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Topics
Spreading Activation & Harmony Maximization
Spreading activation
PDP-I:1,2
Harmony maximization
PDP-I11:3[49-53]; PDP-11:14[7-38]; PDP-I:6
Goldsmith-Larson Dynamic Linear Model
Goldsmith, John:
Local modeling in phonology.
A dynamical computational theory of accent systems.

Prince, Alan:

Convergence of the Goldsmith-Larson Dynamic Linear Model of sonority and
stress structure.

Closed-form solution of the Goldsmith-Larson Dynamic Linear Model of syllable
and stress structure and some properties thereof

Inductive Learning & Error Minimization
Hebb rule
PDP-I:1{31-40]; PDP-III:4[83-86],5[90-93]
Delta rule
PDP-II:[86-89,93-96,121-130]; PDP-1:11
Past Tense Acquisition Model

PDP-II:18



Pinker, Steven & Prince, Alan.
Rules and connections in human language.

On language and connectionism: Analysis of a parallel distributed processing
model of language acquisition. [Pinker & Mehler.]

Back Propagation
PDP-III:5[130-137]; PDP-I:8
NetTalk

Sejnowski, Terrence J. & Rosenberg, Charles R. Parallel networks that learn to
pronounce English text.

Recurrent back propagation
PDP-1:8[354-361]
Elman, Jeffrey. Finding structure in time.
Continuity & Similarity
Hungarian Vowel Harmony Model

Hare, Mary. The role of similarity in Hungarian vowel harmony: A connectionist
account.

Harmonic Grammar
Legendre, Geraldine, Miyata, Yoshiro, & Smolensky, Paul:
Can connectionism contribute to syntax? Harmonic Grammar, with an application.
Unifying syntactic and semantic approaches to unaccusativity: A connectionist approach.

Harmonic Grammar -- A formal mutli-level connectionist theory of linguistic well-
formedness: An application.

Harmonic Grammar -- A formal mutli-level connectionist theory of linguistic well-
formedness: Theoretical foundations.

Harmonic Phonology
Lakoff, George. A suggestion for a linguistics with connectionist foundations.

Touretzky, David S., Wheeler, Deirdre W, & Elvgren, Gillette. Rules and maps II: Further
progress in connectionist phonology.



Goldsmith, John. Phonology as an intelligent system.
Prince, Alan & Smolensky, Paul. Class Notes

Sources

Unless otherwise indicated, all articles are in the Reader.

‘PDP-X:Y[a-b]’ denotes ‘PDP books, volume X, chapter Y, pages a-b’

On reserve in library & available through bookstore:

PDP-1: Rumelhart, David E., McClelland, James L., & the PDP Research Group. Parallel
distributed processing: Explorations in the microstructure of cognition. Volume 1: Foundations.
Cambridge, MA: MIT Press/Bradford Books.

PDP-II: McClelland, James L., Rumelhart, David E., & the PDP Research Group. Parallel
distributed processing:  Explorations in the microstructure of cognition.  Volume 2:
Psychological and biological models. Cambridge, MA: MIT Press/Bradford Books.

PDP-II: McClelland, James L. & Rumelhart, David. Explorations in parallel distributed
processing: A handbook of models, programs and exercises. Cambridge, MA: MIT
Press/Bradford Books.

Pinker & Mehler: Pinker, Steven, & Mehler, Jacques (Eds.) (1988). Connections and symbols.
Cambridge, MA: MIT Press/Bradford Books.

Available through Institute:

Reader: Published articles and reports

Class Notes.
To be cited as:
Prince, A. & Smolensky, P. (1991). Notes on Connectionism and Harmony
Theory in Linguistics. ~ Technical Report CU-CS-533-91, Department of
Computer Science, University of Colorado, Boulder.
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Strategies & Principles of Connectionist Applications in
Linguistics: A summary

Low-level strategy

1. Connectionist principle:
Learning is some kind of statistical analysis of co-occurence.

Linguistic interpretation:
Temporal sequence of connectionist patterns — temporal sequence of linguistic units

Linguistic principle: .
Linguistic categories can be induced from positive examples thru the prediction of the next item.

Example:

Inducing word boundaries, lexical categories: Elman
2. Connectionist principle: -
Processing is activation-driven: The [continuous] activation of a unit i increased/decreased over
time in proportion to the activation of its neighbors in the network.

