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A series of papers has developed a statistical mechanics of neocortical interactions (SMNI), deriv-
ing aggregate behavior of experimentally observed columns of neurons from statistical electrical-chemical
properties of synaptic interactions. While not useful to yield insights at the single neuron level, SMNI has
demonstrated its capability in describing large-scale properties of short-term memory and electroen-
cephalographic (EEG) systematics. The necessity of including nonlinear and stochastic structures in this
development has been stressed. In this paper, a more stringent test is placed on SMNI: The algebraic and
numerical algorithms previously developed in this and similar systems are brought to bear to fit large sets
of EEG and evoked potential data being collected to investigate genetic predispositions to alcoholism and
to extract brain “signatures” of short-term memory. Using the numerical algorithm of Very Fast Simu-
lated Re-Annealing, it is demonstrated that SMNI can indeed fit this data within experimentally observed
ranges of its underlying neuronal-synaptic parameters, and use the quantitative modeling results to exam-
ine physical neocortical mechanisms to discriminate between high-risk and low-risk populations geneti-
cally predisposed to alcoholism. Since this first study is a control to span relatively long time epochs,
similar to earlier attempts to establish such correlations, this discrimination is inconclusive because of
other neuronal activity which can mask such effects. However, the SMNI model is shown to be consistent
with EEG data during selective attention tasks and with neocortical mechanisms describing short-term
memory previously published using this approach. This paper explicitly identifies similar nonlinear
stochastic mechanisms of interaction at the microscopic-neuronal, mesoscopic-columnar and macro-
scopic-regional scales of neocortical interactions. These results give strong quantitative support for an
accurate intuitive picture, portraying neocortical interactions as having common algebraic or physics
mechanisms that scale across quite disparate spatial scales and functional or behavioral phenomena, i.e.,
describing interactions among neurons, columns of neurons, and regional masses of neurons.

PACS Nos.: 87.10.+e, 05.40.4j, 02.50.+s, 02.70.+d
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I.INTRODUCTION

A. Methodology

In many complex systems, as spatial-temporal scales of observation are increased, new phenomena
arise by virtue of synergistic interactions among smaller-scale entities—perhaps more properly labeled
“quasientities”™—which serve to explain much observed data in a parsimonious, usually mathematically
aesthetic, fashion [1,2]. For example, in classical thermodynamics of equilibrium systems, it is possible
to leap from microscopic molecular scales to macroscopic scales, to use the macroscopic concept of tem-
perature to describe the average kinetic energy of microscopic molecular activity, or to use the macro-
scopic concept of pressure to describe the average rate of change of momentum per unit area of micro-
scopic molecules bombarding the wall of a cavity.

However, many complex systems are in nonequilibrium, being driven by nonlinear and stochastic
interactions of many external and internal degrees of freedom. For these systems, classical thermodynam-
ics typically does not apply [3]. For example, the description of weather and ocean patterns, which
attempt to include important features such as turbulence, rely on semiphenomenological mesoscopic mod-
els, those in agreement with molecular theories but not capable of being rigorously derived from them.
Phase transitions in magnetic systems, and many systems similarly modeled [4-6], require careful treat-
ment of a continuum of scales near critical points. In general, rather than having a general theory of
nonequilibrium nonlinear process, there are several overlapping approaches, typically geared to classes of
systems, usually expanding on nonlinear treatments of stochastic systems [1,2,7-9]. Many biological sys-
tems give rise to phenomena at overlapping spatial-temporal scales. For example, the coiling of DNA is
reasonably approached by blending microscopic molecular-dynamics calculations with mesoscopic diffu-
sion equations to study angular winding [10]. These approaches have been directed to study electroen-
cephalography (EEG) [11], as well as other biological systems [12].

Therefore, it should not be surprising that the complex human brain supports many phenomena
arising at different spatial-temporal scales. What is perhaps surprising is that it seems possible to study
truly macroscopic neocortical phenomena such as EEG by appealing to a chain of arguments dealing with
overlapping microscopic and mesoscopic scales. A series of papers has developed this statistical mechan-
ics of neocortical interactions (SMNI) [13-25]. This approach permits us to find models of EEG whose
variables and parameters are reasonably identified with ensembles of synaptic and neuronal interactions.
This approach has only recently been made possible by developments in mathematical physics since the
late 1970s, in the field of nonlinear nonequilibrium statistical mechanics. The origins of this theory are in
guantum and gravitational field theory.

Other physical systems have varying degrees of theoretical support leading to Fokker-Planck partial
differential equation descriptions. Here, new problems arise in nonlinear nonequilibrium systems, often
requiring modeling with the introduction of a nonconstant coefficient of the second-derivative “diffusion”
term. The spatial second-derivative term usually represents the kinetic energy, when the first derivative
represents the momentum in the differential-equation description of a system. It was early noticed that a
similar treatment of the gravitational equation [26] required a modification of the potential term of the
corresponding Lagrangian. We now better understand the mathematical and physical similarities between
classical stochastic processes described by Fokker-Planck equations and quantum processes described by
the Schidinger equation [27]. The Lagrangian, essentially equal to the kinetic energy minus the poten-
tial energy, to first order in an expansion about the most likely state of a quantum or stochastic system,
gives a global formulation and generalization of the well-known relation, force equals mass times
acceleration [28]. In the neocortex, the velocity corresponds to the rate of firing of a column of neurons,
and a potential is derived which includes nearest-neighbor interactions between columns. The Lagrangian
formulation also accounts for the influence of fluctuations about such most likely paths of the evolution of
a system, by use of a variational principle associated with its development. The Lagrangian is therefore
often more useful than the Hamiltonian, essentially equal to the kinetic energy plus the potential energy,
related to the energy in many systems. As will be demonstrated, this is especially useful to obtain infor-
mation about the system without solving the time-dependent Fokker-Planck equation; however, we also
will describe neocortical phenomena requiring the full solution.
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In its differential form, the momentum is proportional to the derivative operator. For classical sys-
tems, the coefficient of the square of the momentum is twice the diffusion, e.g., the second moment of a
probability distribution describing some systems. The introduction of a nonconstant coefficient of even
the first-derivative term requires careful treatment. Such a problem arises for a charged particle in an
electromagnetic field [29], which originally was treated by physical arguments to enforce “minimal cou-
pling,” whereby the momenturp is simply replaced by — Ae/c, whereA is the electromagnetic poten-
tial, e is the electric charge, amis the speed of light. Minimal coupling excludes ot@érterms from
appearing in the equation of evolution, e.g., Sdimger's equation. Such problems are related to the
operator-ordering of the derivative operators with respect to their nonconstant coefficients. For classical
systems, the analogous expressioi¢fc is the drift, e.g., the first moment of a probability distribution
describing some systems. In the neocortex, we derive nonlinear expressions for both the drift and diffu-
sion. The detailed mathematical relationships to the physical content of these issues was only clarified in
the late 1970s and early 1980s, and is relevant to the mathematics of the neocortex. The first real break-
through was achieved by noting how these issues should be treated in the context of classical nonlinear
nonequilibrium statistical mechanics [30,31].

While application has been made of these new mathematical physics techniques in quantum and
classical statistical mechanics [32-34], we are not merely bringing over techniques to neuroscience from
other disciplines out of curiousity. Indeed, the contention appears to be well supported that a mathemati-
cal investigation of the neocortex reasonably demands these mathematical techniques, to such an extent
that it can be argued that, if the neocortex had been studied and sufficient data collected prior to mathe-
matical developments in quantum or gravitational theory, then these mathematical techniques might have
been developed in neuroscience first. The brain is sufficiently complex that it requires the same tools used
for similar very complex physical systems. In many ways, we may consider the brain as the prototypical
information processing system, and the mathematical techniques used here may be rigorously viewed as
filters to describe the processing of this information.

This statistical-mechanics approach, at many junctions in its development, may be intuitively com-
pared to the approach used in simple magnetic systems, a comparison made early in neuronal
modeling [35]. While caution must be exercised to respect the integrity of the neocortical system, such
comparisons can be useful pedagogically. The mathematical approach presented here also has been use-
ful to describe phenomena in social systems, ranging from military command, control and
communications [36-38], to political systems [39], to pricing bonds on financial markets [40-42]. In this
context, it has been noted that the activity of neurons may resemble the activity of a throng of people, in
which interactions take place at multiple hierarchical levels [43]. The numerical algorithms used in this
paper were developed in part in the process of investigating these other systems.

B. Top-down versus bottom-up

There are at least two ways to present this admittedly complex technical approach. First, we will
take the top-down approach, essentially examining some macroscopic issues in EEG measurement. This
will motivate us to then look to a bottom-up approach, starting with microscopic synaptic activity and
neuronal interactions, then scaling up through mesocolumnar activity of columns of neurons, to finally
achieve a reasonable macroscopic description of EEG activity. The confluence of these approaches is
expected to yield a tractable approach to EEG analyses [17,24,44].

Section Il presents the current dipole string model as a top-down approach to give a rationale for
incorporating several scales of neuronal interactions in order to understand macroscopic EEG phenomena.
We demonstrate how this dipole string model is the Euler-Lagrange variational limit of the derived bot-
tom-up electric-potential EEG Lagrangian.

Section Il presents a self-contained outline of the papers describing SMNI, highlighting the essen-
tial steps in aggregating from microscopic scales of synaptic-neuronal interactions, to mesoscopic scales
of minicolumns and macrocolumns of neurons, to macroscopic scales of regional activity over centimeters
of neocortex. Appendix A gives a brief derivation of the three equivalent mathematical representations
used here, i.e., coupled Langevin stochastic rate equations, the Fokker-Planck partial-differential equation,
and the path-integral equation defined by the Lagrangian.
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Section IV presents a self-contained outline of previous verification of SMNI theory, applied to
short-term memory (STM) at the mesoscopic scale, EEG systematics at the macroscopic scale, and statis-
tical constraints on synaptic modification coding STM into long-term memories. Some discussion is
given on the relevance of chaos in this system.

Section V presents an approach to directly fit SMNI theory to specific sets of EEG data, utilizing
algorithms and physical insights gained in Secs. lI-IV. It is demonstrated that SMNI can indeed fit these
data within experimentally observed ranges of its underlying neuronal-synaptic parameters, and use the
guantitative modeling results to examine physical neocortical mechanisms to discriminate high-risk and
low-risk populations genetically predisposed to alcoholism. The SMNI model of STM is shown to be
consistent with EEG data during selective attention tasks.

Section VI gives our conclusions, based on the success of the calculations presented in the previous
sections. We emphasize the success in finding SMNI to be a reasonable model of neocortical interactions
that can fit STM and EEG using only physically based parameters. We also emphasize the scaling of
common similar nonlinear stochastic interactions at multiple levels, i.e., at microscopic-neuronal, meso-
scopic-columnar, and macroscopic-regional scales.

1. DIPOLE STRING MODEL

A. Background

The human neocortex is a complex physical and biological system that processes information at
multiple spatial and temporal scales. Connections between cortical neurons are of two major types: The
short-range intracortical fibers (both excitatory and inhibitory) of average length less than 1 mm, and the
long-range cortico-cortical fibers (exclusively excitatory) which form most of the white matter in humans
and have an average length of several centimeters [45,46].

There are several noninvasive experimental or clinical methods of recording brain activity, e.g.,
EEG, magnetoencephalography (MEG), magnetic resonance imaging (MRI), positron-emission tomogra-
phy (PET), single-photon-emission-computed tomography (SPECT). While MRI, PET, and SPECT offer
better three-dimensional presentations of brain activity, EEG and MEG offer superior temporal resolu-
tions on the order of neuronal relaxation times, i.e., milliseconds. Recently, it also has been shown that
EEG and MEG offer comparable spatial resolutions on the order of several millimeters; a square millime-
ter is the approximate resolution of a macrocolumn representing the activity of approximategui0
rons.

Limiting cases of linear macroscopic theories of intracortical interaction predict local wave phe-
nomena and obtain dispersion relations with typical wave nunket® to 100 crit and dominant fre-
guencies in the general range of human spontaneous EEG (1-20 Hz) [17,47]. However, human scalp
potentials are spatially filtered by both distance and tissue between cortical current sources and surface
electrodes so that scalp EEG power is attenuated to about 1% of its cortical Wadueaat2 cm*. This
implies that spontaneous cortical activity is only measurable on the scalp if at least several hundred con-
tiguous cortical macrocolumns, each macrocolumn being comprised of aBmeut6ns, produce coher-
ent source activity. Many such columns of correlated sources cause substantial cortical powds; at low
measurable on the scalp. The use of an average reference removes spectral pdweiOnead skull
and scalp tissue effects strongly attenuate powek fof.5 cmt. At k= 0.5 cm?, scalp power is typi-
cally below the noise level of the EEG machine. In one study, it was suggested thantue (9.5 Hz)
is consistent with standing waves, whereasutineode (8.0 Hz) is more consistent with posterior-to-ante-
rior traveling waves across the electrode array [24,46].

Vertically oriented neuronal columns generally receive input in the top two of six horizontal lami-
nae and output their neuronal signals from the lower laminae. This justifies a dipole model of the neocor-
tex, albeit care must be taken in this interpretation to account for spreading of electric potentials due to
volume effects and skull and scalp mismatched conductivities [46,48-50]. Since coherent vertically ori-
ented dipoles greatly enhance their contribution to the scalp electric potential, only a small fraction of
columns approaching this idealized structure are required to justify this approximation [51].
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It must be appreciated that this effective dipole model is just that, and is appropriate only at spatial
scales of about a millimeter to a centimeter. Using a scalp EEG or MEG to infer sources at resolutions
less than a millimeter is likely an inappropriate use of this tool as it underestimates the complex neuro-
physiology giving rise to electromagnetic recordings. Using scalp EEG or MEG on the order of tens of
centimeters to infer a single source of regional activity also often is inappropriate, as in many situations
there are likely to be many sources of activity giving rise to such recordings. The resolution of several
millimeters to several centimeters appears to be quite appropriate to model statistically aggregated activity
as an effective dipole.

These experimental considerations of scalp EEG have led to the development of a linear model of
neocortical dynamics in which global delays are dominant and local delays are either neglected or treated
as a perturbation [46]. Standing brain waves are predicted with resonant modes determined partly by cor-
tical surface geometry. Both temporal and spatial properties predicted by this theoretical approach are in
semiquantitative agreement with EEG states associated with minimal cognitive processing, i.e., awake
resting with eyes closedr (rhythm), asleep, or under the influence of an anesthetic agent [48,49,52,53].
Recently, this approach has been extended to encompass theories based on linear interactions in which
local delays (rise and decay times of postsynaptic potentials) are included [44].

There is ample experimental evidence of the existence of linear EEG phenomena in lower
mammals [54,55] and humans [46,56] which occurs over limited ranges of experimental conditions (mod-
ulation depth of sinusoidal driving of the brain, for example). However, the use of linear and quasi-linear
theories and the neglect of interactions across spatial scales are evidently crude approximations.

Complementing these studies, SMNI has shown that limiting cases of nonlinear treatments of the
neocortex across microscopic-mesoscopic-macroscopic scales give similar numerical confirmation of
EEG observables, thereby addressing both of tbeesdpproximations, i.e., nonlinearities and multiple
scales of interaction. The SMNI approach has recently outlined a means to consistently include the long
range cortico-cortical interactions that appear critical to the observed characteristics of scalp
potentials [23].

B. Modeling of observables

The mechanical string model of the neocortex assumes linear properties of connected local nonlin-
ear oscillators [24]. Local cortical dynamics in dipole layers is considered analogous to the nonlinear
mechanical oscillators that influence global modes. Macroscopic scalp potentials are analogous to the
lower modes of string displacement. The linear global model of EEG waves is much more involved than
the simple linear string. For example, multiple long-range fiber systems cause multiple branches of the
dispersion relation, and distributed propagation velocities cause selective damping of macroscopic
modes [44,46,53]. The application of boundary conditions to the two-dimensional cortical surface has
predicted other EEG properties [44,46]. Many of these features can be included in our nonlinear general-
ization of the simple string described here.

The equation for the string displaceménis

o L,

F_C ﬁ"'[wo*'f(q’)]q’—(), (1)
for a linear array (length) of sensors (electrodes) of sige We can only observe wave numbers in the
approximate range

T T

—<ks—. 2

i S (2)
If the center-to-center spacing of sensors, considered to form a closed loop,sid aldds, whereM=
(number of sensors) — W= 2n7/Rforn= { 1,2,3;--}, and sensors span half the strihg, R/2, then

1<nsM (3)

for some maximunM, which is on the order of 3 to 7 in EEG studies using multielectrode recordings in
two-dimensional arrays on the cortical surface. A typical circumference of the neocortex following a
coordinate in and out of fissures and suldRis 100 cm (about 50 cm along the scalp surface). If EEG
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power is mostly restricted fo< 0.5 cm?, only modes < 4 are observed, independent of the number of
electrodes.

Thus, the string displacemedt(potential within the cortex) is given by
(o)
D(x,t) = 2 Gp(t) sinkyx , 4)
n=1

where we have assumed zero boundary conditions at the ends of the string for simplicity of presentation,
but our observe®’ is given by

of(x,t) = % Gp(t) sink,X . (5)

n=1

In the linear case, where(®) = 0 (equal linear oscillators to simulate local circuit effects in corti-
cal columns), we have
’o 000,
—— —C"—— +twij® =0,
ot2 ox2 0

(00]
® =3 A,cosw,tsink,x,
n=1

w? = Wi +c%k3 (6)
giving a dispersion relatio@,(k,). For the nonlinear casé(®) # 0, the restoring force of each spring is
amplitude dependent [57].

Returning to the cortical medium, what can we say about
M
®'(x,t) = 3 Gn(t) sinkyX, 7
n=1

the macroscopic observable displacement potential on the scalp or cortical surface? On the basis of previ-
ous studies of EEG dispersion relations [17,46], it would seem that we should be able to d€sasilae

linear or quasilinear variable, but influenced by the local nonlinear behavior that crosses the hierarchical
level from mesoscopic to macroscopic (columnar dipoles). How do we mathematically articulate this
intuition, for the purposes of consistent description as well as lay the foundation for future detailed
numerical calculations? We suggest answers to these questions in the “bottom-up” approach part of this
paper.

We examine these issues by taking reasonable synaptic parameters, developing the statistical
mechanics of neocortical interactions, and then determining whether they are consistent with observed
EEG data. In fact, here we report fits of multichannel human scalp EEG data to these algebraic forms. A
current project is investigating the response of the cortical system to given initial driving forces that match
or mismatch firing patterns of columnar firings possessed by a given set of synaptic parameters, and under
conditions of plastically changing synaptic parameters reflecting changes of these patterns. This should
help in clinical diagnoses using the EEG tool.

C. Outline of derivation of the nonlinear string model

We use a mechanical-analog model, the string model, derived explicitly for neocortical interactions
using SMNI [24]. This defines a probability distribution of firing activity, which can be used to further
investigate the existence of other nonlinear phenomena, e.g., bifurcations or chaotic behavior, in brain
states.

Previous studies have detailed that the predominant physics of short-term memory and of (short-
fiber contribution to) EEG phenomena takes place in a narrow “parabolic trougi®ispace, roughly
along a diagonal line [16]. Her& representE or I, ME represents contributions to columnar firing
from excitatory neurons, anl' represents contributions to columnar firing from inhibitory neurons.
The object of interest within a short refractory timegpproximately 5 to 10 msec, is the Lagrangian
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for a mesocolumn, detailed further belowL can vary by as much as a factor of #bm the highest

peak to the lowest valley iK€ space. Therefore, it is reasonable to assume that a single independent fir-
ing variable might offer a crude description of this physics. Furthermore, the scalp pateotial be
considered to be a function of this firing variable. (Here, “potential” refers to the electric potential, not
the potential term in the Lagrangian derived below.) In an abbreviated notation subscripting the time-
dependence,

®— < O >>= O(M{, M;) = a(Mf - < ME )+ b(M{- < M' ), 8)

wherea andb are constants, and <> and <M® > represent typical minima in the trough. In the
context of fitting data to the dynamic variables, there are three effective contantsg} ,

th - ¢: aMtE + bMtI . (9)

We scale and aggregate the mesoscopic probability distribuRonser this columnar firing space
to obtain the macroscopic probability distribution over the scalp-potential space:

Po[P] =J’dMEdM'P[ME,M']cS[CD—CD'(ME,M')]. (10)
The parabolic trough describedoakjustifies a form

Po = (2m0?) Y2 exp- zitz I dx Lg) ,

Lo = % |od/ot)? + g lod/ox? + g [P + F(D) , (11)

whereF (®) contains nonlinearities away from the trougf,is on the order of N given the derivation
of L above, and the integral overis taken over the spatial region of interest. In general, there also will
be terms linear id®/ot and indPd/ox.

