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1 Introduction

Why develop a new theoretical framework for syntax? As I see it, there are two
big problems with current approaches. One is the problem of atemporality: con-
ventional syntactic representations obscure temporal information. They depict a
structure of relations that is supposedly non-temporal. For example, the repre-
sentation in Figure 1.1(A) does not necessarily imply a temporal dimension as in

(B):

time time order—» order—>
Figure 1.1: Problems with time in syntactic representations.

If the time dimension in (B) made sense, we could draw inferences from hori-
zontal distances between units: two horizontally equidistant units as in (C) would
be equidistant in time. This is never the intent of such representations, and in
many uses, the horizontal dimension does not even represent order, i.e. discret-
ized time. Hence (D) is equivalent to (E). Because syntactic representations lack
an explicit conception of time, a separate mechanism, “linearization”, is needed
to map words to a linear order. However, a close analysis of linearization reveals
that temporal information is indeed present in syntactic structures, hidden in
connection patterns and orientation. Syntactic structures do provide temporal
information, but do so indirectly.

In the oscillators and energy levels framework (henceforth o/el), we bring time
into the picture, but not by imposing a temporal dimension on a space which
contains objects. Instead, the o/el picture evokes two conceptions of time, both
of which differ from our usual, linear conception. One of these is periodic time.
Periodic time is useful because we hypothesize that a fundamental property of
syntactic and conceptual systems is a capability to transiently oscillate. The tran-
sience implies that the oscillation occurs for a brief period of time, as shown in
Figure 1.2(A).



1 Introduction

QOOLCOODO

Figure 1.2: Oscillations can be described with a periodic conception of
time.

For an oscillating system, we can picture a circular axis of time as in Fig-
ure 1.2(B). A specific time is a particular phase angle, 6, defined relative to a
reference phase angle. The choices of the reference phase and angular units are
arbitrary: 0°, 0 radians, or 3:00 are just as useful as 90°, t/2 radians, or 12:00. Phase
angle is periodic by definition, so a phase of 360° maps to 0°. Though we are fa-
miliar with the angular mapping of time because of circular clocks, some aspects
of this conception do not gel with our commonsense intuitions. For instance, pe-
riodic time has local notions of past and future, but no global or absolute past or
future. There is also an implied frequency parameter, which describes how peri-
odic time maps to linear time: the period of an oscillation (T) is the reciprocal of
the frequency (f).

Periodic time provides a useful description of a temporal relation between a
pair of oscillating systems: relative phase, ¢. Relative phase is the difference be-
tween the phase angles of two systems, as illustrated in Figure 1.3. For a pair of
systems i and j, ¢;; = 0; — 0;. Patterns of ¢ are of fundamental importance in the
o/el framework: a central proposal is that transiently stable ¢ configurations give
rise to the experience of relational meaning.

A

ORCHCRVEY

Figure 1.3: Relative phase as the difference between phase angles.



The other conception of time in the o/el framework is discontinuous, piece-
wise-linear time. Why is this useful? Let us imagine a system in which some
quantity normally changes slowly or stays constant, but certain processes occa-
sionally cause the quantity to change very abruptly. As shown in Figure 1.4, a
continuous but highly nonlinear change of this sort can be approximated as a
discontinuity when viewed on a larger scale.

-
_/

time (zoomed out)

Figure 1.4: Abrupt changes in a quantity can be viewed as discontinu-
ities on a larger scale.

Temporal discontinuities are useful because the timescale of processes which
govern the ordering of motor behaviors is smaller than the timescale on which
relational meaning experiences (i.e. ¢ patterns) remain stable. Moreover, we hy-
pothesize a mechanism for rapid organization and reorganization of syntactic
systems into hierarchically related levels of excitation, as shown in Figure 1.5.

— | &
— 9 - [ ]
—e 7 [ ]
_ e © ®
excitation ’

Figure 1.5: Systems are organized in a hierarchy of relative excitation.

The production mechanism operates via iterated reorganization of the excita-
tion hierarchy, as illustrated in Figure 1.6. In epoch (e;), the most highly excited
system is selected and corresponding motor actions are performed. Subsequently,
the selected system is demoted while other systems are promoted — a reorgani-
zation occurs, resulting in a new stable epoch, (e;). As shown in Figure 1.6, the
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reorganization process is iterated, resulting in the production of a sequence of
words.

epoch e reorganization epoch e, reorganization epoch e,

temporal order —

Figure 1.6: Temporal order arises from iterated reorganization of the
excitation hierarchy.

Instead of obscuring time, o/el representations are designed to facilitate rea-
soning about temporal patterns. The blend of temporal conceptions which is
evoked by the o/el framework highlights a tension between continuity and dis-
continuity that underlies nearly all of our reasoning about language. Bringing
this tension to the foreground helps us better understand a wide variety of syn-
tactic phenomena in the production and interpretation of language.

The other big problem with conventional theories is the problem of multiplic-
ity. In syntactic trees (and many alternative representational schemas), a given
type of syntactic object (e.g. N, V, VP, S, etc.) can be present in an arbitrary num-
ber of positions in a structure, as in Figure 1.7. Conventional frameworks impose
no limit on the number of instantiations of a given type of object. No adverse
consequences of multiplicity are expected in such approaches, even when mul-
tiplicitous objects are associated with the same word, e.g. the verb knows in the
utterance Al knows that Bo knows that Cam knows...

Figure 1.7: The multiplicity problem: the same type of object can occur
in multiple places in a structure.



The acceptance of multiplicity is so deeply ingrained (perhaps due to written
language) that most theories fail to recognize the problem. The crux of the issue is
that if we believe syntactic patterns can be understood in relation to macroscopic
brain states, then we must accept a finite capacity for distinct states. A theory
that allows for a multiplicitous conception of structure can provide no intrinsic
mechanisms for understanding the nature of limitations on this capacity. Such
limitations must be imposed extrinsically, in a manner that does not derive from
the conception of structure which underlies the theory.

Any syntactic theory must either ignore or resolve the multiplicity problem.
We should prefer a theory in which the resolution derives from the same concep-
tual model that provides a basis for a general understanding of linguistic phenom-
ena — a comprehensive theory. Many current approaches fall short of this because
their solution is to distinguish between competence and performance, in effect
stipulating that mechanisms of syntactic organization can be isolated from other
cognitive mechanisms. The o/el framework addresses the multiplicity problem
by developing a mechanism for systems (construed microscopically as neural
populations) to differentiate into subsystems (overlapping subpopulations). Be-
cause differentiated subsystems interfere with one another, differentiation leads
to interference that can destabilize those systems. Stability has important conse-
quences for what speakers produce and what is coherent for an interpreter.

