic stance and say
that the mind is physical.

The fundamental questions about an object of research are common
to any branch of science. What is the phenomenon? What does it do?
Why does it do it? How does it do it? They are called phenomenological,
functional, teleological, and causal questions. The last one is the
ultimate task of any scientific research.

The question of how is the actual hard problem. It is not a question of
why we have subjective experiences (qualia, representations), as some
philosophers insist. It is the question of how our brains produce them.
It is not a question of where those experiences emerge physiologically,
as many neuroscientists think. It is the question of how physiological
processes create the mind and by what physical mechanisms.

For most of the 20th century, neuroscience ignored the mind. It was
the century of the brain. We started with Ramoén y Cajal’s pioneering
studies of neurons and have come to state-of-the-art technologies that
allow us to screen the whole brain in action and go down to the
molecular level. However, the mind remains a mystery. The
International Dictionary of Psychology describes this state in
desperation: “Consciousness is a fascinating but elusive phenomenon:
it is impossible to specify what it is, what it does, or why it has evolved”
(Sutherland, 1989, p. 95). Please note that the author mentions only
the first three questions about the mind, but not the most important
causal one.

When neuroscience finally acknowledged that the mind should be the
object of its research, it began looking for the ‘neural correlates of
consciousness’ (NCCs). Thus, it could avoid the causal question and
keep on studying the brain without explaining the mind.2 Correlating
the observed neural activity with reported mental phenomena appears
to follow a cause-and-effect logic: when one thing occurs, another
follows. When the wheels move, the car moves. The movement of the
wheels seems to be the cause. However, it is a logical error. The
missing link is the engine under the hood, which is the actual causal
mechanism. Showing a correlation cannot be an explanation, as it is
the correlation that has to be explained. Even if we get to the finest
details of the brain or every neuron, without explaining the physical
mechanisms that neurons and the brain use to create the mind, the
‘explanatory gap’ (Levine, 1983) between the mental and the physical
remains open. The engine remains hidden under the hood.

2 Many researchers focus on awareness level, which is why the word ‘consciousness’ is used
more often. However, the goal is to explain the mind as a whole. Therefore, in the following
text, we will use the word ‘mind’ as a broad concept that includes both conscious awareness
and subconscious processes.
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We are not saying that neuroscience is not trying to model the mind.
However, all models (at least, known to the author of the present
paper) share the same problem. Here is how one review described it:
“Most modern theories of consciousness, even the most prominent
ones, are not theories at all but rather are (proposed) laws. Some of
them can feasibly be tested and could end up being right or wrong,
but ultimately, they are not theories because they only describe a
relation but do not offer an explanation. It means that when we try to
explain consciousness, we arrive at a chasm where we say ‘and then
consciousness happens’ in order to magically jump over the
explanatory gap” (Schurger and Graziano, 2022, p. 2). To put it short,
they avoid the causal question as they do not have an answer to it.

The initiators of the search for NCCs hoped the gap would be covered
sometime in the future (Crick and Koch, 1998). Perhaps the future is
now, and this paper calls for a start to the search for the physical causes
of the mind.

We will focus on the theory that is an exception to the negative ‘rule’
of avoiding the questions. It follows the positive rule: a theory should
answer the phenomenological, functional, teleological, and causal
questions. It should not §jump over the gap’, but cover it with
explanations and testable predictions.

2. What is the Mind?

When we formulate the phenomenological question in such a concise
manner, it becomes clear that we should define the mind. Moreover, if
we consider it to be a physical phenomenon, we should define it in
physical terms. The definition of an object of study can be just an
initial hypothesis that will be developed and empirically tested within
the study. It may be wrong or right, but it has to be precise and
physically grounded for it to be testable in principle.

The above statements seem to be obvious. However, in neuroscience,
the task of defining the mind was not even set. The initiators of the
search for NCCs explained their position: “For now, it is better to avoid
a precise definition of consciousness because of the dangers of
premature definition. Until the problem is understood much better,
any attempt at a formal definition is likely to be either misleading or
overly restrictive, or both” (Crick and Koch, 1998, p. 97).