Previous calculations of EEG phenomena, described below [17], show that the short-fiber contribu-
tion to thea frequency and the movement of attention across the visual field are consistent with the
assumption that the EEG physics is derived from an average over the fluctuations of the system, e.g., rep-
resented by in the alove equation. l.e., this is described by the Euler-Lagrange equations derived from
the variational principle possessed lby (essentially the counterpart to force equals mass times accelera-
tion), more properly by the “midpoint-discretized” Feynmhag, with its Riemannian terms, as discussed
below [14,15,23]. Hence, we can use the variational principle,

0 o 0 Ao il

ot ax : 12
ot a(dP/At)  Ox A(OP/OX) OP (12)
The result is
P’ o oF
Tz TPtV e -0 (13)

If there exist regions in neocortical parameter space such that we can igémtify-c?, y/a = g (e.g.,
as explicitly calculated below),
1 oF
— — = —Pf(P), 14
~ag = ~0f(@) (14)
and we takex to be one-dimensional, then we recover our nonlinear string, Eq. (1) above. Terms linear in
0d/at and indd/dx in Ly in Eq. (11) can make other contributions, e.g., giving rise to damping terms.

The path-integral formulation has a utility beyond its deterministic Euler-Lagrange limit. We have
utilized this to explicitly examine the long-time evolution of systems, to compare models to long-time
correlations in data [36,37]. This use is being extended to other systems, in finance [41,42] and in EEG
modeling as described here.
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D. Macroscopic coar se graining and renor malization

We now are in a position to address the issue posed originally of how to mathematically justify the
intuitive coarse-graining ab to getCDT. In Ly above, consider terms of the form

o0 00
ICDZdX =J' dxS S GG sinkyx sinkmX
nm
=ZZGnGmIdxsinknxsinkmx
nm

=(27/R) 3 G2 . (15)

By similarly considering all terms iby, we effectively define a short-time probability distribution for the
change in node, defined by

PalGn(t + A)IGm(1)] (16)

where we note that in general tR€¢d) term in Lg will require coupling betweef®,(t + At) andG(t),
n # m, likely including more than one. Therefore, we can define

Po = P1P2° " Poo - (17)

We now physically and mathematically can define a coarse-graining,

Pot :IdkM+1dkM+2' - OKoo P1P2°** PM PM+1PM+2 """ Peo - (18)

l.e., since we have laona fide probability distributionP4,, we can integrate over those fine-grained vari-
ables, which are not observed. This procedure is one contribution to algorithms used in “renormalization-
group” theory [6], to account for multiple intermediate scales of interactions. While other criteria for use

of this theory certainly are not present here, it is useful to recognize that this is a reasonable phenomeno-
logical approach to integrating over many scales of neocortical interactions.

The integration over the fine-grained wave numbers tends to smooth out the influenc&.& the
for n > M, effectively “renormalizing”

G, - G'y,
GIROU

Lo — LTgr. (19)

Eventually, laminar circuitry should be included in both the local and global models. Previous
papers have detailed how this can be realized, but more numerical study is needed to determine the degree
to which this can be accomplished. As reported here, the solutions are being tested by their goodness of
fit to existing EEG data using methods of very fast simulated reannealing [58].

1. SMNI MODEL

A. Rationale

We begin our “bottom-up” approach by taking the viewpoint that, since there has been much
progress made in mathematically describing the physics at finer spatial-temporal scales, we should use
these descriptions to derive a development of the coarser EEG macroscopic scale described above. SMNI
has reasonably detailed a consistent physics which at least parallels, with striking numerical specificity,
short-term memory (STM) and EEG phenomena at the macrocolumnar scale of hundreds of thousands of
neurons, in terms of aggregated physics transpiring at the single-neuronal level. The details of this SMNI
development of STM and EEG will be used to support the “top-down” development described above.
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A major contribution of this work is the analytic treatment of minicolumns [59]. Minicolumns are
observed to span approximatelyg Z0° um?. Mesocolumnar domains are defined here as physiological
(functional) units, with input converging from an anatomical (structural) macrocolumn extent of approxi-
mately 1000 minicolumns, and output diverging from an anatomical minicolumn out to a macrocolumnar
extent. Calculations support observations of periodically alternating firings of columnar
structures [60-64]. As pictured in Fig. 1, this microscopic scale is orders of magnitude larger than the
molecular scale of membrane biophysics. Also note that “macrocolumns” spanning rough®y Zm?
have been defined as another physiological entity observed in the neocortex [59], but the macroscopic
regions considered here are orders of magnitude larger than these. Mesocolumnar domains are suffi-
ciently close to the scale of microscopic neurons to allow direct dependence of this theory on neuronal
chemical and electrical properties. The proper stochastic treatment of their interaction permits their
development into macroscopic regions responsible for global neocortical information processing. “Ther-
modynamic” entities corresponding to the “free-energy” potential, “temperature,” and order parameters
of these macroscopic regions are derived by a statistical-mechanics paradigm [65].

Figure 1.

Relative to other biological entities, the intrinsic synaptic activity of the most highly evolved mam-
malian human neocortex functions via the most degenerate and the shortest-ranged neuronal interactions
(on the order of micrometers). Here, “degenerate” reflects the mesoscopic state of approximate redun-
dancy of connectivity among microscopic neurons, for purposes of describing this coarser scale. This
suggests that many collective aspects of this system may be fruitfully studied similarly to other collective
systems, e.g., including magnetic systems, lasers, and more general information-theoretic systems [8,66].
Collective effects, from clustering [67,68] or from statistical interactions [69], are proposed to be mecha-
nisms of information processing, in addition to the “hard-wiring” mechanisms also possessed by other
more ordered cortical entities [70,71].

Reasonable criteria for any physical approach to the neocortex should include the following three
basic features. These also serve to illustrate the appropriate analogies between the neocortex and other
collective physical systems.

I. Interactions. Short-ranged neuronal interactions over time periods of several milliseconds should
be derived from even more microscopic synaptic activities [72]. [See Fig. 1(a).] Long-ranged spatial
interactions from specific neuronal pathways, primarily composed of the relatively low population of long
excitatory fibers from ipsilateral association, contralateral commissural, and thalamocortical processes
must be consistently treated. These long-ranged interactions are also important for collective activity in
the mammalian cortex [45], and they are included in this study. Longer-time, weaker and modulatory
nonsynaptic influences arising from humoral and electrotonic interactions [73-75] are included, only as
their averaged properties affect synaptic parameters.

ii. Statistics. Neurons separated by large distances, acrdge 10° neurons, can be statistically
coupled via their short-ranged interactions. [See Fig. 1(c).] Order parameters, the underlying indepen-
dent variables at the appropriate scale of the theory, must be identified, and intrinsic fluctuations from the
microscopic synaptic and neuronal systems, diffusion effects, must be included. There also are fluctua-
tions of the mesoscopic system due to their aggregated neuronal interactions, derived here as gradient
couplings between neighboring mesoscopic cells. These spatially ordered mesoscopic domains respect
the observed anatomy and physiology of the neocortex [67,68], complementing earlier theories hypothe-
sizing random neural networks [76,77].

iii. Dynamics. A viable formalism must be adopted to describe the statistical time evolution of the
macroscopic nonequilibrium system over scales étaad* msec.

Although cooperativity between distant neurons is typically quite low [78], except perhaps in
homologous regions of separate hemispheres, macroscopic regions reflect cooperative behavior, proposed
here to best be understood as initiated at the mesoscopic level of interaction. The existence of collective
spatial-temporal activity, embedded in a spontaneous noisy background, is supported by statistical analy-
ses of electroencephalographic and magnetoencephalographic recordings [79,80]. As long as collective
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mechanisms arising in a physical system characterized by tive thibee features are considered to be
viable sources of collective neocortical phenomena, then these features must be correctly formulated.

There is a large body of literature dealing with neuronal mechanisms that intuits phenomenological
differential equations from rates of change of average excitatory and inhibitory neuronal firings, and then
proceeds to search for collective behavior, limit cycles, and oscillatory behavior [81-86]. Mechanisms are
sought to explain varied phenomena such as hysteresis in perception [84], perception and
learning [87,88], and ontogenesis of columnar formation [88,89]. Comparisons with applications of these
techniques to those used in other physical systems [1], illustrates that the pioneering application of these
appropriate formalisms to the neocortical system still has much to offer. Much inspiration for these appli-
cations has come from work in nonequilibrium thermodynamics, which has been applied to specific sys-
tems, e.g., chemical reactions, lasers, magnetic systems, fluids, spin glasses, etc., as well as to the general
formulation of complex nonlinear systems [1,2,9,69,90].

This study also distinguishes between neuronal mechanisms the neocortex uses to process informa-
tion and the structures of information the neocortex processes. A Lagrangian is derived that operates on
firings of the system. When integrated over a time period, this yields the nonequilibrium equivalent of a
“thermodynamic potential.” This Lagrangian is derived, not conveniently defined or hypothesized, from
the short-time evolution of the probability distribution of columnar firing states. The exponential of
minus the Lagrangian, essentially this short-time distribution up to an important normalization factor,
operates as a weighting factor on all possible states, filtering or transforming (patterns of) input firings
into output firings. “Information” is a concept well defined in terms of the probability eigenfunctions of
electrical-chemical activity of this Lagrangian. The path-integral formulation presents an accurate intu-
itive picture of an initial probability distribution of patterns of firings being filtered by the (exponential of
the) Lagrangian, resulting in a final probability distribution of patterns of firing.

B. Microscopic neurons

1. General description

Figure 1(a) illustrates the microscopic neuronal interaction scale, on the order of several microme-
ters. Neocortical neurons typically have many dendrites that receive quanta of chemical postsynaptic
stimulation from many other neurons. The distribution of quanta transmitted across synapses takes place
on the scale of I8 ym, as illustrated in the inset of Fig. 1(a*). Each quantum has thousands of
molecules of chemical neurotransmitters that affect the chemically gated postsynaptic membrane. Chemi-
cal transmissions in the neocortex are believed to be either excit&prsych as glutamic acid, or
inhibitory (), such ag aminobutyric acid. There exist many transmitters as well as other chemicals that
modulate their effects, but it is assumed that after millions of synapses between hundreds of neurons are
averaged over, then it is reasonable to ascribe a distribution fulétiath a mean and variance fé&r
and| interneuronal interactions.

While some neuroscientists do not accept the assumption that simple algebraic summation of exci-
tatory depolarizations and inhibitory hyperpolarizations at the base of the inner axonal membrane deter-
mines the firing depolarization response of a neuron within its absolute and relative refractory
periods [72], still many other neuroscientists agree that this assumption is reasonable when describing the
activity of large ensembles of neocortical neurons, each one typically having many thousands of synaptic
interactions.

This same averaging procedure makes it reasonable to ascribe a distribution fuméttoa mean
and variance foE and| intraneuronal interactions. A Gaussiarns taken to describe the distribution of
electrical polarizations caused by chemical quanta impinging on the postsynaptic membrane. These
polarizations give a resultant polarization at the base of the neuron, the axon [extension in Fig. 1(a) cut by
the double broken line]. The base of the axon of a large fiber may be myelinated. However, smaller neu-
rons typically lack these distinguishing features. Experimental techniques are not yet sufficiently
advanced to attempt the explicit averaging procedure necessary to establish the means and v&¥iances of
andl", and their parameters) vivo. Differential attenuations of polarizations from synapses to the base
of an axon are here only phenomenologically accounted for by including these geometric and physiologi-
cal effects intd".
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With a sufficient depolarization of approximately 10 to 20 mV at the soma, within an absolute and
relative refractory period of approximately 5 msec, an action potential is pulsed down the axon and its
many collaterals, affecting voltage-gated presynaptic membranes to release quanta of neurotransmitters.
Not detailed here is the biophysics of membranes, of thickress 103 zm, composed of biomolecu-
lar leaflets of phospholipid molecules [91-93]. At presé&htand™ are taken to approximate this bio-
physics for use in macroscopic studies. The formalism adopted in this study is capable of using new
microscopic functional dependences, gleaned from other experimental or theoretical investigations, and
cranking them through to obtain similar macroscopic descriptions. Chemical independences of excitatory
depolarizations and inhibitory hyperpolarizations are well established in the neocortex, and this indepen-
dence is retained throughout this study.

It should be noted that experimental studies initially used to ¥fandl” (e.g., at neuromuscular
junctions) were made possible by deliberately reducing the number of quanta by lowering external cal-
cium concentrations [94,95N was found to be Poissonian, but in that system, where hundreds of quanta
are transmittedh vivo, WY may well be otherwise; for example, Gaussian with independent mean and vari-
ance. Current research suggests a binomial distribution, having a Poisson limit [14,96,97]. Note that
some investigators have shown a Bernoulli distribution to be more accurate in some cases [14,97,98], and
that the very concept of quantal transmission, albeit that good fits to experimental data are achieved with
this concept, is under review. In the neocortex, probably small numbers of quanta are transmitted at
synapses, but other effects, such as nonuniformity and nonstationarity of presynaptic release sites, and
nonlinear summation of postsynaptic potentials, may detract from a simple phenomenological Poisson
description [72]. This short description serves to point out possible differendesesulting from many
sources. However, the derivation of synaptic interactions given here makes it plausible that for reasonable
neuronal parameters, the statistical foldingtoandr is essentially independent of the functional form
assumed foW, just requiring specification of its numerical mean and variance.

The result of this analysis is to calculate the transition probability of the firing of nq'zumrjl,
given its interaction with its neighbors that also may fire or not fire. The result is given as the tabulated
error function. Within the range where the total influences of excitatory and inhibitory firings match and
exceed the average threshold potential of a given neuron, the probability of that neuron firing receives its
major contribution to increase from 0 towards 1. A step function derived a§ faithdefined by the
“threshold factor” F;. That is, forF® > 1, tanhF® - 1, while forF® <« 1, tantF® - -1, and so the
threshold region of—l < FS < 1 sensitively controls this important taRf contribution to the drifts, the
driving terms, in the Lagrangian. The mesoscopic development discussed below retains this sensitivity.

This is similar to the mathematical result obtained by others [99-101] who have modeled the neo-
cortex after magnetic systems [35]. However, the following is derived more generally, and has the neural
parameters more specifically denoted with different statistical significances giesmidi”, as described
above.

2. Conditional probability

Consider 18 < N < 10 neurons, labeled bly, interacting with a given neuroph Each neuron may
contribute many synaptic interactions to many other neurons. A neuron may have as mahy 5 10
synaptic interactions. Within timg, =5 msec,W is the distribution ofj quanta of chemical transmitter
released from neurdnto neuronj (k # j) with meana;, where

djk = Ajk(ak +1)/2+ Bjk . (20)
Aj is the conductivity weighting transmission of polarization, dependekffioimg,
0 1, k fires,
oy = ' (21)

g—l, k does not fire

and Bj is a background including some nonsynaptic and long-range activity. Of céuesel B are
highly complicated functions df. This definition ofoy permits a decomposition afy, into two differ-
ent physical contributions. At this point there is a reasonable analogy to make with magnetic systems,
where g, might represent a unit spin. However, the details of the interactions between neurons differ
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from those between magnetic spins, and this greatly affects such comparisons.

Within the scope of the assumption that postsynaptic potential responses from numbers of presy-
naptic released quanta add algebraically, a Gaussian process is taken to represent this response for each
guantum released. Application of the central limit theorem [102] then yields, fog goginta, a Gaus-
sian procesk for imparting a potentialV;, to neuron;:

I = (2rnq¢8) 2 expE (Wi - qvj)2l(2a63),
imTl = 5(ij), (22)
a=>0

where the polarizatiow;, can be positive (excitatorff) or negative (inhibitoryl), and the Dira@ func-
tion,

3(2)=(m™*" de exp(Qz) (23)

represents a well-behaved, strongly peaked distribution.
The probabilityS;, of developingVj, from k is

0
g=0
The probabilityS; of developing potentialv; from all N neurons is
Si :J’J' dWjq - - -dWiy Sjl---SjNaon—%ij). (25)
The conditional probability, ; of neuronj firing if W; >V;, the threshold of, is
o0
i
At this stage it is possible to include the probability of not firing by defining
Dp—jv UJ - ’
by replacing
Vj — O'jVj,
Poissonian . Foraj, small, take¥ as a Poisson with mean and variaage
W = explaj)(aj)/q!. (29)
The alwveyields
0 [o0]
P, = J’dwj(zn)‘l [ dQexpiQw))
j —00
xexp { - %ajk[l -expiojQuik - Q¢ /2)] } . (30)

An extremum approximation is now valid: The main contributiorpgjocomes from nonoscillatory con-
tributions from the second exponential above, where its argument has a minimum, rendering it Gaussian.
Using
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Pk < Vil <Vj Wi, (31)
ps, May be calculated as

[e0]
1

Po, =772 dz exp2z)
(U’j FjVﬂ/Z)

5 [1 - erf(o;Fvni2)],
Vj - % ajijk

Fj = T - (32)
(”% ajk’(ijk' + (”JZK'))i

“erf” is the tabulated error function, simply related to the “normal probability function.” [19?] is a
“threshold factor,” as P, increases from 0 to 1 between>o;F;>-co sharply within the range of
F;=0.
j
Gaussian W. The mean of a Poisson distributiongofuccesses is
aj =ye, (33)

e is the large number of repetitions of an “experiment,” likely correlated with the number of synaptic
knobs [14,96], angy is the small probability of success, the average probability of release of one quan-
tum. For largea;y, a Gaussia¥' representind is defined with meaa;, and variance (1 - ¢) [102],

_ [2a(1- )] % expl(q - aj)?/(2a;(1 - )] .

W % (34)
dzexpEz2)
[al (1))
For a large number of closely spaced valueg, efe can replace the sum by an integral,
[o0]
ZﬂJM- (35)
q
Similar to the abvederivation using the Poissoni&h we derive
Vie - (L=@)Vi - (36)

Arbitrary W. Examination of this derivation shows that we get the same result from the folding of
I andW, for a wide range of reasonabblepeaked neaq = ajy. If

lojFjl <1, (37)
then an asymptotic expression foy, is
expto;Fj)

- expFj + expCFj) (38)

9j

This form of Ps, exposes the linear dependence of the argumeat amdF;. Note that tanh(@vr) is

guite a good approximation to ed)( Using the notationz tanh , erf), obtain: (0., 0., 0.), (.01, .0113,
.0113), (.1, .1124, .1125), (.5, .5111, .5205), (1., .8105, .8427), (2., .9783, .9953), (2.5, .9929 , .9996), (
00, 1., 1.). For smalk obtain:

tanh(2Vn) = (2N n)(z- /2. 36+ 2°/14. 63— 27/8. 98+ - - )

erf(z) = @Nm)(z - 2213 + 22110 - 2142 +-..). (39)
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C. Mesoscopic domains

1. General description

As is found for most nonequilibrium systems, e.g., for lasers, chemical systems, fluids, and ecologi-
cal systems [1,8], a mesoscopic scale is required to formulate the statistical mechanics of the microscopic
system, from which the macroscopic scale can be developed [1]. The neocortex is particularly interesting
in this context in that a clear scale for the mesoscopic system exists, both anatomically (structurally) and
physiologically (functionally). “Minicolumns” of aboutN=110 neurons (about 220 in the visual cortex)
comprise modular units vertically oriented relative to the warped and convoluted neocortical surface
throughout most, if not all, regions of the neocortex [59,61,62,64,103,104]. Clusters of about 100 neu-
rons have been deduced to be reasonable from other considerations as well [43]. Since the short-ranged
interactions between neurons take place witfiirmm, which is the extent of a “macrocolumn” compris-
ing 010° minicolumns ofN™=10° neurons, and since macrocolumns also exhibit rather specific informa-
tion-processing features, this theory has retained the divergence-convergence of macrocolumn--
minicolumn, efferent-afferent interactions by considering domains of minicolumns as having similar
synaptic interactions within the extent of a macrocolumn. This macrocolumnar-averaged minicolumn is
designated in this theory as a “mesocolumn.”

This being the observed situation, it is interesting Nvat0? is just the right order of magnitude to
permit a formal analysis using methods of mathematical physics just developed for statistical systems in
the late 1970s [27,30]N is small enough to permit nearest-neighbor interactions to be formulated, such
that interactions between mesocolumns are small enough to be considered gradient perturbations on oth-
erwise independent mesocolumnar firing states. This is consistent with rather continuous spatial gradient
interactions observed among columns [105], and with the basic hypothesis that nonrandom differentiation
of properties among broadly tuned individual neurons coexists with functional columnar averages repre-
senting superpositions of patterned information [106]. This is a definite mathematical convenience; other-
wise, a macrocolumn @f 10> minicolumns would have to be described by a system of minicolumns with
up to 16th-order next-nearest neighbors. (Consider 1000 minicolumns spread out in a two-dimensional
grid about 33 by 33 minicolumns, and focus attention on the center minicolumn.) Mlg&o large
enough to permit the derived binomial distribution of afferent minicolumnar firing states to be well
approximated by a Gaussian distribution, a luxury not afforded an “average” neuron, even in this other-
wise similar physical context. Finally, mesocolumnar interactions are observed to take place via one to
several relays of neuronal interactions, so that their time scales are simialy 10 msec.

