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Preface
Alas, dear reader, this is a rather lengthy piece. If you wish, you can read Ch. 2, A Framework,
to get an overview of the model (what) and Ch. 7, Operations, for its application to perception,
memory, recognition, and recall (so what?). The intervening chapters describe the internal
workings of the coherent apertures model (how) that is derived from the literature. These
chapters are in a logical sequence, each building on the previous ones. Such a house of cards
can be fragile. I have attempted to buttress this one with verifiable evidence and logic. Ch. 6,
Integration of Coherent Cortical Apertures, describes the mechanisms of cortical integration,
the main result. In the Epilogue I consider what this model has taught me. The Epilogue also
explores issues raised, a test of the model, and possible future research. Supplemental
Materials, which includes a Glossary, provides technical details not essential to the main flow.
This work in theoretical neurobiology draws from many domains beyond neurobiology. Concepts in radiant energy systems proved useful in many ways, the aperture being
a fundamental concept. The model of Yoshiki Kuramoto on synchronization in complex
networks, brought to my attention by Aleksandr Davydov, was invaluable in understanding
the process of aperture cohering. Information entropy was useful for describing the nature of
information instantiated in the CNS without actually specifying the detailed form of the
instantiation, particularly important in dealing with what I came to recognize as undecipherable complexity. Since the coherent apertures model addresses biological structures and
processes, it calls into question the idea of “encoding.” Information processing models,
outside of this model, are abstractions, with no physical reality. The CNS performs biological
processes within physical structures that are, therefore, processes that are physical.
Information—whatever that is—is physically instantiated in the CNS, subject to biological
processes.
This work proceeded from the bottom up. I started by working to understand how a
cortical area could become coherent, leading to a model of cortical operation within a limited
scope. I did not delve into neuronal circuit models since they do not capture concepts
embodied in this model. For example, it appears that aperture cohering involves mechanisms
beyond neuronal circuits, notably the local field potential and its source. The role of the glia,
particularly the astrocyte, is now more fully appreciated. Phase also appears to be an important factor in instantiating information. I have approached the problem of the operation of
the CNS by limiting the scope of this exploration to early stage sensory processing, specifically to declarative objects in perception and memory, and their access in recognition and
recall. My intent was to reduce complexity such that, without loss of validity, I could
understand meaningful aspects of the CNS processes. I have proposed principles that
embody some of those aspects, perhaps contributing to future work. The potential for
technological implementation, an attractive test of an abstraction of the model, can be
addressed in the future.
Thomas D. Wason
12 July 2017
Raleigh, North Carolina, USA
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1. Introduction to the Coherent Apertures Model

1.1. Introduction
The coherent apertures model proposes an explanation of how biological structures and processes
in the central nervous system (CNS) generate the internal experience. The internal experience
includes awareness, consciousness, working memory, the global neural workspace, attention, and
perception; I have not differentiated among them. How does the internal experience occur? Where
does it occur? The internal experience occurs primarily in the cortex. I offer a model primarily
focused on the operation of cortical areas and their dynamic binding into ensembles [1, 2, 3, 4, 5, 6]
that contribute to the internal experience. The cortical areas and limited subcortical structures
work together to instantiate, store, and subsequently access information, moving back and forth
from working memory to the various forms of memory. The cortex is composed of many distinct
areas, defined here as apertures. Apertures instantiate information; apertures communicate and
store. Of central importance, apertures can synchronize, enabling information instantiations
through coherence, hence becoming coherent apertures. Groups of coherent apertures can
communicate, modulating each other, in the process generating the internal experience. The
group’s collective information instantiations can be stored as memories, and later retrieved as an
internal experience by resurrecting the group. In this document I have considered processes
related to structured dynamic sensory information in perception, memory, recognition, and recall
as the sources of the internal experience.
Steven Rose [7] remarked that neuroscience is “data rich, but theory poor.” Churchland and
Abbott [8] and Sejnowski et al. [9] similarly noted a need for theoretical work in the neurosciences
to provide explanations derived from, and tested by, data. Models of brain operation have long
reflected the technology of the time.1 Descartes proposed a hydraulic model in the 1660s; in the
1920s Weiss proposed a radio model. Although the computer is the dominant technology today, I
do not consider the CNS to operate like a computer. The CNS does not process information, which is
an abstraction, but performs biological processes on biological structures: it’s physics. The coherent
apertures model incorporates biological and technological points of view, incorporating synchrony
and coherence in both.