However, we can rephrase the above reasoning: it is better to give a
precise definition so that we can better understand the problem,
checking whether the definition is restrictive or misleading, both or
neither. Giving a wrong definition is not a danger if it is formulated as
an empirically testable assumption that can be refuted or corrected.
Not defining the target is a danger, as it prevents a better
understanding of the problem. This is akin to looking for a black cat
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in a dark room without defining what a cat is. Even if it is there, we
will never find it.

When we say that we should define the object of our study, we use the
standard terminology in science, meaning that we should specify the
phenomenon being investigated. It can be a physical object or a
physical process. The word ‘object’ means some material thing
(substance, entity, system, etc.). The word ‘process’ means that
something is happening to an object. For example, gravitation
research is about a process of fundamental interaction of objects, not
an object called gravity, or cancer research deals with a pathological
cell growth process, not an object called cancer. They will inevitably
reach an impasse if they make a category error and take the process
for an object. Thus, to understand the causes of the mind, we must
first answer the ontological question of whether the mind is an object
Or a process.

Within the philosophy, the mind-body problem has been typically
formulated in the following way: are the mind and body two distinct
entities, or a single entity? We can say that philosophy fell into the
trap of human language. We give names (nouns) to both objects and
processes. Thus, we may easily objectify a process and think of it as
an entity named so and so.

The initial problem leading to such an objectification error is a lack of
knowledge. If we do not know how the mind works within the body, we
tend to simplify the problem by declaring it a special kind of entity
living in a body. However, this is an illusion of a way out, and we fall
into the vicious circle of the mind-body problem. Thus, there is no end
to the discussions between dualists and monists of the idealistic or
materialistic camp. However, they have no practical outcome, as the
problem based on a category error is ill-posed.

The way out is a simple idea that the mind is a physical process. If we
accept it as the initial hypothesis, there is no point in arguing whether
the mind and the body are one entity or two. A process cannot be one
entity with an object, since it is what happens in or to the object. They
are just different categories. A process can be ‘one’ with an object if it
happens in it. But it can be ‘separate’ in the sense that the same type
of process can happen in a different object. Thus, the materialistic
stance acquires a solid ground as a process in a physical substrate is
obviously a physical process. The idealistic stance becomes irrelevant.
There is no mind as a transcendent entity, as it is a process in a
material entity.

Eliminating the category error does not make the task of
understanding the workings of the mind easy, as we face the same
fundamental questions. However, it allows us to ask questions in a
precise manner and brings hope to find precise answers. If the mind
is a physical process, what kind of process is it? Why has it evolved?
What does it do? It is exactly these phenomenological, teleological and
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functional questions that some researchers found impossible to
answer (Sutherland, 1989). Could it be that they were looking in the
wrong direction? Sometimes it only takes an insight into the
perspective, and the problem seems to evaporate by itself. The theory
we review here provides such an insight by offering a clear definition:

The mind is the process of transducing reality signals into information
for the purpose of active adaptation to this reality.

It even contains this definition of the mind in its name: Teleological
Transduction Theory (Tregub, 2021a).

At first glance, such definition of the mind may be attributed to entities
that we intuitively put within a ‘mindless’ category. However, there are
two important points. First, our intuitions may be wrong, and entities
that we think do not ‘think’ are engaged in much ‘thinking’ (signal
processing). Second, TTT is not a new version of panpsychism. All
models that adhere to panpsychism, attributing the mind to various
systems and even the whole Universe, do not define the mind
physically and, thus, make their predictions unverifiable and
irrefutable (non-scientific). Instead, TTT offers a physical definition
and a testable prediction about the delineating line between systems
that possess the mind and those that do not.

According to it, the mind is an active encoding process that does not
need external programming and produces information using its own
internally generated code. This simple idea settles the ‘other systems
argument’ which has been the topic of heated debate for decades. For
example, a computer is using the external code and is, thus, mindless.
No matter how smart modern artificial intelligence systems may seem,
they are still not self-encoding entities.

With a clear definition of a phenomenon, we do not have a problem
applying it to any system and checking if it corresponds to the criteria.
A good test of our intuitions against a definition of the mind within
TTT would be a rock. If we find that a rock processes signals and turns
them into representations using a self-generated code for active
adaptation to those signals, we might say that this rock possesses the
mind. If there are no signs of such a process in the rock, we assume
it to be mindless, and this does not counter our old intuition.

