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Motivation for this Talk

» From the CFP:
...there remain a range of unresolved issues and critiques,
including the nature of timing control, the relations
between symbolics and dynamics, the emergence of
phonological structure, and what counts as a necessary
condition of a dynamical theory...

» [ explore some of these issues in my dissertation, The
Computational Structure of Phonological and Phonetic
Knowledge, and related work using techniques from the
theory of computation.

Nelson (2024); Nelson and Heinz (in press)
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Why Abstraction?

One of the aims and advantages of abstraction is
to make connections between different situations that
might previously have seemed very different. It might
seem that abstraction takes us further away from
“real” situations. This is superficially true, but at the
same time abstraction enables us to make connections
between situations that are further apart from one an-
other.

Cheng (2022) - The joy of abstraction: An exploration of math, category theory,
and life
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Overview

@ Formally Relating Static Symbols and Dynamic Gestures

© Describing Grammatical Architecture and Control Structure
with Typed Functions
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Formally Relating Static
Symbols and Dynamic
Gestures
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Section Outline

@ Model-Theoretic Phonology

© Articulatory Phonology and gestural representations

© Defining a bi-directional translation between segments and
coupling graphs

© English past-tense alternation example

Key Idea

I show how to translate between symbolic representations of
lexical items and gestural representations of lexical items using
first-order logic. These translations can also be used to discuss
transformations and therefore provide a way to directly put
categorical symbolic alternations into the language of
Articulatory Phonology.
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Computational Equivalency

» Mathematical logic and model theory provide a tool for
determining the expressivity of different types of
phonological knowledge.

» More powerful logic — more expressive pattern/more
computational power needed

If one representation scheme can be interpreted in terms of
another representation scheme with a certain type of logic, they
make the same distinctions within the bounds of the
expressivity of that logic.

Rogers et al. (2010, 2013); Strother-Garcia (2019); Oakden (2020)
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Model Theory - Structure Building

» A model signature determines what properties elements in a
structure can have and how the elements are related.

> Basic “feature” signature: (<, {R¢ | f € F})

» A structure is the result of denoting which properties of a
signature hold for a given domain D.

SYL
SON SON
VOI VOI VOI

4 <
>
» All structures that satisfy a set of constraints T = ¢4, ¢o, . ..
are the model of T.

» ¢y := Ix[SYLLABIC(x)]
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Model Theory - Relating Representations

Input Output

S-structures G-structures

» We interpret a structure S in signature X as a structure G in
signature I'.
» This gives us a function from G-structures to S-structures.

Czarnecki (2025)
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Model Theory - Relating Representations

SYL
SON SON
VoI VoI VoI

baos () L d(x) v n(x) V a(x)
Pson(X) dgn(x) Va(x)

Gsy1(x) def a(x)

\ def \ P \
@q(x) = voi(x) A —son(x) A =syl(x) d a n

of <<~
dn(x) v0i(x) A son(x) A —syl(x) =) (\0/1%{ —(2)

Da(X) def voi(x) A son(x) A syl(x)

Nelson (2022)

Scott Nelson (Illinois) Relating Symb and Dyn Theories July 26, 2025 9



Gestural Representations

» Articulatory Phonology is (primarily) a mono-stratal theory
of phonology based around gestural representations.

» Gestures are tasks/goals that are defined via tract
variables:

» Constriction Location: y-dimension; labeled with landmarks
like “alveolar”, “velar”, ...

b

» Constriction Degree: x-dimension; labeled with degrees like
“closed”, “critical”, ...

Browman and Goldstein (1986, 1995, inter alia)
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Coupling Graphs as Lexical Representations

“In this model, planning oscillators associated with the set
of gestures in a given utterance are coupled in a pairwise,
bidirectional manner specified in a coupling graph (or struc-
ture) that is part of the lexical specification of a word”

(p. 38).

Nam (2007)
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Coupling Graphs as Lexical Representations

LIP ‘ clo ‘ wide

‘ pharyngeal ‘
B wide

TT crit

» Representations for mash
» Coupling Graph (left)
» Gestural score (right; automatically determined by left)

Nam (2007)
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Coupling Graph Model Signature

Relation Label

< In-phase
<180 Anti-phase
<60 Abutting
<30 Eccentric

» 4 binary relations based on some phase relations in
Articulatory Phonology
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Coupling Graph Model Signature

Relation Label Relation Label

LIPS Labial Articulator rel Constriction Degree: release
T Tongue Tip Articulator pro Constriction Location: protruded
TB Tongue Body Articulator dent Constriction Location: dental
VEL Velum Articulator alv Constriction Location: alveolar
GLO Glottis Articulator palv Constriction Location: postalveolar
clo Constriction Degree: closed pal Constriction Location: palatal
crit Constriction Degree: critical vel Constriction Location: velar
nar Constriction Degree: narrow uvul Constriction Location: uvular

v Constriction Degree: vowel phar Constriction Location: pharyngeal
wide Constriction Degree: wide

» Unary labeling relations.
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Structures for laughed
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Translating between Structures

» Using the model-theoretic techniques previously described,
I show how to relate these coupling graph representations
with segmental strings and vice versa.

