CHAPTER 3

Combinatoriality

3.1 The need for an f-mental grammar

From the standpoint of communication systems in the natural world, one of the
most striking facts about human language is that its users can create and under-
stand an unlimited number of utterances on an unlimited number of topics. This
productivity is possible thanks to an important design feature of language:
utterances are built by combining elements of a large but finite vocabulary into
larger/ meaningful expressions. Furthermore, the principles of combination
are such as to enable users to construct arbitrarily long expressions, subject only
to extrinsic limitations of memory and attention of the sort alluded to in

Chapter 2.
As is observed in every introductory linguistics course, language provides

many different ways of constructing elaborate utterances. Among them are suc-

cessive conjunction of phrases (1a) or clauses (1b), multiple adjectival modifiers
(xc), successively embedded prepositional modifiers (1d), successively embed-

ded relative clauses (xe), successively embedded complement clauses (zf), plus

free mixtures of the above (1g).

(1) a. We ate apples and oranges and pears and pretzels and stew and . ...

and I can’t remember what else.

b. Ducks quack and dogs bark and cats meow and fish swim and worms
wriggle and . . . and I don’t know what armadillos do.

c. This s a big, new, imposing, poorly designed, cold, uncomfortable,
very expensive building.

d. There’s a sty on the eye on the fly on the lump on the wart on the frog
on the bump on the log in the hole in the bottom of the sea. '

e. This is the butcher that killed the ox that drank the water that
quenched the fire that burned the stick that beat the dog that bit the
cat that ate the goat that my father bought for two zuzim.

COMBINATORIALITY 39

f. 1 Wc‘)nder if Susan knows that Fred assured Lois that Clark would
remind Pat to buy food for dinner.

g. We have a young child and our chef has twins so we know how difficult
itis to find a first rate restaurant that doesn’t shudder when you show
up at the door with kids in tow.

The length and complexity of utterances involves not only the number of
words and their syntactic organization. The messages that utterances convey—
and their topics—are equally unlimited. In this respect human utterances con-
trast sharply with the long and complex songs of certain species of whales and
birds, which, as far as can be told at present (Hauser 1996; Payne 2000; Slater
2000), basically convey only the message “Here I am, everyone!” ,

In principle, a communication system might construct arbitrarily long mes-
sages just by adding more and more new elements to the end of utterances, along
the lines of a shopping list. But human language doesn’t work like that: it,builds
up large utterances according to structural principles or rules. What made gen-
erative grammar in the modern sense possible was the development of formal
techniques for describing rules and systems of rules, deriving from work in the
foundations of mathematics during the first half of the twentieth century. (The
very same techniques, of course, led to the development of the digital com-
puter.) And, although there were precursors in post—Bloomﬁeldiah structural-
ism, in particular Chomsky’s teacher Zellig Harris (Harris 1951), it was
Chomsky who developed and made clear the connections between this mathe-
matical work and linguistic description.

' Putting the issue of combinatoriality into a mentalist framework adds an
important twist. Since the number of possible utterances of a human language is
unlimited, language users cannot store them all in their heads. Rather, f-know-
ledge of language requires two components. One is a finite list of struc,tural ele-
TEHFS thz’l,t are.available to be combined. This list is traditionally called the
: Iexxcon', ax}d its elements are called “lexical items”; for the moment let us sup-
pose lexical items are words or morphemes (we will alter this substantially in
Chapter 6). The other component is a finite set of combinatorial principles, or a

. .
: fv .cgvfmar. To the extent that speakers of a language (or a dialect) are consistent
_ With one another (see section 2.5), we can speak of the “grammar of the lan-

» - -
: 'I{;;: as a useful approximation to what all its speakers have in their heads.
a8 e task of a theory of linguistic competence, then, is to model the lexicon

X A . .
Atermino int: 1 i
alatly when loglciillll point: Sc.»menmes “grammar” is taken to encompass rules plus lexicon, par-
: » as will be seen in section 3.3, the lexicon is thought to contain rules as well. From

force of habit, I wi W w.
r r , I will no doubt fall into this inconsistency, but T wi i
= : , ot . , but I will attempt to make clear what is
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and the grammar in a language user’s f-mind, using every sort of empirical evi-
dence available, from speakers’ grammaticality judgments to patterns of histor-
ical development to brain imaging. Diagrams like Fig. 1.1 are taken to reflect the
principles by which sentences are built up from (or can be analyzed into) their
constituent parts. The structure one draws comes out differently depending on
the principles one claims are involved in its construction.*

Chomsky coined the term “generative grammar” to refer to a precise formu-
lation of the combinatorial principles that characterize a speaker’s competence.
He deliberately used the term ambiguously, to characterize both the principles
in the speaker’s head and those formulated by the linguist, relying on context to
make clear which was intended. For example, if one speaks of “writing a gram-
mar,” it is obviously the linguist’s grammar; but if one speaks of “a child learn-
ing or acquiring a grammar,” the principles in the head are intended.