Scope of the Model
The coherent apertures model addresses three fundamental issues in the neurosciences:
• What is the internal experience?
• How does cortex work?
• How is information instantiated in the cortex?
The coherent apertures model of the CNS consolidates a broad range of topics into a theoretical
framework, attempting to span from cellular to global scales. This model is a behavior of materials
model—dynamic granular materials. The elements of the cortical material are minicolumns
characterized by the behavior of their pyramidals. The cortex and subcortical structures operate on
1

This historical perspective provided by James Kalat.
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different principles.2 The (neo)cortex of mammals fills multiple needs, effective over species and
modalities, having developmental flexibility and malleability. This leads one to think that it has
common principles with common underlying mechanisms.3
Considerable experimental and theoretical work has shown that the cortex is parceled into
discrete areas—apertures—that can have synchronous local field potentials (LFPs). This raises the
question, why might this be useful for the operations of the CNS? Of necessity the problem of the
instantiation of information in the aperture is addressed. The framework hypothesizes a relationship between how and why a cortical area becomes synchronous. Synchronization provides a
substrate for the instantiation of information through coherence. An argument is made here for the
role of coherent cortical apertures in the CNS through discussions of the synchronization and
cohering of apertures, the information contained in and exchanged among those apertures,
aperture functionals, cortical integration, and in some operations performed within the CNS. I
provide specific operations to illustrate the processes of the framework.
Although some cortical circuits are discussed, this model is not a circuits model, but rather a
framework of biological structures and processes. The coherent apertures model reveals a number
of plausible common principles while still maintaining “irreconcilable differences” among
individuals. The more difficult aspects of CNS function such as behavior and motivation must be
addressed at a later time or, more appropriately, by others. My intent is to explore a system
through which behaviors may operate. I have not given consideration to the limbic system, arousal,
genetic expression, or signaling pathways—major components in the functioning of the CNS. They
also affect the mechanisms of the CNS including profound impacts on the behavior of animals, all
the way down to insects’ mating rituals. It is not my intent to provide a model that defines the
specific activities of specific neurons when the cortex responds to specific inputs; such a model
would be able to perform this action on any plausible input, producing a predicable result, a test
proposed by Yamins and DiCarlo [10]. Given the variations among individuals and the continuous
changes in the CNS, the success of such a model is unlikely.
Following a précis, I discuss the major themes within the coherent apertures model. This is
followed by notes on the chapters, an enumeration of proposed principles, and a brief history of the
model development. I have sketched some of the current research models. A Glossary is provided in
Supplemental Materials. In the Epilogue I propose a test of the coherent apertures model and
discuss some issues, speculations, and possible future research.

Précis
The coherent apertures model is a theoretical framework for the operation of cortical areas for the
generation of the internal experience, principally from early stage sensory inputs. Synchrony
provides binding within an aperture and among apertures. Coherence instantiates information
within those synchronized contexts. In this model, synchrony refers to the gross behavior of a
population, an aperture. Coherence describes the participation of a subpopulation of elements in
that synchronization, and timing correlations among their behaviors, their phase differences. Thus
coherence in an aperture occurs in the context of its synchronization, forming a coherent aperture.
Instantiations are resolved to low energy, and hence entropy, forms in both the synchronous and
coherent contexts, producing the internal experience, which can be stored as a memory, and
recovered. I have adopted the term “instantiation” of information rather than “encoding” as the
The subcortical structures provide much of the drive for cortical operations. Essentially the cortex is a consistent
structure that can perform many functions; the different subcortical structures each have specific functions. In
computational analogies, the subcortical functions could be modeled with a modest (1,000–2,000) set of rules; the
cortex is a “programmable” structure able to perform many complex functions. The two systems interact. The cortex is
evolution’s crown jewel.
3 “Mechanism” implies both a structure and associated processes.
2

