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The six major questions of attention are described in terms of the dominant, as defined by Ukhtomskii.
The dominant was in turn simulated as a systems manifestation of phase transitions in the brain. The theoretical and experimental bases for the existence of metastable states in the brain are reviewed, these states
having lifetimes of 1 sec and more. This approach simultaneously provides solutions for all the major
questions of attention and the “central controller.” A neurobiological model of attention and memory is
proposed, based on the systems properties of Ukhtomskii’s dominant and the comparator function of the
hippocampus as described by Vinogradova. New published data are presented to support the existence of
an information processing system in the brain in which the hippocampus plays the central role.
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1. MAJOR PROBLEMS IN SIMULATING
ATTENTION

More than a century ago, William James, one of the
founders of cognitive psychology, wrote: “Everyone knows
what attention is. It is the possession by the mind, in a clear
and distinct form, of one of several simultaneously possible
objects or a sequence of thoughts. Its essence is focusing,
concentration of consciousness. It implies distraction from
several subjects in order to deal more effectively with those
remaining.”
We were unable to find any more contemporary and
more precise definition of attention. We present only a list
of functions usually ascribed to attention and provide a brief
description of a number of problems with simulating attention. By attention we understand a psychophysiological
process closely associated with memory processes and fulfilling the following functions: a) ignoring of several
objects in order to allow more effective analysis of other
objects; b) formation of short-term and long-term memory;
c) performance of intermodal integration; d) control of
overall excitation (arousal); e) inhibition of unnecessary of
inessential ongoing activity to provide an easier or more
effective response to new or vitally important stimuli.
The main problem in simulating attention is as follows: if the input of the simulation consists of a mixture of
signals from different sources, it must be able to recognize

Over the last few decades, the hippocampus has
attracted particular attention as a structure which may harbour the brain’s greatest secret. There is no significant cognitive function of the brain which has not at one time or
another been assigned to the hippocampus. We believe that
the closest solution to this mystery was proposed by
Vinogradova in her comparator hypothesis [2, 67, 68]. Our
attempts to understand this hypothesis in terms of a systems model of attention based on the septo-hippocampal
formation [4, 69] came up against a number of insoluble
problems in simulating attention. The aim of the present
work was to consider all these problems from the single
point of view of the principle of the dominant as defined by
Ukhtomskii and, after uniformly solving them, to return to
the secret of the hippocampus. We will start with the question of what attention is and what the major problems in
simulating it are.
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and identify any component of the mixture. The other functions of attention listed above are also difficult to model, but
are strongly dependent on this main problem.
We will illustrate the importance of the problem using
an example. Studies of human vision have provided evidence that the brain processes visual information in different ways depending on the ongoing task. This processing
may be parallel (pre-attention) or sequential (focused attention). In the former case, processing is rapid and independent of the number of objects in the visual field, and the
global properties of the image are equivalent to its local
properties. In the latter case, analysis is relatively slow,
though the whole (the recognized signal) is “greater” than
the sum of its parts, because the low-significance background is discarded and the accent is on analysis of the “figure,” which is the most important part of the image. The
suggestion is that the operative and automatic combination
of these two types of analysis also explains the whole mystery of human preeminence in recognizing images as compared even with the most powerful computers.
In what way is attention linked to perception, memory,
and other cognitive functions? This question has always
been central to both psychology and neuroscience.
However, progress has been slow because of poor understanding of central attention control processes and the representation of memory in the brain.
Recent studies of the role of attention have used two
types of simulation. The first type, which is termed the connectionist model, is based on theoretical concepts regarding
neurons and their connections and computer simulations are
widely used to determine whether parallel processing of the
properties can in principle be linked with sequential attention to increase the efficiency with which the system operates. Known data on the physiology of neurons and their
connections are generally significantly simplified to allow
the use of simple mathematical or computer simulation.
This type of model is less a measure of the real function of
attention than a device to allow the application of useful
arithmetic algorithms to solve technical problems related to
signal identification. A good example of this type of model
is provided by models described in the review from the
Pushchino group of mathematicians [1]. Connectionist
models have recently been used to address explanation of
the interaction between attention and memory (see, for
example, [24]). The other type of model is the psychological or psychophysiological model. This is used to allow a
minimum number of theoretical assumptions and concepts
to be involved in explaining the detailed influences of attention on perception, behavior, and short-term and long-term
memory. The greatest internal concordance of models of
this type is seen in [19] and [20]. The present review covers
the results obtained with simulations of this type, though
the neuronal realization of these models rests on advances
in Russian science and, in particular, those of Ukhtomskii’s
school and Vinogradova, which lead to a new approach to
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the whole set of problems in studies of attention. In particular, we present a neurobiological model for assessment of
the following questions of attention.
I. The question of stimulus selectivity. What is the
mechanism of stimulus selectivity: why do some simultaneously presented stimuli attract attention and thus receive
access to higher sensory processing, while others do not?
II. The question of long-term memory. What is the
mechanism of reliable long-term storage of memory traces?
How is long-term memory linked to short-term memory,
and what is the role of attention in this?
III. The question of integration. The fact that parallel processing of stimuli occurs by way of extracting the
properties of these stimuli at the early stages of processing
leads to the questions of how and where the integral image
is reconstructed.
IV. The question of inertia. There is an enormous gulf
between the duration of the effects of attention, such as its
attraction, and the duration of neuronal events, such as the
interspike interval. This gulf is sometimes of several orders
of magnitude. What is the physiological mechanism which
slows time during the transition from neurons to behavior?
What is the neuronal basis for retention of long-term attention to some stimuli even when the stimulus is presented for
a relatively short period of time?
V. The questions of the inhibition and suppression
of interference. What type of processing is applied to stimuli to which attention is not paid: are they inhibited actively or are they simply not subjected to further processing?
What is the mechanism of inhibition of interfering stimuli?
VI. The question of the “central controller.” Is there
a neuronal modality-non-specific structure, separate from
memory, which coordinates the operation of all components
of the processes of attention and memory, or is attention a
consequence of the self-organization of the structures of the
neocortex?