The simplicity of the above definition may make us wonder what the
problem was. First, any solved riddle appears trivial in hindsight.
Second, the impression of simplicity is misleading. It gives clear
answers to the phenomenological, teleological, and functional
questions, but the major challenge is the causal question of how the
mind works. However, clear physical and technical answers to the
‘impossible’ questions allow us to move forward from correlation to
causation. For this, we have to elaborate more on the functional
question. We need to identify what the mind does and only then
explain how it does.
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3. What Does the Mind Do?

It may seem that the definition offered by the Teleological
Transduction Theory (TTT) says nothing about such phenomena as
sensations, feelings, emotions, thoughts, memories, imagination, and
other mental functions that we traditionally combine under the word
‘mind’. But this impression is only because we are not used to thinking
about these processes in physical and technical terms.

Traditional functionalism, which borrows psychological terms, creates
a circular definition: the mind is feelings, thoughts, etc. We face the
same old mind-body dilemma based on category error: it sounds as if
the mind is some ‘thing’ that does all those things, but we cannot catch
this ‘thing’ and measure it. Thus, we are left with the option of
measuring the brain activity and correlating it with mental
phenomena. This does not lead us to causation, and the hardest
problem remains unsolved. To get out of the vicious circle, we should
think in technical terms that describe physical processes. Proceeding
from this approach, TTT develops the initial definition:

The Mind is the process of transducing signals from the external
environment and the body into information as the internal code patterns
representing these signals and constituting a reality model for active
adaptation to reality.

In the brain, this process is physically implemented by neural and
auxiliary systems that perform the following functions:

Introjection, discretization and quantization of signals.
Amplitude, frequency and phase modulation.

Creation of code patterns that represent the signals.

Integration of representations into the model of environment and
body.

Comparison of the model with the current state of reality and
correction in case of discrepancies.

Projection of the model.

Evaluation and modulation of the system state.

Control of the state of the body and its actions based on the
projected model.

LU

©N o

According to TTT, these technical functions constitute the phases of
an iterative cycle of informational homeostasis (Figurel):

Projection Introjection

.4’5x .
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TTT calls this functional architecture diagram the Perception-
Apperception-Action Lemniscate (PAAL) algorithm of the mind.
Lemniscate (from Greek lemniskos — ribbon) is a generic term for all
‘figure eight’ curves. Other terms are taken from the vocabulary of
psychology: perception (from Latin perceptio — sensation),
apperception (from Latin ad, perceptio — in addition to sensation), and
action (from Latin actio — doing).

It is important to emphasize that the order of words in the algorithm's
name — from perception through apperception to action — and the
numbering of functions do not imply a linear sequence. Moreover, the
functional architecture diagram, represented as a closed lemniscate,
clearly shows that it is impossible to identify any function as initial
within the brain’s time and space. However, it does not mean there is
no functional hierarchy.

TTT proposes that the projection of the reality model has a functional
priority in the algorithm of the mind. The brain constantly projects the
model as an assumption about the state of the external and internal
environment in the present and the future based on past data,
compares the feedforwarded expectation with the feedback of
introjected signals, estimates the difference, evaluates the current
state of the world and the body, corrects the model, projects its new
version and so on in an iterative PAAL cycle of testing the model
against reality and optimizing the prediction to navigate reality most
efficiently and adaptively.

Many models use the ‘Bayesian brain’ hypothesis, according to which
the brain constantly generates predictions about the world based on
its past experience and uses the incoming data to minimize prediction
errors. It is even taken by many researchers as an axiomatic postulate
that does not require any physical explanation. They call it ‘predictive
coding’ but do not describe how the coding is done. They call the
projected representations ‘predictions’, but do not speak about what
they are physically and how they physically interact with introjected
signals for error correction. Providing mathematical models of
calculating probabilities and minimizing error (surprise, informational
entropy) is not enough. Saying that some neural populations perform
the job is a ‘causal structure’ approach that does not answer the
causal question. Even if we go down to the finest physiological details
of specific neural populations, without elucidating the mechanism by
which they perform the function, we are in the explanatory gap.

To start building a bridge from mental phenomenology to physical
causation, it is better to convert the psychological terms into technical
terms. Mental functions, as defined by psychology, are a result of
technical functions, as defined by TTT. Sensations and feelings in
various modalities of perception are encoded representations of
external world signals or internal bodily signals. Our emotions are also
encoded representations that evaluate the state of the body or
environment and apply a valence to it. Actions are the result of motor
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representations. Memories are retrieved representations of past
signals. Imagination and thoughts are higher-level representations
that may not be associated with currently introjected signals but are
always based on past signals.