2

1. Introduction to the Coherent Apertures Model

latter implies that, with the appropriate tools, one might be able to decode something, extracting
information, which I feel is unlikely, given the apparent undecipherable complexity of the processes
and their results.
Modeling a set of elements—mini- and macro-columns—as comprising a single aperture
supports the concept of projections among apertures. Information is instantiated in an aperture as
a phase field, called a coherence map (CM) here to avoid confusion, and in coherent information
structures (CISs), the active outputs of CMs, that are projected among apertures. Beyond the
thalamus and thalamic reticular nucleus I have not included the subcortical structures in this paper,
other than a reference to those structures as influencing the underlying natural frequencies of
cortical apertures. The relationship of an aperture to its corresponding thalamic area and the
intervening sector in the thalamic reticular nucleus (TRN) is reduced to a composite node (CN), an
abstraction useful in describing how various cortical apertures could form a temporary
synchronous network, an ensemble, bidirectionally exchanging these CISs. The bidirectional
causation within the ensemble enables all its constituent apertures to contribute to its evolving
resolution through information entropy minimization, differing from a flow-through, or waterfall,
model.
The ensemble constitutes a working memory. An ensemble may form through perception or
through access to a memory. Memory (I have reserved the term for the latent states) resides in
associated latent CMs in multiple apertures. CMs are formed through various modulatory
mechanisms such as synaptic remodeling and glial interactions. CMs may have both strength-ofcoupling and phase-modulation mechanisms, the latter becoming more predominant during
memory consolidation. An aperture may contain multiple CMs, each of which will be responsive to
different input projections. When properly stimulated, a subset of CMs in multiple apertures can
cause the re-establishment of the ensemble—resurrection—in recall or recognition. The
associations for stabilized declarative memory are maintained in the medial temporal lobe (MTL,
e.g., the hippocampus), but are maintained within the apertures themselves for consolidated
memory. The MTL provides a stabilized memory bridge between the ensemble and the formation of
a consolidated memory.

Themes
The coherent apertures model incorporates several themes that reveal underlying consistencies,
which I presume are actually found in the CNS. These themes emerged as my understanding of the
CNS evolved:
• Radiant energy concepts
• Networks
• Information and entropy.
A radiant energy system manipulates energetic waves such as light, microwaves, radio waves,
and sounds. In the coherent apertures model, radiant energy concepts apply to many
circumstances, with the property of coherence particularly significant. In this model, radiant energy
is analogous to neural activity. Radiant energy will emanate from a source, potentially projecting
through an aperture, a “hole,” within which the waves may be transformed or modulated in some
manner, depending upon the characteristics of the aperture. The aperture may be a single “hole” or
it may be formed from multiple elements that may or may not be adjacent or have some fixed
pattern. Reflective and refractive concepts were particularly useful (e.g., thick mirror, phase
conjugate mirror, dual phase conjugate mirror, hologram, Fourier optics, point spread function, and
superposition), some of which were suited to the instantiation of information in the aperture. The
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consolidated instantiation of information was modeled as analogous to a phase hologram, a phasemodulating latent coherence map. Phase quantization, applied in digital holography, enhanced the
development and recovery of CMs. The pumped AFP model is analogous to a laser. An aperturewide field potential (AFP) reflects the degree to which the LFPs are synchronous across the
aperture. A coherence path length is the distance and/or time over which photons in a projection
are coherent, here a measure of the distance across an aperture over which the LFP is coherent, and
in the case of the LFP, synchronous. Coherence path length is useful in understanding the coupled
array behavior of an aperture. The coherence of radiation projected from multiple points in one
aperture to a point on another aperture can be described through application the van CittertZernike theorem (VCZ), which allows a coherent aperture to be treated as a node in an ensemble.
A cortical aperture, in addition to being modeled as a radiant energy system, is often
described as a flat lattice of coupled elements—minicolumns—to which the network dynamics
concepts initiated by Kuramoto [11] have been applied, particularly with respect to the critical point
for network synchronization. Applying the work of others, in Supplemental Materials I have
extended Kuramoto’s basic concepts of phase-modulated synchronization. An ensemble, although
initiated from a limited source, recruits multiple areas, reflecting the network connections.
Perception can be modeled as establishing an ensemble, the internal experience, incorporating both
relatively stable and malleable apertures. Memory is instantiated among a network of distributed
apertures with latent connections that can establish, reinforce, or re-establish an ensemble.
Information entropy provides a useful way of describing information in an instantiation,
while still supporting a physical model. Information entropy and energy are associated, since
higher degrees of freedom (more complex states) have higher entropies, requiring more energy.
Information entropy, as determined by complexity, can be used as a relative measure of instantiation efficiency. The converse of complexity is orderliness, resulting from underlying biophysical
processes. Increased efficiency is a reduction in the complexity of the instantiation that maintains
the most important information. A decipherable neural code at all but the ends of the input and
output subgraph apertures seems unlikely. Undecipherability does not mean that information is
lost, only that it can’t be directly recovered. I did not find undecipherable complexity a comforting
idea. I could not find a reasonable alternative.