2. THE PRINCIPLE OF THE DOMINANT
AND THE MAJOR QUESTIONS OF ATTENTION
The dominant in physiology, according to the Great
Soviet Encyclopedia, is “the focus of excitation which temporarily determines the nature of the body’s responses to
internal and external stimulation.” Ukhtomskii wrote in
1923: “My colleagues understand the term ‘dominant’ to
mean a more or less stable focus of centers with increased
excitability compared to what would otherwise be evoked,
such that excitation newly arriving in the center serves to
increase (reinforce) excitation in the focus, while the rest of
the nervous system is subject to widely diffused manifestations of inhibition” [10, p. 7]. Tens of years later he wrote:
“The dominant is not a theory, nor even a hypothesis, but
represents an experimentally determined and very widely
used principle, an empirical law, like the law of gravity,
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which may in itself be uninteresting but is troublesome
enough not to be ignored. I regard it as a ‘principle’ of operation of centers not because seems in any way very rational,
but because it is a very constant feature of the activity of
centers. In fact, the dominant can be established not so
much as a rational feature of the operation of centers as
merely a very stable feature of their operation. In any case,
the dominant is one of the cryptic factors of our neural
activity, and not an innocent one as appeared initially to be
the case” [10, p. 125].
Of the extensive classical data on which the dominant
is based, we will cite only those most tightly associated
with the corresponding five questions described in section 1
of this review.
1. Neuromuscular preparations have an optimal frequency for stimulation, which corresponds to the maximum
lability of nerve tissue and the maximal intensity of muscular tetanus. Further increases in the stimulation frequency
can pass through a critical value after which muscle activity starts to decrease until the state of a pessimum or a state
of absolute unexcitability is reached. This manifestation of
an optimum and a pessimum can also been seen in relation
to stimulus intensity [3].
2. Along with propagating spike excitation of the “all
or nothing” type, the nervous system also has gradual local
stationary excitations. These can be created both with normal stimulation and by local cooling and by local stimulation by electrical currents or various chemical substances.
The resulting state of altered loci may be determined by the
functional parameter physiological lability. This corresponds to the maximum stimulation frequency above which
a transformation of rhythm takes place in nerve tissue, such
as frequency division [3].
3. Apart from the optimum frequency and strength of
stimulation, there is an optimum lability and an optimum
polarization at which stationary excitation is most easily
transformed into local rhythmic activity which can propagate beyond the boundaries of the initial locus [3].
4. At the optimum levels of lability and polarization,
the phenomenon of rhythm assimilation arises, whereby
rhythmic activity arising synchronously with the rhythm of
the incoming stimulation persists for some period of time
after the incoming stimulation ceases [3].
5. The transition from local stationary excitation to
propagating excitation is seen during the acquisition or
extinction of conditioned reflexes. Transmission of excitation to the cortex from the center of the signal to the center
of the effector is accompanied by synchronicity of biopotentials in these centers, such that propagation of excitation
becomes easier as the surface involved in synchronous
coherent activity increases and as the coefficient of mutual
correlation of “closed” centers increases. For some animals,
such as rabbits, this synchronicity and coherence occurs at
the frequency of the theta rhythm. Extinctive inhibition
(“fading” of centers) is accompanied by divergence of the
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frequencies of the linked centers, with drops in the synchronicity and synphasicity of slow biopotentials and
decreased lability in these centers [6].
Now, considering the above data, it is easier to understand the systems nature of the principle of the dominant,
which is as follows. At each point in time, the nervous system has only one active, dominating constellation (focus)
of coordinately excited neuronal groups or centers characterized by a single rhythm and a single action (behavior).
The same individual centers or groups of neurons can be
included in different dominant constellations, whereby
entry into one constellation or departure from it determines
the ability of these groups or centers to assimilate a single
tempo and rhythm of activity. Traces of the previous dominant persist over long periods in the higher parts of the
nervous system and, in conditions of complete or partial
recovery of the initial conditions, can completely or partially reappear.
On the other hand, the dominant is characterized by
the following five local properties [10, p. 52].
• increased excitability: for entry of a group of stimuli
into the dominant, the threshold of excitability of the dominant must be lower than the strength of the incoming stimulation;
• stability of excitation: for excitation to produce any
marked behavioral effect, it must not undergo rapid changes
over time;
• ability to sum excitation: the ability to accumulate
excitation not only from specific, but also from non-specific stimulation;
• inertia, i.e., the ability to retain the state of excitation
once the initial stimulus has ceased;
• “linked” inhibition, i.e., the ability to exclude from the
dominant those centers whose activity is functionally incompatible with the activity of the dominant constellation.
In some of the very earliest publications on the dominant, Ukhtomskii wrote: “At the higher stages and in the
cerebral cortex, the principle of the dominant is the physiological basis of the act of attention and subject thought” [10,
p. 11]. Now, knowing the main systems and local properties
of the dominant, we will briefly address the fundamental
possibility of solving the questions of attention as described
in section 1 of this review.
I. The question of selectivity is associated with
increased excitability of the dominant for particular external
stimuli and with the explanation of a concrete mechanism
for selecting these stimuli. Considering that the dominant is
a constellation of neuronal groups and centers with the
properties described above, the following simple but important suggestion, based on large quantities of current data,
becomes almost obvious: “Although selective attention is
well grounded by behavioral experiments, it remained
unclear what, in biological terms, is selected and how. We
now suggest that selective attention includes selection of
one of a whole series of different global cellular ensem-
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bles”* [46]. With the aim of evaluating the significance of
this result and, thus, assessing the strength of the principle
of the dominant, we introduce a difficult question, which is
often repeated in different versions, and appears to be insoluble without the principle of the dominant. “It has been
demonstrated that the effect of attention acts on neurons in
the primary zones, such that signals controlling attention in
most studies run downwards from above, from the higher
stages to the lower. However, how these signals return to the
earlier stage of processing in order to select certain synaptic inputs from a multiplicity of other inputs remains deeply
obscure” [17]. “Attention is known to affect the early stage
of visual perception. The question is that of how prefrontal
cells in the attention control system identify which cells of
the visual system they should activate” [64].
The answer in terms of the dominant is in both cases
simple: the signal at the higher level does not need to perform special detection and selection of cells at the lower
level of the primary analysis, as according to the principle
of the dominant they pass together and simultaneously to
one and the same dominant constellation if they assimilate
a single tempo and rhythm of activity. We will discuss
below how this is realized in the simulation.
II. The question of long-term memory. In terms of
the dominant, this is the question of a long-lived state of
excitation, i.e., the question of the retention of traces of past
dominants. This definition of the principle of the dominant,
as we will see, opens wide new possibilities in studies of the
question of memory and, in particular, the question of the
connection of long-term and short-term memory. That this
question is difficult is evidenced by many specialists, for
example: “Further studies are needed to address the question of the link between perception, memory, and response.
Several models of memory use different synchronicities to
hold several concepts simultaneously in short-term memory. However, long-term memory for objects and events must
use longer-lasting traces...” [62, p. 175]. The only candidate
for the mechanism of long-term memory – long-term potentiation (LTP) – after extensive discussion [59] induced profound doubts in many investigators, albeit on the principle
that LTP settles over a number of hours or days while longterm memory operates throughout the lifetime [55].
Unexpected support was obtained that “LTP is neither a
memory trace nor a mechanism of memory formation, but
is the beginning of the end of the synaptic theory of memory” [59, p. 621]. How serious this support is will be discussed in section 6 of the present review.
III. The question of integration, or, as it is often
termed, the binding problem, from the point of view of the
dominant is also tightly associated with the question of
memory, and not only with the synchronization of the elementary properties of the object and the possible errors of
* The