This book is organized into several chapters. The first chapter, OVERVIEW OF
THE OSCILLATORS/ENERGY LEVELS FRAMEWORK, introduces the basic microscopic
and macroscopic conceptual models which provide a basis for reasoning about
syntactic phenomena. DECONSTRUCTING SYNTACTIC THEORY discusses how con-
ventional syntactic theories are based on a small set of fundamental metaphors
and image schemas, and contrasts these with the metaphors used in the oscil-
lators/energy levels framework. RECONSTRUCTING SYNTACTIC THEORY provides
a detailed presentation of the o/el model. The focus is on phrase structure, but
some morphosyntactic and morphophonological phenomena are covered as well.
Most importantly, the concept of interference is developed in detail, and this mo-
tivates analyses in subsequent chapters. INFINITY AND RECURSION argues that
viewing language as a discrete infinity generated by recursive merge operations
is misguided. GRAMMATICALITY INTUITIONS argues for reconceptualizing gram-
maticality intuitions as the result of an experience of the coherence of a system
state trajectory; common neurophysiological patterns are interpreted in relation
to coherence. SYNTACTIC PHENOMENA applies the o/el framework to three phe-
nomena: ellipsis, anaphora, and movement islands. Finally, THE PHYSICAL LIN-
GUISTICS PROGRAM describes the philosophical underpinnings of the approach
taken in this book, and sets the stage for future research.
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There is a small amount of mathematical formalization in this book, which
will be of varying degrees of difficulty for readers, depending on their familiar-
ity with dynamical systems. In most of the cases where equations are presented, I
have provided illustrations which facilitate a visual conceptualization. It is my be-
lief that a sufficient understanding of the mathematical concepts can be obtained
from the visual/geometric illustrations alone, without a need for interpreting the
symbolic math. The equations are merely a convenient shortcut for describing ge-
ometric patterns. For readers who would like to become more familiar with the
relevant math, including how it can be related to behavior, I recommend two
introductory texts: Dynamic Patterns: The self-organization of brain and behavior,
by J. A. Scott Kelso (Kelso 1997), and Nonlinear dynamics and chaos, by Steven H.
Strogatz (Strogatz 2018). Familiarity with these texts is not a prerequisite for un-
derstanding the current approach, but will undoubtedly enrich the interpretation.
For more technical texts which address dynamics from biological, neurological,
and physical perspectives, it is suggested that the reader consult The Geometry of
Biological Time by Arthur T. Winfree (Winfree 2001), Dynamical Systems in Neu-
roscience by Eugene M. Izhikevich (Izhikevich 2007), and Advanced Synergetics:
Instability Hierarchies of Self-Organizing Systems and Devices by Hermann Haken
(Haken 1983a).

Some portions of this book present critiques of “conventional” syntactic theo-
ries, especially in the second chapter, DECONSTRUCTING SYNTACTIC THEORY, and
in the fourth chapter, INFINITY AND RECURSION. These critiques are related to the
problems of atemporality and multiplicity discussed above. A warning is neces-
sary regarding the targets of the critiques. There are numerous syntactic theo-
ries/frameworks: Minimalism (Chomsky 1995), Categorial Grammars (Steedman
1993; Wood 2014), Tree Adjunction Grammars (Joshi 1987), Lexical Functional
Grammar (Bresnan & Kaplan 1982), Dependency Grammar (Hudson 1977; Tes-
niére 2018), Generalized Phrase Structure Grammar (Gazdar et al. 1985), Func-
tional Grammar (Dik 1981), Role and reference grammar (Van Valin Jr 2014),
Construction Grammar (Goldberg 1995), Radical Construction Grammar (Croft
2001), Sign-Based Construction Grammar (Sag 2012), Semiotic Grammar (Mcgre-
gor 1997), Cognitive Grammar (Langacker 2008), and others. It is beyond the
scope of this book — perhaps any single book - to critique all of these frame-
works.

Rather than being general, the critiques herein specifically target Minimalism
and its precursors, Transformational Grammar (Chomsky 1965) and Government
and Binding Theory (Chomsky 1982), which fall under the label of generative
grammar. These frameworks are the ones that we subsequently refer to as “con-
ventional theories,” although this label is not intended to imply that these par-



ticular frameworks are more standard or widely accepted than others. Instead,
“conventional” implicates a set of foundational metaphors which by convention
constitute a basis for reasoning about syntactic phenomena. However, narrowing
the target of my critiques in this way raises the question of whether the critiques
apply to other theories/frameworks. Certainly not all aspects of the critiques nec-
essarily apply to all extant theories. It is left as a project for readers — many of
whom are better versed in some of the particular approaches listed above — to
consider whether the atemporality and multiplicity problems (and the collections
of critiques they encompass) apply to a given syntactic framework. Nonetheless,
it is my impression as an outsider that the foundational metaphors discussed
herein are very general, and I bring attention to the metaphors in order to pro-
voke a re-examination of their usefulness.






2 Overview of the oscillators/energy
levels framework

The o/el framework and conventional frameworks offer very different concep-
tualizations of “syntax”. In conventional approaches, a syntax “module” builds
“structures” of “objects” which map both to speech motor output and to a mean-
ing representation. This modular approach separates syntax from the phenom-
ena that are most directly important for communication: movements/sensory
experiences (a.k.a. the sensorimotor interface, phonological form) and meaning
experiences (a.k.a. the conceptual-intentional interface, logical form). The modu-
lar interface view encourages us to see syntax as independent from meaning and
independent from movement/sensation. We should reject this way of thinking.
Syntax should not be understood as a module, but as a generic term for mech-
anisms which organize meaning and sensorimotor experience. Experiences are
highly ordered states, and syntax is a mechanism for creating order.

The o/el framework rejects modules and instead embraces the notion of a sys-
tem. A system is a portion of the universe associated with some partially pre-
dictable mapping from an initial state to a subsequent state. In the o/el conception
there are many systems, of two fundamental types: concept systems and syntac-
tic systems. Unlike the weak, unidirectional interfaces of modules, o/el systems
may have strong, bidirectional interactions. Even more importantly, o/el systems
do not operate on structures of “objects”. Instead, concept systems and syntactic
systems have states and exert forces on each other. Below we develop a detailed
picture of these systems and their interactions.

Another important way in which the current approach differs from conven-
tional ones is that we attempt to motivate the framework with inferences based
on knowledge of neural population dynamics. The o/el framework is derived
from a microscopic conceptualization in which population coding and interpop-
ulation connectivity play major roles in determining behavioral patterns. There
are many ways in which our derivation of a macroscopic analysis relies on incom-
plete information and unsubstantiated assumptions regarding the microscale; I
accept the possibility that invalidation of the microscale assumptions may com-
promise the framework. However, it is also possible that revisions to the mi-
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croscale assumptions may lead to modest revisions or elaborations, without nec-
essarily invalidating the framework.

2.1 Concept systems

How do complex patterns of thought arise in the brain? For example, consider
the sentence Al drinks coffee. In the conventional metaphor, a phrase is a “struc-
ture of objects” that arises from the merger of smaller objects. These objects —
words and phrases, i.e. “linguistic units” — are also the sort of objects that can
be “containers”. Thus words contain meanings and phrases contain words. Con-
nected object representations as below use vertical orientation and connection
schemas to encode these containment relations, of the sort shown in Figure 2.1.

t/h\ &A k/\ «
’ k/.\x ’ k/.\& ' k/.\\ ’ C

drinks  coffee drinks tea drinks coffee drinks tea

Figure 2.1: Linguistic units as connected objects.

Are schemas of this sort useful? Imagine a scenario in which you engage two
thought patterns in succession. First, you engage the pattern Al drinks coffee.
Next, you engage an alternative pattern, Bo drinks tea. Then, you return your
attention to Al drinks coffee. Then, back again to Bo drinks tea. And so on... What
would we expect to observe in the brain in this scenario?