The Chapters
The coherent apertures model is theoretical, built on experimental evidence in the literature. I have
attempted to provide plausible concepts as rationally constrained components of a useful
operational framework. Each chapter has its role in the framework, introducing concepts that relate
to coherent apertures and their collective and individual operations. Beyond the framework, the
coherent aperture is the obvious starting point.

2. A Framework
The coherent apertures model has two frameworks: anatomical and conceptual. The system
composed of the cortex, thalamus, and thalamic reticular nucleus provides a framework for
integration of cortical areas—apertures—into synchronous subpopulations—ensembles—that are
involved in a common task, creating the internal experience. Chapter 2 describes this system and its
general operation.

3. The Coherent Cortical Aperture
Chapter 3 explores the evidence that a cortical area—an aperture—may become essentially
synchronous over its extent. Why is the mechanism of aperture synchronization important? The
mechanism(s) of synchronization can reflect information instantiation (Ch. 4). A synchronized
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aperture may contain a coherent phase structure, which is composed of local phase differences
relative to the overall synchronization. What good is coherence, anyway? The answers may help
differentiate synchronization from coherence, as the relationship may be (and I would maintain, is)
significant. The concept of an element in the aperture is less straightforward than expected. The
pyramidals provide the outputs from minicolumns, and the outputs from apertures; I have merged
the terms for efficiency, as this is a model, not a strictly neuroanatomical discussion.
Gross aperture synchronization is a prerequisite of coherence. Measures of synchronization
may differ: neural spikes or the LFP. They are not mutually exclusive, and may reflect a particular
model under consideration, although an aperture-wide synchronized LFP will be considered the
indicator in this model unless stated otherwise. I refer to an aperture-wide synchronized LFP as the
Aperture Field Potential (AFP).4 Ising-like network arrays of minicolumn or pyramidal nodes
underlie many aperture synchronization models, usually derived from the work originating with
Yoshiki Kuramoto [11] describing phase modulation models, with a critical point in coupling
strength leading to synchronization. In addition to modification of the Kuramoto model, I propose
two additional synchronizing models. The pumped AFP model considers an aperture as a node
connected to all of the elements. The laminar coherence model explores the possible effects of
laminar differences in frequencies. I have attempted to unify this discussion of aperture cohering
through expansion of the Kuramoto model, including the pumped AFP, in Supplemental Materials.