Whatever function we can think of in psychological terms is a signal-
processing and encoding function in technical terms. In contrast to
the psychological terminology, such functions are measurable
physical processes. This technical approach allows us to address the
causal question, as we can test our assumptions about the
mechanism experimentally. The mind turns out to be not an intangible
‘thing’ that cannot be studied with scientific methods but a physical
process that can and should be explained by science.

However, to understand the causal links and to test them
purposefully, we must model the physical mechanisms and provide
empirically verifiable hypotheses with specific predictions. This is the
crucial test for the theory: does it offer the answer to the ‘How’
question?

4. How does the Mind work?

The definition of functions in technical terms prepares the foundation
for answers to the questions about their physical implementation. If
we define the mind as a signal encoding process and assume that our
brain is the information-producing ‘machine’, we face specific
technical questions.

Let’s start with the question about the neural code. The testing ground
for the hypothesis is simple: the coding scheme that is able to generate
information (code patterns) with an adequate level of representation,
while adhering to the time constraints of brain function and
maximizing efficiency, is the most likely candidate.

The debate about neural code has been ongoing for decades, and we
can roughly distinguish two main approaches: firing rate coding and
temporal coding models. The central argument concerns the question
of whether the timing of an individual action potential (AP) matters or
whether we should take the firing rate as the varying parameter that
contains the information. Importantly, both models treat APs as
identical spikes (digital signals). Using the human language analogy,
they propose that ‘neural language’ consists of one letter pronounced
continuously at different speeds or interrupted by various pauses.
Such language will have minimal informational capacity. But the
‘digital’ neural code paradigm remains the mainstream. Moreover, it is
taken not as a hypothesis but as an axiom beyond debate. However, it
leads to several paradoxes that cannot be resolved within the
paradigm and are ignored by the mainstream.

The idea that neurons transmit information to each other with a
varying average rate of spike generation was attractive because of its
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simplicity. Counting averages was feasible even at the level of the last
century’s equipment capacities. It also seemed to reflect reality, as
neurons do change their spiking rate. Since then, a tremendous
amount of data correlating changes in the firing rate with mental
phenomena has accumulated, but it does not bring us closer to
deciphering the code. The researchers cannot even agree about an
average rate definition: is it an average over an observation time, the
average over several repetitions of an experiment, or both taken
together? Imagine that we would try to understand a foreign language
by averaging words and sentences to an identical ‘beeping’ sound with
varying tempo. We will be wondering about the averaging window till
the end of time, but still be way off from the meaning that the speaker
conveys.

In reality, neurons demonstrate great variability in activity patterns.
Rate code idea supporters regard this variability as noise and remove
it by applying averaging methods. This creates the ‘not-so-smart
neurons’ paradox: a highly efficient and precise brain consists of
inefficient and noisy neurons that spend so much energy and time
creating meaningless patterns. However, the paradox arises from the
incorrect assumption that variability is noise. If we change the
assumption and consider that varying patterns contain information,
this will lead us to the temporal code idea.

The temporal model takes the computer analogy and considers APs as
1s and interspike intervals as Os of a digital binary code. This
significantly increases the capacity of the code and lends credence to
the hypothesis. However, it still contains problems. We will not even
dive into the problem that interspike intervals differ. Should we count
them all as a single O or sequences of Os quantized by a specific rate?
The first option ignores the possible information content of an interval
length (rhythmic structure), and the second one leads to the question
of the system clock (base pulse). Whatever we choose, we still face a
critical point: to encode sufficient information, neurons must produce
long binary sequences.

In artificial signal processing technologies, to compensate for the
temporal limitations of digital coding, engineers speed up processors
to billions of hertz. However, this leads to enormous energy
consumption up to billions of watts. In stark contrast, the brain
operates at dozens of hertz and consumes dozens of watts, yet encodes
signals with precision and data compression on a microsecond time
scale.