Even after statistically shaping the microscopic system, the parameters of the mesoscopic system
are still macrocolumnar-averaged synaptic parameters, i.e., reflecting the statistics of millions of synapses
with regard to their chemical and electrical properties. Explicit laminar circuitry, and more complicated
synaptic interactions, e.g., dependent on all combinations of presynaptic and postsynaptic firings, can be
included without loss of detailed analysis [15].

The mathematical del@ment of mesocolumns establishes a mesoscopic Lagrabgiamich
may be considered as a “cost function” with variablé$, M€, andOM®, and with parameters defined
by the macrocolumnar-averaged chemical-electrical entities developed below. (See Fig. 2.)

The Einstein summation convention is used for compactness, whereby any index appearing more
than once among factors in any term is assumed to be summed over, unless otherwise indicated by verti-
cal bars, e.g.(|. The mesoscopic probability distributi®nis given by the product of microscopic prob-
ability distributionsp,,, constrained such that the aggregate mesoscopic excitatory Mi'r:'rgij E Tj>
and the aggregate mesoscopic inhibitory firigs= Zj SR4E

P =1 PS[MC(r; t+ 7)IMC(r'; 1)]
G
0 00 Un

=303 oy -ME(rt+0)@OT oj-M'(r;t+ 1) py,
o [itE oo O
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=[1 (2r1g°®) 2 expcN7L) (40)
G
where the final form is derived using the fact tNa* 100. G represents contributions from bdihand|

sources. This defines the Lagrangian, in terms of its first-momentgftifiss second-moment diffusion
matrix g°¢', and its potentiaV’, all of which depend sensitively on threshold factefs

P=(27) 2g"?exp-NrL)

L = (@N)Y(M° - g®)gee(M® - g®) + MCJs/(2NT) - V',
V'=ZV G (pIMT ),

g® = —r7}(M® + N® tanhF®) ,

9%¢ = (gee) ™ = 08 1 *NCsechHF®

g = det@cc')
L (Ve-alSveINe - % SlyiSIM S
F~ = (n{(vlgl)z + (ga'é,')z](ag'NG' + % A|<§,|MG'))1/2 )
ag =~ AZ+BE (41)

where AS and B, are macrocolumnar-averaged interneuronal synaptic efficajeand ¢S are aver-

aged means and variances of contributions to neuronal electric polarizations, and nearest-neighbor inter-
actionsV' are detailed in other SMNI papers [14,1801% and N in FC are afferent macrocolumnar

firings, scaled to efferent minicolumnar firings RYyN“1.0°, whereN" is the number of neurons in a
macrocolumn. SimilarlyAS andBS have been scaled ByY/N110° to keepF € invariant. This scaling

is for convenience only. This mathematical description defines the mesocolumn concept introduced previ-
ously.

Figure 2.

At this stage, severe approximation in modeling is typically required in order to proceed towards
solutions. However, advantage can be taken of experimentally observed columnar structure to first
attempt to analytically scale the neuronal system into mesoscopic domains that are still relatively micro-
scopic compared to the macroscopic regions to be described [59-61,63,64,88]. For purposes of macro-
scopic description, the minicolumnar structure effectively spatially averages the neuronal interactions
within one to several firing periods.

The following development is proposed, which: (1) reasonably includes and averages over millions
of synaptic interactions that exist between groups of hundreds of neurons, (2) analytically establishes the
integrity of columnar domains and specifies their interactions, and (3) prepares the formulation of (1) and
(2) to foresee their analytic inclusion into studies of macroscopic regions.

For purposes of detailing anatomical or physiological properties of neurons, it is simply incorrect to
postulate an “average” neuron. However, for the purpose of macroscopic brain function, when consider-
ing millions of neurons, we repeat that it is reasonable to at least respect the incredibly similar modular
structure present in all regions of the neocortex [59,61,62,64,103,104], still allowing for the differentia-
tion among the laminar structure of individual modules and among neurons active at different temporal
and spatial scales.
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The neocortex has aboutx3.0'° neurons distributed rather uniformly over approximatety/15°
minicolumns. (The visual cortex has double this density.) Within these minicolumns, a “vertical” struc-
ture is defined perpendicular to six highly convoluted laminae of total thickn@s§x 10° um, princi-
pally by the efferent pyramidal cells. They exhibit vertical apical bundling of their dendrites in the upper
laminae, and some of their recurrent axonal collaterals also ascend to upper laminae. A number of other
fusiform, Martinotti, and stellate cells (granule cells in the sensory cortex and basket cells in the motor
cortex) also contribute to this vertical organization. In general, laminae | to IV are afferent and laminae V
and VI are efferent [70].

However, “horizontal” dendritic basal arborizations (treelike structures) of the pyramidal cells, tan-
gential to the laminae, horizontal axonal collaterals of the pyramidal cells, and horizontal processes of
stellate, Martinotti, and neonatal horizontal cells, all impart horizontal stratification to columnar interac-
tions. Therefore, although the columnar concept has anatomical and physiological support, the mini-
columnar boundaries are not so clearly defined [107]. If this stratification and other long-ranged afferent
input to groups of minicolumns are incorporated, then it is possible that future work may have to define a
physiological unit that encompasses a mesocolumn consisting of one to perhaps several minicolumns out-
putting to a macrocolumar extent. This study formalizes these circumstances by defining a mesocolumn
with extent greater than 1:m, as an intermediate integral physiological unit encompassing one mini-
column. [See Fig. 1(b).] Dynamic nearest-neighbor interactions between mesocolumns are analytically
defined by their overlapping neuronal interactions, in accordance with the observed horizontal columnar
stratifications outlined above. [See Fig. 1(b’).] This approach permits future analytic modifications, as
differences between inter- and intra-minicolumnar interactions and circuitries become experimentally
clarified.

The resulting picture of columnar interactions is relatively simpler than a mass of interacting neu-
rons, but not so simple to the point of uselessness. A collection of average excitatory and inhibitory neu-
ronal firings, as depicted in Fig. 1(a’), now define a continuum of mesocolumnar firings. A zero-order
binomial distribution is easily intuited: L& denotekE or | firings. Using the magnetic analogy, consider
E as a spin-up antl as a spin-down magnet. A column Kf neurons can have a total firing NA®,
within time 7, wheren® is the fraction firing, ranging by 2's betweehl® < Nn® < N®. (Count firing as
+1, nonfiing as-1.) For convenience, assumi&n®>0, which arises fromNn® firings plus
?[(NG Nn®) cancelling pairs of firings and nonfirings. This gives a total of
3 (N®=Nn®) +Nn® = (N®+Nn® ) firings andN® - 3 (N® + Nn®) nonfirings. The degeneracy fac-
tor, as a function of the firing ratdn®, is the number of WaySJG neurons can produce a given firing pat-
tern, i.e., the binomial distribution. Note that the binomial coefficient is unity for states of all firing or all
nonfiring, and peaks aNC!/[(N®/2)1]2 = 28°*2(7NC) "2 for Nn®=0. In the rangeNn® = 0, there is
maximal degeneracy of information encoded by mesocolumnar firings. This argument analytically articu-
lates the meaning of “neuronal degeneracy” and also of the ubiquitous, often ambiguous “average neu-
ron.” However, reasonable properties of mesocolumns, not of average neurons, are developed here for
macroscopic study.

The properly calculated distribution contains nearest-neighbor mesocolumnar interactions
expressed as spatial-derivative correction terms. This verifies that in macroscopic activity, where patterns
of mesocolumnar firing vary smoothly over neighboring mesocolumns, it is consistent to approximate
mesocolumnar interactions by including only second-order gradient correction terms. We calculate
macroscopic states of mesocolumnar firings, which are subject to these constraints. Excitatory and
inhibitory sensitivity to the neuronal parameters survives, similar to the sensitivity encountered by single
neurons.

Nearest-neighbor interactions are “induced” between minicolumns in the following way. The bulk
of short-ranged interactions engaging the neurons in a minicolumn do not take place within the minicol-
umn, but rather within a spatial extent the size of a macrocolumn, comprising roughly 1000 minicolumns.
If we consider the area of influence of a minicolumn as extending out to a macrocolumn’s reach, then the
area of interactions engaged by nearest-neighbor minicolumns has an offset circle of influence [16]. (See
Fig. 3.) Therefore, within one or two epochs spanning the refractory periods of a typical neuron, i.e.,
including the absolute refractory time after a firing during which no new spikes can be generated, and the
relative refractory period during which spikes can be produced only at a decreased sensitivity [71],
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interactions engaged by a given minicolumn can be extended out to areas of influence engaged by their
nearest neighbors. This is what physically is being calculated by a careful mathematical treatment of
overlapping interactions. In this manner, microscopic degrees of freedom of many types of neurons
(many of which are only crudely classified by theabdefinitions), synapses, neurotransmitters, cellular
architecture, and circuitries, may be practically weighted and averaged for macroscopic considerations.

Figure 3.

In the steps described above, the mesocolumnar conditional probability that a given mesocolumn
will fire is calculated, given its direct interactions with other mesocolumns just previously fired. Thus a
transition rate from one state of mesocolumnar firing to another state closely following the first state is
obtained. A string, or path of these conditional probabilities connects the mesocolumnar firings at one
time to the firing at any time afterwards. Many paths may link the same initial and final state. In this way
the long-time conditional probability of all possible mesocolumnar firings at any given time is obtained.
A Lagrangian is thereby derived which explicitly describes the time evolution of the neocortical region in
terms of its initial distribution of firings, and expressed in terms of its mesoscopic order parameters which
retain a functional form derived from microscopic neuronal interactions. A major benefit derived from
this formalism is a variational principle that permits extrema equations to be developed. This also makes
it possible to draw analogies to the “orienting field” and “temperature” of other collective systems.

2. Mesocolumns

Define a mesocolumn as a domain witlneurons, with stochastic memaryapproximately equal
to 1 to severat,, the total refractory period of a typical neuron. Denote by indicasd| two chemi-
cally and anatomically independent firing fiel@sdenotes either field. For this study we do not consider
dynamic synaptic modifications, which typically take place as a result of one to many epochs of macro-
scopic temporal activity effecting such plastic changes [87]. Therefore, take as independent of spacetime,

G G
Vil o - V&, @5

Vi, Aj, Bjx - V&, AS, BS

2AG +Bg =ag (42)
The greater importance ofsynapses (circuitry, proximity to soma) increases effective inhibitgrand
aj. Take
jk

S VikAk = 2 VG ASNE,
k G'
vE=->0,

N=NE+N'. (43)

Define Nn®(r), a mesocolumn centered at the two-dimensional poias the mesocolumnar aver-
age ofo;. [See Figs. 1(b) and 1(b").] Derive the conditional probab®B[{MS(r;t +7)|MC(r'; t)] for
the firing transition to mesocolumi®(r;t +r) = Nn®(r) at timet + 7, from all contributing meso-
columnsMC(r';t) = Nm®(r’) associated with neurons, at timet. M® represents contributions from
bothM® andM' in F{:

[ PEIME(r;t+)MO(r;t)] = X 8( X o — NnF)o(
G oj=t1 jOE

N
> g;=Nn')[] p,, . (44)
j0i j

Forr =r', the result of the mesoscopic averaging of indeperemtd | fields is easily intuited, as
explained above: The contribution R averagingt1 firings to establish a firinn® has degeneracy
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0O N& O NC!
(NG +reN) 5 (3 (NS +neN))I(E (NS - neN))

-N® < Nn® =M€ < N€ | (45)
A binomial distribution ofNn® is therefore anticipated, weighted by the averaged firing probability, with
FS$ - typical F . (46)

However, the nearest-neighbor interactions must be calculated more precisely. Calculate

PCIME(r;t+7)MC(r'; )] = 2m) ™ j dQC exp(Nn®Q°) NI‘IGCG ,
5 j=1

C8{ FS[MC(r +&)] } = coshf P +iQC)sectF®, r+e=r". (47)
ExpandC$ aboutNn®(r), using directional derivatived;?,

CP = [1+|e]D + 5 [P DZICC(r),

&= ellel= (' =)' 1], (48)

retaining only first- and second-order derivative$/5f andM', and obtain

PCIMC(r;t + 1)ME(r; 1)] = (2m) 2 J’ dQC exp(Nn®QC®)[coshEC +iQ%)sech C]N°

NG
x [1(1+dFF Ky +dFHK)),
j=1

K, = sinh(Q®)sechf® +iQ®)sech® ,

K, = — 2K, tanhF€ (49)
Wheredel anddFJGZ are more involved algebraic expressions given in the SMNI literature [14].

To zero order, negle¢t; andK, terms, express co¥h as a sum of exponentials, expand as a bino-
mial, carry out thﬁ’ dQC®, and obtain

- G
PEIME(t +1)IME(0)] = (1+ fG)‘“ﬂerG)”G,

fC = exp2F©),

2© = [[ (Nn® + NO)]], (50)

where A€ is the greatest integer in the double brackets on the right-hand side. This is the anticipated
binomial distribution with mean

< A% >5= N© expFC)/[(exp(F®) + expF®)],

< Nn® >5= -N€ tanhF® , (51)
and variance

, : 1
<ABAC >0 - < A® >< A€ 5= ng,NGsecﬁFG : (52)
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Thusn® andm® are defined as mesocolumnar averaged neurons, with their anticipated zero-order statisti-
cal firing weights. This explicitly demonstrates how sensitiviin€ >; is to changes in sign of the
threshold factorF® in the step function tar®®: tanhfoo)=+1, tanhg1)==0. 76, tanh(0¥0. As
expected, in the absence of interactions, seBg 0 and withNm® =- N©, then <Nn® >,=-N®; no

firing occurs. As <Nn® >; > 0 maintains <Nn® >4 > - N© for all Nm®, B, may be taken to simulate
nonsynaptic influences dwn®.

Consistency of the ave scheme requires a definition of this long-wavelength scale. The condi-
tions placed on the abe calculation are evaluated to be essentially

1> (pOM®)?/(24N), (53)

where p is the spatial extent of a minicolumn, which is consistent with this macroscopic
development [16]. That is, we can consistently define a nearest-neighbor mesocolumnar potential to take
into account interactions across thousands of minicolumns since the spatial changes in firings across mini-
columns are effectively small enough to permit this perturbative procedure. Calculations confirm the con-
sistency of this derivation of intercolumnar interactions with experimental observations.

The prototypical diffusion system describes Brownian motion, wherein the stochastic memory of
the macroscopic system depends only on the immediate past history of the system at one specified unit of
earlier time, and in a linearly functional manner [1,2]. HereGkspace diffusion is expressed by a non-
linear dependence on this past firing state, and the stochastic memory must be carefully defined. Real-
space diffusion is represented by the gradient couplings. These fluctuations are physically important for
various excitations and possible critical behavior of second-order phase transitions between ordered and
disordered states, e.g., as in magnetic systems [4,108].

Figures 1(c) and 1(c’) illustrate how the mesocolumnar structure is a substrate for activity persisting
for hundreds of milliseconds over a spatial region containirgs x 10° mesocolumns, spanning 1072
of a total cortical area of 410' ym?. Extended regional activity is possible, whereby conglomerates of
10 to 30 regions may interact [59].

3. Mesocolumnar short-time propagator

To first order indF, the distribution functiorp, of a given state of firind\n® occurring given the
earlier stateM®, can be defined in terms of variables that facilitate this development. FoN&rgad
NEFC, this binomial distribution is asymptotically Gaussian [102]:

POIMC(t + )M (t)] = (27179 ®C)? exp-N7LC),
L_'G — N—l[( NnG _ MG)/T _ ng]Z/(Zg:GG)’
g€ = 1 M® + N®(1 + dF®) tanhF®],

g = rIN®(1 + dF®)seclF® , (54)

where no sum is implied oveepeated indices, and we useto denote that we have not yet expanded the
dF terms.

Define time epochs in units of r, the total mesocolumnar refractory period, in terms of integer
s=0, from an initial timety:

tg=sr+1p. (55)

For large time epochs to be considered, a continuum differential time scale is defdtedrbywithin r,
consistent with this long-time development and consistent with the previous mesocolumnar averaging of
neuronal interactions, define

L'G — N—l(MG _ ng)Z/(ZngG)’

M€ = rdM®/dt = Nn® - MC . (56)
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Then the Markovian mesocolumnar short-time propagator, the conditional probppistdeveloped for
short times = r relative to any fixed timé:

pIM(t +6),t +6] = (2ne)‘1J’dM(t)g'(t)”2exp{ - NS[M(t+8), M(t)]} p[M(t),t],
dM =dMEdm' |

g = (detg)™ =(g=g") ™, (57)
andSis defined by requiring that the system evolve by the principle of maximal probability:
t+0

S= minj’ dt’ L'[M(t), M(t")],

I:': I:IE + I:II . (58)

For small g, relative to the long times considered, wkh>> 1, contributions top att + 8 are heavily
weighted within

AME| = [MC(t +6) - MO(1)] <67 , (59)
and therefore the quadrafit terms inL' must be carefully developed.

Finally, L' is expanded abouit, treatingdF€ as perturbationsThis yields Eq. (41) in terms &f,
the nearest-neighbor potential.

4. Further development of mesocolumn model

As pointed out in this derivation [14,15], this microscopic scale itself represents a high aggregation
of submicroscopic scales, aggregating effects of tens of thousands of quanta of chemical transmitters as
they influence the 8102 um scale of biomolecular leaflets of phospholipid molecules. This micro-
scopic scale has been aggregated up to the mesoscopic scale, again using the general property of probabil-
ity distributions, that the aggregated distribut®g of variableq is calculated from the joint distribution
Pg.q, Of underlying variables; andqp,

Pq(a) = J’ da; da,Pg,q,(a1, 02)0(q — (a1 + @) - (60)

To summarize up to this point, the mathematical development of mesocolumns establishes a meso-
scopic LagrangiarL, defining the short-time probability distribution of firings in a minicolumn, com-
posed of 107 neurons [59,61,62,64,103,104,109], given its just previous interactions with all other neu-
rons in its macrocolumnar surround.

P=[1PC[MC(r;t+n)MC(r";1)]
G

O 0 ON
=Y oy oj ~ME(r; t+ )X o) - M' (5t + 7)1 Po,
o [JE O Qi 01

=[ (271g°®) 2 exp-N7L®),
G

P=(2m1) Y?g*?expNrL) , (61)

wherel is defined in terms of its drift, diffusion, and potential, all of which depend sensitively on the
threshold factoF®,
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1 '
VE - aEING - Agiieime
Fo= acti i 2 (62)
IGN2 + (#SN21(alSING + & AGIMG
(V32 + (AHA(ASING + > AGIMS)

In the first SMNI papers, long-ranged interactions were includédiyn adding potential terms simulat-
ing these constraints, i.e., addidgM® to L, whereJg was numerically adjusted to account for these
interactions.

In order to more properly include long-ranged fibers, so that interactions among macrocolumns
may be included in the numerical studies, daeterms are dropped, and more realistically replaced by a
modified threshold factd®,

VC - gSIVEING - AlgllelmG ~ alBVEIN#OT - AG'G'le'M*G
FG 2

(2 + (NSNS + 5 AGIMS +affINIS + 7 APl
Ail — A¢E Ail Bil BiE Bil =0,
iE A;tE BiEE ) (63)

Here, afferent contributions from*E long-ranged excitatory fibers, e.g., cortico-cortical neurons, have
been added, whend*E might be on the order of 10% of": Nearly every pyramidal cell has an axon
branch that makes a cortico-cortical connection; i.e., the number of cortico-cortical fibers may be as high
as 168°[45].

At this point, attention is also drawn to the similar algebraic structure of the threshold factors in
Egs. (32) and (63), illustrating common forms of interactions between their entities, i.e., neurons and
columns of neurons, respectively. The nonlinear threshold factors are defined in terms of electrical-chem-
ical synaptic and neuronal parameters all lying within their experimentally observed ranges.

The net short-time probability distribution can be folded over and over (multiplied) in time incre-
mentsAt to yield a path-integral algorithm for calculating the long-time probability distribution [27].
This result depends on the use of the Markov property of our distribution, wherein the short-time evolu-
tion of the system at timee+ r depends only on the state of the system at timfeor example, in a very
compacted notation, labelingintermediate time epochs layi.e.,tg =ty + SAt, in the limitsu - oo and
At - 0, and assuminlyl;, = M(tg) andM; = M(t =t,,) are fixed,

P[Mthto] ZI' ' I dM_prdMpp¢ - - 'th0+At

XP[M¢[Mi-pt ] P[Mi-atIMi-op¢] - - - P[Myg+at My, ]

PIM(My] = [ [ DM exp zAtL 0
u

DM = (2n§3At) Y2 [ (2762At)™Y2dM . (64)
=1

Similarly, the short-time probability distributio® can be folded over and over at each poirib give a
field-theoretic Lagrangiarl.(r,t). The above‘prepoint-discretization” epresentation ok derived for

the neocortex, e.ggg‘ = g®[MC(t, + sAt)], disguises the Riemannian geometry induced by the noncon-
stant metriagyeg, discussed further below.