4. Information Instantiations in Apertures
The network, pumped AFP, and laminar aperture coherence models all contribute to information
instantiation in the aperture through synchronization and subsequent coherence, described in
Chapter 4. Cortical apertures synchronize. What is important about an aperture being synchronous,
able to support coherence? How might this relate to information instantiation? The instantiation
models are speculative, needing deeper modeling supported by experimental work and the analysis
of large data sets arising from the simultaneous recording of many neurons within an aperture. I
found no useful way to define particular information in an aperture. First, information was
disseminated among the apertures of the ensemble. Secondly, as there were intermediate nodes
that maintained relationships among CMs, such associations would be undecipherably complex,
best characterized by information entropy. The relationships between memory types, their
instantiations, and access are addressed in Ch. 7. Suffice it to say that a uniquely identified CM
proves to be a useful, if abstract, concept.

5. The Aperture Operator
The model of an aperture operator is discussed in Ch. 5. The aperture in the coherent apertures
model is a cortical area with a de facto operator that responds to inputs, producing outputs that are
projected to other apertures. The operator of an aperture is composed of one or more functionals.
Functionals are composed of functions, which respond to a particular facet or feature of input
projections, e.g., edges. Functions are the local responses in the aperture, embodied in minicolumns
and macrocolumns.

6. Integration of Coherent Cortical Apertures
It is well known that different sets of cortical areas synchronize depending on the task. In Ch. 6, I
undertake modeling the binding of a set of specific synchronized cortical areas into an ensemble,
with the exclusion of unsynchronized apertures. I elected to call such an active synchronous
subgraph an “ensemble” for ease of reference. I favor the metaphor of the pieces playing together
4 I shall use the acronym LFP when used as such in the literature cited, although it may in fact be the AFP. It is presumed

to be an aperture-wide synchronization unless noted otherwise.
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harmoniously, as in an ensemble. The set of all apertures and their connections is a graph; an
ensemble is a subgraph of apertures with synchronized LFPs, limited by its connections within the
graph. The ensemble can be formed from perception, internal processes (e.g., recall), or a
combination of them both. Three synchronizing models support the bidirectional causation
between apertures, hence within the entire ensemble, resolving to a solution or consensus. I
propose that an ensemble will resolve by minimizing its entropy, hence its energy expenditure. The
ensemble, and its process of resolution, constitutes the internal experience.

7. Operations
Chapter 7 was fun, an exploration of the operations of perception, memory, and memory access of
simple declarative sensory input. The coherent apertures model plausibly fits the situations and
requirements. The formation of an ensemble and its resurrection reflected the coherence of
apertures and their interchanges. A surprise was the emergence of potential outcomes as shaping
the processes by which an ensemble operated: a face is recognized as being a face. We tend to see
or do the expected. The resolution of an ensemble was biased by the most likely outputs and the
early feature responses. The existence of three memory states—working, stabilized and
consolidated—is well documented, their operation initially unclear. They all are, or were derived
from, the ensemble, which is working memory.

1.2. Principles and Corollaries
Principles
Some principles for time-structured activity in the CNS, e.g., object perception, emerged while
developing the coherent apertures model:
• The cortex is composed of functionally distinct areas—apertures (parcellation).
• A cortical area may synchronize.
• A synchronous aperture can produce a coherence map (CM), a phase field of a pattern
of synchronized and disordered elements.
• The responses of the cohered functions within the CM produce one or more coherent
information structures (CISs) that are embedded in the projections of activity from an
aperture.
• Cortical apertures form a network graph.
• Communications in the cortical graph are bidirectional (with a few exceptions).
• A cohered aperture is a node in a subgraph.
• An aperture that is synchronized or about to synchronize will filter to accept CISs that
are in the appropriate phase.
• Synchronized apertures seek a low net information entropy.
• An aperture may contain a pattern that, when active, is appropriate for activating one
or more CMs, including those in other apertures.