Linguistic interpretation:
activation — feature value (e.g. accentual prominence, sonority, tone)
network neighbors — tier neighbors

Linguistic principle:
The [continuous] derived value of a feature is increased/decreased over time in proportion to the
derived value of that feature for its left- and right-neighbors in the tier.

Example:
Goldsmith & Larson theory of stress & sonority

3. Connectionist principle:
Processing is similarity-driven.

Linguistic interpretation:
temporal sequences of activity patterns - segmental strings
connectionist unit — distinctive feature
similarity — sharing of distinctive features

Linguistic principle:
The tendency for a missing feature in segment s to be filled with a value consistent with that of
a preceding segment s’ is increased by
similarity between s and s’
similarity between s’ and other segments near it
proximity in string/time of s’ and s
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Example:
Transparency in Hungarian vowel harmony: Hare.

Methodological aside:

Low-level strategy for application of connectionism to linguistics (radical):

Low-level connectionist networks [principles] - specific linguistic account/‘model’ [ higher-
level analysis (possibly)]

High-level strategy (conservative):

Low-level connectionist networks - high-level connectionist computational principles - linguistic
principles defining a grammatical formalism — specific linguistic accounts

Note:  This strategy is made possible only through technical innovations in the high-level
analysis of connectionist computaiton.

High-level strategy

4. Connectionist principle:
Connectionist representations can be analyzed on a higher level as symbolic structures.

Linguistic interpretation:
Henceforth, all grammatical representations will be symbolic: traditional, unrevised. The rules
too will be traditional in form, but their interpretation and interaction will be new.
(Conservatism.)

5. Connectionist principle:
Processing (at both lower- and higher level) is harmony-driven.

Linguistic interpretation:
connectionist input — linguistic ‘input’ to grammar (string of words, phonemes)
connectionist well-formedness — linguistic well-formedness
pattern of activity arising from an input — structural description of the input
pattern of connections - grammar

Linguistic principle A:

Grammatical well-formedness is quantitatively measured by Harmony. The grammar assigns to
any input the structural description that maximizes Harmony. This maximal Harmony value is
the well-formedness of the structure: high for well-formed and low for ill-formed.

The terms in the Harmony function define a Harmonic Grammar, and may be interpreted as soft
rules of the form:

If structural configuration X occurs in the structure, add Hy to the Harmony of the
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structure.
The numbers Hy can be automatically determined from the data via back propagation.

Note: Harmonic Grammar permits (but does not require) the study of very complex interactions of
multiple factors.

Example:
Unaccusativity phenomena in French: Legendre, Miyata, Smolensky

Problem: Understanding the grammar is almost as difficult as understanding the original dara...
Linguistic principle B:

Optimality. A grammar is a preference relation > among structural descriptions; it assigns to
any input that structure which is optimal (prefered by > to all other structures).

The preference relation > among structures is built up compositionally from preference relations
among the substructures or subdimensions from which structures are built.

The basic preference relations and their means of combination are drawn from a universal
repertoire.

6. Connectionist principle:
Learning is error minimization.

Linguistic interpretation: 7??
Example applications: 77?7



We chose four diagnostic contexts:

Object Raising (OR) La glace est facile a faire fondre . Ice is easy to make melt.

Croire "believe" (CR) Je croyais Marie déja sortie. ! believed Marie to have already gone out.
Participial Absolute (PA)|Parti avant 'aube, Pierre est arrivé a Gone before dawn, Pierre arrived at his
destination le jour méme., destination on the same day.

Reduced Relatives (RR)|La neige fondue a formé de la boue. | The melted snow formed mud.

Specifying HNet' based on linguistic analysis p—
Data: 760 French sentences generated from the four diagnostic contexts, 143 intransitive verbs, and 3 types
of arguments with their acceptabilities judged by human informants in 5 graded levels.
Choice of constituents:
Inputs: We chose the following to code each of the 760 French sentences:
(a) Argument: two semantic features - AN (animate) and VO (volitional).