The key insight that allows for determining a string from a
coupling graph is the notion of a “spine” which is made of what
have been called “head gestures” (Gafos, 2002; Smith, 2018).
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Translating from coupling graph to string

Input Workspace

ONO)
® ©
®
® @@.
©

> C:= {1}
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Translating from coupling graph to string

Workspace

OO
© ©

®
@@

@1(x) = TT(x) A alv(x) A nar(x) A Jy[xOy A TB(x) A uvul(x) A nar(x)]
,_ def . .
;d,\x]w TB(x) A phar(x) A V(x)
def | A \
pe(x) LIPS(x) A dent(x) A Jy[xy A GLO(Y)]
def . . . . .
pt(x) = TT(x) A alv(x) A clo(x) A Jy[xy A GLO(Y)]
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Translating from coupling graph to string

Input Workspace

OO

def
0a(x,y)E (x <180 ¥) V (x Q30 ¥) V (x0y A V() A =3zlx 180 2])
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Translating from coupling graph to string

Workspace

Plicense (X) d:dfrel(x) A —GLO(x) A —VEL(x)— SecArc (x)
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Translating from coupling graph to string
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Expansion

» Going from coupling graph to string removes information.
What happens when we have to expand the representation
and add more information by going from a string to a
coupling graph?
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Expansion

» Here, there is no issue. In fact, the TADA software which
implements the Articulatory Phonology system has a
program called GEST which turns strings into coupling
graphs.

» GEST is written in Perl which is an imperative programing
language which lists the steps that must be taken to solve
the problem.

The logical transductions are equivalent to logical programs
which provide declarative statements on the specs of the
program. They tell us what properties must hold of any
program solving the problem.

Scott Nelson (Illinois) Relating Symb and Dyn Theories July 26, 2025 16



Translating from string to coupling graph

Input Workspace

OO 05 O N I
D & @
> C:={1,2,3,4}
= & ®
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Translating from string to coupling graph

Input

020020

$prpg (x) 1= f(x) #phar &(x)
2 \ 1 3 1
Prips(X) = Prips(X) Puvur = 1(X)
1 ) ) ,\l . )
prr(x) 1= t(x) vV 1(x) Pero 1= t(X)
‘J (x) - .‘ - “ . [‘ -
Prr(X) 1= Prp(x) Periz 1= Hx)
N 1 P
prp(X) 1= &(x) py = &(x)
3 — 1) 1
g (x) = 1(x) Ppar = 1(X)
4 | N 3 . "
@arg (X) 1= t(x) Vv f(x) Prar 1= 1(X)
1 el 4 L
Pent := £(X) Puide ‘= HX)
1 .
Pa1 t(x)

Scott Nelson (Illinois)
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Translating from string to coupling graph

Input Workspace

TT TB LIPS TT
< d < alv phar dent alv
na: v crit clos
< <lis0 <30
i Gl\ )GJ\ 2 (41

et ny) =x Ay Ar(y) A —@(x)

52 (0y) = (x =y) A1)

1,4
el x,y) = (x = y) At V()
<

1,1 L .
P dige ) = x Ay Ae(x) A —a(y)

L () = (x=Y)

P hag (6Y) 1= ~@(x) A —@()A

3z[z < x A =(2)]
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Translating from string to coupling graph

Input Workspace

@O |

Plicense (X) := True
Y"frsme()() = f(x) V t(x) V 1(x)

3
Plicense (X) = 1(x)

Pltcense (X) 1= t(x) V £(X)A
Jyly <x Af(y) V()]
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Translating from string to coupling graph
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> “At present, there is no real consensus on how to deal with
categorical alternations in AP” (Hall, 2010).

We can use the equations from this section to translate between
constraints and transformations. These provide a way to embed
these types of analyses directly into the language of
Articulatory Phonology and vice versa.