Corollaries
Corollaries follow from the principles:
• Not all elements need to synchronize for the cortical area, or aperture, to synchronize.
6
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• Synchronized elements may have local phase differences, i.e., they cohere.
• Aperture coherence may occur in response to coherent inputs.
• Aperture coherence may emerge.
• Concepts from radiant energy systems may be applicable.
• A CM may be characterized by its information entropy.
• A functional of an aperture is composed of elements performing some essentially
common functions.
• The CIS instantiates some aspect of information in the synchronized portion of the
aperture’s projection.
• There is no coherent communication if both apertures in a pair are not cohered.
• A disordered aperture does not synchronize with other apertures.
• A subgraph of synchronized apertures will synchronize into an ensemble.
• Cohered apertures that are synchronized in an ensemble will comodulate through
bidirectional causation.
• The internal experience is defined as the current ensemble.
• An active or latent CM may provide associations between or among other active or
latent CMs.
• A CM may be latent, able to contribute to the self-assembly of an ensemble when
receiving a critical level of appropriate excitation.
• Outcomes with higher probabilities of occurrence influence the resolution of the
ensemble.
• Not all apertures in an ensemble may have instantiating CMs when the memory is
latent.

1.3. History
Development of the Model
I did not begin by attempting to figure out how a resonant cortical network forms and works. I
began with the cortical area. It was clear from the visual phenomena of (1) common fate [12, 13], in
which a group of moving dots will perceptually separate from a stationary field of random dots, and
(2) structure from motion [14, 15, 16], that the primary visual cortex would, and probably must,
cohere. That led to the question of “how?” The cortical area does indeed cohere, and I found
mechanisms supporting “how.” Aleksandr Davydov pointed me to work initiated by Yoshiki
Kuramoto [11, 17, 18] on the synchronization of coupled arrays and networks that was important.
This expanded to include a more field-oriented model of a pumped local field potential, and a
laminar differentiation of synchronization. This led to explorations of how information could be
instantiated in such areas, how instantiations could be formed and modulated through local
functions, how the instantiations could be communicated among cortical areas, how a group of
areas could bind together around a common task, and how such a group could perform various
operations, resolving to some conclusion. The overall model of synchronous groups of synchronous
cortical areas emerged, almost of its own volition. It is a result of an exploration of coherent cortical
apertures, not a starting point.
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Background
This work has grown from many sources. Having received an undergraduate engineering degree
(BSME, Massachusetts Institute of Technology) I worked in optoelectronics research and development for a large US corporation, including coherent optics and electronics. Following premedical
studies (Duke University) I worked again in optoelectronics for industrial automation, leading to
R&D in high accuracy electronic measuring systems involving electronic hardware, including
custom digital and analog integrated circuit design, software, and statistical methods. During this
period I undertook studies in perception, eventually leading to an MS and a PhD in experimental
psychology (North Carolina State University), with theoretical and experimental work in hearing
(thesis) and three-dimensional perception (dissertation). I have patents in auditory displays and a
3D display technology. I worked under grants and contracts from federal entities developing FAA
audio displays, and 3D visual displays of molecular models and airspaces through software. Some of
the work, and good collaboration on spatial perception, was done in the laboratory of Joseph
Lappin at Vanderbilt University. I developed auditory displays in my company’s laboratory
(Allotech, Inc.), patenting one display method.
While working at Intelligent Automation, Inc. (Rockville, MD), Aleksandr Davydov introduced
me to the work of Yoshiki Kuramoto [11] on the synchronization of large networks for consideration as a model of the behavior of the cortex. Kuramoto mentions this possibility himself. I had
come to the conclusion that cortical areas could be considered as apertures and that they should
self-cohere. I was not aware of Kuramoto’s model, so his work was a joy to discover. I have
incorporated it, and the considerable subsequent work, into my own in multiple scales and
embodiments.
In addition to network modeling, I have been introduced to many ideas in radiant energy,
from large array telescopes to lasers, that have had a significant input to this model. The concept of
the coherent cortical aperture is a logical outgrowth, predating my dissertation (1993). Phase
conjugate mirrors [19] and the thick mirror model together model both the cortical transform and
memory. The pumped aperture field potential (AFP) model has some conceptual roots in the laser.
Using the van Cittert-Zernike theorem to describe the projection of radiation from one coherent
aperture to another [ 20] came to me while I was exercising (I guess it is good for you). Research by
others on the coherence and synchronization of multiple lasers in various configurations led to the
realization that a transient (ad hoc) network of such nodes could form a synchronous network
during working memory that could decompose into a latent memory, and re-form from it. The use
of Shannon and Weaver’s [21, 22] work in information entropy reflects my exposure to statistics in
work and academia, allowing consideration of information instantiated in various forms to be
described by its entropy.
A rather remarkable result from modeling an active bidirectionally coupled subgraph was the
realization that all nodes in such an ensemble would influence the behavior of the ensemble; thus,
past the initiation stages, the potential outcomes would influence the trajectory of the entire
ensemble: you tend to see faces in clouds. My future work is undetermined. There are many paths
to follow, many questions left unanswered, concepts in need of testing. An abstract model and
potential technological implementations are topics for a separate document.