This creates the ‘slow neurons’ paradox: how can long and slow spike
trains encode fast signals? The brain has no time to produce many
spikes to extract information from their average speed, or many spikes
and intervals to extract information from their sequence. Signals of
the world change their parameters sometimes faster than even one full
cycle of an AP.
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Despite the paradoxes created by the basic assumption of both
models, in mainstream neuroscience, “all spikes are implicitly
assumed to be identical in size and duration” (Izhikevich, 2007. p.
280). Thus, the physical reality is sacrificed for the convenience of the
models. However, at sufficient temporal resolution, the physical reality
reveals itself: the action potential is a smooth, analog wave with
phases of subthreshold oscillations, rising potential, peak, falling
potential, slight base-line undershoot, and return to the base pulse.
Real, not theoretical, APs differ in onset time, width, amplitude, and
the shape of the rising, falling, and after-potential phases (Figure 2):

Membrane Potential (mV)
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—0.50

o 2 4 6 8 10 12 14 16
Time (ms)

The conclusion that seems obvious in hindsight is that the brain uses
the informational capacity of each wave. Using the language analogy,
neurons speak words that consist of various letters. Taking a musical
analogy, neurons play melodies that consist of various notes.

TTT takes the musical analogy and proposes the Symphonic Neural
Code (SNC) hypothesis (Tregub, 2021a). According to it, each action
potential is a ‘note’ of the mind that has individual waveform
characteristics (period, amplitude, phase trajectory), which encodes
the meaning created and transmitted by the neuron. This hypothesis
elegantly resolves the paradoxes and explains the observed
tremendous computing power, efficiency, and speed of the brain. The
neurons turn out to be fast and smart enough for the world, as the AP
internal parameters develop on the same microsecond timescale as the
signals, and the information density of each AP is high. This does not
reject the role of AP sequences for longer-timescale representations.
Each note has its place in melodies and harmonies (population code),
rhythms (temporal code), and tempo variations (firing rate). Thus, SNC
is a reconciling hypothesis for existing models as it combines their
predictions and offers a novel explanation where old ones fail.
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TTT looks at the coding process from a physical and technical
perspective. The signals of the world are continuous energy flows
(electromagnetic, sound, mechanical, thermal, chemical, and others).
The brain faces a dilemma, or rather a technical task. On the one
hand, a continuous signal must be quantized since information is a
code pattern, i.e., a sequence of discrete values (in signal processing
theory, such signals are called digital). On the other hand, if reality is
a set of continuous signals, the model of this reality must also be a set
of continuous representations (analog signals). How does the brain
solve the problem? TTT suggests that the brain uses a hybrid analog-
digital-analog signal processing technology.

At the single-cell level, TTT models the neuron as an active non-linear
analog-digital-analog conversion (ADAC) filter that produces complex
wave patterns, representing incoming wave signals. This is a game
changer: the ‘not-so-smart neuron’ that the old integrate-and-fire
model defined as a simple capacitor that sums currents and produces
identical digital spikes turns out to be a smart wave processor. For
brevity reasons, we cannot go into the technical details, physical
explanations, and mathematical descriptions provided by TTT.3 We
will list models that the theory suggests and describe them on a
general level.

The first step is to model the input processing by the dendrites. The
classical view of the dendrite is that of a passive cable (Rall, 1959). In
this framework, synaptic inputs are treated as current sources, and
the dendrite’s role is to sum these currents as they spread towards the
soma. This creates the ‘smart cable’ paradox: the cable model
describes a passive transmission line, while modern physiology has
unequivocally shown that dendrites are active, complex, and dynamic
computational units. The classical model renders the sophisticated
computation of the dendrites functionally irrelevant. Presynaptic
action potentials, stripped of their analog information, become
identical inputs, producing an identical output clone. In this view, the
neuron annihilates information rather than creating it (the not-so-
smart neuron paradox appears again).

TTT proposes the Dendrite Antenna Model (DAM) that describes
dendrites as active antenna-like arrays with pattern-recognition
function. The DAM mathematics describes how synapses launch
electrochemical waves, how dendritic branches guide them, and how
voltage-gated channels actively modulate them. The model offers
several testable predictions about biophysical properties of this
circuit: the dendrite’s resonant frequency defines its function as a
matched filter tuned to specific spatiotemporal patterns; the effective
electrochemical inductance of voltage-gated ionic currents is the
biophysical basis for resonance and bandpass filtering; the dendritic

3 As the list of references is also limited, we will not refer to experimental evidence for the
hypotheses and predictions of TTT. The full list contains hundreds of items and can be found
in the original publications (Tregub, 2021a, b, c, d, e).
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output at the soma is the result of the coherent superposition of waves
from all inputs.