author was apparently not familiar with the principle of the
dominant.
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the relationship between these properties and foreign
objects, as is usually understood in most cases. The fact is
that each of the dominants experienced are recovered not
only by means of the signal components or object characteristics, but also by all the cortical components of previous
experiences of the same dominant. The dominant “can be
experienced as a transient recollection with negligible inertia. And when this is without changes, a constant and uniform integral image, it again vanishes into the folds of
memory. However, it can be recovered and reexperienced
with almost the previous completeness and revival of the
operation of the whole somatic constellation. It then again
produces long-lasting inertia in the operation of the centers,
and again selects the biologically relevant stimuli from the
new environment, enriching the brain with new information. After this revived experience of the dominant, the corresponding image is again reprocessed and vanishes into the
folds of memory, more or less reintegrated” [10, p. 36].
This makes it understandable that the binding problem
cannot be solved in isolation from all the major questions of
attention and memory. The authors of [44] came to this
important conclusion, laying out six criteria for solving the
binding problem. Similar conclusions have been made by
other investigators addressing this problem. There are two
further authoritative comments. “Current models provide no
possible solutions for the coordination of the memory of
episodes, attention, and working memory... This is an example of the fact that the central puzzle of studies of consciousness are considered simultaneously: the binding
problem” [48]. “The cryptic process controlled by multimodal binding continues to pose a major problem” [45].
IV. The question of inertia is the central problem of
the dominant, the question of understanding the mechanisms of the “excitation of large intervals,” i.e., neuronal
activity of long duration, significantly greater than the time
constant of the membrane potential of a nerve cell: “The
dominant is based on the principle of inertia: the tendency
to respond to stimulation always on to one side, the side of
the ongoing ‘reflex situation.’ The Flywheel. The Aperiodicity of CNS Reactions to the Environment” [10, p. 247].
We will present some new data supporting the relevance of this question. Cortical neurons performing the task
of short-term memory retain activity for several seconds
after the stimulus ceases [28, 43, 65, 72]. Neurons in the
human and primate prefrontal cortex develop the unusual
ability to process information “on-line” – an ability which,
as thought by many, is the basis of understanding, attention,
and thought. These neurons have the ability to support the
transient maintenance of information in attention for up to
20 sec. This fact is usually explained by some clearly intercalated slow chemical process [29]. However, this explanation is not always appropriate, as the size of the time delay
is often dependent on the functional load of the test and on
external conditions, for example, subsequent experience
[61]. Our magnetoencephalograms of humans during a task
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involving short-term maintenance of information in memory shows an unusual dynamic oscillation of activity in the
range 4–12 Hz. This activity starts simultaneously with
onset of the stimulus (so-called reset) and can continue for
up to 600 msec. The duration of this activity increases linearly with increases in loading on the human memory, i.e.,
with increases from one to five objects held in attention.
There is no explanation for these data; however, in
terms of the dominant, it does not present any particular difficulties. The question of inertia is intrinsically associated
with the key concept of the dominant – physiological lability. A significant point in the teachings on the dominant is
that lability can change, and it changes during the course of
a response, i.e., under the influence of stimuli and loading.
The duration of a response can change accordingly. Lability
can be regarded as a measure of the inertia of the active
state. High inertia and low lability mean a poor ability to
terminate developing excitation. However, explanation of
lability in neuronal terms leads to the same problem: that of
what the source of high inertia could be, given that the neural network is presumed to consist of an aggregate of lowinertia elements. In addition, dynamic systems theory
shows that there is a loss of stability of movement as the
amount of inertia associated with the system increases.
These two difficulties are discussed in more detail and are
resolved in sections 3 and 5 respectively.
V. The question of the “central controller” is one of
the most acute unsolved problems not only in psychology,
but also in relation to the dominant. On the one hand:
“Neural coordination or linkage of physiological sets in the
order of their neural correlation is a necessary process and
does not require the intervention of any additional “coordinating” center. Coordination in the sense of linking neural
acts arises unavoidably from the impossibility of simultaneously performing the various necessary mechanisms in one
relatively small defined executive apparatus” [10, p. 197].
On the other hand: “Why should a center dominate? It is the
strongest. The most biologically important. Pleonasms (verbosity) in place of responses. There is no answer to ‘why?’”
[10, p. 250]. We also show that the answer to “why?” does
exist and that the “coordinating” center, the “central controller,” arises, or, more precisely, starts to operate, as a new
systems property. The latter appears as arousal increases to
some critical level at which phase transitions become possible in the form of spatial synchronization.
VI. The question of inhibition and suppression of
interference is directly related to an important property of
the dominant – “connected” inhibition. This connection can
be illustrated by the following example. Some investigators
[57], simulating the integration of features into a single
object via synchronization of their corresponding oscillators, introduced desynchronizing inhibitory connections
between some of the oscillators to interrupt the erroneous
inhibition of different objects which only transiently overlap in space. This raises the question: can this concept gen-
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eralize to the case in which features other than position are
common to the different objects needing to be separated? It
seems obvious that desynchronizing inhibition must be
dynamic and functional rather than fixed, in order to consider different versions of identical features. In other words,
each dominant is preferentially linked to only one characteristic inhibition of other dominants interfering with it.
This is “connected” inhibition. In principle, it is entirely
possible for this to occur in a dominant, because “excitation
and inhibition are not opposite processes, but are related to
a single process with opposite end effects depending on the
conditions in which it occurs. The main and defining conditions for the effect is the degree of lability of the effector
acting at a given point in time” [10, p. 124]. But how is this
possible? Can it be understood using a simple physical analogy? The following section answers these questions in the
affirmative.

3. PHASE TRANSITIONS IN THE BRAIN
AND THE PRINCIPLE OF THE DOMINANT
The concept that inhibition arises from excitation,
which is analogous to phase transitions in contrast with inhibition due to structurally fixed inhibitory substance, permeates all aspects of the teaching of Vvedenskii and
Ukhtomskii. This teaching has thus far encountered difficulties and lack of comprehension because of the quite complex, poorly understood, and often paradoxical physical
manifestations of the phase transitions which underlie it.
Ukhtomskii proposed that further development of the
physics of magnetism and the mathematical theory of nonlinear oscillations would clarify many of these paradoxes.
Along these lines, in 1940 he and Gulyaev proposed the first
model of non-linear oscillations explaining rhythm assimilation, the optimum and pessimum of the frequency and
strength of stimulation, the effects of forced synchronization,
inertial delay, and frequency division, and other effects of
the linked non-linear oscillators considered at the start of
section 2 of this review. In the report, he posed the important
question: “Is it impossible to ascribe the general features of
behavior of physiological systems to variable lability and
non-linear oscillatory systems because we have to address,
first, inertial systems, and, second, the different manifestations of overcoming inertia” [11, p. 194]; he also answered
the question in another work: “If the role of traces over time
is considered as a magnet, with colloidal hysteresis, in a segment of nerve, then it must be considered that in a cell, a
nerve cell, a cortical cell, transmission of traces from
moment to moment must be the primary role” [11, p. 62].
In other words, inertia as a central property of a dominant, as all the other properties of a dominant, is analogous to the collective effects seen in ferromagnets, in
which there is known to be a so-called critical slowing of
the kinetics close to the phase transition point. Thus,
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yit xit
yi0
yit – threshold

Nerve impulse
aij

t
xit – membrane potential

aii
τ

Interspike interval

Fig. 1. Diagram showing the assumptions of the “basic neuronal model.” For explanation see text.

Ukhtomskii suggested the existence of different weighted
phase transitions and metastability in the cerebral cortex:
“The dominant can be regarded as a state of unstable equilibrium of molecules able to undergo catalytic (explosive)
breakdown, while the usual reaction is an equilibrium of
reversible reactions” [10, p. 241].
However, if the theory of phase transitions and
metastability in the brain can provide consistent explanations for all the properties of the dominant, then, considering their tight connection with the questions of attention
described above, it becomes possible to solve all these problems simultaneously, if phase transitions do in fact occur in
the cerebral cortex. However, how would we demonstrate
that phase transitions do actually occur in the brain?
The concept of non-equilibrium phase transitions in
the brain has been developed by the well-known German
scientist Haken in recent years [31, 32]. He believes that
this concept is useful for brain theory. In particular, he
repeated Ukhtomskii almost verbatim when writing that
“the brain operates close to points of instability” [31, p. 2],
and “we are not studying stable states, but transitions close
to instability points, transitions which occur in the brain”
[31, section VIII]. However, he was unable to demonstrate
the existence of phase transitions in the brain, because his
synergetic model of the brain was in essence phenomenological rather than microscopical, i.e., his model already
contained an affirmative answer to the question posed, in
the form of a special formulation of a differential equation
proposed by him. The correct approach here was to describe
the major elements of the model not with kinetic equations,
but a simulated threshold neuron with quenching, accounting for the main experimental data on connections and the
internal apparatus of a real neuron. It is the task of a strict
mathematical theory to answer the question of the possibility or impossibility of phase transitions in a network con-

sisting of these “physiological” neurons. It is this approach
that has been realized in our studies.
A relatively simple but quite physiological model of a
network of non-formal neurons, termed a basic neuronal
model, was laid out in [5] and [41]; the existence of phase
transitions was strictly demonstrated in this model, within
certain flexible formal limits. Generation of a nerve spike in
this model (Fig. 1) occurs at the moment the threshold yit and
the membrane potential xit (a stepwise process with exponential decay) are crossed, where the steps aij arises at the
moment at which spikes arrive from neighboring neurons,
where aij is the synaptic weighting of the connection from
the ith to the jth neuron, satisfying the conditions of Ising’s
potential (i.e., aij = 0, if neurons i and j are not neighbors);
this potential is of the ferromagnetic type (i.e., aij > 0, if neurons i and j are neighbors). The model thus allows for the
spike nature of neuron activity, exponential decay of the
membrane potential, refractoriness, and interneuronal connections. Discussion of the existence of phase transitions in
the nervous system is obviously virtually useless without
consideration of these factors. Conversely, having demonstrated the existence of phase transitions in the “basic neuronal model,” it becomes possible to compare the consequences of this fact with real experiments and, ultimately, to
approach the conclusion that phase transitions actually occur
not only in the model, but also in the real brain. We will
briefly outline the sequence of steps along this path.
The “basic neuronal model” is, mathematically, a system of interacting marker processes, obtained from a large
number N of initially independent components connected
by local connections of the physically paired potentials
type to form a system. It follows from the details of the theory of such systems that the existence of a phase transition,
when N tends to infinity, occurs when certain additional
conditions for the existence of metastable states for the