The connected objects schema is not well suited for addressing this question.
Because the sentences are conceptualized as structures of objects, we can ask:
“where do the objects come from?”, “how do they become connected or com-
bined?”, and “what happens to them when we switch to a different pattern?” Do
the objects get destroyed? Do they move somewhere? Do they vanish, are they
hidden? Do the objects ever change over time? Where are these objects located
in space? Etc.

The essence of the problem is that conventional approaches force us to think
of linguistic units as objects. To construct abstract understandings of phenom-
ena, we often use the ABSTRACTIONS-ARE-OBJECTS metaphor (e.g. put your feel-
ings aside, tear an argument into pieces, build a new life). But regardless of how

10



2.1 Concept systems

familiar it is and how intuitive it seems, the UNITS-ARE-OBJECTs metaphor is not
necessarily a useful conceptualization of language.

In the o/el framework, linguistic units are not objects. They are not the sorts
of things that contain meaning, and are not the sorts of things that can be con-
nected. They do not occupy space, they do not have orientational relations. The
o/el framework rejects all entailments of the UNITS-ARE-OBJECTS metaphor. In-
stead, we adopt an alternative in which meanings are experiences, experiences
are trajectories of system states in a state space, and various forces influence
those trajectories. Our task then becomes construction of a state space, analysis
of state trajectories, and determination of forces. Because meaning experiences
are trajectories, meanings are inherently temporal.

2.1.1 Concept-specific populations of neurons

To develop an intuition for the MEANINGS-ARE-TRAJECTORIES metaphor we con-
sider a simple utterance, Al drinks coffee. We pose the following question: phys-
ically, in space and in time, what happens when a speaker produces this utter-
ance? Let’s suppose that in some brief period of time preceding the utterance,
in the brain of the speaker, there is a population of excitatory cortical neurons
which in a statistical sense! is associated with concepts that contribute to the
relevant experience of meaning. For exposition, we identify those concepts as
[Al], [drinks], and [coffee]. Furthermore, suppose that we can differentiate the
population into an [Al] subpopulation, a [drinks] subpopulation, and a [coffee]
subpopulation. Thus each concept is associated with a population of many neu-
rons. No strong assumptions are necessary regarding the temporal permanence,
spatial distributions, sizes, or independence of these concept populations.

The picture in Figure 2.2 shows populations that are distributed: concept popu-
lations are associated with neurons in multiple areas of the brain, rather than just
a single area. Moreover, the “meanings” of concepts are qualia which we assume
to be determined by patterns of synaptic projection to and from sensory systems,
motor systems, and other concept populations. For example, our experience of

!To assess this empirically, we would want fine spatial and temporal resolution of electrochem-
ical gradients, neurotransmitter concentrations, and synaptic connectivities, along with infor-
mation regarding articulatory movements, vocal tract geometry, and acoustic signals. Whether
this can be accomplished with current technology is beside the point: we can imagine associ-
ating populations of neurons with concepts in this way. Note that we require no assumptions
about the uniqueness or overlap of the populations at this point. The idea that spiking in dis-
tributed populations of neurons (or assemblies, ensembles, etc.) may correspond to things like
concepts or words is a fairly old one; see for example (Abeles 2012; Braitenberg 1978; Hebb
1949; Pulvermiiller 1999).

11
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—Al
drinks
—coffee

projections to/from
sensory systems,
motor systems,
and other concept systems

Figure 2.2: Conceptual systems as distributed populations of neurons.
Conceptual systems differ in their projections to and from sensory sys-
tems, motor systems, and other systems.

COFFEENESS is a consequence of signals to and from the peripheral sensory sys-
tems which provide information regarding taste, odor, appearance, temperature,
etc. of coffee, as well as the motor systems used to pour coffee, drink it, brew it,
and also other concepts which relate to coffee: beans, mugs, caffeine, etc. There is
no essential meaning of coffee because the pattern of projection varies over time
within an individual and varies in space, i.e. between individuals.

2.1.2 Phase transitions to collective oscillation

Before a speaker experiences a meaning associated with [Al], [drink], and [cof-
fee], the neurons of each of these concept populations must undergo a phase
transition from an inactive regime, in which action potentials are sparse in time
and relatively uncorrelated, to an active regime, in which action potentials are
frequent and highly correlated. We conjecture that integrating action potentials
for each population on an appropriate timescale results in an oscillatory spike-
rate,? as shown in Figure 2.3. We conceptualize this phenomenon as the emer-
gence of a macroscopic collective oscillation (Acebrén et al. 2005; Breakspear et
al. 2010; Hong & Strogatz 2011; Kelso 1997; Schoner & Kelso 1988; Strogatz 2000;
Winfree 2001). There are many possible causes of these phase transitions, but let
us imagine for concreteness that the speaker sees a man named Al and a dark
liquid falling into his mouth from a cup he holds. We infer that this peripheral

“There is plenty of evidence that oscillation plays an important role in the nervous system, and
that neural populations exhibit oscillatory patterns of spiking (Averbeck et al. 2003; Buzsaki
2006; Buzsaki & Draguhn 2004; Canolty & Knight 2010; Engel et al. 2001; Fuster 2001; Gerstner
& Kistler 2002; Izhikevich 2006; 2007; Izhikevich & Edelman 2008; Klimesch 1999). However,
because concept populations are hypothetical, the assumption that these populations oscillate
is a conjecture.
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sensory information, through a chain of interactions, causes the relevant concept
populations to undergo transitions to the collective oscillation regime.

transition
to collective
oscnllatlon ‘

Figure 2.3: Spike raster and short-time integration of spike rate as con-
cept populations transition to a regime of collective oscillation.

The transition to collective oscillation is a localized emergence of a state that is
highly ordered in space and time. The microscopic state space has many dimen-
sions. There are numerous degrees of freedom: membrane voltages, ion channel
states, neurotransmitter concentrations, etc., of all of the neurons in the relevant
populations. In contrast, the macroscopic pattern of oscillation, which we obtain
by integrating strategically over the microscopic variables, represents a drastic
reduction in the volume of this state space, and is far more practical as an ana-
lytic tool. The transient oscillations have only several degrees of freedom: phase
angle (0), angular velocity (8, i.e. instantaneous frequency), and radial amplitude

(r).

2.1.3 Concept populations as systems with surroundings

To be explicit, we model each concept population as a concept system with a time-
varying state vector. Interactions between systems are forces, which depend on
system states. Moreover, each system has a surroundings. These constructs -
systems, states, forces, and surroundings — are derived from our microscopic pop-
ulation model. Systems are macro-scale models of populations. System states
derive from integrating over population microstates. Forces between systems de-
rive from integrating over the influences of synaptic projections from neurons in
one population to another. The surroundings derives from integrating microscale

13



2 Overview of the oscillators/energy levels framework

influences, the origins of which we do not differentiate as systems.> These con-
structs are illustrated in Figure 2.4.

SURROUNDINGS
SYSTEM i (=— F,—— force experienced from surroundings

ﬂfﬁ] —— forces experienced from other systems

—— ﬁ; — forces exerted on other systems

change rule:

j:i = f(mi;Esaﬁj)

state: 7, (t)

Figure 2.4: The universe is partitioned into systems and a surroundings.