(b) Verb: two aspectual features - TE (telic) and PR (progressive); 143 individuated verbs as lexicon.
(c) Context: four diagnostic contexts (OR, CR, PA, and RR)

Hidden: two hidden constituents, motivated linguistically by the unergative/unaccusative distinction.
Choice of constituent interactions:
175 independent quadratic terms representing pairwise constituent interactions. (143 lexical, 32 non-lexical)

E.g., we assume each diagnostic context can interact with (have preferences for) semantic features of the
argument and aspectual features of the verb (include the terms Horan, Her,TE, etc.).

E.g., we assume each diagnostic context cannot interact with (have preferences for) individual verbs
(eliminate terms HoR dire, HcR fondre, etc.)

Treatment of hidden constituents:

We assumed that the two hidden constituents are mutually exclusive: turn on one of the hidden units that
maximizes H and turn off the other.

=)

Results
« Examples of soft rules:

After training the HNet' on these data, we interpret the weights in HNet' as a set of soft rules:
* verb s'asseoir "walk” prefers hidden constituent 2 - if hidden constituent 1 is chosen, decrease
H (well-formedness) by 4.5.

* verb aller "go" prefers hidden constituent 1 - if hidden constituent 1 is chosen, increase H by
3.4.

« The performance:

As a collection of these soft rules, the grammar embodied in HNet'

[+ or -] of acceptabilities for all of the 760 sentences, and for t
levels] for all but 30 of them.

- Strong interactions among syntactic and semantic components:
The network achieved this performance with stron
semantic components: almost eve

acceptable & unacceptable.

« Extendability of the grammar:

We tested how well the grammar generated can extend to new verbs. After training on 536
sentences with 87 verbs, we gave the network 80 sentences with 20 new verbs. The
network could account for the signs of acceptabilities of all but 2 of the 80 sentences by
adding an appropriate new lexical entry for each verb.,

« Predictions:
The network was able to make certain

verbs and arguments with certain
evaluating these predictions.

could account for the signs
he graded acceptabilities [5

g interactions among various syntactic and
ry rule is strong enough to flip a decision between

predictions about acceptability patterns allowed for
feature combinations. We are in the process of
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Universal Typology in Harmonic Phonology:
0"™-order Syllable Structure

Paul Smolensky & Alan Prince
July 25, 1991

- Fundamental Definitions

LOCS:
Suppose given:
® a role-filler decomposition of S specifying for each s € § a description of s as a multi-
set M, of role/filler pairs
® an ordering = of fillers
® a function predom specifying a predominant element of any multi-set M, of role/filler
pairs; define:
residue(M) = M \ predom(M)
Then the corresponding Lexical Order on Composite Structures S is the ordering on § defined
recursively by:
M, » M, iff
Jiller(predom(M,)) = filler(predom(M,.))
or
Jiller(predom(M,)) = filler(predom(M,)) and residue(M,) > residue(M,)
Two cases of interest:
Filler-driven LOCS: predom(M,) = any role/filler pair in M, containing a maximal filler
(w.r.t. 0).
Role-driven LOCS: predom(M) = a role/filler pair in M, containing a maximal role,
w.r.t. an ordering on roles O which must be further supplied

SDG: The Strict Domination Grammar
P> D> ... »p,
is the preference relation > defined from a sequence p,, ..., D, of Boolean predicates over possible
structural descriptions, defined as the following role-driven LOCS:
® the ‘roles’ are the predicates p,, ..., p, and the “filler’ of each role is the truth value
of each predicate: M, = {+p,, +p,, ....} where the sign of p, indicates whether
s satisfies predicate p, (+) or not (—=). [We sometimes write M, more
mnemonically by suppressing the +p, and writing the =Dy aS *p]
® the ordering on fillers is + = — (T = F; ‘preferences’)
® the ordering onrolesis p, O ... D p,

[Aside: If in the definition of SDG we change the LOCS from role- to filler-driven, then the order we
get is ‘Prefer fewer marks’, where a ‘mark’ is a violated preference. ] ;

FUT(P): The Factorial Universal Typology determined by a set P of universal preférences is the
typology arising from the strict domination grammars determined all possible permutations of the
preferences in P.

[That is, as far as the grammatical module governed by the set P is concerned, FUT(P) characterizes the
set of possible languages as exactly those arising from all possible orderings of the preferences in P.]