A Model of Attention and Memory Based on the Principle of the Dominant

241

Fig. 2. The “spot persistence effect.” For explanation see text.

final N are fulfilled (metastable states – these are longlived, but nonetheless unstable states of the system consisting of a large number of locally interacting components).
Numerical experiments run on computers have supported
this position. The novel effect of “spot retention” (Fig. 2)

was observed, in which the initial configuration of neuron
activity in the form of a compact spot of defined size was
rapidly compressed (case A – subcritical) or, conversely,
expanded (case C – supracritical). However, in the case of
the critical regime (case B), the lifetime was 200–300 units,
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TABLE 1. Phase Transitions and Metastability in the Brain (adapted from [5])
Ferromagnetism

Neurophysiology

Distant ordering

Correlation of activity of distant neurons

Spontaneous magnetization

Spontaneous activity

Critical slowing

Inertia

Critical field

Critical depolarization level

Critical extension of autocorrelations

Extension of autocorrelations

Critical susceptibility

Increased susceptibility. Increased reactivity

Equilibrium phase transitions of type 1

Stepwise transitions between excitation and inhibition

Non-equilibrium phase transition. Hysteresis

Acquisition and extinction of conditioned reflexes. Hysteresis

Clusters, domains

Microfoci of excitation

which was two orders of magnitude greater than the characteristic relaxation time of the membrane potential, which
in this case was 3 units. The fact that phase transitions
occur in the “basic neuronal model” opened a path to
developing an adequate dynamic theory of short-term neuronal memory as a critical manifestation occurring close to
the phase transition point. This is because the “spot retention” effect is valid not only for the “basic neuronal
model,” but is also general for a system of locally interacting oscillators. In the latter case, we can discuss the effect
of “retention of a spot of synchronization.”
It was quite unexpected that a small modification of
the physical theory of the intermediate field, presented in
[5], would provide qualitative explanations for many experiments on different parts of the CNS which are very difficult
to interpret, including all the basic properties of the dominant described by Ukhtomkskii. We will list the main
results of studies of the “basic neuronal model” [5]:
• the existence of a “distant order” with some limitations
has been demonstrated mathematically. The existence of a
metastable state has been suggested (“distant orders” in neuronal network indicates significant correlations between the
activity of very distant neurons and, particularly, their synchronization with a zero phase shift despite the significant distance between them, as later observed experimentally [54]);
• the simulation model supported the predicted effect
of metastability;
• a neuronal oscillator with unusual properties was proposed and investigated (for example, the unusually long
period and the unusually small variability) on the basis of
the metastability effect;
• the results obtained are useful for interpreting data
from various brain structures which are difficult to understand, i.e., from the hippocampus, septum, cerebellum, and
neocortex;
• it was concluded that the functional basis for the
operation of the brain consists of metastable and unstable
states, as the neuronal substrate of Ukhtomskii’s dominant.

Table 1, adapted from [5], shows the relationships
between ferromagnetic data and neurophysiological data,
and provides evidence for the appropriateness of the magnetic analogy for the brain. Attention is drawn to the similarity, sometimes identity, of the concepts and terms in such
different fields (for example, spontaneous activity, susceptibility, hysteresis). We can then note significant differences
in these effects which are difficult to explain, these seeming
to be individual, independent of each other, and essentially
different aspects of a single manifestation of phase transitions. Finally, the last row of Table 1 lays out a hypothesis
presented to very many neurophysiologists and specialists
working on simulation of the nervous system. In our view,
this now appears to be an unavoidable consequence of the
set of experimental and theoretical facts presented here.
The existence of phase transitions in the “basic neuronal model” provided for the first time [5]:
• an understanding of the inertia of the dominant as a
critical slowing of the kinetics of microfoci;
• avoidance of the major defects in the reverberation
hypothesis of short-term memory, such as the small period
of recirculation and its low stability;
• presentation of a non-contradictory interpretation of
the five local properties of the dominant focus;
• an explanation of several paradoxes associated with
the dynamics of brain electrical activity during the acquisition and extinction of conditioned reflexes;
• identification of microfoci of excitation in neocortical columns as the basis of long-term memory;
• a solution for the main question regarding the cerebellum (the functional significance of its two main outputs) and,
on this basis, proposal of a new model of the organization of
movement as a system of phase autotuning of frequency, this
implying the unification of perception and action, which
needs the principle of the dominant, realized by the interaction of two identical phase-frequency regulatory systems.
The existence of long-term microfoci of excitation
allows us to make the following new suggestion of the hier-
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Fig. 3. Comparison of two types of information processing. A) Connectionist (adapted from [24]); B) the dominant. WS = working space;
LTM = long-term memory; STM = short-term memory; FA = focus of attention; CC = “central controller”; SM = sensory memory;
MM = motor memory.

archical type of relationship between long- and short-term
memory. While short-term memory is identified with the
activity of reverberators, which do not have to be synchronous and indeed are more often asynchronous, while
long-term memory is associated with stationary local excitation in microfoci in the cortical layers, the transition from
one type of memory to the other must be identified with the
well studied phenomenon of transition of local stationary
excitation to excitation propagating beyond the limits of the
microfocus (see section 2, part 2). The Ukhtomskii dominant, as a constellation of microcolumns coordinately excited at the same frequency, is a means of “reviving” inactive
long-term traces, providing for the easy and rapid selection
of only those which were at some time “recorded” in an
analogous situation (i.e., at the same frequency and phase of
oscillations), and combining different modalities in terms of
a single integral image, again transferring the result into the
inactive form of a stationary local excitation protected from
external and internal interferences. This suggestion relates
to both the sensory system and the motor system.
However, this does not answer the question of the stability of the dominant, which was raised by Ukhtomskii [10,
p. 264]; it merely clarifies. Now, taking long-lived microfoci of excitation into consideration, the question can be formulated as follows: how do we combine high reliability and
stability of neuronal memory (traces of past dominants) with
the fundamentally unstable regime of metastable states?
It is suggested below (section 5) that the answer to the
question of the stability of the dominant is provided by the
fact that the brain contains, along with long-lived microfoci of excitation, a phase-frequency trace system which syn-

chronizes these microfoci and induces within them the critical regime only for the period of time required for writing
or reading of information from long-term memory. This
answer to the question of stability an be likened to the
dynamic stability of a moving bicycle: the initially unstable
metastable state of synchronization can, in certain conditions, be turned by a source of flexible and economical CNS
control, the central controller. This new concept in psychology was proposed in [15] and radically alters the whole
essential architecture of information processing in the brain,
as we have demonstrated in section 4. Its neuronal realization is given in section 5, and it is largely based on the
“Vinogradova bicycle” idea (see Fig. 5, C).