1.4. Research Models
Computational Neuroscience
Computational neuroscience is theoretical research, employing models as representations of a
system, intended to further the understanding of brain function. The CNS is considered to be
composed of structures that collectively provide information processing capabilities. Computa-
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tional neuroscience reaches beyond models of symbolic processing [23] into modeling of neural
activity, attempting to describe the operating principles of the central nervous system and its
components. Models differ in their relationships to neurophysiology, from computerized large scale
neuron-based architectures (e.g., Eliasmith et al. [24], Merolla et al. [25]) to more abstract systems
(e.g., Grossberg [26]). Attempts to model the brain with tools such as NEST [27] computationally
stress the limits of computers [28]; in 2013 a supercomputer required 3 minutes to calculate the
operations of a model of about 1 mm2 of cortex over one second [29]. Computational power is
increasing but the finite limits of computers probably limit the success of such modeling. Different
paradigms have attempted to model CNS function from operational standpoints rather than
neurological modeling. De Garis et al. [30] have reviewed such work.
Technology [30, 31] has supported the growth of computational neuroscience, creating both a
great opportunity for more complete knowledge of the activities in the CNS and frustration over
what to do with this wealth of data. Neural circuit models [32, 33, 34] have been overwhelmed
despite of massive computational capabilities, as more data compounds the problem [35].
Computational neuroscience is in a state of flux—nothing new in the neurosciences—as new
hypotheses emerge. The very concept of computing is changing. Computation beyond Turing
machines is being explored [36]. Goldin et al. [37] propose that beyond the Church-Turing model of
computation, communication and computation occur together as one might expect in the
mammalian central nervous system (CNS). In a review Hepp [38] describes approaches to a global
workspace (GW) [39] of coherently linked neurons. Liquid state [40], analog computer [41], and
quantum mechanical [42] models of the CNS have been proposed. Ideas abound.

Networks: ANNs
Network models, a class of computational neuroscience, are currently of considerable interest,
although complex [43]. Synaptic timing, strength, and plasticity provide the bases for many artificial
neural network (ANN) models [33, 34, 44, 45, 46, 47, 48, 49]. Such neural network models are
incorporated into higher level models [26, 50, 51] either directly or by implication, acknowledging
the division of the cortex into many interacting areas [52]. The network models of the CNS are long
standing. Hebbian models [53] of changes in synaptic strengths through long–term potentiation
(LTP) and long-term depression (LTP), particularly under conditions of critical timing, have been
applied to ANNs operating in fixed and flexible architectures. Spike timing dependent synaptic
plasticity (STDP) is often incorporated in ANNs [49]. Such ANNs have had widespread applications,
but have little direct relationship with current models of the CNS. Cortical ANNs (CANNs) [54]
attempt more cortically oriented models to explore hypotheses of cortical function. Consistent with
empirical evidence, such models presume a similarity across all areas within the cortex, against
which differences are interpreted. Neural network models may employ the columnar structure of
the cortex to provide the nodes. The generation of such columns may itself represent selforganization in the cortex [55, 56]. The outputs of these cortical models are the activity patterns of
the elements as a corpus [57]. Hierarchical convolutional neural networks (HCNNs) [10] attempt to
maintain significant neurophysiological validity by modeling cortical areas as layers performing
increasingly abstract functions. Feedback loops create goal-driven aspects of such modeling.
In most models the architecture (connectivity) is predetermined (e.g., Edelman 1982 [45]),
although Risi and Stanley [58] propose an evolved connectivity. The CNS is composed of a well
organized set of neural elements with connectivity described at multiple scales. That is not to say
that the connections between the elements are obvious—great effort has gone into elucidating
these patterns [59, 60, 61]; more is yet to be done [62]. In principle the CNS can be mapped, although
there are always individual differences. Potentially the CNS is a deterministic system [63, 64] with
sensitive locally definable functions, making it difficult to predict results from inputs, as such
systems are often chaotic [65, 66]. Models that attempt to use operational regularity face the
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challenges of deterministic systems that have simple behaviors that are exercised in a large number
of instances—in the CNS in the form of a great many neurons or minicolumns. Given the increases
in computing power and multiprocessor architectures, very large scale models incorporating
synaptic plasticity within hierarchical network architectures are being developed [24, 25, 30, 67, 68,
69]. Consistently, these models are based on synaptic actions, although Steck et al. [70] propose an
ANN model with an optical field in a bulk non-linear continuum.