0®-order (C/V) Syllable Structure

Goal:
To explain the typology:
onsets: required/optional/ * forbidden;
codas: * required/optional/forbidden

[nuclei: assume required by definition of syllable]

onsets
required optional
codas forbidden Loy Loy
optional Zevo Lovo

Main Claim:
The universal typology of C/V syllable structures is FUT(P), where the set of preferences P is:
ONS: Prefer syllables with onsets.
-COD: Prefer syllables with no coda.
PARSE: Prefer parsed segments.
FILL: Prefer filled syllable positions.

Note: Best syllable is CV., which satisfies all preferences. Thus /CV/ is assigned CV. So it is not
possible to prohibit onsets or to require codas.

Onsets (ignore -COD for now):

Look at underlying form with preferred coda (i.e., none) and an onset wanting repair (i.e., none): /V/;
Possible structures:

o3 s
l A
Nluc LN 3 Nllic
\4 \V4 \'%
V. (vl V.
{ = ONS} { * PARSE} { * FILL}

Phonetic assumptions: unparsed segments are not realized (deletion); unfilled syllable positions are
somehow realized (epenthesis).

The preferred structure is the one with the lowest mark; given an order

D ® p; » py,
the preferred structure is the one having { * p;}; the order of p, & p, don’t matter. So rather than 3! =
6 cases there are 3 different ones (ignore {} for now):

la. ONS » {PARSE » FILL} ~ PARSE » ONS » FILL Preferred: *V.
1b. ONS » {FILL » PARSE} ~ FILL » ONS » PARSE Preferred: [V]
2m. {PARSE » FILL} » ONS ~ {FILL » PARSE} » ONS Preferred: V.

(Here, ~ denotes the equivalence of two orderings, that is, that they determine the same maximally
harmonious forms.)
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Using the first instance of each case, we can view the three cases hierarchically by letting
1-1: Prefer one-to-one pairing of segments and syllable positions
= either {PARSE » FILL} or {FILL » PARSE}

1. ONS » 1-1
a. 1-1 = {PARSE » FILL} Preferred: “V.
b. 1-1 = {FILL » PARSE} Preferred: [V]
2. 1-1 » ONS
1-1 = {PARSE » FILL} ~ 1-1 = {FILL » PARSE} Preferred: V.
1. Onsets are mandatory, since ONS is the predominant preference
a. an onset is epenthesized;
b. an onsetless nucleus is deleted.

2. Onsets are optional, since it is more important not to epenthesize or delete (1-1) than it is to
have an onset.

Codas:

Same story, mutatis mutandis. Look at /CVC/ (preferred onset, coda needing repair).
Possible structures:

oNg/MTxc\wD OMQ/N]TC Or'\ss N;xc or{ss NG
) [ |
3 v C ¢ VvV C ¢ Vv C
CVC. : Cv.[C] Cv.C*,
{ x-COD} { * PARSE} { = FILL}
Cases:
1. -COD » 1-1
a. 1-1 = {PARSE » FILL} Preferred: CV.C*.
b. 1-1 = {FILL » PARSE} Preferred: CV.[C]
2. 1-1 » -COD
1-1 = {PARSE » FILL} ~ 1-1 = {FILL > PARSE} Preferred: CVC.
That is:

1. Codas are prohibited, since -COD is the predominant preference
a. an extra nucleus is epenthesized;
b. a coda is deleted.

2. Codas are optional, since it is more important not to epenthesize or delete (1-1) than it is to
lack a coda.

Note: For the onset discussion, the relevant case of FILL is ‘Prefer filled onsets’ (FILLgys), while for
the coda discussion, it is ‘Prefer filled nuclei’ (FILLy,). These need not be assumed to be subsumed
under a single general preference, FILL. Similarly, the relevant cases of PARSE are PARSE, and
PARSE. for the onset and coda discussions, respectively. If there is but one general preference FILL
and another such PARSE, then these general preferences must be relatively ranked once and for all in
a given grammar, predicting that, PARSE, » FILL,s iff PARSE; » FILLyyc, which in turn implies
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that in any I, language, either onsets and nuclei are both epenthesized (/V/ - *V. and /CVC/ —
CV.C".) or nuclei and codas are both deleted (/V/ = [ V] and /CVC/ - CV.[C]). Presumably this
is empirically false, so we must allow the two kinds of PARSE and two kinds of FILL preferences to
each have their own place in the dominance hierarchy.