4. THE DOMINANT ARCHITECTURE OF
INFORMATION PROCESSING IN THE BRAIN
The human brain is a multifunctional organ mainly
supporting the integrity of perception of the world, storing
experience, and planning and performing actions. Processing of sensory information is not its main function.
Nonetheless, we can regard the architecture of such processing in isolation from higher mental functions to clarify
the close relationship between attention and memory in
humans. (The terms to be encountered, such as “volitional
control,” “conscious action,” etc., should be understood as a
special way of performing a verbal task by the subject and
not an attempt to provide a model explanation.)
With the aim of understanding the difference between
the dominant architecture and the more traditional connec-
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Fig. 4. The dominant architecture for sensory information processing in the brain. For further details see caption
to Fig. 3. For explanation see text.

tionist architecture, we note the characteristics features of
the latter.
1. The functional unit of information processing here
is the neuron-like element, the formal neuron. Each element
performs a simple binary operation on signals at its inputs.
2. All information is accumulated in the weightings of
connections between elements, which are modified during
the process of learning on the basis of local information in
accordance with the so-called Hebb rule.
3. The typical connectionist architecture is a parallel
three-layer network of these elements in which, apart from
the input and output layers, there is an internal, “cryptic”
layer. More developed versions of the architecture, which
take grater cognizance of neurobiology, include up to four
or more layers (Fig. 3, A).
4. Along with local layers, a so-called global working
space is sometimes introduced. The latter has the role of a
commutator of local spaces or local processes: long-term
memory, short-term memory, and the focus of attention.
5. Attention corresponds to activation of one of the
local processors, whose function is to enhance, like a projector, the illuminatation of some part of the global working
space, strengthening the corresponding connections and
weakening the connections from interfering layers.
Information processing here is of the parallel type.
The dominant architecture differs from the connectionist in each of these five features.
1. The functional unit is not an individual neuron, but
an elementary oscillator, i.e., a relatively small network of

“physiological” neurons, described above as the “basic neuronal model,” in which an inhibitory interneuron is added to
allow oscillations to occur by means of inhibitory feedback.
2. Information is “described” in a system of elementary oscillators, whose lability is modified during the process of learning in accord with the phenomenon of assimilation of the rhythm from a central oscillator. (In fact, this is
coding in terms of isolability plots; the ribs of the plot connect oscillatory nodes with the corresponding frequencies,
which initially differ by, say, 10–15%, but which are able to
synchronize at a common frequency by assimilating the
rhythm at this frequency.)
3. A simplified dominant architecture, as shown in
Fig. 3, B, consists of a system of groups of independent
peripheral oscillators and a single central oscillator with bilateral connections with each of the peripheral oscillators.
4. The central oscillator functions as a “central controller,” a “conductor,” which can alter its intrinsic frequency and produce different constellations of peripheral oscillators for long- and short-term memory and the focus of
attention, as well as oscillators for sensory memory and
motor memory.
5. The manifestation of attention corresponds to the
appearance of synchronized and to some extent synphasic
oscillations in the central and one or several peripheral oscillators working in parallel. Switching of attention from one
group of oscillators to another occurs sequentially, by means
of changes in the frequency of the central oscillator.
Information processing is thus of the parallel-sequential type.
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Overall, comparing this architecture with the connectionist architecture leads us to note some formal similarity,
expressed as the identical composition of components and the
ability to perform parallel processing. However, the difference
between them is fundamental and qualitative, and it is as big
as the difference between the wire telegraph and a radio connection. In the dominant architecture, all connections between
components are functional rather than fixed. Therefore, all the
known problems of connectionism are absent, such as the
combinatorial break, the overload catastrophe, the connection
catastrophe, and others [44]. Another important characteristic
is that information is stored not in synaptic connections, but in
the temporospatial configurations, such that learning is not
localized but is centrally controlled [40].
Figure 4 helps to clarify the advantages of the dominant architecture; this illustrates both the properties of the
dominant as described above and psychological, neuropsychological, and neurophysiological data. Firstly, the dominant has a hierarchical structure: the focus of attention
enters short-term memory, and this in turn enters long-term
memory: short-term memory is the activated part of longterm memory, and the focus of attention is the synchronous
part of short-term memory. Second, the possible participation of the “central controller” in all the major transfers is
clearly demonstrated, along with the fact that it is separate
from memory. Third, all possible transfers from one memory type to the other under the influence of the “central controller” or external conditions are clearly indicated. Fourth,
the compatibility and, to some extent, interchangeability, of
the sensory and motor systems is evident – motor and sensory memory enter long-term memory, as discussed in section 3; more detailed consideration of this point will be presented at the end of the current section.
We will consider the interaction of the major components in more detail. The description presented below is
largely in agreement with the accepted cognitive-psychological model [19, 20], but differs significantly in terms of
its concrete neuronal realization. First we note that the
arrows between components designate not only logical
transfers of information, but also physical phase transitions
as described in section 3. These are transitions between different states of a single neuronal environment performing
parallel-sequential processing of the information arriving
from the formation of a focus of attention before recording
in long-term memory or before the movement reaction in
motor memory. The intermediate, buffer, state in this process is the formation of short-term memory which is sometimes identified as so-called working memory which, like
short-term memory, has limited information capacity and
storage time. (Working memory means only a subcomponent of short-term memory, associated with regulation from
the “central controller.”) the focus of attention includes that
group of cortical oscillators which at a given moment is
synchronized in terms of frequency and phase with the
“central controller.” Cortical oscillators activated by exter-
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nal influences not in the focus of attention or already lost
from the focus of attention, for example as a result of habituation, form short-term memory. Switching of the focus of
attention from one group of oscillators to another does not
lead to rapid desynchronization of groups of synchronous
oscillators which have already formed. These groups retain
synchronicity for some period of time without regulation
from the “central controller,” fixing the resulting associations and realizing consolidation of memory traces and thus
mediating the transfer from short-term memory to longterm memory. This involves utilization of the phenomenon
of rhythm assimilation as described in section 2 and in this
case meaning that the oscillators which had operated for a
quite long period of time in the synchronous regime gradually alter their intrinsic frequency to the frequency to which
they were synchronized. This frequency or, more precisely,
its corresponding lability, persists and, after extinction of
oscillations in long-term memory, is reproduced on reading,
when these oscillators again become active in short-term
memory in response to the external stimulation. Thus, the
configuration of activation of the “central controller” stored
in long-term memory can be regenerated in short-term
memory, from which it can pass to the focus of attention,
for example during the processes of remembering and
recognition of external signals. In addition, the presence of
oscillators in the focus of attention may be induced by three
external principles: the appearance of a “new”* input,
replacing the existing input with a “new,” volitional control
by the “central controller.” The latter ensures both single
readings of information about individual facts from longterm memory – semantic memory – and time-interrupted
reading by synchronization of different groups of oscillators
in some temporal sequence – episodic memory. In the latter
case, it is sufficient merely to reproduce the context and initial conditions present at learning for sequential displacement of associated representations to occur automatically,
without the involvement of volitional control. Both of these
require, albeit to different extents, the involvement of the
focus of attention and the “central controller” and are therefore combined under the term declarative memory, i.e.,
memory whose content can be communicated to another.
We will now present new data providing significant
support for this architecture.
1. Short-term memory and long-term memory have
one and the same neuronal substrate in the neocortex. This
substrate consists of a system of cortically disseminated,
dispersed, overlapping, hierarchically organized networks
of cortical neurons [26, 27].
2. A single given cell can be involved in different
memory configurations, including different inputs and dif* “New”