Next, the Soma Wave Processor model (SWAP) describes the central
unit of a neuron as a nonlinear relaxation-type oscillator whose
function is to map the high-dimensional analog dendritic input onto a
structured, information-rich output wave. The SWAP mathematics
describes the ADAC cycle of the soma. At the digital step, the soma
samples and quantizes the continuous input from dendrites,
generating the discrete action potential. At the analog step, the output
is a wave packet with a specific waveform that encodes the parameters
of the initial analog input.

The discreteness of the action potential is not in conflict with its analog
waveform. The somatic threshold acts as a binary decision
determining whether a wave is launched. However, this digital step
does not specify the precise shape of the resulting wave. The analog
nature of the propagating wave packet is determined by the initial
conditions at the soma and the dendritic input parameters. Thus, TTT
reconciles a fundamental biological observation of the all-or-nothing
AP generation rule with the experimentally observed variations in AP
waveform.

This ‘smart neuron’ model not only explains the observed but provides
testable novel predictions: somatic response depends on coherent
cross-frequency coupling of dendritic inputs; the soma dynamically
reconfigures its impedance profile as an active part of pattern-specific
encoding; the AP waveform encodes the spatiotemporal pattern of the
input. This is the essence of the SNC hypothesis in physical and
technical terms.

If this hypothesis is falsified, it would merely indicate that waveforms
carry no informational load and would not undermine other
predictions of the DAM and SWAP models. If, however, it is confirmed,
this would signify a neural code of far greater complexity than classical
models allow. This added complexity could, in turn, explain the neural
code’s remarkable speed, efficiency, and information saturation,
solving the long-standing paradoxes.

This paradigm shift creates additional difficulties in deciphering the
neural code, as it is necessary to analyze all the subtleties of individual
AP parameters. The TTT prediction that makes the task slightly easier
is that the waveform individuality does not imply infinite variability.
The brain likely employs a limited set of waveforms. As in music, vast
representational power emerges from the combinatorial sequencing
(rhythms, melodies) and interaction (harmonies) of fundamental units
(notes). Even a limited set represents a manifold increase in
information capacity over a digital code proposed by the old models.

We have to note another problem of the classical cable model. It is
built upon the cable equation, which describes a diffusive process,
leading to a ‘bad cable’ paradox: the model predicts a signal that
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spreads with infinite speed but decays exponentially within
millimeters. This directly contradicts measured finite velocities and
high-fidelity long-distance transmission by the axons. The
fundamental flaw of the model necessitates post-hoc parameter
adjustments and is only superficially patched by adding the Hodgkin-
Huxley (HH) model, which describes point-wise ion-channel dynamics
(Hodgkin and Huxley, 1952). This is interpreted as a saltatory
conduction, where a ‘dying’ digital signal is revived at each node of
Ranvier. Combining a non-wave component with a discrete model to
describe a continuous phenomenon creates a fundamental
mathematical inconsistency that reflects the foundational physical
inconsistency of the paradigm.

The Axon Waveguide Model (WAM) resolves the paradoxes and
inconsistencies. In this framework, the AP is a soliton-like wave
packet, the internode is a waveguide, and the Nodes of Ranvier are
impedance-matching and phase-shifting wave repeaters. Thus, the
active part of signal transmission is not about boosting diffusing
digital pulse, but about balancing AP wave dispersion (various
frequency components traveling at different speeds) by the focusing
nonlinearity of electrochemical oscillations at the nodes. The
equations of WAM naturally incorporate the ion channel dynamics of
the HH model, restoring the mathematical consistency of describing
electrochemical wave propagation in the axon. Thus, TTT does not
reject the empirically tested and physically viable HH model, but uses
it on a new explanatory level.

The WAM quantitative and qualitative predictions explain the already
measured biophysical properties and suggest novel research
directions. In contrast to the diffusive cable model, it predicts a
specific AP propagation speed for various types of axons, and its
velocity equation produces calculations that match measured values
without curve fitting, which is a common practice in research based
on cable theory. It also proposes novel testable predictions: the action
potential within the myelinated internode will exhibit wave dispersion
determined by the frequency-dependent properties of the waveguide;
nodes act as active wave repeaters that perform impedance matching
and phase-sensitive gain to correct dispersion and restore the original
action potential waveform.