» I’ll use the example of the English past-tense alternation
(specifically determining when epenthesis occurs).
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Model Theory - Phonological Transformations

a—b/c_d

Zalx) A -3y, zly <x <z Acly) Ad(2)]
(x)V (alx) ATy, zly <x <z Acly) Ad(z)])
)

mmooeeo
mwooeee
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Theoretical Accounts of the Past Tense Alternations

» Rules
—son —son
» () i/ |—cont| _ [—cont
+cor +cor

» [—son] — [—voi]/[—voi]_#
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Theoretical Accounts of the Past Tense Alternations

» Optimality Theory
» NOGEM, AGREE(VOICE) > DEP(V) > IDENT(VOICE)

Bakovié¢ (2005)
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Theoretical Accounts of the Past Tense Alternations

» Coupling Graphs
» Couple the TT closure gesture of the suffix coupling graph
anti-phase to a stem-final vowel constriction gesture.
» Couple the TT closure gesture of the suffix eccentric phase
to a stem-final non-coronal obstruent constriction gesture.
» Couple the TT closure gesture of the suffix eccentric phase
to a stem-final coronal obstruent release gesture.

Goldstein (2011)
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Rules and English Past Tense Epenthesis

20 2 (t00) v d(x)) A Fylx <y Atly) vV dy)]

{t,d} {t,d}

Input:

< <
Output: 1,1 /1-2\ 2,1

» “if there is a sequence of two coronals, then on the output
insert a [i] between those coronals.”
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OT and English Past Tense Epenthesis

» The constraint ranking essentially gets us an
IF...THEN. . .ELSE statement.

If there is a sequence of two coronal plosives on the input
(violating NOGEM), then changing the voicing valuation will
not make a difference in harmony.The only way to salvage a
candidate is by epenthesizing due to the ranking.

> ©?(x) := IF cor(x) A cor(s(x)) THEN true ELSE false

» In the FO language used previously, this is equivalent to
the rule formula.

Bhaskar et al. (2020); Chandlee and Jardine (2021); Bhaskar et al. (2023)
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Dynamic Grammar and English Past Tense Epenthesis

Paso (6,7) ETT(y) A clo(y) A Jzlz <50 y A TT(2) A clo(2) A z <Igo X]

Input: Output:

clo rel clo rel
: TT \
clo

» If we abstract just a little bit, the extension of the Dynamic
Grammar includes pairs where, if a given substructure
exists in an input graph, then the output graph changes the
coupling structure such that epenthesis occurs.
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Dynamic Grammar and English Past Tense Epenthesis

(6 y) & (x <180 y) V (x <130 ¥) V (xSy A V() A ~3zx <180 2])
Cronse () & ~rel(x) A —GLO(X) A =VEL(x)— SecArc (x)

ua () ETT(x) A clo(x)

Output:

{t,d} {t,d}

» The substructure that drives epenthesis in the Dynamic
Grammar is equivalent to the substructure driving
epenthesis in the Rule Grammar.
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Local Summary

» Model theory provides an abstract way to directly translate,
and therefore make connections, between symbolic strings
and coupling graphs. FO logic is relatively restricted (and
we can probably go lower in expressive power...)

» It appears that any theory of phonology needs a way to
change basic structure when new morphemes are added. If
we think about symbolic phonology as operating over
equivalence classes of coupling graph structure then the
gap between theories narrows.

» Still plenty of technical stuff to work out:

» Variation, long-distance phenomena, coupling strength,
stiffness, ...
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Describing Grammatical

Architecture and Control
Structure with Typed

Functions
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Section Outline

©Q Thinking in Functions
© Moving beyond the “Modular Feed-Forward” View
© Rethinking Gestural Hiding + Reduction

Key Idea

I show how to use function types to rethink about the way that
certain types of information interact within a system. This view
reveals that qualitative structure rather than quantitative
implementations can explain a good chunk of phenomena.
From this, it follows that the symbolic vs. dynamic distinction
can be subtle and may rely at times on auxiliary assumptions.

v
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Computational Structure

» Typed functions, a generalization of the \-calculus (a
universal model of computation) can bring together two
definitions of computation.

» A :: B — C describes a function A that maps B type things
to C type things.

» An information processing device (A) takes some
information (B) and processes it into something new (C).

Sipser (2013); Marr (1982); Pierce (2002); Church (1932, 1933)
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Modular Feed-Forward Model

Lexicon Phonology Phonetics [----~- >

» The common view of the production process in generative
linguistics is often referred to as the modular feed-forward
model.