D. M acr oscopic development
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1. General description

Inclusion of all the ative microscopic and mesoscopic features of the neocortex permits a true non-
phenomenological Gaussian-Markovian formal development for macroscopic regions encompassing
5x 10> macrocolumns of spatial extefit 5x 10° um?, albeit one that is still highly nonlinear and
nonequilibrium. The development of mesocolumnar domains presents conditional probability distribu-
tions for mesocolumnar firings with spatially coupled nearest-neighbor interactions. The macroscopic
spatial folding of these mesoscopic domains and their macroscopic temporal folding of tens to hundreds
of 7, with a resolution of at leastN [16], yields a true path-integral formulation, in terms of a macro-
scopic Lagrangian possessing a variational principle for most-probable firing states. At this point in for-
mal development, no continuous-time approximation has yet been made; this is done, with clear justifica-
tion, only for some applications discussed below. Much of this algebra is greatly facilitated by, but does
not require, the use of Riemannian geometry to develop the nonlinear means, variances, and “potential”
contributions to the Lagrangian [27].

This formalism can also be recast in several other representations [27], perhaps more familiar to
other investigators, and sometimes more useful for particular calculations. For example, a Hamiltonian
formulation can be obtained, one that does not permit simple “energy”-type conservation approxima-
tions, but one that does permit the usual time-evolution picture. The time-dependent differential macro-
scopic probability distribution, or “propagator,” is found to satisfy a true Fokker-Planck second-order
partial-differential equation, expressing the rate of change of the distribution as the sum of contributions
from nonlinear drifts and diffusion in the spacekoénd| firings. With respect to a reference stationary
state, a well-defined information, or “entropy,” can be formulated. Also, a set of Langevin rate equations
for E and| firings can be obtained, expressing the rate of change of firings as the sum of drifts and multi-
plicative noise. The most-probable firing states derived variationally from the path-integral Lagrangian
represent a reasonable average over the noise in the Langevin system; the noise cannot be indiscriminately
neglected. Because of the presence of multiplicative noise, the Langevin system differs”ifpits- Ito
point) and Stratonovich (midpoint) discretizations. Furthermore, there exists a midpoint-discretized
covariant description, in terms of theylRenan Lagrangiah g, which is defined such that (arbitrary) fluc-
tuations occur about solutions to the Euler-Lagrange variational equations. In contrast, thé asuhl Ito
corresponding Stratonovich discretizations are defined such that the path integral reduces to the Fokker-
Planck equation in the weak-noise limit. These points are discussed further below, and more explicitly
derived in Appendix A.

2. Regional short-time propagator
Define theA-dimensional spatial vectd at timets,
Ms= { M{=Mg(r");v=1,---,A},

Y= {ME:G=E,I}. (65)

For macroscopic space-time considerations, mesosgofspatial extent of a minicolumn) andscales
are measured byr anddt. In the continuum limits of andt,

MS - MC(r,t), MY - dMCidt,

(MEV = M)t =r") ~ O,MC. (66)

The previous development of mesocolumnar interactions via nearest-neighbor derivative couplings per-
mits the regional short-time propagakto be devioped in terms of the Lagrangian[110]:

P(M) = (2776’)"\'2J'O”\7| g’V expENS(M)]P(M),

t+6

S= minI dt'L[M(t"), M(t")],
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L=AQ™* J’ d’r L, (67)
whereQ is the area of the region considered, and
pHO N
AQL I d’r = AQ1 I dxdy = lim 3 . (68)
N-oo =]

The Euler-Lagrange (EL) equations, giving the extrem&%>>, are obtained frordS=0 [111].
The Einstein convention is used to designate summation over repeated indices, and the following notation
for derivatives is used:

(+)z =d(-)dz, z= {x,y},
(. . .),G = a(. . -)/OMG,

(-6 = 0( - )/O(AM®/ctt),
(), = 0(- - )O(dMC/dz),

(- ). = XO(- - HA(AMC/dx) + Ya(- - )/o(dM C/dy). (69)
The EL equations are:
oL =0,

6GI: = I:IG _D] I:aIZIG _I:IG:tzoi
(M Lpe= L,G:Z:z
= (I:!G;z G’ )MG':Z + (I:’G:Z 1G';Z)MG’ZZZ!

. GI e GV
Lei=(Lg.eIM™ +(Lg.g)M ™. (70)
This exhibits the extremum condition as a set of 12 first-order differential equations in the 12 vdriables
M, MG, MG, MS.,,MC.,} inr —t=(x,y,t) space, with coefficients nonlinear®.

3. Regional long-time propagator

With P properly defined by this space-time mesh, a path-integral formulation for the regional long-
time propagator at time=(u + 1)8 +t is developed:

P[M(t)] dM(t) =J’- : -J’DI\7I exp(—Nj’dt'L),

P[M(t)] = 3(M - My),

c
F
LN
m

1>

M = 17672 (g5 M. (71)

o

1

1
o
o}

v
t

Note that, even foN7L =1, NJ’dt’ L is very large for macroscopically large tinte-(,) and macro-
0

scopic size/\, demonstrating how extrema df define peaked maximum probability states. This
derivation can be viewed as containing the dynamics of macroscopic causal irreversibility, wheeby
an unstable fixed point about which deviations from the extremum are greatly amplified [112].
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4. Riemannian geometry

A series of papers has recognized that a few of the most popular Riemannian-geometric transforma-
tion properties possessed by physics systems might be advantageous for a theory of cortical interactions,
i.e., most specifically in the cerebellum, and they have gone further to postulate this geometry as the
essential component of their theory [113-115].

As developed most notably by Einstein [116], Riemannian geometry has been firmly established as
a necessary component of the foundations of physics. There are still two viable camps of opinions, con-
sidering this geometry itself as a basic foundation [117], or considering the physical entities on which its
transformations operate as the basic foundation [118]. However, there is unanimous agreement that Rie-
mannian geometry is an essential theoretical construct to explain some observed physical phenomena.
The existence of Riemannian geometry also is a natural mathematical consequence of properties pos-
sessed by quite general stochastic systems, including those models of neural systems assumed or endorsed
by most investigators [119]. These properties have been stressed in the SMNI series of papers.

It is the purpose here to stress these general properties, and to make the short but important obser-
vation that there is indeed mathematical support on which to conjecture possible neural mechanisms that
might exist as a result of invariance under Riemannian-geometric transformations. This observation then
leads us back to the spirit, if not the essence, of other neuroscience investigators. However, whereas they
hypothesize a Riemannian metribetween cortical regions, SMNUderives a Riemannian metrigvithin
each cortical region, quite a physical distinction.

Corresponding to the differential-operator ordering problem in the Fokker-Plank equation is the dis-
cretization problem in the path integral and in the Langevin rate equations, both of which are equivalent
mathematical representations of the Fokker-Plank equation [27,29-31,120,121]. An overview of these
equations is required to at least note where the Riemannian geometry enters. Appendix A provides a brief
derivation.

Consider a multivariate system with variance a general nonlinear function of the variables. The
Einstein summation convention helps to compact the equations, whereby repeated indices in factors are to
be summed over.

The Ito(prepoint) discretization for a system of stochastic differential equations is defined by
fs D[ts’ ts + At] = [ts' ts+1] ’

M(ts) = M(ts) ,

dM(Es)/dt = M(ts1) — M(ts) - (72)
The stochastic equations are then written as
dmC/dt = £€ +g%;' |

G=1,---,0, (73)

where= and © are the (arbitrary) ranges ofand G, respectively. These equations might be used to
describe the stochastic firing of mesocolumns, or if scaled Bythey could be used to describe “aver-

age” neurons. Once parameters are fit to data, as we report here using the integral probability distribution
representation below, these equations can be used to construct a brain simulation, e.g., to study the influ-
ence of changing contexts that cannot be so well incorporated into these equations.

The operator ordering (of t@dM® operators) in the Fokker-Planck equation corresponding to
this discretization is
_~G 2(~GG'
P _yp42C9°P) 1 0U(GTP)
ot oMG 2 OMGoM©C
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G — fG AG agl
27 MG’
g% =g°6> . (74)
where a “potential’V is present in some systems, e.g., sometimes used to explicitly include boundary
conditions. Above, a potential term was derived to describe nearest-neighbor interactions. As described

below, this partial-differential representation is very useful in determining the stability and duration of
STM.

The Feynman Lagrangian corresponding to this Fokker-Planck and set of Langevin equations may
be written in the midpoint discretization, corresponding to

M(E) =~ [M(toun) + M(t)] (75)

This discretization defines a coiant LagrangiarLg that possesses a variational principle for arbitrary
noise, and that explicitly portrays the underlying Riemannian geometry induced by the metrigdgnsor
calculated to be the inverse of the covariance mgfif

PJ’ J'DMexpD ZAtLFSD

g

DM = gg*(2mt)~®2 r| ge? [ @ty 2dmS
G=1
J’dMG R ZlAM,S,MO = Mg, MGy = MP,
- % (AMC/dt - h®)gae (AME /dt — hS) + % hC.q + RI6-V

a- )
OMG '

(. . ')yG =

1 _ .
hG — gG — 5 g 1/2(91/29GG ),G’ ’

se = (g%°) ",

gs[MG(tS) ts] - det(gGG )s 1 Qs, = gs[Ms+1’ s] )
h®g =hG +TGeh® = g™%g"*h%) g ,

Mk = 9" [IK, L1 =9 (9o k + kLo~ 9ak.L) »
R=g"Ry = g g™ Regr

1
RrakL = 5 (9FkoL — 9aFL — OFLak * OoLrk) + Oun (MRl —TRLENK) (76)

whereR is the Riemannian curvature, and we also have explicitly noted the discretization in the mesh of
IGS G by If Mis a field, e.g., also dependent on a spatial varialliscretized by, then the variables
is increased tMS", e.g., as we have prescribed for the macroscopic neocortex. ThRA&IML
mcludes a contribution dR/12 from the WKB approximation to the same orderj{? [27].

A prepoint discretization for the same probability distributlrgives a much simpler algebraic
form,
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M(ts) = M(ts) ,

L= % (AMC/dt - 6®)gae (AME /dt — g®) -V |, (77)

but the Lagrangian. so specified does not satisfy a variational principle useful for moderate to large
noise; its associated variational principle only provides information useful in the weak-noise limit [122].
The neocortex presents us with a system of moderate noise. Still, this prepoint-discretized form has been
quite useful in all systems examined thus far, simply requiring a somewhat finer numerical mesh. Note
that although integrations are indicated over a huge number of independent variables, i.e., as denoted by
dME", the physical interpretation afforded by statistical mechanics makes these systems mathematically
and physically manageable.

It must be emphasized that the output need not be confined to complex algebraic forms or tables of
numbers. Becauskg possesses a variational principle, sets of contour graphs, at different long-time
epochs of the path-integral 8f integrated over all its variables at all intermediate times, give a visually
intuitive and accurate decision aid to view the dynamic evolution of the scenario. For example, this
Lagrangian approach permits a quantitative assessment of concepts usually only loosely defined.

Concept Lagrangian equivalent
L
Momentum M€ = a(dl\/Ig/m%LF
Mass %GLG; = 3(0MC/at)a(dMS ot
Force IMGC s oL
F=ma OLg =0

=F =UT 3MG T ot a(aMCian)

(78)

These physical entities provide another form of intuitive, but quantitatively precise, presentation of these
analyses [38].

Using the Lagrangian formulation, a systematic numerical procedure has been developed for fitting
parameters in such stochastic nonlinear systems to data using methods of very fast simulated
re-annealing [58], and then integrating the path integral using a non-Monte Carlo technique especially
suited for nonlinear systems [123-125]. This methodology has been applied with success to military
modeling [36,126] and to financial markets [41,42], and we will be using it in this neocortical system to
correlate EEG to behavioral states [24].

The key issue is that Riemannian geometry is not required to derive the mathematics of multiplica-
tive Gaussian-Markovian systems. More interestingly, after this derivation, it can be demonstrated that
the space of random variables actually induces a Riemannian geometry, obtained explicitly by simply (in
hindsight) reorganizing terms in their defining equations. Then, the differential and path-integral repre-
sentations can be rewritten only in terms of functid(isl) of random variable$/ that are tensor invari-
ant under quite generally nonlinear point transformationsMes M'(M).

The derived probability distribution also is invariant under an equivalence class of discretizations or
“look both ways” interpretations, or any shade in between. This is not the same as incorpooasing
fide physical delays, e.g., those that can give rise to EEG wave propagation, in local circuits as empha-
sized in SMNI, or in long-ranged circuits [46].

The possibility of rewriting any theory or model of neural systems, which can be described by mul-
tiplicative Gaussian-Markovian dynamics, into an algebraic form invariant under Riemannian-geometric
transformations, does not require that neural systems develop or elect mechanisms to take advantage of
these transformations. However, the most obvious candidate for a physical consequence of invariance
under such transformations is the informatiQrdeveloped in SMNI, sometimes loosely referred to as the
“entropy” of the system. The invariance dfimplies that, although different cortical regions may have
different anatomical features and superficially appear to have quite different sets of firing states, they may
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indeed share, encode, or decode the same information using their own specific anatomy and physiology to
develop their own sets of firing states, related to each other by (honlinear) transformations.

This possibility is in the original spirit of other authors, who were attracted to the use of Rieman-
nian geometry to explain how information in sensory regions might be transmitted to motor regions, albeit
that their neural properties differ in many respects. SMNI develops columnar interactions, and here too it
has been tempting to conjecture that local and global processing of columnar firing patterns is enhanced,
if not primarily effected, by transmitting blocks of information that are invariant under nonlinear transfor-
mations of firing states.

Ultimately, these issues must be decided by experiment. There is presently no evidence, pro or con,
to bear on the issue of the explicit Riemannian-geometric nature of information processing of neural fir-
ings. In principle, this could be accomplished by numerically fitting neuronal firing data to Lagrangians
describing regions behaviorally proven to be processing similar information, similar to fits to data pro-
posed for other artificial intelligence systems [127].

5. Information, potential, and long-ranged interactions

There have been attempts to use information as an index of EEG activity [128,129]. However,
these attempts have focused on the concept of “mutual information” to find correlations of EEG activity
under different electrodes. The SMNI approach at the outset recognizes that, for most brain states of late
latency, at least a subset of regions being measured by several electrodes is indeed to be considered as one
system, and their interactions are to be explicated by mathematical or physical modeling of the underlying
neuronal processes. Then, it is not relevant to compare joint distributions over a set of electrodes with
marginal distributions over individual electrodes. The concept of information, as expressed below, may
yet piove to be auseful valid measure to compare different subjects within certain categories.

With reference to a steady st&@M), when it exists, an analytic definition of the information gain
Yin stateB(M) is defined by [1,130]

Y[P] = J’ J'DM PIn(P/P), (79)

where again a path integral is defined such that all intermediate-time vaMeapyfearing in the folded
short-time distribution$ are integrated over. This is quite general for any system that can be described
as Gaussian-Markovian [66], even if only in the short-time limit, e.g., the SMNI theory. (As time evolves,
the distribution likely no longer behaves in a Gaussian manner, and the apparent simplicity of the short-
time distribution must be supplanted by numerical calculations.) AIth(fughNeII defined and useful

for discussing macroscopic neocortical activity, it may not be as useful for all applications. Certainly
many important local changes of information effected by the neocortical system are a function of the
microscopic degrees of freedom already averaged over for the purposes of this study. However, it should
also be noted that the path integral represents an enormous number of spatial-temporal degrees of freedom
of the mesoscopic system. For example, even neglecting specific coding of presynaptic and postsynaptic
membranes, detailed neuronal circuitry, and the dynamics of temporal evolution, in a hypothetical region
of 10° neurons with 18 synapses: considering each synapse as only conducting or not conducting, there
are=exp(7x 10'?) possible synaptic combinations; considering only each neuron as firing or not firing,
there are= exp(7x 10°) neuronal combinations; considering only each mesocolumn as having integral fir-
ings betweer100 and 100, there axeexp(5x 10’) mesocolumnar combinations.

The minimization ofY" with respect toP, with M constrained to its (p033|bly multivalued) mean
trajectory <M >, is formalized by the use of Lagrange parameigrsThis results in the Legendre trans-
form of InP [131] and is equivalent to the generating functioviaefined in the presence of extrinsic
sources]g [121,130]. In the neocortex, some of thdgesources were used to specify firing constraints
imposed on a given region of mesocolumns from long-ranged extrinsic or inter-regional afferents, e.g.
from ipsilateral association, contralateral commissural, and thalamocortical processes:

YImin { Pl< M >;]1}1=Y[< M >;]

——In|5(J)+J’dtJ’d2r<l\7IG > Js (80)
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whereP(J) is calculated by replacing by L”:
LY = L+MCJIg/(2NT7). (81)

If J is distrituted, thenDJ measures &cts on I:J. A Hamiltonian representation, including;MG
interactions, is also readily derived [132]. This may be useful for describing long-ranged constraints that
directly affect rates of change of columnar firings. As noted above, more recent work proposes that the
long-ranged fibers be incorporated directly into Eféthreshold factors, by including them initially in

the microscopic derivation [23,24].

Yj=q is a proper potential, i.e., it possesses free-energy-like properties, having a true minimum
about (<M >; - < M >), where <<M >> is the &tremum ofL obtained by maximizindg®(M) [133].
Its lowest-order approximatd® gives the mean-field approximation:

YQ = §< M >). (82)

T, defined as the “kinetic-energydF-independent part of, is scale independent ®f. There-
fore, the small scale of the neocortical system, about which the system fluctuates, is derinedttaHme
inverse of the number of neurons in a mesocolumn. This is interpreted as the effective “temperature” or
inherent noise of the system. Thus, STM defines a rather “hot” and volatile system, wherein the relevant
activity takes place on the same order Mis'. By contrast, some long-term-memory calculations
described below [15] are consistent with the interpretation of transpiring at a much lower temperature tak-
ing place in a locally more stable environment.

E. Relevance of chaos

Given the context of current studies in complex nonlinear systems [134], the question can be asked:
What if EEG has chaotic mechanisms that overshadow tbeealochastic considerations? The real
issue is whether the scatter in data can be distinguished between being due to noise or chaos. In this
regard, we note that several studies have been proposed with regard to comparing chaos to simple filtered
(colored) noise [134,135]. Since we have previously derived the existence of multiplicative noise in neo-
cortical interactions, then the previous references must be generalized, such that we must investigate
whether EEG scatter can be distinguished from multiplicative noise.

A simple, coarse criteria used to determine whether chaos occurs in a dynamical system is to exam-
ine the nature of propagation of uncertainty, i.e., the variance. As an example of applying the above
framework, in our analysis of military exercise data [36], we were able to fit the short-time attrition
epochs (determined to be about 5 minutes from mesh considerations determined by the nature of the
Lagrangian) with short-time nonlinear Gaussian-Markovian probability distributions with a resolution
comparable to the spread in data. When we performed the long-time path-integral numerical calculations
from some point (spread) at the beginning of the battle, we found that we could readily find a form of the
Lagrangian that made physical sense and that also fit the multivariate variances as well as the means at
each point in time of the rest of the exercise interval. l.e., there was not any degree of hypersensitivity to
initial conditions that prevented us from “predicting” the long-time means and variances of the system.
Of course, since the system is dissipative, there is a strong tendency for all moments to diminish in time,
but in fact this exercise was of sufficiently modest duration (typically 1 to 2 h) that variances did increase
somewhat during the middle of the battle.

In summary, this battalion-regiment scale of battle does not seem to possess chaos. Similar to seri-
ous work undertaken in several fields [135,136], here too, the impulse to identify “chaos” in a complex
system has been premature. It is not supported by the facts, tentative as they are because of sparse data.
Of course, some other combat conditions might show some elements of chaos in some spatial-temporal
domain, and then the resolution of the analysis would determine the influence of that chaos in that sce-
nario.

Similar caution should be exercised regarding neocortical interactions. A more purposeful project
is to compare stochastic with deterministic models of data. Today much attention is turning to the use of
deterministic chaotic models for short-time predictions of systems. For example, if only short-time pre-
dictions are required, and if a deterministic chaotic model could well describe stochastic data within these
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epochs, then this model might be more computationally efficient instead of a more “correct” stochastic
model, which would be necessary for long-time predictions. The scales of time involved are of course
system dependent, and the deterministic chaotic modeling of data is still in its infancy [137].

Similarly, the albove SMNI-derived distributions can be used to help determine if chaos is a viable
mechanism in EEG. While these studies are concerned with neocortical interactions, it is of interest to
note a series of experimental and theoretical studies of nonlinear dynamics of the olfactory bulb in small
mammals, in which distinctive EEG patterns on the bulb surface are shown to be associated with specific
odors [138-140]. These studies demonstrating chaos are very much model dependent, and as such it is
only fair to present the models as possessing chaos, not necessarily the actual physical system.

For example, it has been widely noted that the correlation dimension of data is difficult to calculate;
perhaps it is often not even a well-founded concept, e.g., since the EEG of event-related potentials is
likely nonstationary and very much context and subject dependent [141]. Its calculation, e.g., using the
popular Grassberger-Procaccia algorithm [142], even when supplemented with finer statistical tests [143]
and noise reduction techniques [144], magvprfruitful, but likely only as a sensitivity index relative to
shifting contexts and complementary to other models of EEG data.