After dealing with information encoding and transmission issues, TTT
tackles the information integration problem. In neuroscientific
discourse, it is called the ‘binding problem’ (Feldman, 2013). How do
the encoded representations of a vast number of signals constantly
processed by the brain combine into what we experience as a unified
flow of the mind? How does the brain create a coherent model of reality
while maintaining signals’ identity and, at the same time, preventing
the world picture from falling apart into separate pieces? Usually,
these two aspects are called the segregation problem and the
combination problem.
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There is an old hypothesis that the binding problem (BP) is solved by
synchronous firing of neurons at a specific rate (Llinas, 1998; Singer,
1999). It came naturally: if we think of a neural code as a set of
identical ‘shots’, integration becomes simultaneous firing of those
shots. But the idea has two major pitfalls.

First, it cannot be a solution to the problem of combining the variety
of subjective experiences into a coherent whole, as the variety vanishes
(identical shots add up to a firing discharge). That is why the initial
author of the ‘inding-by-synchrony’ idea suggested that
differentiation should be supported by another unknown mechanism
(von der Malsburg, 1999).

Second, the brain functions at multiple frequencies. Why would the
oscillatory dynamics be so complex if all that neurons need to do is
resonate at one frequency? The authors of one review noted: “We do
not yet have a coherent picture on why the brain oscillates at such a
diverse range of frequencies and how these different oscillatory
processes functionally complement each other” (Uhlhaas, 2008, p.
156).

TTT uses the same wave physics first principles for a single cell level
and for the whole brain functioning. These principles help it to resolve
the BP from a physical perspective (Tregub, 2021c). We will not delve
into details due to the limitations of the article. For a short and
intuitive explanation, we will take a musical analogy actively used in
the model. To start, we can formulate the binding problem using
musical terminology. What mechanism allows the orchestra of the
brain to play a coherent symphony with complex polyphony and
polyrhythm while preserving individual notes?

The intuitive musical analogy helps us understand the Binding-by-
Harmony Hypothesis (BHH) offered by TTT. It explains how the brain
solves both segregation and combination aspects of BP. Physically, the
nervous system is a set of oscillators with a wide range of
characteristics (just like instruments in an orchestra). However, the
variety of frequencies, amplitudes, and phases of oscillations is not an
obstacle to unifying them into a coherent reality model (just like a
complex but harmonious symphony). The physics of oscillator
interactions allows different wave patterns of representations (qualia)
to be superimposed on each other while preserving their frequency and
phase characteristics.

The variety goes hand in hand with unity. There is no need for special
mechanisms for integration and segregation. Neural ensembles use
the universal physical mechanism of frequency-phase coupling at
harmonic ratios to synchronize wave patterns of their activity while
retaining individual characteristics. Using the musical terminology, we
can say that the orchestra of the brain plays a harmonic symphony of
the mind where each note, melody, and rhythm has its unique place.
The metaphor becomes a physically grounded analogy.
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TTT proposes the Brain Harmonic Octave Scale (BHOS) model as the
binary logarithm representing an octave inversion of all frequency
levels. The predicted scale corresponds to the phenomenological
taxonomy of the diverse range of ‘brain rhythms’ obtained during
many years of studying neural oscillations. TTT offers a detailed
account of the functional role of different frequencies, how they
interact and complement each other. Thus, one more riddle acquires
a physical explanation.

Taking the same technical and physical perspective, TTT deals with
the question of how the encoded representations are stored and
retrieved. According to its Wave Memory Model (WMM), our memories
are wave patterns where neurons participate as oscillators with
specific characteristics tuned to the parameters of this particular
pattern. The storage is not a specific place in the brain (memory
module) and not a specific cell (‘grandmother neuron’). Every neuron
that participates in a wave stores part of the memory wave in the
settings of its impulse response.

WMM explains differentiation and integration, sequential and parallel
processing, layering and associativity, stability and flexibility, high
capacity and efficiency of our memory. It also explains that memories
are not ‘carved in stone’ but are reconstructed each time as a dynamic
wave, thus being prone to errors or even false confabulations.