2.1.4 System state variables: Excitation and phase

To construct a change rule for system states, we must define the state space. To do
this, we reconceptualize the spike-rate of each population, i.e. a time-integration
of action potentials, as a macroscopic order parameter, A. The order parameter
A is the deviation of the spike rate from a reference value associated with the
inactive regime. Furthermore, we conjecture that when a system activates, varia-
tion in the order parameter has two components: an oscillation component x,
and an excitation component Xqy., whose sum is the order parameter, i.e. A =
Xexe + Xosc- We then approximate the oscillation component as a harmonic oscil-
lation with time-varying amplitude and phase angle, i.e. X, = 1(t) cos 0(t).The
phase variable 6 of a system is taken to be 27m-periodic, evolves according to an
intrinsic system frequency fy, and is influenced by forces from other systems
and the surroundings. The radial amplitude of x is assumed to be proportional
to the excitation component of the system, i.e. 1 o Xey.. This analysis of A is
schematized in Figure 2.5.

For exposition, we rename the excitation component X, as “e” and refer
to phase angle (0) simply as phase. We make a heuristic simplification by as-
suming the dynamics of e and 6 are separable due to differences in relevant
timescales. This stipulated separation entails that there is a fast timescale 7, such

3The surroundings is where we locate our ignorance in a given analysis. We can always improve
our analyses by constructing new systems from the surroundings, but so doing, the analyses
become more complex. We often refer to the influence of the surroundings, and this should be
viewed as a strategy of simplification.

14



2.1 Concept systems

Teze = A — Tose

0(t): 0= fo+ Y, Flz;) + F\

Figure 2.5: The system order parameter has two components: an oscil-
lation component: X, and an excitation component: X.

that changes in e occur over intervals 7., and that t,, is much smaller than 1y = 1/f,
the period of the oscillation. Hence in our analyses of the dynamics of e and
0, intermittent abrupt changes in e are assumed not to interact directly with 6.
Furthermore, the intrinsic frequency £y is considered to be slowly-varying on
utterance timescales, and for many purposes can be conceptualized as a fixed
parameter.

Given the above construction, the state space for one concept system is the
union of subspaces for e and 6. We do not attempt to provide a more detailed
derivation of these variables and their separation from a microscopic, population-
scale model. Nonetheless, we speculate that oscillation arises from intra-popu-
lation synaptic interactions, intrinsic neuronal dynamics, cortical microcircuit
structure, and coupling between neurons and the extracellular medium; excita-
tion relates more directly to the number of neurons which participate in a popu-
lation oscillation.

2.1.5 Meaning experiences are trajectories in state space

The utterance Al drinks coffee does not “have” a meaning. An utterance can only
have a meaning if we presuppose that meanings are objects contained in words.
We reject these object and containment metaphors. Instead, meanings are expe-
riences which correspond to trajectories in concept system e,0 space. The con-
ventional object and o/el trajectory metaphors are contrasted in Figure 2.6. In
o/el terms, a meaning experience associated with a single concept arises when
two conditions are met: (i) a stable periodic trajectory occurs in the 6 subspace
associated with a concept system, for an interval of time on the order of g, and
(ii) the excitation of the concept system exceeds a threshold value A,. When e >
Ao we refer to the system as excited; when 0 < e < Ag, we refer to the system
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2 Overview of the oscillators/energy levels framework

as active; when e = 0 we refer to the system as inactive. The phase 6 of an inac-
tive system is undefined, because the inactive state does not exhibit a collective
oscillation.

meanings are connected objects meanings are trajectories in state space

'|utterancc=

meaning
of drinks

meaning

of coffee transient, stable

oscillation

meaning
of Al

Figure 2.6: The conventional metaphor in which meanings are con-
nected objects vs. an alternative metaphor in which meanings are tra-
jectories in a state space.

The e,0 state space is 2-dimensional for one concept system, and 2n-dimen-
sional for n concept systems. Moreover, when n concept systems are excited, a
relational meaning experience associated with those systems is a stable periodic
orbit in the n-dimensional 6 subspace. Typically we are interested in meaning
experiences associated with systems whose e > A, i.e. excited systems. We will
sometimes refer to these as attended meanings, because we imagine that the rel-
evant concept systems have e values which are sufficient to support conscious
attention to a meaning experience. In contrast, subconscious experience of mean-
ing occurs via active, unexcited systems.

Note that e and 0 state variables are analytical constructs which we can at-
tempt to derive from a higher-dimensional microscale state space. This deriva-
tion procedure uses methods of projection and integration in order to reduce
dimensionality. Accordingly, the state space is always constructed ad hoc to ac-
commodate the systems which we consider relevant for a given analysis.* The
state space construction procedure is (i) stipulate a set of concept systems; (ii)
construct a space with e and 0 dimensions for each system; (iii) construct the
union of these spaces by combining them orthogonally. The picture to have in
mind is shown in Figure 2.7.

“For example, we are currently ignoring the fact that drinks is associated with concept systems
which are grammatical in nature, such as person, number, and tense. In later analyses we ex-
plicitly construct such systems, but for the current purpose of introducing the o/el framework,
we keep things simple.
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microscale state space excitation subspace

— O
&3
projection and B phase subspace
\lntegratlon operatlonsJ PY 01
N
concept excitation (e) 7N
[ o9,
N
concept ‘/ % T~
phase (6) \_ / \, /(593
N

Figure 2.7: Projection and integration operations can be applied to a mi-
croscale state space in order to derive a macroscale state space, which
consists of excitation and phase subspaces.

The state space is neither permanent nor a physical space. It is a heuristic tool
that we construct strategically to meet the needs of a given analysis. Describing
[Al], [drinks], and [coffee] with orthogonal excitation and phase variables is use-
ful because it provides a coarse model of the much higher-dimensional states of
neural populations. Conceptualizing meaning experiences as trajectories in e,0
space opens up a new approach to reasoning about linguistic phenomena.

2.1.6 Relational meaning experiences are relative
phase-configurations

Individual concept meaning experiences rarely occur in isolation. The produc-
tion of Al drinks coffee is associated with simultaneous excitation of concepts
[Al], [drinks], and [coffee]. Yet simultaneity of excitation is not sufficient for
understanding the relational character of meaning experiences. This is obvious
from consideration of utterances such as Al likes Bo and Bo likes Al, where the
same concepts are excited and yet different relational meanings are experienced.
Since we do not experience both of these relational meanings simultaneously,
there must be a mechanism which distinguishes system states in which [Al] and
[Bo] have different relations to [likes]. Moreover, this mechanism should also
govern the relations of [Al] and [coffee] to [drinks] in Al drinks coffee, as well as
any arbitrary relations of this sort.
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2 Overview of the oscillators/energy levels framework

To that end we propose a principle of relational meaning: relational meaning
experiences are stable relative phase-configurations. Recall that relative phase
¢ is defined as the antisymmetric difference of phases, i.e. ¢;; = 6; - 0; = -¢;;.
For exposition we often refer to ¢ without indices and interpret this as the abso-
lute value of relative phase, ie. |p| = [6; - 6;|. Furthermore, we pursue a strong
hypothesis that all relational meaning experiences are associated with a stable
state in which ¢ = 0 or &, which we call in-phase and anti-phase, or +¢ and -¢-
configurations, respectively. More precisely, for any pair of concept systems i and
j, arelational meaning experience occurs when both systems are excited {e;, ej} >
A and have a stable relative phase such that |¢;;| ~ {0 or 7t} and d¢;;/dt ~ 0. Specif-
ically, we hypothesize that in-phase-configurations (¢ = 0) are associated with
agent-action relations, e.g. [Al][drinks], and that anti-phase-configurations (¢ ~
) are associated with patient-action relations, e.g. [drinks][coffee]. These basic
hypotheses are summarized in Table 2.1. Many additional ¢-relation hypotheses
are developed subsequently.