V. VERIFICATION OF SMNI
A. Short-term memory

1. General description

The most detailed and dramatic application of the theory outlined here is to predict stochastic
bounds for the phenomena of human STM capacity during focused selective attention [16,18,145-147],
transpiring on the order of tenths of a second to seconds, limited to the retentiar? dfevhs [148].

This is true even for apparently exceptional memory performers who, while they may be capable of more
efficient encoding and retrieval of STM, and while they may be more efficient in “chunking” larger pat-
terns of information into single items, nevertheless they also are limited to a STM capaciy?2of 7
items [149]. This “rule” is verified for acoustical STM, but for visual or semantic STM, which typically
require longer times for rehearsal in an hypothesized articulatory loop of individual items, STM capacity
appears to be limited to two to four [150]. This STM capacity-limited chunking phenomenon also has
been noted with items requiring varying depths and breadths of processing [145-147,151,152]. Another
interesting phenomenon of STM capacity explained by this theory is the primacy versus recency effect in
STM serial processing, wherein first-learned items are recalled most error-free, with last-learned items
still more error-free than those in the middle [153].

The basic assumption being made is that a pattern of neuronal firing that persists foroycey
is a candidate to store the “memory” of activity that gave rise to this pattern. If several firing patterns can
simultaneously exist, then there is the capability of storing several memories. The short-time probability
distribution derived for the neocortex is the primary tool to seek such firing patterns. Since this distribu-
tion is exponentially sensitive tan{nus) the Lagrangian functidn, it is more convenient to deal directly
with L, whereby its minima specify the most likely states that can be sustained at a given time. Then,
several important features of these patterned states can be investigated, as is done for other physical
systems [1], e.g., the evolution of these states, the “time of first passage” to jump from one state to
another state, hysteresis between states that have different depths (values of the Lagrangian at these local
minima), the stability of each state under external forces, etc.

We define the “stationary” (sometimes referred to as the “unifgrbragrangian,L, by setting to

zero all temporal and spatial derivativesMf, e.g., as appearing in Eq. (61). Contour plots of the sta-
tionary LagrangianL, for typical synaptic parameters balanced between predominately inhibitory and
predominately excitatory firing states are examined at many scales when the background synaptic noise is
only modestly shifted to cause both efferent and afferent mesocolumnar firing states to have a common
most-probable firing, centered Wt*® = M® = 0[16]. Within the range of synaptic parameters consid-
ered, for values of L[110?, this “centering” mechanism causes the appearance of from 5 to 10 or 11
extrema for values of L on the order of] 1072. The centering mechanism is achieved by modestly
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shifting B, to cause (€ - alSIVISIN®') to go to zero, thereby driving the threshold fadiSt to zero.

(Note that aF® = 0, the mesoscopic deriian of GaussiarL breaks down, so that we can only consider

a finite region, heavily weighted by, about this point.) In the absence of external constraints and this
centering mechanism, no stable minima are found,; i.e., the system either shuts down, with no firings, or it
becomes epileptic, with maximal firings at the upper limits of excitatory or of excitatory and inhibitory
firings. The appearance of these extrema due to the centering mechanism is clearly dependent on the non-
linearities present in the derived Lagrangian, stressing competition and cooperation among excitatory and
inhibitory interactions at columnar as well as at neuronal scales. (See Fig. 4.)

Figure 4.

It must be stressed that these numbers of minima are determined when the resolution of the con-
tours is commensurate with the resolution of columnar firings, i.e., on the order of five to ten neuronal fir-
ings per columnar mesh point. If the resolution is forced to go down to one neuronal firing per columnar
mesh point, then typically only about half these minima are found. The coarser resolution, in fact, is the
one appropriate for numerical solution of the derived time-dependent path integral: Most important contri-
butions to the probability distributioR come from ranges of the time sli@éeand the “action”NL, such
thatoNL < 1. By considering the contributions to the first and second momentsi 5ffor small time
slicesd, conditions on the time and variable meshes can be derived [123]. The time slice is determined
by 8 < (NL)™ throughout the ranges ®¢ giving the most important contributions to the probability
distribution P. The variable mesh, a function Bf®, is optimally chosen such thAM® is measured by
the covariancg®® (diagonal in the neocortex due to the independenéeafd| chemical interactions)
or AMC®[(g®®6)*? in the notation of the SMNI papers. REfL0? andLLO /7, it is reasonable to pick
6. Then it is calculated that optimal meshes&kE 7 andAM' (4, essentially the resolutions used
in the coarse contour plots.

Since the extrema of the Lagrangian appear to lie fairly well along a line in the two-dimensional
M® space, and since coefficients of slowly varyit\g®/dt terms in the nonstationaty are noted to be
small perturbations oh [15], a solution to the stationary probability distribution was hypothesized to be
proportional to exp{®/D), whered = CN2L, the diffusionD = N/r, andC is a constant. Surprisingly,
at least until more recent research has shown the generality of such results [154], along the line of the
extrema, foIC=1, this is determined to be an accurate solution to the full two-dimensional Fokker-Planck
equation [18]. A weak-noise high-barrier regime defined\@yD > 1, whereA® is the difference irp
from minima to maxima, can be assumed for further analyses [155]. This is extremely useful, as a linear
stability analysis shows that stability with respect to mesocolumnar fluctuations induced by several neu-
rons changing their firings is determined by the second derivative® {f56]; here this just measures
the parabolic cuature ofL at the extrema. Thus, all the extrema of the stationary Lagrangian are deter-
mined to be stable minima of the time-dependent dynamic system. Note however, that it is unlikely that a
true potential exists over a\l® space [122,157].

This stationary solution is also useful for calculating the time of first pasggge, fluctuate out of
a valley in one minimum over a peak to another minimum [156]. It turns out that the valuE&idd 2
for which the minima exist are just right to gityg on the order of tenths a second for about nine of the
minima when the maximum of 10 to 11 are present. The other minim&,lgive the order of many sec-
onds, which is large enough to cause hysteresis to dominate single jumps between other minima [16].
Thus, 7+ 2 is the capacity of STM, for memories or new patterns that can be accessed in any order during
tenths of a second, all as observed experimentally [149]. When the number of neurons per minicolumn is
taken to be 220, modeling the visual neocortex [16], then the minima become deeper and sharper, con-
sistent with sharper depth of processing, but several minima become isolated from the main group. This
effect might be responsible for the lowering of STM capacity for visual processing, as mentioned above.
l.e., the statistical time of passage between clusters becomes many hours, longer than STM, while the
time between minima within a cluster, now with only 2 to 4 minima per cluster, is on the order of tenths
of a second, as observed. This effect also serves to illustrate that the “practical” number of emergent
mesoscopic stable states does not necessarily increase with an increasing number of microscopic units.
(See Fig. 5.)
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Figure 5.

This estimate of the number of minima involves a very sensitive calculation. ThaNisyefe a
factor of 10 larger, or ifr L[D. 1 at the minima, thet,, is on the order of hours instead of seconds,
becoming unrealistic for STM durations. Alternativelytjf were much smaller, i.e., less thar, this
case would be inconsistent with observed time scales necessary for formation of any memory trace [158].
In this context, it is noted that the threshold factor of the probability distribution scale\SDu$1’(2,
demanding that both the macrocolumnar divergence and minicolumnar convergence of mesocolumnar fir-
ings be tested by these calculations.

These results pose serious problems for other models, such as “mean-field” theories or reductionist
doctrines. The mean-field approach essentiallyNetsl, andN"is effectively taken by some investiga-
tors to bel1LC®, the size of a macrocolumn, but others even consider it to be as larg0Xs the total
number of neurons in the neocortex. The reductionist doctrine claims that only circuitries among a few to
several neurons are responsible for a specific pattern of neocortical function, and this effectively sets
N = N on the order of a few neurons. It is hard to understand how both the capacity and duration of
STM can be explained by these other models, even assuming they were or could be derived with realistic
synaptic interactions and correct statistical dynamics.

The statistical nature of this storage and processing also explains the primacy versus recency effect:
The deepest minima of the Lagrangian are more likely accessed than the others of this probability distri-
bution, and these valleys are sharper than the others. l.e., they are more readily accessed and sustain their
patterns against fluctuations more accurately than the relatively more shallow minima. The more recent
memaries or newer patterns may be presumed to be those having synaptic parameters more recently tuned
and/or more actively rehearsed. Thus, both the nonlinearities and the statistical nature of this theory are
tested by STM capacity. These insights have helped to correct the notions of some experimentalists who
claimed they could not find this effect in the visual cortex: Their experimental paradigms were testing the
visual cortex using rules of auditory capacity£ Z), and therefore they were washing out this effect.

These calculations give experimental support to the derivation of the mesoscopic probability distri-
bution, yielding similar algebraic structures of the threshold factors in Eqgs. (32) and (63), illustrating
common forms of interactions between their entities, i.e., neurons and columns of neurons, respectively.
The nonlinear threshold factors are defined in terms of electrical-chemical synaptic and neuronal parame-
ters all lying within their experimentally observed ranges.

2. STM calculation

Three cases of neuronal firings were considered [16]. Since STM duration is still long relative to
stationary solutions ok, derived fom L in Eqg. (61), were investigated to determine how many stable

minima, < M€ >, may simultaneouslg exist within this duration. Also, individual mesocolumns were

studied. I.e., take the uniform limit &~ = 0= OM®. Although thel\?lG = 0 limit should only be taken
for the midpoint-discretized Lagrangian, this is a small difference here [16].

A model of dominant inhibition describes how minicolumnar firings are suppressed by their neigh-
boring minicolumns. For example, this could be effected by developing nearest-neighbor (NN) meso-
columnar interactions [15], but here the averaged effect is established by inhibitory mesocolumns (IC) by
setting AL = AF = 2AE = 0.0IN"/N. Since there appears to be relatively little | connectivity, set
Al =0.000IN"/N. The background synaptic noise is taken t@®pe= BL = 2BE = 10B| = 0. 002N"/N.

As minicolumns are observed to hav#l0 neurons (the visual cortex appears to have approximately
twice this density) [59], and as there appear to be a predominarieewdr | neurons [46], here take

NE =80 andN' =30. UseN"/N =10%, J =0 (absence of long-ranged interactions), ¥ffd v&,, and

¢ as estimated previously, i.&/C =10 mV, }&|=0.1 mV, ¢& =0.1 mV. The “threshold factors”

F\¢ for this IC model are then

£ 0.5M'-0.23M%+3.0
' 20.1M" +0.05MF +9.80)2
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. 0.00M'-0.5M"-45.8
7 20.00M" +0. IME +11. 22

In the prepoint-discretized determlnlstlc limit, the threshold factors determine when and how smoothly
the “step functions” tanHF in g°(t) changeMG(t) to MC(t +6). Flc will cause afierentM' to fire for

most of its alues, asvl' G- N tanhF|. will be positive for most alues ofM® in F|c, which is already
weighted heaV|Iy with a term -45.8. Looking B, it is seen that the relatively high positive values of
efferentM’ require at least moderate values of p03|t|vereﬂitM to cause firings of &frentM E,

The calculations presented here support the contention that the neocortex functions at multiple hier-
archies. While specific long-term memory (LTM) information is most likely coded at the microscopic
neuronal level, the mesoscopic scale most likely provides the context for multiple most-probable firing
patterns which process STM and which facilitate plastic synaptic encoding of LTM [15].7 E.gan
range from O to values greater thar? [134,15]. However, realistic constraints on STM duration dictate
that only values of L < 0. 04 are of interest here. Detailed mesoscalar calculations demonstrate that only
this range exhibits sufficient nonlinear structure to support STM phenomena.

It is discoveed that more minima df are created, or “restored,” if the numeratorfef contains
terms only inM®, tending to centek aboutM® = 0. Of course, any mechanism producing more as well
as deeper minima is statistically favored. However, this particular “centering” mechanism has plausible
support: MC(t +7) = 0 is the state of afferent firing with highest statistical weight. I e., there are more
comblnatlons of neuronal firingsg; = £1, yielding this state than any othevi® (t+7); e.q.,
N2 7N ®)~1/2 relative to the stateM® = +NC. Similarly, M*C(t) is the state of efferent firing with
highest statistical weight. Therefore, it is natural to explore mechanisms that favor common highly
weighted efferent and afferent firings in ranges consistent with favorable firing threshold Fattors
Another efect of this centering mechanism apparently is to shift minirrfaGocfloser together, permitting
them to often cooperate instead of compete.

(83)

Detailed calculations demonstrate that eitE%rorEI separately typically give rise to more multi-
ple minima,=10, than permitted by their sumat this resolution. This “loss” of minima apparently is an

interesting consequence Bf- 1 competition at the mesoscopic scaen one hand, sincEG scales as
NC/N for relatively lage M, L dominates due to the ger ME in its meangE. On the other hand, for
relativdy small ME, g typically is small if there are sena# multiple minima inlf, since most of the
minima are found to cluster about the origitherefore L scales asN®)™* from the variancesg®) 2,
andL' dominates for smal®
The centering effect of the IC model of dominant inhibition, labeled here as'thedgl, is quite
easy for the neocortex to accommodate. For example, this can be accomplished simply by readjusting the
synaptic background noise froBg to B'S,

1 1
VG—(5 AP +BP)VPN! —EAEVENE
VENG

for bothG = E andG = 1. This is modified straightforwardly when regional influences fidrtt are
included, as in in Eq (63) In generBE andB® (and possiblyAS and A® due to actions of neuromod-
ulators, andJg or M*E constraints from Iong ranged fibers) are available to force the constant in the
numerator to zero, giving an extra degree(s) of freedom to this mechanisBiE (fould be negative,

this leads to unphysical results in the square-root denominafef.oHere, in all examples where this
occurs, it is possible to instead find posit®/& to appropriately shift the numerator 6f.) In this con-

text, it is experimentally observed that the synaptic sensitivity of neurons engaged in selective attention is
altered, presumably by the influence of chemical neuromodulators on postsynaptic neurons [159].

By this centering mechanisiB;E = 1. 38 andB'| = 15. 3, andF ¢ is transformed t& g,

B'E = (84)
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0.5M' -0.25v "
7420, IM' +0.05MF +10. 4)/2

E —
FICY -

| 0.008M' —0.5MF
Fic = o —E . (85)
2(0.00IM " +0. 1M~ + 20. 4)/2
Note that, aside from the enforced vanishing of the constant terms in the numerzﬁ@:sld)ﬁe only
other change ifF ¢, relative toF 2 is to moderately affect the constant terms in the denominators. This
increases the number of minimardf,c: to 4. The two minima clustered close to the origin are no longer
discernible forrL,c: > 0. 03.

The other “extreme” of normal neocortical firings is a model of dominant excitation, effected by
establishing excitatory mesocolumns (EC) by using the same paranfeBgsvS, ¢S, Al } as in the
IC model, but settind\E = 2AL = 2AF = 0. 0IN"/N. This yields

E L 0.25M' -0.5M" -24.5
5 2(0.05M" +0.10MF +12. 32

. 0.00MM'-0.25mF-25.8
5T 712(0.00M' +0.05ME +7. 24}

The negative constant in the numeratoFg§ inhibits aferentM' firings. Although there is also a neg-
ative constant in the numerator EEC, the increased cdidient of M (relative to its corresponding
value inFE), and the dct thatM E can range up t&lF = 80, readily permits excitatory firings throughout
most of the range d¥l . This permits three minima.

Applying the centering mechanism to EB{ = 10.2 andB'| = 8.62. The net effect ifF s, in
addition to removing the constant terms in the numeratoREgfis to change the constant terms in the
denominators: 12.3 ifEc is changed to 17.2 iRE~, and 7.24 inFL¢ is changed to 12.4 iRL.. Now
six prominent minima are possible along a line throl\?g%z 0, and two thers are aM® = +N®. Each
pair of minima abve and below he M' =0 axis merge into single minima foLgc > 0.02, and these
lose resolution forLgc > 0. 03.

Now it is natural to examine a balanced case intermediate between IC and EC, labeled BC. This is
accomplished by changimE = AL = AF =0.005N"/N. This yields

e _ 0.25M' -0.25M% - 4.50
BT 120, 05MF +0.05M" +8.30}2

(86)

. 0.008M'-0.25MF%-25.8
B¢ 717200, 00mM " +0. 05QVIE +7. 2432
Three minima are possible, on the boundariedl 8fspace.
Applying the centering mechanism to BEBE = 0. 438 andB'| = 8.62. The net effect iﬁgc,, in
addition to removing the constant terms in the numeratoF&efis to change the constant terms in the

denominators: 8.30 i g is changed to 7.40 iRg., and 7.24 inFgc is changed to 12.4 iRg.. Now
ten minima are possible. The nine minima along the diagonal line lose resolutidrg§or 0. 01 above
M' =0 and forrLge > 0.02 belov M' =0.

The effects of using the full feman Lagrangiah. were considered, including all the Rieman-
nian and other nonlinear corrections, discussed below. The net effect is to slightly raise the threshold at
which minima dissipate, to aboukgc = 0. 03, which is relevant for the duration of STM, discussed sub-
sequently. However, note that the minima structure is essentially the same. (See Fig. 4.)

To demonstrate that multiple minima are not an effect of nonlinearities induced by the denomina-
tors of F©, the net &ct in Lge by dropping theM© terms in the denominators 5@0 is such that the

(87)
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valleys of minima are only slightly increased. However, these denominators are still important contribu-
tions derived from synaptic interactions. E.g., evatinuhe M® terms dropped, the denominators con-
tribute factors of /5 toF 5.

If N is scaled larger or smaller, this effectively sca#s= As’N"/N andBE = BSZN'/N, dis-
turbing the relatively sensitive balance that permits a few percent of efferent firings to affect their affer-
ents. Then, the number of possible minima is typically reduced to one or tbislscaled larger or
smaller, the number of minima is altered and the duration of STM is affected, as discussed subsequently.
However, forN still in the range of a few hundred, the number of possible minima is not severely
reduced. The cadd = 220, e.g., the visual cortex was considered: For modgItBE number of promi-
nent minima found is 11, but they form clusters, with higher peaks between clusters than between minima
within a cluster. Note that the larghlr sharpens the minima and therefore the resolution of visual infor-
mation processing. (See Fig. 5.)

Note that the sharpness of the t&fhstep-function contribution to the mean firing is sensitive to a

factor of Nz in FC. Additionally, the strength of coupling between mesocolumns scalb’as Thus

the neuronal size of mesocolumns directly affects the breadth and depth of the information processing
capability of the neocortex. It is interesting to note that the human visual cortex, which may be assumed
to require the finest tuning in the neocortex, is unique in having twice the number of neurons per minicol-
umn than other regions of the neocortex [59].

These results are unchanged qualitatively for modest changes of any neocortical parameters. How-
ever, it is reasonable to conjecture that more drastic abnormal changes in the neocortical parameters might
severely reduce the number of minima. This conjecture is based on calculations Wi fedeimot pos-
sess the relatively sensitive balances allowing a few percent of efferent neurons to control firings in their
afferent neurons. In calculations using these unrealistic or abnormal parameters only one or two minima
survive.

3. STM stability and duration

The calculation of stability and time of duration in most likely states of firing starts by using the dif-
ferential-equation Hamiltonian formulation of the path-integral Lagrangian, called the Fokker-Planck
equation. For future reference, when EEG’s are discussed below in the context of considering a given
local minimum, note that the time-dependent differential macroscopic probability distriButidi], P,
or “propagator,” is found to satisfy a true Fokker-Planck equation, but one with nonlinear drifts and diffu-
sions in the space & and| firings. The Fokker-Planck equation for the regidrs

oP __ 1 "~ ~ ~
o =Q lI dzr[i (9°®'P)ce —(g°P) g + NV'P]

(-+)g=0(Y)OMEC . (88)

The true Fokker-Planck equation is actually more general, e.g., if long-ranged spatial structures are
included, where the independent variabW$ are fields which themselves may depend on space and time
coordinates. The alve equation is derived in the nearest-neighbor approximation from the general equa-
tion using functional derivatives [16],

(- - WOMC = (- )oMC |

5(-- WM® = (- )6 = Ti(--)ge + T+ ) g » (89)

where we have used the compacted notation introduced previously [16].

An estimate of a stationary soluti®?;,; to the Fokker-Planck differential equation for the probabil-
ity distribution P of M firings for an uncoupled mesocolumn, i\.= 0, is given by the stationary limit
of the short-time propagator,

Pstat Nstatgll2 exp-CNrL),
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g = det@®®)™ = det@sc') = Yee Qi - (90)

where Ngi5: andC are constant factors. An estimate of the approximation made is estimated by seeking
values of constants, such that the stationary Fokker-Planck equation is satisfied exactly. Contour plots
of C versusM® demonstrate that there exists real posifiwehich may only range fror 107 to (1L, for

which there exists unbroken contours®fvhich pass through or at least border the line of minima [18].

At each poinﬂ\?IG, this leaves a quadratic equation @to be solved. Dropping thg*? factor results in

C not being real throughout the domainhof .