L&l —  Heke 1573 Wilwe 1788

uninflected nonfurure funme gloss ’
Smin g ;=]
(4) Ao '
kentapal ketapalin keatapai-ur dugong
ketar ketarin ketarur river
miyar miyapin miyarur spear
yarput yarput'din yarpuj-ur snake, bird ‘
yaraman yaraman-in yaramxnfhx; horse S Nt
pirgen pirgen-in pirgen-kur woman
(8) , Vo o/l B
( mela melan melag sea s “/‘v' o
-2 <wanka wanka-n wankay arm b
{ kugka kugka-n kugka-t groin ) ,
‘guka augw puidi-v 2 puku-y water v
Ll - — X
o Kata it katuy katu-y child
\pawa aqwi pawai-m pawu-p wife .
(kegte rcenti kenti-n keqti-wur 1 wife ,.., ;;___ o
! =~oqpige ing pini-n pigiwur skin
{pape api papi-n papiwur father's mother
‘t'empe t'empen t'emper mother's father
=2 uite witen witer interior
(C)'mr'km (N umaL” n Lat
yalulu yalulua yalulur flame
mayara mayaran mayarar rainbow
wiwal a wiwalan wiwalar bush mango
karikar \ karikarin karikariwug butter-fish
vitiyil yillyilin yillyiliwur oyster (sp.)
®) w
jurara~ i "y
f - - jurarantn furamiay shark
palucg palukin paiukur story
_ Cputuka putukan p M short
murkunimm murkuniman murkunimar nullah
— > anul?lu w Jawupawun pawugawur termite
- 4 Updﬂ:; - ﬂptti;'ain tpitipfwur rock-cod (sp.)
. fapu faput’in faputiwur older brother
-LL y t?.ux)km?ur}u “ mugkumuniun mupkumunkuy wooden axe
¢ tumput Umpu t'umput'umpun t'umput‘umpxq- dragon fly
®
yuarr ¢ yularpan yukarpar husband
i wuluaxe wulunkaa wulunkar frutt (sp.)
| wutal 71 wutalt'in wultalttwur meat
: kantukan t« kantukantun kantukantur red
karwakarwa karwakarwan karwakarwar wattle (sp.)
CV - wminflected nonfiture Sfuture
fera ter-in ter-ur ‘thigh’
yura yir-in yur-ur *body’
riita fil-in rileur ‘neck’
tjuita tjil-in tjul-ur *hair’
marts mar-in ‘mar-up ‘hand’
furta tug-in tur-ur ‘excrement’
wunta wun-in wun-kur  ‘rain’
kanta kan-in kan-kur  ‘grass’
njuta njitj-in njith-ur  ‘fire’
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Connectionism for Linguistics

Paul Smolensky

LSA Linguistic Institute
July 17, 1991

Collaborators:
Géraldine Legendre (Linguistics, Colorado)
Yoshiro Miyata (Cognitive Science, Chukyo)
Alan Prince (Linguistics, Brandeis)

Connectionist Computation
What is it? Low level characterization:

Data: activation values
Processing:  spreading activation
Learning: associationist strength modification with experience

Why is it? Cognitive motivations:
Biological neural networks: abstract out a computational description
Psychological models of:
Perception
Memory
~ Associationist processing
Empiricist learning

Computation & linguistics
Psycholinguistics
Neurolinguistics
On-line processing
Acquisition
The form of grammar
If cognition is connectionist computation, what are the implications for

grammar?
Relation between connectionist and symbolic computation
Eliminativism: Connectionist replaces symbolic
Implementationalism: Connectionist implements symbolic
Revisionism: Connectionist revises/enriches symbolic
[A major research program is required to pull this off; multiple levels.]
Grammar
Eliminativism: Grammar is a fiction.
Implementationalism: Grammar is unchanged.
Revisionism: Grammar inherits new kinds of rules &

representations from connectionist computation
Requires high-level characterization of connectionist computation [which
in turn requires a major research program to develop]



Computing done by linguist vs. computing done by speaker/hearer.

Examples of new ways of computing/thinking:

1. Continuous representations

2 Similarity-based processes

3. Parallel soft constraint satisfaction

4. Quantitative measures of well-formedness
5 Optimality as main organizing principle

Are these good ways of computing/thinking? You tell me.