Table 2.1: Hypothesized relative phase-configurations for agent and pa-
tient semantic relations.

conceptual systems semantic relations ¢ configurations
[Al] [drink] agent-action in-phase: ¢ = 0
[coffee] [drink] patient-action anti-phase: ¢ = 1t

The ¢-configurational basis for differences in relational meaning between [Al]
[drinks] and [coffee][drinks] is illustrated in Figure 2.8. Crucially, [Al][drinks]
and [coffee][drinks] ¢-configurations remain constant despite the fact that all
three 0 variables are changing. Constant ¢, when stable over time periods on the
order of 1y, gives rise to the experience of relational meaning between systems,
as long as those systems are excited. Note that ¢-configurations are periodic
trajectories in 0 space, but we can also construct a ¢ space in which a stable ¢-
configuration is a point. Moreover, because 6 dimensions are circular, wrapping
around the interval [0, 27t], ¢ patterns can also be represented as a static phase
difference on a unit circle, as in Figure 2.8. In such representations we choose
some system as a reference, and the phase angles of all other systems are shown
relative to the phase of the reference system. For visual clarity, we depict systems
with a +¢ configuration as having a small ¢ separation, as with [Al] and [drinks]
in Figure 2.8.

The principle of relational meaning requires relational meaning experiences to
be stable ¢p-configurations. Here stable means that ¢, when perturbed, returns to
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[Al]

[drinks] [coffee] O o Ol[drinks]

cos(6)

¢([coffee],[drinks]) = 7

¢
S{IAI [drinks]) = 0

time—

Figure 2.8: The agent-action relation corresponds to ¢ = 0. The patient-
action relation corresponds to ¢ = 7.

an equilibrium value (0 or ) on a timescale which is substantially smaller than
Tg. Fluctuations constantly perturb 0 variables of systems and hence perturb ¢.
A stabilizing mechanism is thus required to force ¢ back an equilibrium value.

What is the stabilizing mechanism? Our microscopic model suggests that syn-
aptic projections between concept systems and other systems could accomplish
this stabilization. By integrating over interpopulation synaptic projections we
can derive macroscopic coupling forces, which serve to stabilize ¢. However, if
these forces act directly between concept systems, there is a problem.

2.1.7 Direct interactions between conceptual systems are unlearnable
and inflexible

Let’s imagine that a direct interaction between [Al] and [drinks] concept systems
were indeed responsible for stabilizing their ¢-configuration. On the basis of our
microscale conception, such interactions must be learned: macroscopic forces are
derived from synaptic weights (i.e. efficacy of neurotransmitter release/uptake),
connectivity patterns, etc. between populations. Learning is an evolution of these
variables on supra-utterance timescales. Moreover, the interaction, if a stabilizing
one, would need to be fairly strong, otherwise moderate perturbations would
overcome the equilibration forces.

There are two problems with the direct coupling scenario. The first involves
learnability. Two different types of interactions between [Al] and [drinks] would
need to be learned: in-phase and anti-phase interactions for the agent and patient
roles, respectively. Moreover, these two types of interaction would need to be
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2 Overview of the oscillators/energy levels framework

learned for all pairs of concepts: for n concept systems there are 2n? interactions.
The second problem involves flexibility. If the learned stabilizing interactions are
too strong, then there is a danger that excitation of one concept system will al-
ways cause other concept systems that it interacts with to become excited. For
example, imagine that when [Al] becomes excited, direct interaction forces ex-
cite [drinks] and [coffee] as well. This is a problem if one wants to experience the
meaning of Al eats granola, for example. With direct interactions between con-
cept systems, system trajectories would be prone to seizures in which all concept
systems become excited. The solutions to the flexibility and learnability problems
are provided by syntactic systems.

2.2 Syntactic systems

Syntactic systems are the primary mechanism for stabilizing ¢-configurations
of concept systems. There are two basic aspects of this mechanism. First, con-
cept systems resonate with syntactic systems through mutual positive feedback.
We refer to this as resonance because syntactic systems have strong, asymmet-
ric interactions with concept systems. Second, syntactic systems couple strongly
to other syntactic systems. Hence syntactic systems can organize and stabilize
¢-configurations between concept systems, without requiring strong direct cou-
pling between concept systems. Syntactic systems provide an indirect, flexible
mechanism for stabilizing relational meaning, one which does not rely on learn-
ing direct interactions between concepts. Henceforth we abbreviate concept sys-
tems as c-systems, and syntactic systems as s-systems.

2.2.1 Microscopic conception of syntactic and conceptual systems

Both c- and s-systems have e and 0 state variables, and these are derived in the
same way from a microscale conceptualization of populations, as shown in Fig-
ure 2.9. But the microscopic pictures of c-systems and s-systems differ in some
important ways which help resolve the learnability and flexibility problems. First,
for concepts we imagine a large, distributed population of neurons. Each individ-
ual c-system is a subpopulation of this full population, and despite substantial
overlap of these subpopulations, c-systems can be distinguished from each other
on the basis of their interactions with other systems and the sensorimotor sur-
roundings. On the macroscale, the primary mechanism of learning is not “adding”
new c-systems, but rather differentiating and blending existing c-systems. On the
microscale this entails that new sub-populations are not “created”, but rather new
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patterns of interaction arise with the sensorimotor surroundings and other con-
ceptual systems. Interactions between c-systems are presumed to be relatively
weak: c-systems can activate other c-systems (this is often called priming), but
typically do not excite other c-systems.

conceptual system populations syntactic system
o [Al] ¢ . . populations
e [coffee]
o [drinks]

sensorimotor |\
surroundings | -

Figure 2.9: Microscale conception of interactions between conceptual
system populations and syntactic system populations.

In contrast to the full population of c-systems, the full population of s-systems
is spatially localized, possibly in inferior frontal gyrus, or in basal ganglia-thala-
mocortical circuits. Individual s-systems, i.e. subpopulations of the full s-system
population, overlap to lesser degree with each other than c-systems do, and in-
teract more strongly because of their spatial localization.

The c- and s-system populations project to one another, and under certain con-
ditions c-system populations may resonate with s-system populations, a phenom-
ena we refer to as cs-resonance. We assume that the capability for cs-resonance
is phylogenetic, but in development, different c-systems become preferentially
biased to resonate with different types of s-systems. Furthermore, we speculate
that the effects of general learning mechanisms (e.g. Hebbian spike-timing depen-
dent synaptic plasticity), when integrated on supra-utterance timescales, differ-
entiate the full syntactic population into various s-system subpopulations. Biases
for in-phase and anti-phase coupling interactions between s-system populations
are learned in this manner, giving rise to a grammar of ¢-coupling.
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2.2.2 Conceptual systems resonate with syntactic systems

The cs-resonance mechanism can be understood as follows. First, forces from
the surroundings activate a c-system and a corresponding s-system. These sys-
tems begin to resonate weakly, via a positive mutual feedback interaction. Micro-
scopically, the positive feedback resonance mechanism derives from integrating
the effects of excitatory-to-excitatory interpopulation projections between an s-
system and c-system. Because these projections are excitatory, resonating c- and
s-systems always have an in-phase ¢-relation.