Thus we have defined a solution with potermﬁt =[ AdM, drift A, and diffusionN/r. Stability
of transient solutions, defined M€ about a stationary State by

oMC=- AgIM® = -N?L 55oM€ (91)
is therefore equivalent t&cdM >> being a minimum ot..

Since the minima of the Lagrangian lie deep in a valley along a line, the time for first pagsage,
is estimated in analogy to a one-dimensional system as [156]

typ=TN L ge (< M p)| L oa (< M )]

xexp { CN7[L(< M >p) - L(< M >)] } , (92)

where < M >, is the minimum at the valleyfd in question, and<M >>, is the maximum at a peak
separating two minima. These equations are reasonable but crude estimates, and future numerical work
must be done to detail the extent of their validity.

The exponential factor can be quite large in some instances, and quite small in others. As noted
previously [15], diferences irL from valleys to peaks are still large relative to the Riemannian correction
terms and relative to differential spatial-temporal contributions, thereby permitting this simpler analysis.
However, values of L at maxima separating the far minima may be greater than 1, thereby yielding a
very larget,,, typical of many physical systems undergoing hysteresis [15]. Relaxation tiirabsut
this stationary state are estimatedgf&|[1 [156], and are on the order of

For changed\Z in synaptic paramete® = { Ay, Bjy,V;, Vik, @i, N'¢ } that transpire within a
At of several tenths of a second to seconds, e.g., during typical attention spans, hysteresis is more proba-
ble than simple jumps between minima if the following inequalities are satisfied. These estimates neces-
sarily require more details of the system in addition @ndt,, [156]:

_ -1 — -1
Cht, At NZAL_,GE N _AZ ON rthAL_B
o Az g 27 M DD AZ  §

For AZ approximately corresponding to a significant increase in the synaptic efficacy of one neuron per
minicolumn, this typically leads to

AZ AZ AZ
e
te At ty
where the last inequality may or may not hold, depending on the valye of

Therefore, it is possible for hysteresis to be highly more probable than simple jump behavior to
another firing state. This provides a mechanism whereby an extended temporal firing pattern of informa-
tion can be processed beyond the time scale of relaxation periods, e.g., reverberation among several local
minima. It is to be expected that the effectdgfr;t) onAZ(r;t) create more complex examples of spa-
tial-temporal hysteresis. These sustaining mechanisms may serve to permit other biochemical processes
to store information for longer time periods as stable synaptic modifications, e.g., LTM. As detailed
previously [15], changes in synaptic paramet&Zsmay duplicate the effects df, providing a mecha-
nism whereby columnar firings encode long-range firing constraints. If this encoding of firing patterns
can establish itself on short enough time scales, then columnar coding of long-range firings could be a
precursor mechanism initiating the centering mechanism above, especially across large regions of the

(93)
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neocortex. Then, there would be a more uniform gradation of mechanism(s) establishing STM and LTM.

However, to address the issue of limited capacity of STM, it is reasonable to require that within
time spans of tenths of a second to tens of seconds, simple jumps among minima are more probable than
hysteresis. This permits all minima to be readily accessible during STM duration, in any ordering [149],
at least more so than if hysteresis were more probable. In agreement with this empirical requirement, as
detailed in the previous studies, it is found thHf(< M >>p) - L(< M >)][D. 01—0. 03 for these
models using empirical values for synaptic parameters. ThemEQ;G||[ﬂ0‘3, t,p,[1L0r—100r, on the
order of several tenths of a second to a second. Use of the yulinBa LagrangiarLg increased,,
slightly. For these relatively shat, the second inequality ale isviolated, and simple jumps are more
probable than hysteresis, as required for STM.

Under conditions of serial processing, the deeperyslid L representing the more likely firing
states will be occupied first. In all cases considered here, some valleys are deeper than the others. This
implies that the last several items in STM should be harder to encode (learn) and retain, with the possible
exception of the last one or twieins, which represent the most recent shifting of firing patlélr(ﬁso
these minima <M >, of L. These conclusions are consistent with empirical observations, and are
obtained independent of any other rehearsal mechanisms that may exist.

Calculations in these models establish that the prefactor most often idowever, points close to
the cornerd® = +(NE, N") have much more rapid variations. Therefore, minima at these corners, even
whenrL(< M >>,)D. 01—0. 03, because of their sharp peaks, typically hgwen the order of tens of
seconds to jump to minima clustered on the diagonal. This is within the range where hysteresis is more
probable for these minimalherefore, minima at the corners Mif° space most likely do not contribute
to STM, bringing the number of available minima down t©27as empirically observed.

B. EEG dispersion relations

1. General description

Linear expansions about specific extrema, specified by the Euler-Lagrange variational equations,
permit the development of stability analyses and dispersion relations in frequency-wave-number
space [14,15,17]. Of course, such linear expansions are justified only after the nonlinear problem, e.g.,
such as that encountered for STM, is solved for locations of minima. It is noted in this regard that the cor-
responding wave propagation velocities pace interactions over several minicolumns, in order to be of
magnitude sufficient to permit simultaneous information processing withi® ! sec with interactions
mediated by long-ranged fibers possessing much greater propagation vel@@8e900 cm/sec [17].

E.g., detailed auditory and visual processing can feed information to the association cortex where it can
be processed simultaneously, possibly giving feedback to the primary sensory regions. The propagation
velocities calculated by SMNLL cm/sec, also are consistent with observed movements of attention [160]
and of hallucinations [161] across the visual field. This strongly suggests that nearest-neighbor meso-
columnar interactions as developed here are an important mechanism in these movements. These veloci-
ties scale strongly with thealues ofV® minima, increasing with their distance frvh® [D, the range of

maximal firing combinations. This effect remains to be further investigated; the appropriate calculations
should test the nearest-neighbor spatial dependence of the SMNI theory.

These mesoscopic dispersion relations also are consistent with global macroscopic dispersion rela-
tions derived and fitted to EEG data [46], yielding oscillatory solutions consistent withrthyghm, i.e.,
w = 107 se¢?, equivalent tov = w/(27) = 16 cps (Hz). This suggests that these complementary local and
global theories may be confluent, considered as a joint set of dispersion relations evolving from the deter-
ministic limit of a joint Lagrangian, referred to as the “equations of motion,” but linearly simplified in
neighborhoods of minima of the stationary Lagrangian.

Other researchers have developed quite different approaches to investigating macroscopic neocorti-
cal activity, e.g., stressing that systematics of rhythmic EE@&ythm, sleep, etc.) can be modeled by
resonant modes of macroscopic dipole-layered firing patterns of the neocortex [46,48,49,52]. These reso-
nances, in linearized coupled excitatory-inhibitory spatial-temporal integral equations describing dipole-
layered sources, give rise to a macroscopic dispersion relation relating firing frequencies to spatial wave
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vectors, consistent with experimental observations. While many other investigators also accept dipole
layers to model EEG activity, at least to the extent of recognizing activity perpendicular to laminae, they
also demonstrate that there are respectable candidates for mechanisms that might fundamentally be
responsible for macroscopic activity, other than those proposed here which detail synaptic dynamics of
mesocolumnar interactions [11,162-167]. For example, given the present lack of experimental knowl-
edge, it is possible to formulate macroscopic neocortical activity in terms of statistics of either membrane
or synaptic microscopic neuronal activities, albeit that these two are obviously dependent on each
other [168]. Therefore, the results of this statistical theory derived earlier [17] might be interpreted either
as suggesting that mesocolumnar activity instigates macroscopic activity, or rather as suggesting that
mesocolumnar activity strongly interacts with ongoing macroscopic activity that is instigated or sustained
by other mechanisms.

The two approaches outlined above, i.e., local mesocolumnar versus global nonmesocolumnar, give
rise to the important alternative conjectures suggested previously in this paper. Other studies also have
proposed that EEG may be due to a combination of short-ranged and long-ranged interactions, which
combine to form a single dispersion relation with multiple branches [44].

It is plausible that studies of the origin of rhythmic EEG will give direct insight into related mecha-
nisms underlying evoked potentials. However, in contrast ter ttteythm and other gross EEG phenom-
ena being gauges of general alertness to process information, the time-locked averaged evoked potentials
appear to be a gauge of more selective attention to information being processed. Therefore, to derive a
plausible picture of the nature of evoked potentials, it is more likely that more details of local interaction
among columnar interactions must be included, such as those given below.

The first SMNI approach to scalp EEG assumed that the Euler-Lagrange variational limit of the
stochastic Lagrangian was a suitable averaging procedure over masses of neurons contributing to this rela-
tively coarse spatial phenomenon [17].

It should be noted that at this point in the development of our ‘bottom-up” description we have
overlapped with our initial “top-down” description as described in Sec. I, and therefore have provided a
relatively first-principles approach to better understand these issues. We also show that most likely trajec-
tories of the mesoscopic probability distribution, representing averages over columnar domains, give a
description of the systematics of macroscopic EEG in accordance with experimental observations.

2. Euler-Lagrange variational equations

This calculation bgins by considering the Lagrangidn:, the Feynman midpoint-discretized
Lagrangian. The Euler-Lagranganational equation associated witlz leads to a set of 12 coupled
first-order differential equations, with coefficients nonlinear M°®, in the 12 variables {

ME, M® M® OM®,02M® } in (r;t) space. In the neighborhood of extrersaM® >, L can be
expanded as a Ginzburg-Landau polynomial, i.e., in poweksfoadndM'. To investigate first-order lin-

ear oscillatory states, only powers up to 2 in each variable are kept, and from this the variational principle
leads to a relatively simple set of coupled linear differential equations with constant coefficients:

0=0Lr =Lr gt~ dclr

== fgN%+ 1S - g IPMC +bg Ml +b NS, G2 G,

(et =C)ee ME + (- ) g me

MO = MO- < M 5, 1L =1}

f. (95)

These equations are then Fourier transformed and the resulting dispersion relation is examined to
determine for which values of the synaptic parameters and of the normalizeduwwalveré, the conju-
gate variable to, can oscillatory states(¢), persist. E.g., solutions are sought of the form

M® = ReMgs explHi(£ [ - wt)]
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MEr 1) = [ 026 doo Mosd £, ) expli(€ [T - wt)] (96)

For instance, a typical example is specified by extrinsic soulges-2.63 andJ, = 4. 94,
NE =125 N'=25v® =10 mv, Ag =1.75, AF =1.25,BE =0.25, andv = ¢S =0.1 mV. The
synaptic parameters are within observed ranges [72], ani:thare just those values rquuired to solve
the Euler-Lagrange equations at the selected valuég%f The global minimum is aM"~ = 25 and

M' =5. This set of conditions yields (dispersive) dispersion relations
wr=+{ - 1.86+2.38¢p)% -1.25 +1.5%(ép)?*} , (97)

whereé = [£|. The propagation velocity defined dyw/d¢ is (1L cm/sec, taking typical wavenumberso
correspond to macrocolumnar distan€&30p. Calculated frequencias are on the order of EEG fre-
quencies] 10? sec?, equivalent tov = w/(27)= 16 cps (Hz). These mesoscopic propagation velocities
permit processing over several minicoluning0* cm, simultaneous with the processing of mesoscopic
interactions over tens of centimeters via association fibers with propagation veld@@e<900 cm/sec.

l.e., both intraregional and interregional information processing can occur Wittt sec. Note that

this propagation velocity is not “slow”: Visual selective attention movesBansec/deg [160], which i

1/2 mmi/sec, if a macrocolumn Bin? is assumed to span 180 deg. This suggests that nearest-neighbor
interactions play some part in disengaging and orienting selective attention.

C. Calculating synaptic modifications

Perturbations of the synaptic and neuronal parameters used in SMNI present an approach to the dis-
cussion of plastic synaptic modifications. These changes are associated with new firing minima and their
associated sets of eigenfunctions, related to learning new sets of information. This is especially true dur-
ing development of synaptic formation, at a rate determined by successive small increments of these per-
turbations. Changes in the coefficients of gradient couplings also represent shifts in oscillatory states and
in the degree of interaction between columnar firings.

To further clarify this methodology, an explicit calculation is given, demonstrating how a small
increment of extrinsically imposed firing activity can be learned and stored as plastic synaptic modifica-
tions. Moderate changes in efficacies of even one neuron per mesocolumn give rise to moderate changes
in macroscopic activity; therefore, macroscopic measurements can, in this theory, be sensitive to some
microscopic details of neocortical interactions. Although most researchers believe that long-term potenti-
ation (LTP) at synaptic sites is responsible for long-term memory (LTM) phenomena, they still are not as
certain whether these changes take place predominantly at the presynaptic or postsynaptic sites [169].
Therefore, the SMNI study described below [15], looking at induced mesocolumnar effects from these
alternative mechanisms, is still relevant.

Consider the change in probability of firing of neurjorpaj, associated with modifications of the
neuronal parameters. Changes can occur in some paragigrsre

ZO A Bl Vi 9k } s (98)
which lead to
AZO A Ay, ABY, AV, Mg } (99)

Now consider changeAZ in these parametefd that can be independent or proportional to the
(repeated) firing of neuron(s) postsynapticallydr presynapticallyk).

AZ = NZy + 0 D2y + 0y 0jAZ3 + 0AZ, . (100)
All theseAZ effects collect to modify the threshold factéy derived for unit microscopic neuronal firing,

Fi - Fj'=F; +(AF;y + AF ) + 0j(AF 3+ AFj,) ,

AFj1234=(OF/0Zj1230Z1 234 (101)
To orderAF; 5 3 4 SO that the normalization of probabilip, + p- = 1 is preservedp,, is modified as
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o 0, = expie;F;")
i 71 expF;" + exptF;")

Fi"=F; +AFj1+AFj2+(AFj3+AFj4)tanhFj '

Fj”'z FJ+AF11+AF12+AFJ3+AFJ4 (102)
(This form of ps,' corrects that given in a previous paper [15], changing the sign of the tanh term and
removing this factor ik ;" , thereby insuring that probability is conserved to orkier)
Thus, the change in response of a single neuron associated with its synaptic modifications is a
highly nonlinear function of the synaptic paramet¢rg,AZ } . Nonlinearities persist even after meso-
columnar averaging, but then, because of the derived variational principle, explicit calculations can be

performed to portray most-probable changes in patterns of columnar firings associated with changes in
the Lagrangian:

oL
Le - Le +ALp=Lp +3 —- AZ. (103)
S 9z

To emphasize the point that linear-response models of neuronal activity should be scrutinized with
respect to the underlying biophysics and mathematics, which they are assuming to be linear, the following
equation is shen to represent the first-order changelinassociated with modifications of only the
columnar averaged efficaciéé,, where sums are to taken only o@rterms:

AL = AFS(2N®N7) 1 { [(N®)2+ (M® + M%) sinh(2FC) + 2NC(rM® + M®) cosh(F®) }
~AAZ (V"G I0AG)(POM®)?

AFC = ~@2F§)AASIVE(ME + N®) + m(vE " + 6§ )M + N®)FCI2FG)]

FS =[mvg” + a8 ) AGME 2+ a No)*2,

AAS = DAS | +DAAS, + (AAS; + AAS,) tanhFC . (104)

ExaminingAAg,, it is clear that even after mesocolumnar averaging, groups of synaptic modifica-
tions dependent on postsynaptic firings can be discerned from groups of modifications independent of this
activity, by the additional tank® factor. However, since

Uk(l+0k):1+0k , (105)

mesocolumnar averaging washes out discriminatioml@L3 from AAg,Z'4 unless these possess addi-
tional distinguishing functional features. Similar calculations are proposed to further investigate phenom-
ena as encountered in habituation [170].

For instance, a system considered Wes= 125, N' =25, vC® =10 mV, AS =1.25 A® =1, 75,
Bg, =0.25,vg = (pg, =0.1 mV, andJg =0 (no long-ranged connectivity) [15]. This system was synap-
tically modified about its most probable firing stateﬁbé)ég = -0.01tant®, e.g., numerically equiv-
alent to a substantial changeAs, of oneE neuron per mesocolumn in a region. Then, the change in the
uniform Lagrangian was

TAL=—-4.87x 107 +3.99x 10%(MF- < MF >)

—9.80x10°3(M'- < M' ). (106)

The shifts in the most-probable firing state M® > associated with this synaptic modification are
observed to be algebraically equesmt, within a constant increment tg to those that could also have
been caused by extrinsic stimulations measured hiE/(2rN)=3.99x10° and
J,/(2rN) = -9. 80x 10°°. This shifts < M® > and L, (<« MF > < M' > 1),
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(89.02,23.14: 1.5810°%) _, (89.20, 23. 19:3. 25x 10°7%) . (107)
Changes in the coefficients of spatial derivativeBM€)?||OM')?] are
[-5.33%107||9. 65x 1074 - [-5.72x 107°||9.65x 1074] . (108)

Changes in the coefficients of temporal derivatives % (M')2:: M5: M'] are
[4.81x107°:1.09% 10°3::5.38x 10%: -6. 14x 104

- [4.82x107°:1.10x102::5.43x 10°%: -5.28x 107 . (109)
From the Euler-Lagrange equations; is shifted,
+{0.392 -1.68(6p)% 1.01 —0.541i(¢p)?}

~ +{0.396 -1.79(£p)% 1.01 —0.550(ép)? } . (110)

These numerical estimates suggest that the sensitivity of mesocolumnar statistics to microscopic dynam-
ics barely might be within the present range of experimental determination, e.g., to changes induced by
small clusters of neurons. This calculation also represents an explicit demonstration of how extrinsic con-
straints on firing patterns can be learned and coded by plastic synaptic modifications. In general, there
exist (a set of) synaptic modificatioAZ (r;t") that reproduce the most probable firing stateM<) >

induced byJg(r;t").

Given the above, a precise scenario of neocortical information processing is thereby detailed, from
coding of long-ranged firings from stimuli external to a macrocolumn by short-ranged mesocolumnar fir-
ings, to STM storage via hysteresis, and to LTM storage via plastic deformation [15]. This scenario
enables SMNI to place some statistical bounds on such mechanisms. For example, as calculated in detail,
some STM items can be held for long enough epochs via hysteresis [15,16], from which plastic synaptic
changes can be used to store these in LTM [15]. In contrast to the appearance of multiple minima in the
interior of M€ space under conditions of realistic but sensitive adjustment of synaptic interactions, which
are candidates for multiple STM [16], typically one or at most a few minima appear at the cotdéts of
space. This typically occurs when the system likely has minima outside the physical boundary. These
boundary states correspond to@lheurons collectively firing or not firing [15]. When these corner min-
ima are present, they are typically much deeper than those found for the interior minima, corresponding to
longer-lived states with properties of hysteresis rather than simple jumps. These corner minima are there-
fore candidates for LTM phenomena. Similar properties of corner minima in simpler models of the neo-
cortex have been shown to satisfy properties desirable for multistable perception and for collective com-
putational properties [171].

V. DIRECT FIT OF SMNI TO EEG

A. Data collection

The project uses the collection of EEG spontaneous and averaged evoked potential (AEP) data from
a multi-electrode array under a variety of conditions. We are fitting data being collected at several centers
in the United States, sponsored by the National Institute on Alcohol Abuse and Alcoholism (NIAAA)
project [172,173]. Another paper to appear in the neuroscience literature will address issues of neurosci-
entific and clinical import. These experiments, performed on carefully selected sets of subjects, suggest a
genetic predisposition to alcoholism that is strongly correlated to EEG AEP responses to patterned tar-
gets.

For the purposes of this paper, it suffices to explain that we fit data obtained from 19 electrode sites
on each of 49 subjects, of which 25 are considered to be high risk with respect to a propensity to alco-
holism, and 24 are considered to be low risk. Each subject participated in EEG-monitored pattern-match-
ing tasks. The time epoch during which the P300 EP exists was extracted (the P300 EP is named for its
appearance over 300 msec after an appropriate stimulus), yielding 191 time epochs of 5.2 msec for each
of the alove circumstances. Each set of 192 pieces of data is obtained by having the subject perform
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similar pattern-matching tasks, e.g., about 100 such tasks, time-locking the EEG responses to the initia-
tion of the task, and averaging over the set of tasks for each time epoch.

B. Algebraic development
We take Eq. (10) as the basic probability distribution to fit this data. This can be developed
straightforwardly using(Z), given in Eq. (23), an@[MS(t + r)|M€(t)], given in Eq. (41).

Alternately, advantage can be taken of the prepoint discretization. We also take advantage of and
extend the results gained for the STM analysis discussed previously. Accordingly, we assume a linear
relationship (about minima to be fit to data) betweerMefiring states and the measured scalp potential
®,, at a given electrode siterepresenting a macroscopic region of neuronal activity:

o, -p=aMF +bM' (111)
where { @¢,a,b} are constants determined for each electrode site. In the prepoint discretization, the
postpointM &(t + At) moments are given by

m=<®,-p>=a<ME>+b<M' >
=ag=+bg' ,

0% =< (®, - 9)*> > - < ®, — p>?= a’gFF +b?g" | (112)

where theM ®-space driftgg®, and diffusionsg®®’, have been derived above. Note that the macroscopic
drifts and diffusions of th@’s are simply linearly related to the mesoscopic drifts and diffusions of the
M®€’s. For the prepoinM ©(t) firings, we assume the same linear relationship in ternfsgf, b} .