means not only a stimulus absent from both short-term
and long-term memory, but generally any other stimulus adequately strong or biologically significant to be able to capture the
focus of attention.
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ferent modalities. In particular, such combinations occur in
the perceptive and motor cortex [27].
3. Cognitive psychology data [13, 14] indicate that the
“central controller” can perform the following operations:
• creation and manipulation of long-term memory;
• performance of intermodal binding of information
from long-term memory and sensory systems, placing it in
the short-term memory buffer;
• reading this information from the short-term memory buffer to the focus of attention (when consciousness is
present);
• generation of a sequence of representations, extracting these from the buffer and long-term memory;
• coordination of the simultaneous performance of two
separate tasks, including movement;
• inhibition of other interfering influences.
4. The hippocampus plays a critical role in the formation of long-term memory [30]. It is needed not only for
recording information in long-term memory, but also for
reading information from long-term memory [47].
5. Support is provided for the hypothesis that consolidation of memory traces is mediated via formations of the
cortical cellular ensemble, which corresponds to the coherence of multiple neocortically disseminated memory traces,
in which interruption of this consolidation leads to degradation of memory as seen in amnesiacs [50].
6. Support is provided for the hypothesis that the two
different neuronal systems of motor and sensory memory
have similar characteristics as regards coding and recovery
of new information [16].
The latter point is entirely in agreement with the principle of the dominant, which requires not only a concordant
rhythm, but also a concordant action. However, it will also
be in agreement with the proposed architecture illustrated in
Fig. 4, if we additionally propose that the “central controller” contains two phase-frequency systems operating in
parallel and, evidently, tightly interacting: one for cognitive
systems, the other for motor systems. This suggestion leads
to a more general hypothesis for the possible interaction of
declarative and procedural memory, which are usually
placed in counterpoint to each other: declarative (consisting
of episodic and semantic memory) requires attention, and
its content can be communicated to another, while the latter
is automatic and therefore does not require attention, but is
not communicable to another. The hypothesis is that declarative memory, realized via hippocampal systems [25], cannot from the point of view of the theory of automatic control be fundamentally different from procedural (unconscious, automatic) memory, considering that the latter, like
the former, is realized by a system of phase-frequency synchronization based on the olivo-cerebellar system which is
functionally analogous to the septo-hippocampal system
[5]. According to this hypothesis, which has already
received partial support [42], both systems can operate at
one and the same theta-rhythm frequency and can to some
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extent substitute for each other. This may be the reason for
surprising data showing that learning can occur without
consciousness, the successful execution of unconscious
movement activity, and data on blind vision and other puzzling phenomena which have yet to receive satisfactory
explanations [23, 37].

5. THE “NEUROLOCATOR” – THE “CENTRAL
CONTROLLER”
In many respects, the brain resembles a radar system,
at both the behavioral and neuron levels. “Every time previous conditions required to produce a dominant are met,
dominant responses will also arise” [10, p. 82]. Every time
a dominant symptom complex is present, there is a corresponding behavioral vector. Simonov termed this relationship the “radar principle,” meaning the “selective readiness
of the brain to make a response to a particular stimulus
when it appears in the environment, the active search for
this stimulus” [9, p. 37]. This analogy is followed in more
detail in the classical psychological theory of the human
operator [21], where the theory of automatic tracking systems is widely used with success. Similar concepts have
also been advanced at the neuronal level on a number of
previous occasions. Thus, in his theory of neuronal memory, John organized his radar analogy around the central node
of the radar system – a comparator responsible for comparing the arrival times of the interrogator signal and the
response signal from long-term memory (the coincidence
detector hypothesis) [34]. John, working from Ukhtomskii’s
dominant (!) put forward one of the most important concepts of the theory of neuronal memory, that an almost
instantaneous search for a concrete memory trace can be
made without scanning the whole memory. This will be the
most probable temporospatial pattern, with the best correspondence to the animal’s ongoing external and internal
environmental conditions, and will be the pattern most easily generating a response to the interrogation signal for a
given symptom complex.
We will clarify that in this context memory, according
to teachings on the dominant, means fixation of the topology of neuron coactivity as frequency and phase synchronization in different cortical and hippocampal areas at the
theta rhythm [6]. Reading and recognition of memory traces
correspond to the regeneration of former configurations of
coactive neurons on recurrence of previous and similar conditions.
Studies described in [2, 67, 68] addressed in detail the
application of the comparator hypothesis to the hippocampus and neocortex, and these results provided the basis for
our model. In accordance with the comparator hypothesis of
Vinogradova, the brain, in our interpretation, like a radar,
sends an interrogation signal from its stem structures to all
cortical structures of the brain and, after some delay,
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receives a corresponding response signal at the input of the
hippocampus, resembling a radar impulse reflected from the
target. The comparator compares the response signal with
endogenously generated reference signal consisting of the
septal theta rhythm; when these coincide in time, i.e., when
the two signals have the same frequency and phase, an error
signal is generated which decreases the possible phase discordance between the reference and response signals.
A simplified block diagram of an actual radar tracking
system is show in Fig. 5, A. This consists of five standard
nodes: a controllable generator, a phase detector, a low-frequency filter, a receiver-mixer, and a summator. Its neuronal
“realization” is shown in Fig. 5, B. We rely on the well established functions of the various parts of the limbic system
[2, 68]: the hippocampal dentate fascia (FD), which is the
mixer and integrator of specific inputs; the medial septum
(Sm), which is the central oscillator or synchronizer not only
for hippocampal field CA3, but also for many other brain
structures; and the lateral septum (Sl), which is the output

mixer of field CA3 for individual lamellae, i.e., parallel structurally-functionally independent sections of the hippocampal
formation [12], corresponding to various independent groups
of cortical oscillators. All these structures are concordantly
[2] connected to each other, forming two closed outlines, as
shown in Fig. 5, C. this is the so-called Vinogradova bicycle.
The first outline is informational; it includes hippocampal
field CA1, the anterior thalamus (AT), the neocortex (NC),
and other structures retaining, at least partially, signal specificity. This outline is active during “on-line” information processing, for example to ensure a prolonged delay or recirculation of signals for working memory. The second outline is
the non-specific regulatory loop, including field CA3, the
medial septum (Sm), and the lateral septum (Sl), the mesencephalic reticular formation (mRF), and several other structures including the amygdala (Am), which is involved in emotional and volitional control. This loop provides non-specific
activation of the brain and controls arousal. Given that the
hippocampus is known to inhibit the activatory reticular for-
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mation, the second outline is actually the negative feedback
loop both for control of arousal in the brain and for control of
the frequency of the septal oscillator. (This explains the
“linked” inhibition of all signals not in the focus of attention
– see below, property 6.) Both loops are important in our
model, though in Fig. 5, B both are shown in very reduced
form, especially the informational loop. Detailed consideration of the functions of all limbic system structures is not
required here, so we present only a minimal version of the
systems model shown shaded in Fig. 5, C, to provide a better
explanation of the key role of the septohippocampal system
in the operation of the whole brain. However, this now
requires us to formulate the assumptions for a minimal model
in neuronal terms and extract the main properties of this
model as an automatic control system.
Assumptions of the “Neurolocator” Model
1. The “Neurolocator” systems model includes significant main subsystems (see Fig. 5, B): the septal oscillator
(Sm); n independent groups of cortical oscillators (NC); the
phase detector or comparator (CA3); the low-frequency filter (mRF); the input mixer (FD); and the output mixer (Sl).
Each subsystem is a small modification of the “basic neuronal model” described in section 3.
2. All cortical oscillators apart from the non-specific
inputs from mRF have sensory inputs of defined modality,
thus being analyzers of stimulus properties (shape, color,
brightness, etc.). Their intrinsic oscillation frequencies are
distributed uniformly in the alpha/theta range, and the nonspecific inputs from mRF produce no oscillations in the
absence of specific inputs, but only facilitate the appearance
of these oscillations if the corresponding stimuli produce
enough arousal.
3. The phase detector of field CA3 is a detector of
coincidences between the two main inputs, the septal and
the neocortical. Their maximum joint actions on field CA3
will be identified as the coefficient A, expressing the
strength of the correlational relationship between these
inputs, whose dependence on the time shift of these inputs
is identified as g(τ).
4. The low-frequency filter mRF is characterized by a
first-order transfer function F(p) = K/(1 + Tp),where T is the
time constant amounting to several hundred milliseconds –
in accord with the explanation of inertia given in section 3.
5. The main assumption of the model is that attention
can be described as a global property of the system whose
block scheme is shown in Fig. 5, B, and this property corresponds to the phase synchronization of many cortical
oscillators at the frequency of the septal oscillator.
6. When the number of synchronized cortical oscillators in an ensemble is greater than a critical value, the optimal labilities of these oscillators become equal, i.e., those
oscillators which assimilate the general rhythm gradually,
over some period of time, change their intrinsic frequencies.
Memory of a stimulus which had evoked this type of syn-
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chronization fades if the oscillators are immediately
involved in other ensembles after the relevant one, without
managing to extinguish these oscillations for transfer into
long-term memory.
Studies in [41] demonstrated that the “Neurolocator”
model is described by the following system of integral-differential equations:
 n