Recall that activation implies a collective oscillation, but not stability of § and
not necessarily an e value sufficient for a meaning experience. In general many c-
systems may be active and may compete for resonance with a given s-system; sur-
roundings forces influence this competition as well. The competition from other
c-systems and surroundings forces can potentially destabilize a newly formed
resonance between c- and s-systems. We thus imagine a pre-stable phase of pro-
duction in which interaction between a c-system and s-system may or may not
lead to a strong cs-resonance. If positive feedback between the c- and s-system is
sufficiently strong relative to destabilizing forces, the c- and s- system abruptly
become excited, which entails that the s-system e value exceeds a threshold, as
shown below. The e value of the c-system also increases, but for reasons that
become clear we need make no specific assumptions about c-system e values rel-
ative to other c- or s-systems. We henceforth refer to a pair of resonating c- and
s-systems (whether excited or merely active) as a cs-system, or simply a system.
In the Figure 2.10, the c-system [coffee] resonates with the s-system {N}, and this
gives rise to a stable, excited cs-system.

excited state

excitation threshold

[coffee] {N}
c-system
'l s-system

\,7\/,7/
~ .
pre-stable, activated state

Figure 2.10: Resonance between an s-system and a c-system results in
both systems transitioning to an excited state.

A key diagnostic of cs-system excitation is intrapopulation and interpopula-
tion spectral coherence, a concept which we develop in more detail later on.
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Moreover, the stabilization of ¢ entails an augmentation of e. The excitation
threshold A, plays an important role in a variety of analyses we develop sub-
sequently. When a cs-system has below-threshold excitation (i.e. the system is
active but not excited), the system cannot participate in a stable ¢-configuration
with other cs-systems and hence cannot evoke an attended relational meaning
experience. In general, we imagine that there are many active but unexcited cs-
systems, before and during production. Thus, in the production of an utterance
such as Al drinks coffee, the excitation of [Al], [drinks], and [coffee] is merely
the tip of an iceberg: a large amount of subthreshold activity occurs below the
surface.

2.2.3 Coupling force types and valence

To classify interactions between systems, we distinguish two types of coupling
and two valences of coupling. Relative phase coupling (¢-coupling) is an interac-
tion that depends on relative phase ¢ and influences 6. The Figure 2.11 shows the
phases of two systems on a phase circle, which is the space of possible phases.
The effects of the relative phase (¢) coupling force are shown by the arrows: an
attractive ¢-force drives 0 variables (which are also rotating counterclockwise)
toward one another, resulting in a decrease in ¢; a repulsive ¢-force drives 0
variables away from one another, resulting in an increase in ¢. The coupling
force is associated with a periodic sinusoidal potential function V(¢), such that
F($) = -dV(¢)/d¢. The effect of the force on ¢ is analogous to a ball rolling down
a hill while submerged in a viscous fluid: the force causes ¢ to change until it
reaches the stable equilibrium of 0 (attractive force, see Figure 2.11) or +x (repul-
sive force, see Figure 2.12), where it stops. Because 0 is a periodic variable, it is
convenient to map ¢ to the interval [-m,+1].

The other type of force is excitation coupling (e-coupling). Excitation coupling
is an interaction which depends on and influences e variables. An excitatory e-
coupling force results in each system increasing the e value of the other, and an
inhibitory e-coupling force results in the each system decreasing the e value of
the other, as shown in Figure 2.13. We do not specify a functional form for this
force, as its role in the current framework is not well developed and is generally
subsumed under other mechanisms.

Both ¢-coupling and e-coupling forces can have positive [+] or negative [-]
valence, as schematized below. An attractive (+¢) force causes the 6 of systems
to become more proximal and a repulsive (-¢) force causes 6 to become more
distal. An excitatory (+e) force causes e values to increase, and an inhibitory (-e)
force causes e values to decrease.
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Figure 2.11: Attractive ¢-coupling involves a force which drives a pair
of systems to have minimally different phases.
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Figure 2.12: Repulsive ¢-coupling involves a force which drives a pair
of systems to have maximally different phases.

Equations (1) and (2) below show the roles of ¢ and e forces in influencing how
0 and e variables change in time. The total ¢ and e forces a system experiences
are sums over forces from pairwise interactions with other systems, plus forces
from the surroundings, S. These forces have coupling strengths/susceptibilities
® and ¢, respectively. The ¢-force from S is assumed to be negligible, because the
surroundings are too large to exhibit a collective oscillation. However, the sur-
roundings can exert non-negligible e forces. The term fj is an intrinsic frequency
of the system (angular velocity w = 2nf), representing population-internal forces
which promote collective oscillation. The operator E[@:?] is a placeholder for
mechanisms of e-organization, and we develop these in detail later on.

4] 0; = 2nf; + Fys (S, ei) + Z d)ide) ((bij,ei,ej)
J
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Figure 2.13: ¢-coupling and e-coupling can have [+] or [-] valence.
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Some properties of ¢- and e-coupling can be derived from our microscale con-
ceptualization. For one, the valences of ¢ and e forces (i.e. the signs of elements
of matrices @ and ¢) are correlated: attractive and mutually excitatory coupling
tend to co-occur, and repulsive and mutually inhibitory coupling tend to co-
occur. The basis for this correlation is the association of [+] valence forces with
predominantly excitatory post-synaptic targets of interpopulation synapses, and
conversely the association of [-] valence forces with predominantly inhibitory
neurons as post-synaptic targets. These microscale patterns are illustrated in Fig-
ure 2.14. When the excitatory neurons in population A project primarily to exci-
tatory neurons in population B, the effect of spikes of neurons in A is to attract
O to 0 and augment eg; when excitatory neurons in B project primarily to
inhibitory neurons in B, their effect is to repel 0 from 6,4 and diminish eg.

The correlation of ® and € and valence implies that ¢ and e forces depend on
both ¢ and e values of systems. However, we offer no specific form for the ¢-e
interaction here because it would be too speculative. Nonetheless, our hypothesis
that relational meaning experiences require the relevant cs-systems to be in an
excited state accords with the hypothesis that ¢-coupling forces are modulated
by e values: the ¢ forces exerted by unexcited systems are too weak to stabilize
¢-configurations, while systems with above-threshold e values can exert ¢ forces
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predominance of predominance of
excitatory-to-excitatory projections: excitatory-to-inhibitory projections:
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Figure 2.14: Positive valence coupling derives from a predominance of
excitatory-to-excitatory projections between two populations. Nega-
tive valence coupling derives from a predominance of excitatory-to-
inhibitory projections.

on one another that are sufficiently strong to induce a high degree of cs-system
coherence.