The data we are fitting are consistent with invoking the “centering” mechanism discussed above.
Therefore, for the prepoiriil =(t) firings, we also take advantage of the parabolic trough derived for the
STM Lagrangian, and take

M'(t) = cME(t) (113)

where the slope is determined for each electrode site. This permits a complete transformatiokl ffom
variables tab variables.

Similarly, as appearing in the modified threshold fa¢tSrgiven in Eq. (63), each regional influ-
ence from electrode sifeacting at electrode site given by afferent firing®1*F, is taken as

MIE, =d,MEt-T, ), (114)

whered, are constants to be fitted at each electrode siteT angis the delay time estimated for inter-
electrode signal propagation, based on current anatomical knowledge of the neocortex and of velocities of
propagation of action potentials of long-ranged fibers, typically on the order of one to several multiples of
r=5 msec. Some terms in whichdirectly affects the shifts of synaptic parame®gs when calculating

the centering mechanism also contain long-ranged efficacies (inverse conducBgtied)herefore, the

latter were kept fixed with the other electrical-chemical synaptic parameters during these fits. In future
fits, we will experiment taking th€’s as parameters.

This defines the conditional probability distribution for the measured scalp poteptial

Py[®,(t +AD)|®,(1)] = exp(-L,At),

1
(2ma2At)12

- 1 3 2
Lv = ﬁ (CDV - m) ) (115)

wherem and o have been derived just above. As discussaw/alin defining macroscopic regions, the
probability distribution for all electrodes is taken to be the product of all these distributions:

P=MP,,
v
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L=3L,. (116)

v

Note that we are also strongly invoking the current belief in the dipole or nonlinear-string model.
The model SMNI, derived foP[ME(t + At)[ME(t)], is for a macrocolumnar-averaged minicolumn;
hence we expect it to be a reasonable approximation to represent a macrocolumn, scaled to its contribu-
tion to ®,. Hence we uséd to represent this macroscopic regional Lagrangian, scaled from its meso-
scopic mesocolumnar counterphlrt However, the ative expression forP, uses the dipole assumption to
also use this expression to represent several to many macrocolumns present in a region under an elec-
trode: A macrocolumn has a spatial extent of about a millimeter. A scalp electrode has been shown just
recently, under extremely favorable circumstances, to have a resolution as small as several millimeters,
directly competing with the spatial resolution attributed to magnetoencephalography; often most data rep-
resents a resolution more on the order of up to several centimeters, many macrocolumns. Still, it is often
argued that typically only several macrocolumns firing coherently account for the electric potentials mea-
sured by one scalp electrode [51]. Then, we are testing this model to see if the potential will scale to a
representative macrocolumn. The results presented here seem to confirm that this approximation is in fact
guite reasonable.

As noted in a previous SMNI paper [16], the structure of STM survives an approximation setting
M€ =0 in the denominator of®, after applying the “centering” mechanism. To speed up the fitting of
data in this first study, this approximation was used here as well.

The resolution of this model is certainly consistent with the resolution of the data. For example, for
the nonvisual neocortex, taking the extreme of permitting only unit chandé$ ifirings, it seems rea-
sonable to always be able to map the observed electric potential ¢aft@m® a given electrode onto a
mesh a fraction of MEN' = 10°.

C. Numerical methodology

Coarse statistical fits first identify major correlated electrode sites within each class of behavioral
activity. Then, the macrocolumnar-averaged synaptic parameters in the nonlinear string model, including
long-ranged interactions between these electrode locations, are fit to the EEG data within in each class
using methods of simulated annealing [58]. Recently, two major computer codes have been developed,
which are key tools for the use of this approach.

The first code, very fast simulated reannealing (VFSR) [58], fits short-time probability distributions
to observed data, using a maximum likelihood technique on the “effective” Lagrangian (including the
exponential prefactor). This algorithm has been developed to fit observed data to a large class of theoreti-
cal cost function over B-dimensional parameter space [58], adapting for varying sensitivities of parame-
ters during the fit. The annealing schedule for the “temperatures” (artificial fluctuation pararieters)
decrease exponentially in “time” (cycle number of iterative prockssg., T; = Tig eXpc; k”D).

Heuristic arguments have been developed to demonstrate that this algorithm is faster than the fast
Cauchy annealing [174T; = To/k, and much faster than Boltzmann annealing [1T5F To/Ink. To be
more specific, th& th estimate of parametet,

al O A, B, (117)
is used with the random variabtéto get the k + 1)th estimate,

Ay = ak + X (B — A),

X O-1,1] . (118)
The generating function is defined as
D 1 D iy
gr(x) =T1 =1gr(x),

i-1 2IN(L+ UTH(X[+T;) =

T, = Tigexplc; kP) . (119)
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The cost functioiC used here is defined by
1
C=Ldt+ P In(2mrdt) - In(g) , (120)

where the Lagrangiab and the determinant of the metgdiave been defined previously.

The second code develops the long-time probability distribution from the Lagrangian fit by the first
code. A robust and accurate histogram-based (non-Monte Carlo) path-integral algorithm to calculate the
long-time probability distribution has been developed to handle nonlinear Lagrangians [123-125], which
was extended to two-dimensional problems [36].

The histogram procedure recognizes that the distribution can be numerically approximated to a high
degree of accuracy as sum of rectangles at pdintsf heightP; and widthAM;. For convenience, just
consider a one-dimensional system. Thevatpath-integral representation can be rewritten, for each of
its intermediate integrals, as

P(M;t+40) = [ dM '[95/4(2mt) M2 expEL A P(M'; t)
= [AM'G(M, M A0P(M' 1)
PM;0) = 3 7(M = M)P,(0)
i=1

O

1 1

L, (M| —*AMi_l) <M< (Ml +7AMi) ,

(M - M) = 2 2 (121)
%), otherwise .
O

This yields
Pi (t + At) = T” (At)PJ(t) s
. - % [ M+AM2 M +AM;/2 4\ .
Ty (80 AM;_; + AM, IMi—AMi,llsz MjJ—AMj;/ZdM G(M, M7 A1) (122)

Tjj is a banded matrix representing the Gaussian nature of the short-time probability centered about the
(varying) drift.

This histogram procedure has been extended to two dimensions, i.e., using aTipaf8g].
Explicit dependence of on timet also can be included without complications. We have recently
extended it to an arbitrary number of dimensions, but care must be used in developing the/ivE3h in
which is dependent on the diffusion matrix. Presently, this constrains the dependence of the covariance of
each variable to be a (nonlinear) function of that variable, in order to present a straightforward rectangular
underlying mesh.

Since integration is inherently a smoothing process [42], fitting data with the short-time probability
distribution, effectively using an integral over this epoch, permits the use of coarser meshes than the cor-
responding stochastic differential equation. For example, the coarser resolution is appropriate, typically
required, for numerical solution of the time-dependent path integral. Similar to the discussierfab
STM, by considering the contributions to the first and second momeh® foir small time slice®, con-
ditions on the time and variable meshes can be derived [123]. The time slice essentially is determined by
g < [V'l, whereLv is the uniform electric-potential Lagrangian, widib/dt = 0, throughout the ranges
of @ giving the most important contributions to the probability distribufonThus, & is roughly mea-
sured by the diffusion divided by the square of the drift. Here, an upper bound can be calculated by look-
ing at the averages over all time epochs of the drifts and diffusions under each electrode, yielding a mean
ratio typically on the order of 1 to 10. The 5.2-msec sampling rate of our data is certainly less #han this
This might seem to be too fine a temporal mesh for purposes of doing the path integral, but that calcula-
tion would have to weigh heavily the most likely trajectories, not a mean over averaged EP observed data.



Statistical Mechanics of Neocortical ... -44- Lester Ingber

The boundarg conditions for the mesocolumnar probability distribution are reflecting at the four
walls confining—-N® < M® < N®. This methodology readily permits such inclusion in its numerical
implementation and we have performed such calculations in other systems using the method of
images [12], which has proven to be about as accurate as boundary element methods for the systems
investigated [36]. These also can be incorporated into the cost function being fit, but since we have
invoked the centering mechanism, favoring interior minima, and to increase the speed of our runs, we did
not put the boundary conditions into the fits reported below.

D. Present results

For this first study, we used some current knowledge of the P300 EP phenomena to limit ourselves
to just five electrodes per subject, corresponding to hypothesized fast and slow components of P300. The
first component appears to be generated along the brain midline, from frontal (Fz) to central (Cz) to pari-
etal (Pz) areas; a delay time of one 5.2-msec epoch was assumed for each relay. The slow component
appears to be generated from Pz, branching out to lateral areas P3 and P4; a delay time of two 5.2-msec
epochs was assumed for each branch. Since P300 has such a quite broad rise, peak, and decay over a
large fraction of a second, regional delays are not expected to be very important here. Data currently
being collected on more stringent time-locked STM tasks are expected to provide stronger tests of the
importance of such delays. Furthermore, the relative lack of sensitivity of fits to such delays here sug-
gests that volume conductance effects are large in these data, and Laplacian techniques to localize EEG
activities are required to get more electrode-specific sensitivity to such delays. However, the main empha-
sis here is to determine whether SMNI is consistent with EEG data collected under conditions of selective
attention, and these results appear to be quite strong.

The P300 EP, so named because of its appearance over 300 msec after an appropriate stimulus, has
been demonstrated to be negatively correlated (reduction in amplitude and delay) with a number of psy-
chiatric diseases, e.g., schizophrenia and depression, and typically is most active at sites Pz, P3 and
P4 [176]. Here, the suggestion is that there also is some correlation with some precursor activity at Fz
and Cz.

Thus, in this paper we are reporting fits to 46,550 pieces of data. As descolbedrghe section
deriving P[®(t + At)|P(t)], we have: four parameters at site Fz, corresponding to coefficfeptsa, b, ¢
} ; five parameters at C4, ¢, a, b, c,dr,_c, } ; five parameters at P4, ¢, a, b, c,dc,_p, } ; five parame-
ters at P3,{ ¢,a,b,c,dp,_p3} ; and five parameters at P4, ¢,a,b,c,dp,_pa } . This represents a
24-parameter fit for 950 points of data (each electrode offset by two points to account for delays) for each
of 49 subjects.

The VFSR runs took several CPU hours each on a personal Sun SPARCstation 2 (28.5 MIPS, 21
SPECmarks) running under GNU g++, a C++ compiler developed under the GNU project at the Mas-
sachusetts Institute of Technology, which proved to yield faster runs than using Sun’s bundled non-ANSI
C, depending on how efficiently the simulated annealing run could sense its way out of local minima.
Runs were executed for inclusion of delays between electrodes, as discussed above. All runs reported
here were completed in approximately 400 CPU hours. Typically, at least one to three significant-figure
consistencies between finer resolution runs per parameter were obtained by exiting the global simulated
annealing runs after either two sets of 100 acceptances or 20,000 trials led to the same best estimate of the
global minima. Each trial typically represented a factor of 3 to 5 other generated sets of randomly
selected parameters, which did not satisfy the physical constraints on the electrode{s®t§ §f, {

M™E } and the centering mechanism (which required calculation of new synaptic para{nB@}r}; for

each new set of regional connectivity paramefets} ). Some efficiency was gained by using the means

and extremes of the observed electric potentials as a guide for the ranges of the sets of intercept parame-
ters{ ¢} .

Then, several more significant-figure accuracy was obtained by shunting the code to a local fitting
procedure, the Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm [177], where it either exited natu-
rally or was forcefully exited, saving the lowest cost function to date, after exceeding a limit of 1000 func-
tion calls. The local BFGS runs enforced thenabplysical constraints by adding penalties to the cost
functions calculated with trial parameters, proportional to the distance out of range.
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These sets of EEG data were obtained from subjects while they were reacting to pattern-matching
tasks requiring varying states of selective attention taxing their short-term memory. To test the assump-
tions made in the model, after each subject’s data set was fitted to its probability distribution, the data
were again filtered through the fitted Lagrangian, and the mean and mean-square vilfeserfe
recorded as they were calculated franmabove. The average values from the 49 subjects, each in turn
representing averages over 190 points of collected EEG data and the standard deviations were calculated
simply from{[< (M®)? > - < M® >?]n/(n - 1)} 2, wheren = 49. Table | gives the means and standard
deviations of the effective firing$/®, aggregated from all subjects under each electrode, and the weight
d of the regional (time-delayed) inputd™E. Also given for the firings under each electrode are the
means and standard deviations of the standard deviations aggregated from all time epochs from each sub-
ject; these may give some insights into correlations of different states of selective attention with respect to
coherency and stability of columnar firings. The weightss with the synaptic parameters affected by
the centering mechanism, are the same across time epochs for a given subject, and therefore do not have
any dispersion as reported for the firings. Indeed, althddfhwere permitted to roam throughout their
physical ranges o£NE = +80 and+N' = +30 (in the nonvisual neocortex as is the case for all these
regions), their observed effective (regional- and macrocolumnar-averaged) minicolumnar firing states
were observed to obey the centering mechanism. l.e., this numerical result is consistent with the assump-
tion thatM® = 0= M'E in FC.

Table I.

Based on psychiatric and family-history evaluations, these 49 subjects were classified into two
groups, as possibly having high-risk and low-risk genetic propensities to alcoholism. The high-risk group
was composed of 25 subjects, and the low-risk group was composed of the remaining 24 subjects. Tables
Il and Il give the same statistics as in Table |, for each subgroup.

While neuroscientists are very hopeful that such discrimination is possible on the basis of EEG, not
all research laboratories have been able to produce such evidence. It seems that the long time epochs
spanning P300, e.g., the 1-sec epoch fitted in Table I, are just not selective enough of features occurring
within about 1/2 second. When the smaller epoch is examined, occurring at a different temporal location
within the 1-sec epoch for each subject, some distinguishing P300 patterns appear to emerge between
low-risk and high-risk groups [178]. The SMNI approach is seen as a viable approach to interpret these
correlations into physical variables reflecting neocortical activity.

Figure 6 gives one of the 49 sets of data fit here. This P300 is particularly well synchronized and
well defined with respect to the five electrodes. The first two dips are known as N100 and N200; the first
broad peak afterwards is the P300. It is believed that the P300 shape may be an indication of the genetic
marker for alcoholism. Since all genes are not dominant, assuming such genetic markers for alcoholism
exist, even properly classified low-risk or high-risk subjects need not possess the discriminating EEG
trace. In fact, quite a few of these 49 subjects have such similar patterns of data that they could well be
classified in either group if the only criterion were their EEG. A larger subject sample is required to dis-
cern if P300 can be a correct identifier of such behavioral traits. Then, it still remains to be proved that
such statistical calculations as presented here can establish quantitative norms for these two groups.

Figure 6.

The results in Tables Il and Il reflect the lack of correlation observed between EEG recordings and
behavioral states when the temporal epoch used is too wide, as was generally done in earlier EEG studies.
Here, this calculation is offered as a control. We are performing fits on the 1/2-sec epochs containing the
selected P300 features that may give tighter correlations, and these will be reported at a later date.

Based on the plots and numerical calculations performed in this study, it is the opinion of this
author, not necessarily shared by other neuroscientists, that the high degree of synchrony of almost equal
wave-forms of AEP, especially of N100 and N200, at these several electrode sights is actually due to vol-
ume conductance effects [51] that are swamping the underlying local activity at each electrode. l.e., each
electrode is effectively recording an average global response, a known circumstance which can be caused
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by several effects. If true, then if the recording of more localized activity is desired, Laplacian techniques,
e.g., derived from clusters of five closely-spaced electrodes, are required.

Independent of the circumstances of this suggestion, the conclusions drawn here, regarding the
SMNI description of EEG under conditions of selective attention, are not radically altered since we still
are fitting the SMNI model to valid EEG AEP data. The approach here has been used to investigate the
consistency of SMNI with previous STM studies using this theory. The 1-sec epoch does signify a period
of relatively intense selective attention, and it is of interest to see if this is consistent with the SMNI cen-
tering mechanism. This has been accomplished independent of the success of finding EEG correlates of
genetic predispositions to alcoholism.

Table II.

Table IlI.

In the context of current paradigms of neuroscience, and in the context of appreciating that SMNI
offers statistical bounds on neocortical interactions, i.e., not necessarily offering specific neuronal mecha-
nisms correlated to specific brain states, this information addresses “connectivity” and “coherency.” Con-
nectivity is simply addressed by examining the bottom third set of rows of numbers in each table, where
the coefficientsd of regional influences are given. Coherency is addressed in an approximate way, by
examining the last two rows of numbers in each table, where a measure of the variance of the mean firings
and connectivity and the variances among these means can be obtained. l.e., it might be assumed that the
degree of selective attention is related to the degree of connectivity and to the degree of focus of firing
states.

As just discussed, comparison of the data in Tables Il and Il shows no statistical differences
between these groups in terms of the physical SMNI model. However, even within these wide statistical
margins, it is clear that the values of the columnar firings, permitted to roam throughout their physical
ranges during the fitting procedure, do in fact cluster according to the centering mechanism derived above
in the context of STM. While it is premature to speculate on the relevance of these differences between
these two subgroups, these data are offered here to demonstrate the kind of information this approach can
offer.

Again, it must be stressed that such nonlinear stochastic modeling may be essential in such noisy
systems, to first fit the functional nature of both the drifts and the diffusions, in order to then extricate
some distinguishing signatures of subsystems. Further work is in progress with variations of SMNI and
other models, to give some insights into just what nonlinear stochastic features are essential to fit such
EEG data.

This particular five-electrode circuitry may yet be amenable to our path-integral algorithm. Each
variable typically requires a mesh size that is a product of a postpoint eldtermined by the square
root of the (non-constant) diffusion, time&'z 1, whereA' is the size of the off-diagonal prepoint taken
about the (non-constant) driffy' is typically 3-7 to get good numerical accuracy. For five variables
requiring a product of all fivA andA' values, this does not seem a reasonable calculation on today’s stan-
dard computers. However, here we really have five distributions of only one or two variables each of
which must be simultaneously propagat®{Fz), P(Cz|Fz), P(Pz|Cz),P(P2|Pz), andP(P2|Pz). This
work is in progress.

These results, in addition to their importance in reasonably modeling EEG with SMNI, also have a
deeper theoretical importance with respect to the scaling of neocortical mechanisms of interaction across
disparate spatial scales and behavioral phenomena: As has been pointed out previously, SMNI has given
experimental support to the derivation of the mesoscopic probability distribution, yielding similar alge-
braic structures of the threshold factors in Eqgs. (32) (63), illustrating common forms of interactions
between their entities, i.e., neurons and columns of neurons, respectively. The nonlinear threshold factors
are defined in terms of electrical-chemical synaptic and neuronal parameters all lying within their experi-
mentally observed ranges. It also was noted that the most likely trajectories of the mesoscopic probability
distribution, representing averages over columnar domains, give a description of the systematics of
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macroscopic EEG in accordance with experimental observations. In this section, we have demonstrated
that we can derive the macroscopic regional probability distribution, Eq. (115), as having the same func-
tional form as the mesoscopic Eq. (41), where the macroscopic drifts and diffusions of the potentials
described by thé@’s are simply linearly related to the (nonlinear) mesoscopic drifts and diffusions of the
columnar firing states given by thé®’s. Then, this macroscopic probability distribution gives a reason-
able description of experimentally observed EEG.

V1. CONCLUSION

We have outlined in some detail a reasonable approach to extract more “signal” out of the “noise”
in EEG data, in terms of physical dynamical variables, than by merely performing regression statistical
analyses on collateral variables. To learn more about complex systems, we inevitably must form func-
tional models to represent huge sets of data. Indeed, modeling phenomena is as much a cornerstone of
20th century science as is collection of empirical data [179].

We have been able to fit these sets of EEG data taken during selective attention tasks, using parame-
ters either set to experimentally observed values, or being fitted within experimentally observed values.
The ranges of columnar firings are consistent with a centering mechanism derived for STM in earlier
papers.

The ability to fit data to these particular SMNI functional forms goes beyond nonlinear statistical
modeling of data. The plausibility of the SMNI model, as emphasized in this and previous SMNI papers,
as spanning several important neuroscientific phenomena, suggests that the fitted functional forms may
yet help to explicate some underlying biophysical mechanisms responsible for the normal and abnormal
behavioral states being investigated, e.g., excitatory and/or inhibitory influences, background electromag-
netic influences from nearby firing states (by using SMNI synaptic conductivity parameters in the fits).

There is much more work to be done. We have not yet addressed the “renormalization” issues
raised, which are based on the nature of EEG data collection and which are amenable to this framework.
While the fitting of these distributions certainly compacts the experimental data into a reasonable alge-
braic model, a prime task of most physical theory, in order to be useful to clinicians (and therefore to give
more feedback to theory) even more data reduction must be performed. We are experimenting with path-
integral calculations and some methods of “scientific visualization” to determine what minimal, or at least
small, set of “signatures” might suffice, which would be faithful to the data yet useful to clinicians. We
also are examining the gains that might be made by putting these codes onto a parallel processor, which
might enable real-time diagnoses based on noninvasive EEG recordings.