Neurophysiological Models
The coherent apertures model is basically a neurophysiological model with a network emphasis.
The Hodgkin–Huxley model [71, 72, 73, 74, 75] of neural action potential generation underlies higher
level models and is reflected in the pumped LFP model of synchronization in the coherent
apertures model. Neurophysiological models of the CNS describe functions and operations in terms
of biological structures and actions. They are based on anatomy, physiology, and activity flows.
Peripheral inputs to thalamic nuclei are modulated and subsequently relayed to primary perceptual
cortical areas. Higher order cortical areas have corresponding thalamic nuclei that have no
peripheral inputs. The majority of inputs to the thalamus are not of peripheral sensory origin.
Destexhe [76] proposes that the majority of activity is the modulation of internal dynamics of the
cerebral cortex, consistent with the models of vision of Jehee et al. [77] and Lamme et al. [78] in
which layers or levels of visual areas reciprocally interact to refine function. Synchrony in
dynamically networked cortical areas is considered a hallmark of consciousness [79, 80, 81, 82].
Boustani and Destexhe [3] and Muller and Destexhe [83] propose that such synchrony is large-scale,
while local cortical activity incorporating complex information has more overtly chaotic behavior
[84]. Dehaene et al. [85] and Dehaene and Changeux [86] support the concept that consciousness
arises from the long-range synchronization of cortical areas into a Global Neuronal Workspace
(GNW) with a subsequent taxonomy of consciousness. Along that line, Henke [87] proposes that
CNS modes for memory formation and consciousness differ.
The thalamic reticular nucleus (TRN) is a component of some models. The TRN is a sheet-like
structure of inhibitory neurons receiving collaterals from both thalamocortical and corticothalamic
projections. Relevant to the framework suggested in the coherent apertures model, Min [80] and
Drover et al. [88] proposed an operation of CNS function focused on the TRN as providing the
underlying synchronization among cortical regions and their corresponding nuclei in the thalamus
through loopbacks. Destexhe et al. [89] propose the TRN as capable of generating oscillations within
its population. The TRN is an important structure, but perhaps not of such singular importance as
Min proposes. It has an inherent natural frequency, being an active component of a more complex
system.
There are many model types employed in theoretical descriptions of the operation of the
CNS. The large number, type variety, and complexity of structures make any model a simplification.
What is gained by the simplification may be lost through excessive reductions. The end result of any
modeling must be amenable to some tests that can be performed with real, living creatures.
Otherwise it is self-referential; perhaps a useful exercise in thinking about how the CNS works, but
still a speculation. Some tests are post hoc—how well does the model fit actual data? Are there data
that refute it? What tests can be proposed? Can they tease apart to true and false aspects of the
model? I have addressed some of these issues through extensive references and a proposed test of
the model.
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