The ¢- and e-coupling force matrices ® and ¢ are also sign-symmetric. The ba-
sis for this is the intuition that Hebbian learning between bidirectionally coupled
populations would be unstable on long timescales, if the valences of interactions
between those populations were asymmetric. For instance, imagine a population
A that is +¢ coupled to population B, while B is —¢ coupled to A. Spike-timing de-
pendent learning would strengthen synapses which promote attraction of 0y to
0, but also strengthen synapses which promote repulsion of 0, from 0g, leading
to an unstable interaction in which A chases B while B runs away. Thus valence-
symmetry is expected for any pair of coupled systems. In contrast, there is no
reason to expect a high degree of correlation in pairwise coupling strength for
either ¢- or e-coupling forces. These strengths are derived from synaptic efficacy
and numbers of synapses (or synaptic density, i.e. average number of synapses
per neuron). To summarize, the elements of ® are correlated in sign and magni-
tude with those of ¢, and within each matrix there is sign symmetry but not a
high degree of correlation.

2.2.4 The syntactic mechanism for organizing relational meaning

With the conceptual tools outlined above we can construct a new understand-
ing of the flexible emergence of relational meaning experiences. The key idea
is that stable, invariant ¢-configurations between c-systems are created indi-
rectly through their resonances with strongly coupled s-systems. The coupling
structure and phase circle representations for two example-configurations are
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2.2 Syntactic systems

schematized in Figure 2.15. The [Al][drinks] +¢-configuration obtains because
the c-system [Al] resonates with the s-system {+N}, the c-system [drinks] res-
onates with the s-system {V}, and the s-systems {+N} and {V} are strongly +¢
coupled. Likewise, [coffee] resonates with {-N}, and {V} and {-N} are strongly -¢
coupled.

Although ¢-configurations can be decomposed into pairwise relations, multi-
ple ¢-configurations which obtain simultaneously will often be shown by pro-
jecting them onto the same relative phase axis, as in Figure 2.15. Furthermore,
because the hypothesized mechanism for stabilizing ¢-configurations is strong
¢-coupling between s-systems, the phase circle representation generally implies
coupling between s-systems only; ¢-configurations between c-systems are an
indirect consequence of strong s-system coupling. We nonetheless sometimes
label c-systems on the phase circle for convenience. Because a ¢-configuration
of c-systems entails the same-configuration between the s-systems which res-
onate with those c-systems, we think of a ¢-configuration as a configuration of
a cs-system.

[Al] [drinks]
2 Q
- \
/ \
L 1 8{+N}
\ J{V}
O o / o .
o Y [ | {+N}AI]
> [coffee]{-N}O) 2 _
drinks] [coffee] A {V}[drinks]
[ r f B \ /
TN -
> {-N}(é ?)(V}
-

Figure 2.15: A phase circle representation in which multiple ¢-
configurations are depicted.

Importantly, a ¢ pattern alone is not sufficient for a relational meaning expe-
rience. In addition, the pattern must be stationary in a local epoch of time. For
a pattern to be stationary, there must be a stabilizing mechanism, and s-systems
provide this mechanism. Recall the dynamic equation for 0. In general, the intrin-
sic frequencies fj of any two systems are not the same and fluctuations in sur-
roundings forces constantly perturb their phase velocities 6;. In the absence of
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2 Overview of the oscillators/energy levels framework

coupling forces, intrinsic frequency differences and surroundings perturbations
cause ¢ to drift. In contrast, with the strong coupling of cs-resonances, c-system
and s-system phase velocities §; equalize to a compromise 6;, the value of which
depends on the relative strengths of the forces and the intrinsic frequencies. This
will hold as long as the coupling forces — which act to equalize phase velocity
— are strong compared to the perturbing forces. Thus given sufficiently strong
coupling forces, a ¢-configuration will remain stable.

2.2.5 Interference and differentiation

The preceding analyses distinguished between {+N} and {-N}. Why do we need
to make this distinction, and how can it be understood on the microscale? The
distinction between {+N} and {-N} systems (and on the microscale, {+N} and {-N}
populations) is necessary because of interference. Imagine that there is just a sin-
gle, undifferentiated {N} population. For an utterance like Al drinks coffee, both
[Al] and [coffee] resonate with {N}, and [drinks] resonates with {V}. According
to the relational meaning hypotheses presented earlier, [Al]{N} and [coffee]{N}
should obtain +¢ and -¢-configurations with [drinks]{V}, respectively. These
conditions are incompatible: it is not stable for {N} to be simultaneously +¢ and
-¢ coupled to {V}.

How does the nervous system resolve this dilemma? A crucial constraint on
any solution is that populations cannot be created or added (without incurring
the multiplicity problem). We cannot simply posit that there is a second {N} pop-
ulation, independent of the original one. Instead, we imagine that there is one
single {N} population, and that speakers learn to differentiate that population
into {+N} and {-N} subpopulations, which are biased to +¢ and —¢ couple to {V},
respectively.

A consequence of differentiation is that subpopulations can interfere with one
another, and if the interference is too strong, the collective oscillations of those
subpopulations become unstable. This can happen for two reasons. First, when a
population is differentiated, the resulting subpopulations are smaller than the
original population. The interaction forces exerted by the subpopulations on
other systems become smaller, and the subpopulations themselves become more
susceptible to forces from other systems and the surroundings. This can result
in instability. Second, differentiated systems are not entirely independent: the
corresponding subpopulations will typically overlap. The repeated differentia-
tion of a finite population eventually results in instability, because the resulting
subpopulations have greater degrees of proportional overlap with one another.

28



2.3 Selection and quantal organization of excitation

Proportional overlap is defined here as the ratio of neurons which are in both pop-
ulations to the total number of neurons. The {N} > {+N}/{-N} differentiation pro-
vides two {N} populations which are quite stable when simultaneously excited,
but when we differentiate one of these subpopulations further, stability may be
threatened. The loss of stability from differentiation has important consequences,
which we examine in later chapters.

2.3 Selection and quantal organization of excitation

Whereas the principle of relational meaning involves organization of relative
phase (¢), the principle of quantal excitation involves organization of excitation
(e). The movements associated with the production of speech arise from an orga-
nized, ordered selection of systems, determined by their relative excitation. Se-
lection is a mechanism in which supra-threshold excitation of systems induces
excitation of gestural/motor systems. Here we propose a principle of quantal ex-
citation: syntactic systems are organized and re-organized in a quantal relative
excitation potential. This organization results in the ordered selection of motor
behaviors associated with language.

2.3.1 The quantal relative excitation potential

The principle of quantal excitation is based on a conjecture that there exists
a mechanism which organizes the relative excitation of s-systems into quasi-
discrete, or quantal excitation levels. We identify this mechanism with a stabi-
lizing regime of the excitation operator E in the dynamical equation for e. The
stabilizing regime of E is one in which e states are mapped to themselves, and
thus relative e values remain constant. The stabilizing regime of E is associated
with a conservative excitation potential, V(e), as shown in Figure 2.16 for utter-
ances Al sleeps and Al drinks cold coffee.

Observe in the examples that there are large differences in potential energy
between excitation levels. The potential barriers between excitation levels entail
forces which stabilize s-system e, thereby preventing e values from increasing
to a higher level. The force that each system experiences is —dV(e)/de, i.e. the
opposite of the derivative of the potential. The conception of force and poten-
tial energy here derives from an analogy to conservative forces, but we do not
actually require a conserved quantity. Furthermore, we imagine these forces to
be stationary only for a local period of time, i.e. a single epoch of e-organization
during which E is in the stabilizing regime.
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excitation potential

selection
level
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level [coffee]{-N}\

excitation force
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excitation (e)
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Figure 2.16: Examples of quantal excitation potentials and associated
forces which prevent the increase of excitation.