The next two sections will undertake a brief survey of the sorts of grammat-
ical rule that various versions of generative grammar have found it useful to
posit. With these examples before us, we will be in a better position to ask how
to construe the notion of a rule of mental grammar, a crucial issue in trying to
integrate linguistic theory into a larger theory of mind (section 3.4). The chap-
ter will conclude by considering some important implications of combinatorial-
ity for theories of brain processing.

~

3.2 Some types of rule

Across a broad range of formulations of linguistic theory, three major types of
rules emerge, which I will call formation rules, derivational rules, and con-
straints.3 We take up these types in the present section. In addition, many
approaches claim that the lexicon is not just a list of unstructured items. Rather,
lexical items have their own internal structure which can be characterized by
lexical rules. These come in at least two types, lexical formation rules and lex
ical relations; a special case of the latter is inheritance hierarchies. Lexical rules
will be the topic of section 3.3.

* Could there be more than one grammar that predicts the same linguistic behavior, so that'i
would be a mistake to speak of the grammar of English? In principle, yes. In practice, it is usuall
hard enough to find even one grammar that does the trick in sufficient detail. On the other hand
the possibility of multiple grammars ar certain points in a language’s history is often posited as
source of grammatical change over the course of a generation or two {(Kiparsky 1969).

3 A terminological point: sometimes rules are taken to include only formation rules and deriva
tional rules, contrasting with constraints. It is convenient here to lump all three types together a
rules. :

COMBINATORIALITY 47X

3.2.1 Formation rules and typed variables

Formation rules specify how lexical items are to be combined into larger units,
and how these larger units in turn are combined into still larger units. Phrase
structure rules are the prototypical formation rules. An example is the rule for
English noun phrases that permits the construction of units like the little star. In
the traditional notation it is written like this:4

(2) NP—Det—AP-N

This is traditionally read “Noun Phrase goes to (is expanded as) a Determiner
followed by an Adjective Phrase followed by a Noun.” The application of this

rule is reflected in two places within Fig. 1.1, shown by the circled parts of the
syntactic tree structure shown in (3).

(3) S
“Det AP N M PP
" P o NP
!'/ /1\ \\\'
\l?et AP N
. -
A

The traditional way of reading (2) suggests that the construction of utter-

ances is to be conceived as proceeding from the top down: one starts with S,

expands it to NP followed by VP, and so on. Students are always reminded

that this is just an abstract way of characterizing a class of structures, and
therefore rules like (2) are to be understood non-directionally. Nevertheless,

the aura of directionality remains in the notation, if only because of the
arrow.

_ A more neutral notation for the same formation rule might be the tree frag-

ment (4) (Janet Fodor has suggested the term “treelet”).

A Thi :
This rule is meant only as a sample and is heavily oversimplified. As in Ch. 1, 1am assuming

NP has a . S . !
- nh flat structure in which its constituents are simply concatenated. If the structure is more
£l

5 ig’no:s is ;tam-:la.rdly'assumed, the phrase structure rules must be adjusted accordingly. I am
nstituenltng thg distinction between optional constituents (the Det and the AP) and obligatory
s (the N) as well as further possible constituents of NP such as postnominal PPs and

telarive clayses,
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(4) /I\‘IP\
Det AP N

This can be read as “An NP has as parts a Det, an AP, and an N, in that order.”
Alternatively, it can be read “bottom-up”: « A Det followed by an AP followed
by an N may be taken to constitute an NP.” Within this notation, we can think
of constructing a tree as “clipping” treelets together. For instance, (4) would
“clip onto” an NP node at the bottom of another treelet; in turn, a treelet with
AP at the top would “clip onto” the AP node of (4). “Clipping together” can
proceed from top to bottom, bottom to top, or any combination thereof.’
Some formulations of generative grammar have found it of interest to sep-
arate out the rules for constituency (the parts of an expression) from the prin-
ciples for linear order. Such a procedure is useful, for instance, in characterizing
languages with freer word order than English. In this case the formation rules
specify only constituency (what is a part of what); principles of linear order are

formulated as constraints (see below). There isno standard notation for rules of

unorc}ered constituency, and I will not bother to invent one here.