dϕ i
= Λ 0i − 
A0 j g(ϕ j ) + N j (t )  F ( p) ,


dt
 j =1


∑

(1)

(i = 1, ..., n),
where ϕi is the difference in the phases of oscillations of the
septal and ith cortical oscillators; Λ0i shows their frequency
tunings; A0i shows the strengths of their correlational relationships; g(τ) is the non-linear phase discriminator function; Ni(t) is the “white” noise of the ith lamella; n is the
total number of lamellae; F(p) is the transfer function of the
low-frequency filter mRF. (The operator multiplication by
F(p) in the right side of Equation (1) identifies the convolution with the function f(t), for which F(p) is a Laplace representation, and the coefficients A0i and A are linked by the
n

relationship A =

∑ A0 j .)
j =1

This system is a generalization of the main equation of
the standard phase-frequency tracking system based on several synchronized oscillators [7, p. 131]. This is used below
as the basis for presenting the main properties of the
“Neurolocator” as the known properties of a standard firstorder phase tracking system, i.e., for the case in which
F(p) = K. This latter suggestion was made only for simplicity and will be excluded at the end of the present section.
Properties of the “Neurolocator” Model
1. Attention is impossible both in conditions of low
arousal (AK < Λ0) and when arousal is too high (AK >> Λ0).
2. Attention arises stepwise as arousal increases (AK > Λ0)
and appears as a “choice” of one of several external or internal signals which at the ongoing time point “seizes” control
of the “Neuromodulator.”
3. Attention is controlled by changes in the tuning (Λ0)
both automatically and by volitional effort. There is a
regime in which the ith lamella is functionally automatically disconnected from the system (for example, automatically when A0iK is high).
4. Attention is unitary, though with sufficiently high
arousal AK, it can be divided in accord with Miller’s rule
(7 ± 2) or Couen’s rule (4 ± 1). In other words, the system
can simultaneously follow the frequency and phase of 4–7
initially independent cortical oscillators simultaneously
being controlled by the septal oscillator.
5. Disruption of attention can be sudden (due to noises
or synchronization from another group of cortical oscilla-
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tors) or gradual. In the latter case, there is an interesting
non-linear “slipping cycle” effect.
6. “Linked” inhibition of all stimuli not falling within the
focus of attention occurs via two mechanisms: firstly, because
of desynchronization, and secondly, because of decreases in
arousal, which, according to assumption 2, is only effective
for signals falling in the focus of attention.
7. Attention is possible not only when the septal and
cortical oscillators have identical frequencies (1:1 synchronization), but also when their frequencies are different (p:q
synchronization). When p = 1, the most stable synchronization for the case g(ϕ) = sin(ϕ) will be at q = 4 (for example,
synchronization of oscillations with frequencies of 10 and
40 Hz is not only possible, but may be predominant).
Studies reported in [40] showed that the “Neurolocator” can explain the following set of classical psychophysiological effects:
• focused, shared, and controlled attention;
• the Yerkes–Dodson rule for optimum arousal;
• binding or multimodal synthesis of an integral image;
• the stroop effect or the effects of intra- and intermodal interference;
• instantaneous learning;
• the multifunctionality of the hippocampus;
• acclimation and operation of long-term potentiation
in the hippocampus;
• generation of temporal sequences of configurations.
Recent studies have yielded significant quantities of
new data which can be considered as supporting the “Neurolocator” model. Only a selection will be referenced here:
• the hippocampus is a critical component for the integration (binding) of multiple input signals [18, 66];
• the existence of “linked” inhibition of the dominant
has been supported: attention to one object leads to suppression of the activity of all other interfering objects [33, 49, 60];
• the theta rhythm, which is difficult to observe in
humans in normal conditions, appears on performance of
cognitive tests [35, 56];
• the EEG alpha rhythm and the theta rhythm reflect
memory and attention functions in humans [38], the transition from theta to alpha synchronization arising in conditions of maximal loading of episodic memory [39];
• memory is located not in the hippocampus, but in the
neocortex; the hippocampus plays a key role in organizing
memory in humans [25, 45, 51, 63, 64];
• the hippocampus is always required both for the
recording and consolidation, and for the reproduction of
different types of memory, including spatial, declarative,
and episodic memory [47, 53];
• the gradient of retrograde amnesia [51] provides
evidence for the involvement of the hippocampus not
only in the recording, but also in reading of sensory information;
• humans can simultaneously track several independently moving targets; the imprecision of tracking and the
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reaction time increase sharply when the number of targets is
more than five [52] (cf. property 4).
A more complete listing of supportive evidence, along
with new data inexplicable in terms of existing models of
attention but fitting with the “Neurolocator” model, will be
presented in a future article.
All the data discussed above provide evidence for the
correctness of the basic predictions of the “Neurolocator”
model, as formulated in [40].
The CNS contains a phase-frequency tracking system
of at least the second order, controlling attention and memory in humans and functioning in the range of frequencies
of the alpha and theta rhythms. The septohippocampal formation plays a leading role in this system as the driving
oscillator and phase discriminator. This system, interacting
with other cortical and subcortical structures (for example,
mRF), performs the functions of a “central controller.”
It remains to be clarified that a first-order tracking system whose properties are given above becomes, with inclusion of the inertial filter F(p) = K/(1 + Tp), a second-order system, acquiring a number of interesting new properties. For
example, theory and experiment show that the operation of
such a system is not in any way disturbed when the signal
from the target being tracked disappears behind an obstacle at
a time of the order T. However, this very effect was recently
observed experimentally in studies on the visual tracking of a
moving target with obstructions [70]. The mean duration of
the “safety” of a target behind an obstacle was 300 msec [58],
which is in good agreement with the predictions of the model
described above. This fact, particularly as observed during the
simultaneous tracking of several targets, provides convincing
evidence of the correctness of the main predictions of the
“Neurolocator” model and, thus, of the key role of the septohippocampal system in information processing in the brain.