In order to detail such a model of EEG phenomena we found it useful to seek guidance from “top-
down” models; e.g., the nonlinear string model representing nonlinear dipoles of neuronal columnar
activity. In order to construct a more detailed “bottom-up” model that could give us reasonable algebraic
functions with physical parameters to be fit by data, we then needed to bring together a wealth of empiri-
cal data and modern techniques of mathematical physics across multiple scales of neocortical activity. At
each of these scales, we had to derive and establish reasonable procedures and submodels for climbing
from scale to scale. Each of these submodels could then be tested against some experimental data to see
if we were on the right track. For example, at the mesoscopic scale we checked the consistency of SMNI
with known aspects of visual and auditory short-term memory; at the macroscopic scale we checked con-
sistency with known aspects of EEG and the propagation of information across the neocortex. Here, we
have demonstrated that the currently accepted dipole EEG model can be derived as the Euler-Lagrange
eqguations of an electric-potential Lagrangian.

The theoretical and experimental importance of specific scaling of interactions in the neocortex has
been quantitatively demonstrated: We have shown that the explicit algebraic form of the probability distri-
bution for mesoscopic columnar interactions is driven by a nonlinear threshold factor of the same form
taken to describe microscopic neuronal interactions, in terms of electrical-chemical synaptic and neuronal
parameters all lying within their experimentally observed ranges; these threshold factors largely determine
the nature of the drifts and diffusions of the system. This mesoscopic probability distribution has success-
fully described STM phenomena and, when used as a basis to derive the most likely trajectories using the
Euler-Lagrange variational equations, it also has described the systematics of EEG phenomena. In this
paper, we have taken the mesoscopic form of the full probability distribution more seriously for
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macroscopic interactions, deriving macroscopic drifts and diffusions linearly related to sums of their
(nonlinear) mesoscopic counterparts, scaling its variables to describe interactions among regional interac-
tions correlated with observed electrical activities measured by electrode recordings of scalp EEG, with
apparent success. These results give strong quantitative support for an accurate intuitive picture, portray-
ing neocortical interactions as having common algebraic or physics mechanisms that scale across quite
disparate spatial scales and functional or behavioral phenomena, i.e., describing interactions among neu-
rons, columns of neurons, and regional masses of neurons.

It seems reasonable to speculate on the evolutionary desirability of developing Gaussian-Markovian
statistics at the mesoscopic columnar scale from microscopic neuronal interactions, and maintaining this
type of system up to the macroscopic regional scale. l.e., this permits maximal processing of
information [130]. There is much work to be done, but we believe that modern methods of statistical
mechanics have helped to point the way to promising approaches.
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APPENDIX A: DERIVATION OF PATH INTEGRAL

This appendix outlines the derivation of the path-integral representation of the nonlinear Langevin
equations, via the Fokker-Planck representation. This serves to point out the importance of properly treat-
ing nonlinearities, and to emphasize the deceptive simplicity of the Langevin and Fokker-Planck represen-
tations of stochastic systems. There are a few derivations in the literature, but the following blend seems
to be the most concise. All details may be found in the references given here [27,180-182].

The Stratonovich (midpoint discretized) Langevin equations can be analyzed in terms of the Wiener
processdW', which can be rewritten in terms of Gaussian nejise dW'/dt if care is taken in the
limit [27].

dMC® = £C(t, M(t))dt + §E(t, M(t))dW'
ME(t) = Ot M(1) + 63 (t, MD)7 (1),
dw' - 4'dt,
M={M®G=1,---A},
n={n;i=1- N} .
© = dv®/dt
<nlt)>,=0
< ®),n" (') >,= Vst -t), (A1)

n' represents Gaussian white noise, and moments of an arbitrary fuR¢fipaver this stochastic space
are defined by a path-type integral oykr

0, O
<F(n)>,=N" IDnF(n)eXpEr J’dtrm O,

_ o, 0O
N :J'Dnexp[-p—é‘]’dtn'n' 0,
029 0

v+l N
Dp = lim [ [ @re)™Y2dw) ,

V=00 50 j=1

t, =ty+ab ,
1 2
i
</7i >=0,

<n' (') >,=a"st-t). (A2)

Non-Markovian sourceg, and their influence throughout this development, can be formally treated
by expansions about the Markovian process by defining

~ T ~ D 1 ra - AV D
<F(A) >,= Nflj' DAF expD—EJ'J'dtdt AL - t)A(t )
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J’dt At —t)A (' —t") = 3(t —t"), (A3)

with £ defined as an interval centered about the argumeXt. ofetting & — 0 is an unambiguous proce-
dure to define the Stratonovich prescription used below.

In terms of a specific stochastic patpy a solution to Eq. (Al), MG(t Mo, tg) with
M (to; Mo, tg) = My, the initial condition on the probability distribution bf,, is

P,[M,t|Mg, to] = 3(M — M, (t; Mo, tp)) . (A4)
Using the conservation of probability condition,
+G
Pi+(M7P,)c=0

(+)g=0(- .)/aMG ,

(-9 =0( ot (A5)
the evolution ofP,, is written as
Pya[M, tMo,to] = { [-fE(t, M) - 8(t, M)7'IP, } 6 - (AB)

To perform the stochastic average of Eq. (A6), the “functional integration by parts lemma” [29] is
used on an arbitrary functicf(;) [181],

[on 5;5" ) -0 (A7)

Applied toZ = Z' exp( % Itoo dtr'n'), this yields
0

<n'Z'>,=<382'l5n >, . (A8)
Applying this toF (M) =IdM P,F(M),

dF(M,) SM?
oMS  5p

5P
J’dM ~—LF(M) =
on

1 .
=5 JaM F(M)(GF e P (A9)
whered designates functional differentiation. The last equation has used the Stratonovich prescription,
ME(t) = Mg +J'dt’l:|(t YAt -to)(FC +6°n'),

SMJ(t) _1
t'ero 5/7 (t) 791 [t Mf?(t)]élj y

(A10)

Taking the averages R,; >, and < P, >,, the Fokker-Planck is obtained from Eq. (A9). If
some boundary conditions are added as Lagrange multipliers, these enter as a “pdtewtiediting a
Schralinger-type equation:

1 '
Pi= (g P)ec ~(g°P)c +VP,

P=<P,>,,
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(-)g=0(- MOME . (A11)

Note thatg® replacesf € in Eq. (A1) if the Ifo(prepoint discretized) calculus is used to define that equa-
tion.
To derive the path-integral representation of Eq. (A11), define opeh&fsqrﬁe, andH,

[M°, pe] = NP~ peM® =155 ,
[M®,M®]=0=[pg, Pal
P,=-iHP,
A== Pefod™ + ag® +iV (r12)
and define the evolution operatdft, t') in terms of “bra” and “ket” probability states oM,

MEIMC >= MC|MC > |

PgIMC >= -ia/oMCMC > |

<M'|[M >=5(M'- M),

< M|p>=(2m) " exp(p M) ,

P[M, t[Mo, to] =< MU(t, to)IMg >,

Ht)U(t',t) =iu(t,t) ¢,

ut,t)=1,

U(t,, tyma)=1—i6H(t,1) (A13)

wherep indexes units o measuring the time evolution. This is formally integrated to give the path inte-
gral in the phase spacp,M),
M(t):Mt t 1
P[M:|Mq] = ‘!’ DM Dp eXp[J' dt'(ipgM® =~ pe peg™ ~ipeg® +V)1,
M (tg)=Mg 0

u
DM = lim ][] dM¢,

U-oo G p=1

u+l

Dp = lim [ 1 (27 dpe, ,
p=1

u- oo G

=ty + p0. (AL4)

The integral over eactpg, is a Gaussian and simply calculated. This gives the path integral in
coordinate spachl, in terms of the prepoint discretized Lagrangian,
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PIM;[M] = [ DM ﬁo(2ma>'mg(Mp,tp)l’2
I

1
xexp{ - EggGG’(Mpvtp)[AS/H_ gG(Mp:tp)]
x[AS18 - g% (M, t,)] +6V(M,,t,) )

. 1 . & ,
L, (M® MC 1) = E(MG‘QG)QGG'(MG -g%)-v,

g = det@cg')
dee = (g°°)7,
AS =M, - MS . (A15)

This can be transformed to the Stratonovich representation, in terms of the Feynman Lagrangian
possessing a covariant variational principle,

u
P[MIMo] = j DM rlo(zne)‘Nzg(Mp +0,,t, +6/2)1?
p:

o O
x expF min J’ dt' L(M(t), M(t'), t') 0, (A16)
0 ) O

where “min” specifies that Eq. (All) is obtained by constrainingo be expanded about thi(t)
which makes the actiof =I dt’'L stationary fotM(t,) = M, andM(t, + 6) = M ,,;.

One way of proceeding is to expand Eq. (A15) and compare to Eqg. (A16), but it is somewhat easier
to expand Eqg. (A16) and compare to Eq. (A15) [182]. It can be shown that expansions tbsuiffiee,
and thatA? = O(6).

Write L in the general form

1 - - r -
L= JeaMCME —hgM® + b
=L%+AL,
1 e o
L% = gee(MO.HM M,

dea (M(t),1) = gee (M (1), t') + geerr (M (1), ') (t —t') + O((t - t')?) , (A17)

wherehg andb must be determined by comparing expansions of Eq. (A15) and Eq. (A16). OmlY the
term is dependent on the actlh(t) trajectory, and so

)+
1 . 1 )
J’ dt AL = (; Joc (ASAC - hgA® - 5 he.cACAC +6b) [y (A18)
o

where “|y )" implies evaluation ati, t).
The determinang is expanded as

7] 1
g(M + At +6/2) =g (M, t) exp((4—g g+ %3 ACg ¢
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1 ' _
+ ag A°AS (gee + 99696y - (A19)

The remaining integral over® must be performed. This is accomplished using the variational
principle applied t(j' LY [180],

gou M = _g(gGH,K +gokn ~GkueIM M
M™ = -rfemme

Mk == 9" [IK, L] = 9" (gaL k + OkL.o — Guk.L) »
C 9enM®M™), =0,

t+6

9 . G . H
J LOdt= 2 gonM ™M i t+6) - (A20)
Differentiating the second equation in Eq. (A20) to obﬁi,rand expandind/ (t + 6) to third order ing,
: 1 1 1
M(t+6) = (5 A% = o TRAA" + < (TR n + TN RUACA"A )l - (A21)

Now Eg. (A16) can be expanded as

O

_ : gl G AG'
PIM(IMcldM(t) = [ DM T exP 3 5 o (M, DA% + B,

u+l
DM =17 g2 276 ™2dm§ . (A22)
p=1 G

Expanding exjB to O(6) requires keeping terms of ord&r A2, A%/6, A%6, andA®/6%. Under the path
integral, evaluated atM,t), and using <’ to designate the order of terms obtained from

J’ dA A" exp(- > 0?),
[A°A grger = 69°
[ACAM AK]ger = O(ACGHK + AH gCH + AK gBHY |
[ACAM APAB], 4o = 82(g%H 978 + g®AgHB + gBgHA) |
[AAABACAPAEAF]  ger = 63(9"Bg“P " + 14 permutations) . (A23)
This expansion of exB is to be compared to Eq. (A15), expanded as

u 01 G U
P[M:IMpldM(t)= [ DM - — ANIAN
[M¢|Mo]dM(t) J', EOGXPD 2g 9e6 -

X[1+geeg°A% + 6V +0(6°?)] (A24)
yielding identification ohg andb in Eq. (A17),

, 1 _ )
hG — gGG hG' - gG _ E g 1/2(gllngG ),G' ,
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1 1
b=-h®hg+-h®5+R6-V,

2 2 ’
hG;G — h% + r(FBF hG — 9_1/2(91/2h6),(3 ,

R=g"Ry =g’ g™ Rey. - (A25)
The result is

o t 0
PIMMy JdM(t) = [ -+ [ DM expg—minr[dt’Lg(M(to) = Mg)a(M(t) = M) ,

u+l

DM = lim [ g*?[ (2r)™2dM¢ ,
UHOOp:]_ G
. 1 . e W1
L(M®, MC,t) = 5(|\/|G—hG)gGG,(|\/|G —hG)+£hG;G+R/6—V,

1 _ .
hG — gG -Zg 1/2(91/29GG ),G’ ,

2
dee = (9°¢) 71,
g = det@Qce') »

hG;G — h% + rgF hG — 9_1/2(91/2hG),G ,
My =9 [IK, L] = 9" (9o k + Ok — 9k L) »

R=g"Ry =g g™ Rexee

1
RegkL = > (9rk.3L — 9ak.FL — OFLak + 9oL rk) + Oun (TIPS - TRLTNK) - (A26)

In summary, because of the presence of multiplicative noise, the Langevin system differs’in its Ito
(prepoint) and Stratonovich (midpoint) discretizations. The midpoint-discretized covariant description, in
terms of the Feynman Lagrangian, is defined such that (arbitrary) fluctuations occur about solutions to the
Euler-Lagrange variational equations. In contrast, the usliahrtb corresponding Stratonovich dis-
cretizations are defined such that the path integral reduces to the Fokker-Planck equation in the weak-
noise limit. The termR/6 in the Feynman Lagrangian includes a contributioi/d2 from the WKB
approximation to the same order af)¢/? [27].
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TABLE CAPTIONS

TABLE |. Means and standard deviations of averages over EEG recordings from 49 subjects, rep-
resenting 190 points of data per subject, are consistent with the centering mechanism during selective
attention tasks. Under each electrode the means and standard deviakiharef given. Also given for
each electrode are the means and standard deviations of the individual-subject standard deviations, here
labeled aso, aggregated from each subject. The physical bounds fov &llunder these nonvisual
regions aretNE = +80. Also gEl en are the weights of the regional time-delayed contributiodss! “E.

The physical bounds for aM® and M'E under these nonvisual regions ad® = +N'F = +80; the

physical bounds for aM' are+N' = +30.

TABLE Il. The same kind of information is presented as given in Table |; however, here the statis-
tics is developed from a subgroup of 25 subjects who were previously classified as being of high risk with
respect to having a genetic propensity to alcoholism.

TABLE Ill. The same kind of information is presented as given in Table |; however, here the statis-
tics is developed from a subgroup of 24 subjects who were previously classified as being of low risk with
respect to having a genetic propensity to alcoholism.
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FIGURE CAPTIONS

FIG. 1. Salesillustrated. lllustrated are three biophysical scales of neocortical interactions: (a),
(@), (a") microscopic neurons; (b) and (b’) mesocolumnar domains; (c) and (c’) macroscopic regions. In
(@) synaptic interneuronal interactions, averaged over by mesocolumns, are phenomenologically
described by the mean and variance of a distribtorsimilarly, in (a) intraneuronal transmissions are
phenomenologically described by the mean and varian€e dllesocolumnar averaged excitatorg)
and inhibitory (1) neuronal firings are represented in (a’). In (b) the vertical organization of minicolumns
is sketched together with their horizontal stratification, yielding a physiological entity, the mesocolumn.
In (b’) the overlap of interacting mesocolumns is sketched. In (c) macroscopic regions of the neocortex
are depicted as arising from many mesocolumnar domains. These are the regions designated for study
here. (c’) sketches how regions may be coupled by long-ranged interactions.

FIG. 2. Minima structure of nonlinear Lagrangian. Examination of the minima structure of the
spatially averaged and temporally averaged Lagrangian provides some quick intuitive details about the
most likely states of the system. This is supported by further analysis detailing the actual spatial-temporal
minima structure. lllustrated is the surface of the static (time-independent) mesoscopic neocortical
LagrangiarL over the &citatory-inhibitory firing plane 1= — M"), for a specific set of synaptic parame-
ters. All points on the surface higher thar 50~3/r have been deleted to expose this fine structure.

FIG. 3. Nearest neighbors. Nearest-neighbor interactions between mesocolumns are illustrated.
Afferent minicolumns of1L0? neurons are represented by the inner circles, and efferent macrocolumns of
[10° neurons by the outer circles. lllustrated are the nearest-neighbor interactions between a mesocol-
umn, represented by the thick circles, and its nearest neighbors, represented by thin circles. The area out-
side the outer thick circle represents the effective number of efferent macrocolumnar nearest-neighbor
neurons. l.e., these neurons outside the macrocolumnar area of influence of the central minicolumn are
contacted through interactions with neurons in the central macrocolumn.

FIG. 4. Valleys of STM. Contours of the Lagrangian illustrate “valleys” that trap firing-states of
mesocolumns. ¢Lgc can be as large as 3P These valleys are candidates for short-term memories.
Detailed calculations support the identification of the inner valleys with stable short-term-memory states
having durations on the order of tenths of a second. (a) Contours for values less than 0.04 are drawn for
rLgc, Wwhere BC designates the balanced case of firing states being at a moderate level of excitatory and
inhibitory firings. The ME axis increases to the right, fromNE = -80 to NF = 80. TheM' axis
increases to the right, fromN' = -30 toN' =30. In each cluster, the smaller values are closer to the
center. Note the absence of any closed contours in the interior space. (b) Contours for values less than
0.04 are drawn forLgc, where BC designates that the “centering mechanism” has been turned on. A
right brace} signifies enclosure of other nested closed contourgeand to the left of this brace.

FIG. 5. Modeling the visual cortex STM. When N =220, modeling the number of neurons per
minicolumn in the visual neocortex, then only clusters containing 2—4 up to 5-6 minima are found, con-
sistent with visual STM. These minima are narrower, consistent with the sharpness required to store
visual patterns.

FIG. 6. EEG traces. lllustrated is 1 sec of EEG data, time-locked to a particular stimulus pattern
and averaged over about 100 such events, from 5 electrodes, from a subject previously classified as high-
risk with respect to genetic propensity to alcoholism. The abscissa labels the index of each epoch; there
are 192 points of data for each electrode, and each time epoch represets 5.2 msec. The ordinate is the
amplitude of the “averaged epoch potential” in mV. The first dip, here at about epoch 18, is classified as
N100, occurring at about 100 msec after a stimulus pattern. The second dip, here at about epoch 30, is
classified as N200. The broad peak approximately centered about epoch 80 is the P300.
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Electrode MeaME  Standard DeviatoME®  Meano(MF

Standard Deviatioer(MF)

Fz 1.13661 3.8754 6.09339 5.30891
Cz -0.533493 4.83208 6.31146 5.59003
Pz -0.3158 3.87471 5.44242 5.50453
P3 -0.121703 10.1069 8.152 7.08701
P4 -0.0208276 7.47837 11.0526 7.04522
Electrode  MeaM' Standard DeviatioM'  Meano(M'"  Standard Deviatioo(M")
Fz 1.83249 7.11368 11.4131 2.71679
Cz 0.229446 5.89307 11.5578 2.68969
Pz -0.255393 6.37452 12.4699 2.86198
P3 -0.0234756 7.39736 10.5579 3.2693
P4 -0.0271411 6.25121 12.0525 2.52846
Electrode Mearn Standard Deviatiod

Fz - Cz 0.389722 0.291677

Cz- Pz 0.377305 0.266958

Pz - P3 0.536313 0.288519

Pz - P4 0.485525 0.294742
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Tablell

Electrode MeaME  Standard DeviatoME  Meano(M®  Standard Deviatioa(MF)

Fz 0.340677 4.44151 5.87727 4.73137
Cz -0.0332101 4.4386 5.79371 4.79331
Pz 0.487081 4.02893 5.02483 5.99425
P3 -0.882276 4.32405 5.81738 5.59617
P4 -0.940474 8.48643 10.6133 6.98527
Electrode  MeaM' Standard DeviatioM'  Meano(M'"  Standard Deviatioo(M")
Fz 0.474634 7.11011 11.8372 2.27895
Cz 1.23924 5.45593 11.6565 2.96615
Pz 0.217116 6.45096 11.5355 2.966
P3 -1.61882 7.68062 10.8889 3.16314
P4 -0.334122 6.39578 12.2809 2.11318
Electrode Mearn Standard Deviatiod

Fz - Cz 0.391295 0.322489

Cz- Pz 0.395463 0.254323

Pz - P3 0.526201 0.286918

Pz - P4 0.543161 0.282187
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Tablelll
Electrode MeaME  Standard DeviatoME®  Meano(M®  Standard Deviatioor(MF)
Fz 1.9657 3.05825 6.31853 5.94619
Cz -1.05462 5.25502 6.85079 6.37529
Pz -1.15213 3.60052 5.87741 5.03529
P3 0.670561 13.8703 10.5839 7.74884
P4 0.937138 6.29979 11.5102 7.2279
Electrode MeaM'  Standard DeviatomM'  Meano(M'"  Standard Deviatioa(M')
Fz 3.24693 6.98325 10.9714 3.096
Cz -0.822421 6.25717 11.4549 2.42812
Pz -0.747589 6.39397 13.4433 2.44476
P3 1.63834 6.85532 10.2132 3.40917
P4 0.292631 6.2177 11.8146 2.92689
Electrode Mearn Standard Deviatiod
Fz - Cz 0.388083 0.26272
Cz- Pz 0.35839 0.283736
Pz - P3 0.546846 0.295968
Pz- P4 0.425487 0.301391
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