Pierrehumbert (2002); Bermudez-Otero (2007); Kenstowicz (2010)
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Thinking in Functions

» Phonology is a function that maps UR’s to SR’s
(P:: UR — SR)

» Phonetics is a function that maps SR’s to PR’s
(Ayer i SR — PR)

Roark and Sproat (2007), Heinz (2018)
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Modular Feed-Forward Model Redux

» Since phonology has the type UR — SR and phonetics has
the type SR — PR, the Modular Feed-Forward Model is a
composed function MFF :: UR — PR.

> Awrr(P(UR)) = PR

AMFF

A

UR SR PR
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Moving beyond the MFF Model

» Some problems for the MFF Model:

» Incomplete Neutralization

» Variation in Homophone Duration
» Word Specific Effects

> ...

» Solution from Dynamics (Gafos and Benus, 2006):

» ...it is both necessary and promising to do away with the
metaphor of precedence between the qualitative phonology
and the quantitative phonetics, without losing sight of the
essential distinction between the two...

Port and Leary (2005); Gahl (2008); Pierrehumbert (2002)
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An Abstract Solution

What we continue to stress in this paper is that language
production involves the interaction of lexical, phonological,
and extra-grammatical factors which the modular feedfor-
ward model fails to capture. Since this idea is able to be
expressed using different types of mathematical formalisms,
we believe that this idea is not a property of the specific
mathematical implementation, but rather a property of the
high-level architecture (a “model” in our terms).

Nelson and Heinz (in press) - The Blueprint Model of Production
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The Blueprint Model of Production

Lexicon

E

Pragmatics
Frequency
Speech Rate

Phonetics [-----= >

UR

:

Phonology

Nelson and Heinz (in press)
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The Blueprint Model of Production

» The inputs to the phonetics function are the lexicon and
phonology functions, as well as extra-grammatical
information that influences production.

» The lexicon is a function with type L :: UR — UR.
» Phonology is still a function with type P :: UR — SR.
» E is a cover type for extra-grammatical information.

» When a function takes a function as an input it is called a
higher-order function.

» The phonetics function in the Blueprint Model of
Production has type Agp :: L — P — E — {PR}.
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Simulating Empirical Phenomena

» Simulations show that the Blueprint Model of Production
can produce systematic gradient phonetic effects with
discrete phonological knowledge.

» Final Devoicing in German

» Tonal Near Merger in Cantonese

» Epenthesis in Lebanese Arabic

» Homophone duration variation in English

Nelson and Heinz (in press)
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Reconsidering Gestural Phenomena

» Gestural Hiding
» perfect memory, must be, ground pressure
» Magnitude of alveolar gesture similar between “deleted”
and present forms.
» Weak evidence for output being a blend of lexical +
phonological forms (with deletion rule)

» Gestural Reduction
» late calls
» Magnitude of alveolar gesture reduced between “deleted”
and present forms.
> Stronger evidence for output being a blend of lexical +
phonological forms (with deletion rule)

Browman and Goldstein (1990); Beckman (1996); Nolan (1992)
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Local Summary

» The assumed structure of a system influences how data are
interpreted.

» New structure = possible new interpretation of old data

» The Blueprint Model of Production shows that we can
tweak one parameter (structure of interface) and keep
another unchanged (discrete phonological knowledge) to
explain thought-to-be-problematic phenomena.

» What are core assumptions of a symbolic/generative theory?

» Again, abstraction allows us to make connections in ways
that may not seem obvious.

» Philosophical vs. empirical justification for one type of
theory over the other?
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Final Thoughts

» Abstract analyses help identify which aspects of theories
are necessary properties to account for speech and
language data.

» These can be thought of as complementary approach to the
continuing work that shows how dynamic models of
speech sufficiently capture various empirical phenomena.

» What counts as a necessary condition [in favor] of a
dynamical theory?

> Any condition which can only be explained directly by
dynamics and not through an auxiliary assumption.
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THANK YOU

“Mathematical models with their equations and proofs and computa-
tional models with their programs and simulations provide different and
important windows of insight into the phenomena at hand. In the first,
one constructs idealized and simplified models but one can now rea-
son about the behavior of such models and therefore be very sure of
one’s conclusions. In the second, one constructs more realistic models
but because of the complexity, one will need to resort to heuristic ar-
guments and simulations. In summary, for mathematical models the
assumptions are more questionable but the conclusions are more reli-
able — for computational models, the assumptions are more believable
but the conclusions more suspect.” - Niyogi (2006, pp. 38-39)
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