Whatever notation one adopts, an absolutely essential feature of formation
rules already emerges: they must be formulated in terms of abstract categories.
< A formation rule that mentioned only particular lexical items would not be
especially useful. There may exist such rules in English, for instance the one that
says bello and there may be combined in that order to form the utterance hello
there. But this way of combining items is not going to lead to any sort of prod- |
uctivity. At the very least one must be able to refer to the class of words asa_

whole. For instance, suppose we wish to specify something as simple as “An

utterance is a string of concatenated words.” This requires a formation rul

which counts anything that falls into the class of words as part of an utterance—

but which excludes non-word entities such as grunts, gestures, and sneezes
That is, the formation rule must contain a typed variable—a specification “any

thing of this particular sort.”
Most actual formation rules in language use typed variables narrower tha

5 This approach is most explicit in Tree-Adjoining Grammar (Joshi 1987; Frank and Kroc
1995), butitis also essentially the tack taken in all unification-based approaches such as HPSGan
LFG. ;

6§ One might wonder why we need to introduce something as technical as a typed variable
order to specify something as loose as “any word.” The answer becomes clearer when we notl
that language contains contexts that permit a category broader than words. An example i
then be went © < =+,” where “«= =" can be any sort of noise at all—or even a soundless gesture

as shrugging the shoulders.
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“any word.” For example, (4) has four variables: NP, Det, AP, and N: it s
“Any Det followed by any AP followed by any N can cor,lstitzlte an NP ” agi'
these variables, Det and N are categories (or types) of word; let us concer;trat
on them for a moment. In order for rule (4) to be able to put vzrords together, twf)
things are necessary. First, lexical items must be marked for what categor ,the
belong to. For instance, star and cat belong to the category Noun; the Z a 21,
this belong to the category Determiner. Second, we need a “meta—;_::r'mc; l’e”n f
variable instantiation, which can be seen from two perspectives. From thg “too—
down” perspective, it allows instances of a category to be substituted for a vap'
able of that category, thus “satisfying” or “saturating” the variable Fromna;
ccboltt(.)m-lip ” perspective, it allows an individual word to be analyzed 2.18 having
a rolein a larger structure; this i i ituti i
rolein fdividual Wo,r o structure can be identified by substituting a vari-
Next, consider the categories NP and AP. These are not categories of words
but categories of phrases. Such categories allow us not only to strin, Word;
together, but also to build them into larger units that can then combinegfurther
A phrasal category is more abstract than a lexical category such as Noun anci
Determiner, in that it is not instantiated just by pulling a single word out of th
lexicon. Rather, it is instantiated by a string of one or more words and/ :
phrases that satisfy the variables in its formation rule (i.e. that are “clipped on(t)é

_it”). Thus, for instance, NP can be instantiated by stars, the little star, this fat

cat, and so forth; AP by fat, very skinny, moderately attractive, and so forth

- - The reason for using phrasal variables rather than just strings of lexical ty es
becc?mes clear when the same phrasal variable appears in several different fI:Jr—
mation rules. For example, NP appears as a variable in, among other things, the

following formation rules of English (assuming a generic introductory-course

set.of phrase structure rules).

a S X VP . PP
-/ \. 7N\ 7\
NP VP VNP P NP

NP is th‘e subject of a sentence; in (5b) it is the object of a verb phrase; in
:‘s"t”he object of a prepositional phrase. The fact that the same varial;le

. Ceezaline set of msta}nnati.ons, shovs.fs up in multiple places is part of wha;
n s we are dealing with a genuine linguistic unit and not just an ana-

b

C

i masionrs s o ganme vl e
e e e 1; r(llcue em%mcal questions. First, what are the actual

i guage under analysw:> Sec01.1d, and more generally,
, e repertoire of types for variables in formation rules? For
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instance, how many lexical categories are there and what are they, and how
many phrasal categories are there and what are they? Third, what is the reper-
toire of relations induced by formation rules? Do they specify linear order of the
parts, like (3), or do they specify unordered constituency? Is the relation of the
head to the phrase (shown by a double line in (4) and (5)) distinct from the rela-
tion of other constituents (single lines)?

We have alluded to the possibility that some of the work of formation rules (say,
linear order) is taken over by constraints. In the Minimalist Program (Chomsky
1995) this possibility has been carried to the extreme position that there is a single
formation rule, called Merge: “Any word or phrase can be combined with any
word or phrase, subject to all applicable constraints.” Similarly, in Optimality
Theory in both phonology (Prince and Smolensky 1993) and syntax (Grimshaw
1997), there is a component called Gen (“generate”) which essentially says
“Combine any units of the appropriate sort (i.e. phonological or syntactic respec-
tively).” In Chapter 6 we will arrive at a more or less parallel position. ,

A second sort of formation rule specifies a category as composed from a num-

ber of more limited variables. For instance, Chapter 1 mentioned the analysis of

the category NP as the composition of the three features [+N, —V, +phrasal]). In
order; for this composition to make sense, the grammar must contain a forma-
tion-rule that stipulates the range of possibilities, for instance (6).