Plan for lectures:
Forp € {1,2,3,4,5}
A. Develop high-level principle p of connectionist computation.
B. Propose a way of importing it into linguistics.
C. Develop an example application.

Logical progression of principles: 1 -5 (lowest, ‘most connectionist’ - highest, ‘most
symbolic’)

Conservative presentation of linguistic applications: 5 - 1 — wins.

Today: 5; Next week: 4 - 1

5. Optimality as an organizing principle of grammar
A. Connectionist principle:

Harmony maximization. In a central and interesting class of connectionist networks,
activation flow creates from an input a pattern of activity that [locally] maximizes a
numerical well-formedness measure, the Harmony:
L Ej a; W; a;
Linguistic interpretation:
connectionist input - linguistic ‘input’ to grammar (string of words, phonemes)
connectionist well-formedness — linguistic well-formedness ;
pattern of activity arising from an input — structural description of the input
pattern of connections —» grammar

Here, all grammatical representations will be symbolic: traditional, unrevised. The rules too
will be traditional in form, but their interpretation and interaction will be new. (Conservatism.)



B. Proposed linguistic principle:

Optimality. A grammar is a preference relation > among structural descriptions; it
assigns to any input that structure which is optimal (prefered by > to all other structures).

The preference relation > among structures is built up compositionally from preference
relations among the substructures or subdimensions from which structures are built.

The basic preference relations and their means of combination are drawn from a
universal repertoire.

Linguistic-internal motivation:
Grammars are more explanatory when they explicity state well-formedness constraints
rather than describing procedures to satisfy those constraints.
(Prefer principles to rewrite rules/transformations.)

Phonology has not made the progress towards this goal that syntax has — because the
constraints are so often of the form, ‘prefer ... if possible’ rather than ‘obey ... or be ill-
formed’.

(But re:syntax, cf. Sadock’s constraints on inter-component discrepancies.)

C. Applications in phonology [for many more, cf. Prince & Smolensky, LINS 247]
a. Berber syllabification
[insert brief statement of problem]

Idea: Dell—El-Medlaoui algorithm is trying to build the best syllables possible, as defined
primarily by the goodness of their peaks. Replace the algorithm with a formal statement of this
well-formedness metric.

More sonorous segments make better syllable peaks:
align sonority prominence hierarchy 837=...31 with syllable structure prominence
hierarchy: peak=non-peak
(8,peak) > (7,peak) > ... > (1,peak).

Given a syllabification s, let M, = the (multi-)set of peaks in s.
Let first(M,) = best peak of M,, and let rest(M,) = M, \ Sirst(M,).
Then recursively define:
M, » M, iff
Jirst(M) > first(M,)
or
AirsiM,) = first(M,) and rest(M,) > rest(M,)
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Note: This means of composing the ordering > on peaks to an ordering > on syllabifications
is a generalization of alphabetical ordering of strings: reinterpret firsr as ‘left-most element’.
It turns out to be useful quite generally in the theory, so we dub it Generalized Lexicographic
Ordering, GLO. To define a GLO >, we must specify the sets M,, the function first, and an
ordering > of individual elements of M..

b. Lardil

A Strict Domination Grammar is a preference relation > defined from a sequence of Boolean
predicates over possible structural descriptions
Dy > D> ... >p,
by the following case of GLO:
For a given structure s, let M, = {+p,, +p,, ....} where the sign of p, indicates whether
s satisfies predicate p, (+) or not (—). Let first(M,) = first element of M,. On each
predicate separately, +p, (preference satisfaction) > —p, (preference violation).

Note: This is a form of markedness theory. Each ‘—p,’ is a kind of ‘mark’ on the structure,
and the ordering > gives a formal means of deciding which structure as a whole is least marked,
by examining individual marks.

For clarity, we write ‘Prefer p,’ for p, and ‘Avoid q,” when p, = ~g,.

The Lardil preferences:
P;t Avoid subminimal words [less than one foot].
D2t Avoid non-final defective syllables.
Ps: Avoid complex consonants in coda position [allowed: one non-back coronal].
D4 Prefer filled onsets. -
Ds: Prefer free final V.
Ds: Avoid defective syllables.
Pp7 Avoid free material.
Ds: Prefer coincidence of stem & syllable boundaries.