Two levels of the potential representation have a special interpretation. The
lowest level of the potential is the ground level, and systems on this level are by
definition in an active, unexcited state. Ground state systems have at least the
minimal e value required for collective oscillation, but do not have sufficient e to
participate in a stable ¢-configuration. There are no “systems” below the ground
level, because a system by definition is a population which exhibits collective os-
cillation. We distinguish ground level systems from excited systems, which have
sufficient excitation to participate in stable ¢-configurations. The highest level of
the potential is called the selection level, and systems on this level have sufficient
excitation to induce the selection of gestural/motor systems which are associ-
ated with a c-system. The four main classes of excitation states are summarized
in Table 2.2.

We have not addressed the question of how the quantal character of the rel-
ative excitation potential can be derived from a microscale model. Presumably,
quantal e-organization manifests partly from e-coupling interactions between
s-systems, and we note that the effects of the potential are reminiscent of nor-
malization mechanisms associated with on-center/off-surround fields (Grossberg
1978; 1987). However, a detailed understanding of this mechanism has not yet
been developed, and the quantal potential must currently be viewed as a phe-
nomenological approximation with primarily heuristic value. Because of this,
there is no reason to commit to a particular shape of the potential, and one can
imagine a number of alternatives, examples of which are shown in Figure 2.17.
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2.3 Selection and quantal organization of excitation

Table 2.2: Four classes of system excitation.

State

Description

inactive
ground-level (active)

above-ground (excited)

selection-level

system is undefined. no collective oscillation.
system is active, but not in an excited state.
collective oscillation and minimal cs-resonance are
unstable.

system is excited but not selected.

stable, strong cs-resonance; can participate in
stable ¢-configuration.

system is excited and selected.

gates open for simulation or execution of
associated gestural/motor systems.

{-N} v}

[coffee] [drink]

_dv
|t +

{+N}

[drink]

[Al] [coffee]

Figure 2.17: Alternative representations of the excitation potential.
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Although the particular form of the potential function is not so important,
its quantal nature is paramount, because the effect of the potential must be to
stabilize a pattern of relative excitation which enforces mutual exclusivity of se-
lection. Hence, when [Al[{+N} is selected, [drink]{V} and [coffee]{-N} are not
selected, and so on.

There are several points to emphasize regarding the e-potential representa-
tions. First, as explained above, these representations are schematic and imply
transiently discretized patterns of relative excitation; they do not imply specific
values or specific relative magnitudes. Second, e-potentials govern the e values
of s-systems, not c-systems. In cs-resonances, c-system e values are correlated
with s-system e values, but the correlation is not exact. We nonetheless often
label c-systems in e-potentials, for convenience, and often refer to cs-systems in
this context.

Third, intermediate levels of an e-potential never exist independently of the sys-
tems which occupy them. The potential is conceptualized as an emergent phe-
nomenon associated with interactions between s-systems, and as such it is not
sensible to imagine an “unoccupied level”. (The ground and selection levels are
exceptions, for reasons we discuss later.) The potential levels are not locations in
space, and the systems are not objects which occupy locations. Instead, the quan-
tal potential is understood as a pattern of organization that is created by a com-
bination of local interactions between s-systems and a general purpose ordering
mechanism which operates on relative e values. Rather than saying that systems
occupy levels, it is more precise to say that interactions between s-systems bring
about the conditions for the stabilization of their relative excitation.

2.3.2 Canonical reorganization

While the stabilizing regime of E enforces an approximate temporal invariance
on e, a reorganization regime of E causes intermittent, abrupt changes in e. These
changes map e-configurations to e-configurations in predictable ways. Reorgani-
zation mappings cause changes in e-configuration which are discontinuities on
the ¢-timescale. We refer to the stable periods of time between these discontinu-
ities as e-epochs. We are interested here in the various forms that reorganization
mappings can take, and in what aspects of the system state they might depend
on. In general, reorganization operations could depend on all 6 and e variables of
all active and excited systems - i.e. the full system state. However, we can infer
that some information is typically not relevant to the mapping.

The default mechanism for ordering the selection of systems is the canoni-
cal reorganization mapping, E*. 0/¢ information is irrelevant for canonical re-
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2.3 Selection and quantal organization of excitation

organization. The operation can be understood as follows, using the utterance
Al drinks coffee as an example. First, assume the initial condition in epoch (el),
an e-configuration which is stabilized by the stabilization regime E. In epoch
(e1), [Al]{N} has selection-level excitation, and this drives the excitation of mo-
toric/gestural systems associated with [Al]. Feedback resulting directly or indi-
rectly from motoric/gestural excitation eventually causes a transition to the ca-
nonical reorganization regime. The canonical re-organization mapping E
causes an abrupt change from epoch (el) to epoch (e2), in which the selection-
level system is demoted to the lowest excited state, and all other excited systems
are promoted one level. E" applies to transitions from (e2) to (e3) and from (e3)
to (e4) as well. Note that E°" produces a cycle when iterated: ey, ey, ... ey, €;...

e Eer e, Eer e, Eer e,
Al drinks coffee Al
e | pr 1 o) e ol ‘e
i | | |
drinks. | coffee | A | drinks_ |
ey o) o/ o) o) o)
| | |
m"e?)j & m.‘\ drmkso“‘ & mug%)w
“ ( [ r ‘ ‘ )
| | | | |
) J J ) ) J _
o
= \ (
2 \ |
= \ /
2
(] >
time ~ Brer ~ Ber ~ Brer ~
€1 B €2 B €3 E €y
Al 4 drinks| | coffee| [ Al
drinks | | T coffee| | T Al [T drinks

coffee| | T Al ) drinks | | T coffee

Figure 2.18: The canonical reorganization operation demotes selected
systems and promotes non-selected systems.

In Figure 2.18 we show a more compact representation in which e-organization
state vectors, €, are operated upon element-wise by reorganization vectors. In an
e-organization state vector, systems are assigned to vector dimensions in order
of their relative excitation. The figure above shows e-organization state vectors
from a series of epochs. Each € is operated upon by the canonical reorganization
operator E*. The arrows in each element of E' indicate which basic operation
(promotion or demotion) applies to the corresponding element of €. In this con-
text, canonical reorganization can be understood as demotion of the most highly
excited system to the lowest above-ground level, and promotion of all other sys-
tems by one level. For convenience, the excitation and selection thresholds are
shown by dashed and solid red lines, respectively.
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2 Overview of the oscillators/energy levels framework

There are a couple alternative formal approaches to representing reorganiza-
tion mappings. One is to define a relative quantal excitation state vector €, where
each dimension corresponds to a different excited cs-system. The value in a di-
mension is an integer from 1 to n, where n is the number of s-systems which
occupy distinct e-levels, and the value corresponds to excitation rank order of
the corresponding system. The canonical reorganization mapping in this scheme
is given in (3).

®3) £ @) : e — [emodn] + 1

Another formalization uses a cyclic permutation matrix. In this case we define
the e-state as a binary matrix E, as shown in (4), where each column corresponds
to a level of the e-potential and each row to a system (so, a value of 1 in row n,
column m, entails that system n occupies excitation level m). Repeated action of
the permutation matrix E on E results in a r