TTT uses the term ‘memory’ in a technical sense: storage and retrieval
of representations. This concerns the whole reality model, as the
conscious and subconscious levels of representations have the same
wave nature. The difference is only in the specific functional role of
amplitude-frequency parameters of the waves and their interactions.
This explains why ‘causal structure’ theories that are looking for a
‘seat of consciousness’ in a specific place in the brain are not even
wrong. They only seem to offer testable predictions about where to look
for consciousness. However, as they do not concern themselves with
the causal mechanism, they are unfalsifiable.

No wonder the experiments and ‘adversarial collaboration protocols’
confirm predictions of rival theories about the opposite sides of the
neocortex being the place where consciousness happens. As the
experiments are still testing correlations, not causations, the activity
of neural populations may correlate with conscious experience in one
experiment and not correlate in another. The secret is not in the
location but in the mechanism.

TTT resolves the predictive coding issue from the same wave physics
first principles. The comparison of predictions (stored representations)
and results (newly produced representations) is also a wave process.
According to the PAAL algorithm model, the projection and introjection
waves superimpose to produce the current picture of the world. It is
analogous to the hologram technology, where the generated object
waves are superimposed on the reference waves. The frequency-phase
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interaction mechanism ‘compares’ the waves and produces the
interference pattern that is the final image. This explains how
predictions and results meet in the ‘Bayesian’ brain.

The iterative PAAL loop happens on all spatial and temporal levels. It
is a constant process of modelling reality. The stability and dynamic
adaptability of the reality model depend on the coherence of the two-
way interaction of waves. However, as the reference wave (projection)
has the functional priority over the object wave (introjection), the
picture of the world is not what we actually see but what we expect to
see (this concerns not only vision but all modalities). In this sense,
believing is seeing.

While many theories express the idea that expectation is primary and
many experiments confirm it, TTT shows the algorithmic flow of the
mind that produces the phenomenon and explains the causal
mechanism behind it. It explains physically why we experience
perceptual illusions. They are not errors in perception as the name
suggests, but projections of the adaptive reality model that ‘dictates’
the way we perceive things and compares it with the incoming signals.
The PAAL model also explains the pathological disruption of the
algorithm when the reference wave is not interacting with the object
wave, and the brain produces representations detached from current
reality (hallucinations).

After explaining the normal functioning of the mind, TTT logically
proceeds to model the pathologies. We cannot understand what is
happening physically in the breakdown if we do not know the causal
mechanisms of the norm. So, the ultimate practical goal of any theory
of the mind is to be able to explain the pathologies from a physical
perspective.

TTT starts with an overall description of possible breakdowns of the
mechanism (Tregub, 2021d) and goes on to model the systemic
pathologies such as autism and schizophrenia (Tregub, 2021e). It
suggests a new approach to the diagnosis and classification of all
mental pathologies, based on assessing the state of the physical
mechanism of the mind offered by the theory. This should help
psychology and psychiatry to move beyond the current
phenomenological approach of classifying symptoms into syndromes
to causal diagnostics of the brain state responsible for those
symptoms. Solving the mind-body problem from a physical perspective
should have practical implications.

5. Conclusion and outlook

As in any natural science, the ultimate task of neuroscience is the
causal explanation. “Science seeks a causal chain of events that leads
from neural activity to subjective percept; a theory that accounts for
what organisms under what conditions generate subjective feelings,
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what purpose these serve, and how they come about. If such a theory
can be formulated — a big if — without resorting to new ontological
entities that can’t be objectively defined and measured, then the
scientific endeavor, dating back to the Renaissance, will have risen to
its last great challenge. Humanity will have a closed-form, quantitative
account of how Mind arises out of matter” (Koch, 2004, p. 34).

We must move from calls for a theory to formulating such a theory.
Otherwise, we will remain in the explanatory gap with an eternal ‘big
if”. The Teleological Transduction Theory (TTT) is based on the analysis
of the data accumulated by neuroscience over a century. Its
hypotheses stem from this analysis, and its predictions are potentially
testable at the current level of our research equipment capacities. TTT
does not resort to ‘ontological entities’ inaccessible to empirical study.
It is, probably, the first theory that rises to the great challenge of a
physical account of how the Mind arises out of Matter. It allows science
to move from describing mental and physiological phenomena to
explaining their physical causes.
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