6. CONCLUSIONS
The simulation and experimental data presented here
lead us to the view that there is a simultaneous solution to
all six problems involved in simulating attention described
in section 1 of the present review. This solution is implicitly present in Ukhtomskii’s principle of the dominant and
Vinogradova’s comparator hypothesis. All that remains to
be done is to describe the physical mechanism underlying
the dominant, to link it to data on the hippocampus, and to
apply the theory of automatic control tracking systems.
Having done this, we will summarise our results as follows.
I. The Question of Stimulus Selectivity
The “Neurolocator” selects groups of cortical oscillators
encoding the individual properties of an object or the objects
themselves, on the basis of the ability of these oscillators to
assimilate the common rhythm using phase-frequency synchronization at the frequencies of the theta and alpha rhythms
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and their harmonics. The selection process itself is reminiscent of a competition between several groups of oscillators
for seizing control of the central oscillator. Once control has
been seized, cooperation occurs in the victorious group, reinforcing this group by recruitment (by frequency coupling) of
many other oscillators, enriching the memory of new associations. The victor may be not one, but several in number (see
section 5, properties 4 and 7). Our model can explain the
selection and automatic simultaneous linking of up to 4–7
independently moving objects. Those stimuli or objects
which cannot evoke sufficient arousal and the septal theta
rhythm, even if they are completely novel and unfamiliar,
will not attract attention and will not receive access to higher
sensory processing. It is of note that excessively attractive
objects, inducing significant synchronization, are also likely
automatically to lack attention to protect the brain the brain
from overload and epileptiform pathology.
II. The Question of Long-Term Memory
The high reliability of long-term memory results from
the fact that the functional element of our model of attention
is not a single neuron but a small ensemble, a local group of
neurons, which can reproduce the cooperative effect of local
stationary excitation (the “spot persistence” effect), and can
increase the duration of the period and stability of oscillations
of local oscillators by an order of magnitude. The actions of
external stimulation and non-specific activation from the reticular formation have the result that this local activity becomes
oscillatory activity propagating across the network. This article is based on the view that the transition from synchronization to localization is the mechanism of the phase transition
from short-term memory to long-term memory and vice versa.
In this regard, it is relevant that long-term memory is not a
property of synaptic contacts, but is a property of nervous tissue as a whole, which has virtually unlimited capacity for the
long-term constant maintenance of its optimum lability as
established by the previous dominant. Attention is required
both for writing to long-term memory and for reading from
long-term memory, as integration of contrasting traces and
object properties is needed in both cases.
III. The Question of Integration
The question of the integration of the properties of an
object in a single entire image is resolved in our model by
phase-frequency synchronization of a large number of spatially separated cortical oscillators, using attention and the
“central controller.” The suggestion that this integration
could occur at the pre-attention level is refuted by psychological experiments [71]. Thus, the binding problem, even
in its simplified formulation relating to the correct relationship between the properties and the object, cannot be
resolved without attention and memory. Integration itself of
the properties and reconstruction of objects occurs at the
focus of attention both at the late and the early stages of
information processing.
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IV. The Question of Inertia
This is solved in our model by the automatic appearance within the components of the model of a critical
regime during the active perception of external stimuli. The
individual subsystems of oscillators and the whole system
of attention in general operate close to the point of unstable
equilibrium, which is a close analog of the critical point of
the physical manifestations of phase transitions and
metastability. This latter is accompanied by the so-called
critical slowing of dynamics, which fills the temporal gap
between the psychological and neurological time scales.
Long-lived corticohippocampal reverberations support the
state needed for resolving many vital problems “on-line” by
using working memory.
V. The Question of Inhibition and Suppression of
Interference
Attempts to understand Ukhtomskii’s concept that
“linked” inhibition is a dynamic process rather than the effect
of fixed inhibitory connections, led us via phase transitions to
the theory of critical inertial synchronization-desynchronization as the main property of the dominant. It is not surprising
that Ukhtomskii termed “linked” inhibition “completely
half” of the principle of the dominant [10, p. 65]. It is so
important for understanding attention that discussion of its
mechanisms continue to be of interest (see review [36]).
Initial solutions to the problems identified in [40] are now
more widely understood, and they provide for desynchronization and simultaneous control of non-specific excitation.
Recent studies using new scanning techniques completely
support this solution: inhibition of interfering objects occurs
not only as a local process of desynchronization, but also as
a global process involving a change in the null level of the
background activity (i.e., decreases in arousal) of all items
not present in the focus of attention [33, 49, 60]. This double
mechanism protects attention on the selected object even
when an interfering object and the target are superimposed
one on the other. We believe that this closes the discussion on
the mechanism of “linked” inhibition.
VI. The Question of the “Central Controller”
The CNS contains a neuronal modal-non-specific structure, separate from memory, which coordinates the operation
of all components of the processes of attention and memory.
Functions which can be performed by the “central controller”
are very wide-ranging. They include: selection of individual
objects, selection of groups of moving objects, extraction of
“novelty,” binding, spatial frequency-phase encoding, reading, consolidation, generation of sequences and different
types of memory (declarative, episodic, semantic, working,
short-term, long-term, instantaneous). Many of these functions have recently been reviewed [1]. The “Neurolocator”
model solves the problem of simulating these functions, all of
them simultaneously in time and place. The key concept in
this, apart from the dominant, is the application of the theory
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of phasic frequency autotuning. The “heart” of this system is
the septohippocampal structure, which has been studied in
detail by Vinogradova. In our view, this approach can pull the
theory of long-term neuronal memory out of the blind alley
described in section 1, while the theory of working memory
provides a flexible and universal mechanism for maintaining
multimodal information “on-line” for resolving ongoing cognitive and motor tasks.
In conclusion, we note the current state of theories of the
brain. In 1979, Crick [22, p. 188] predicted: “...if there is actually a hiatus in brain studies, it will probably be at the level of
the overall control of the system. If the system were as chaotic as it is sometimes presented, it would be unable to perform
even simple tasks satisfactorily. A possible but unlikely example would be the discovery that brain processing depends on
the phasic control of some kind of periodic system, like a
computer, and this would probably be the main hiatus.”
In 1995, von der Malsburg predicted [44, pp. 523]:
“We are in the middle of a scientific revolution, which will
establish binding as a fundamental aspect of the neuronal
code, alongside the classical frequency code. With luck, this
revolution will lead to a satisfactory paradigm, improving
on the current focus on the single cell, advancing towards
more internally consistent concepts of brain function and
perception and to a solution of many remaining problems in
terms of clear models.” This prediction already identified
the characteristics of the future hiatus as a general features
of science, as per the need for unavoidable scientific revolutions to overcome stagnant situations and obsolete
paradigms as previously noted by Kuhn (1962).
Another major brain researcher, Rose, wrote recently [8,
p. 326]: “According to the concepts of Imre Lakatosh, the
gradual advancement of science is based on ‘study programs.’ Programs may be progressive, and in this case
progress occurs via the posing of tasks which can be resolved
within its framework, remaining fertile in relation to understanding the world, or it can be degenerative, when it will
produce more significant anomalies. In this sense the associative program of Hebb is progressive, as it can include
Kandel’s ‘cellular alphabet of memory’ and long-term potentiation as a model mechanism, while the experiments performed by Harsy and myself on brain damage are anomalies
of the type which may demonstrate the degenerative nature of
the Hebbian program; in other words, we need a revolution,
if we are to use Kuhn’s terms.” We note that long-term potentiation as discussed here is, according to a review of extensive
experimental studies [55, 59] performed by many experimenters, unsuitable as a model mechanism of learning; the
“Hebb model is inadequate even for the relatively simple
memory of a chicken and does not even address the much
more complex memories of humans” [8, p. 354].
Which of these is right? Are we in the middle of a scientific revolution or merely at its beginning? Given that
brain theoreticians, unlike experimenters, hardly ever write
about the degenerative nature of the Hebbian program, it
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would seem that the revolution has still not started. Almost
all brain theoreticians seek support for the Hebbian program, taking the hypothesis as irrefutable fact. The truth, in
our view, is very different – and lies in Ukhtomskii’s studies of the dominant and the teachings of Vinogradova on the
functions of the septohippocampal system.
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