(6) Syntactic category = [N, =V, +phrasal]

The variables here are the = signs, which can be instantiated as + or —. This rule
has the effect of creating a set of eight syntactic categories, corresponding to all
the combinations of the three variables. Thus instead of a repertoire of eight
unrelated categories, we have the broader type “syntactic category” plus a

repertoire of three features and their variables.”

Here is why we might want such an analysis. Suppose we find that certain cat
egories, say NP and AP, behave in parallel fashion in various respects. We ca
then formulate the principles governing this parallel behavior in terms of
typed variable that ignores the difference between them—perhaps [+N.
+phrasal], which leaves the value of the £V feature open. That is, feature com
position rules like (6) permit us a wider range of typed variables. The empirica
issue is always to find the right set of features that permits us to express the gen
eralizations that we in fact find.?

7 Again, this is an oversimplification, in that there are other syntactic categories such as Tens
and Det that do not fall under (6) as stated.

8 1t is worth mentioning that the idea of formal feature composition was an innovation o
Prague School structuralists such as Jakobson (1940} and Trubetzkoy (1958) in the domain of pho
ogy. It was this innovation that was taken over to broader domains by people like Lévi-Strauss.
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To sum up, we find two basic kinds of formation rule: rules of constitu-
ency and rules of feature composition. Both contain typed variables. The

. " . ) T
meta-rule” of variable instantiation connects these variables to their instan-
tiations.

3.2.2 Derivational (transformational) rules

The most exciting innovation of early generative grammar, however, was not
formation rules but derivational rules (or transformations): rules that take a

fully formed structure and change some aspect of it. Sentence pairs like (7) pro-
vide a simple illustration.

(7) a. Dave really disliked that movie.
b. That movie, Dave really disliked.

These two sentences mean essentially the same, with only perhaps a difference
in emphasis. (7a) displays a more “basic” order: the thing that is disliked is in
the “normal” direct object position. By contrast, in (7b), disliked is not followed
by an object, as it should be, and that movie is in a curious position before the
subject. So, the proposal goes, the grammar can capture the similarity between
(7a) and (7b) by saying that (7b) in fact is not generated by the formation rules

Rather, ithas an “underlying form” that is more or less identical to (7a) and tha;
iskgenerated by the formation rules. However, “after” the formation rules create
the underlying form, a derivational rule moves that movie to the front of the sen-
tence to create the “surface form.”

Thxs approach carries with it a number of advantages. First, the semantic
relation between the two sentences is explicit in underlying form: at that level

they are in fact the same sentence (or at least very close). Second, the formation
rules are simpler, in that they do not have to include the position’ at the front of
the sentence. Third, the constraint that dislike requires a direct object is appar-
ently violated in (7b)—but now this violation is only apparent, since it is explic-

“ ‘tly ob’seryed in underlying form. These advantages are gained at a price: the
_introduction of a new and complex type of rule.

A derivac;
derivational rule can be thought of more generally as a relation between

tWo structure “ i
s, one “more underlying” and one “more superficial.” Most parts

é)tlli :té}lctures are Fhe same, but one Or more parts are different. In the case of
i irect f)b] ect in the more underlying form moves to initial position in the
sta::fheil;ﬁrcl:lael fc;rm, aH1d .ew{erythjng else remains the same. Of course, in order
i g0 Sr‘xf.ra ¥, it is necessary to use typed variables again: any NP in
o position can correspond to the same NP in the superficial pos-
:us a very limited form of the rule responsible for (7) could be stated as
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(8). (The subscripts on the NPs in (8) are notational conveniences so we can tell «more superficial,” rather than simply “underlying” and “superficial,” is that
derivational rules can chain up, one applying to the output of another. Let me

them apart.)?
illustrate. In approaches that make use of derivational rules (i.e. all of

(8) More underlying: More superficial:
S S Chomsky’s successive frameworks), it is standard to treat the subject of a pas-
/ \ / \ sive sentence as.derived from a more underlying object, as sketched in (x1). (I
NP NP NP VP give only the string of words; the structure is to be understood.)

I

(xz) This Ie\ooki has been studied #, by generations of linguists.
Y

V//VP \, 1 |

The application of a derivational rule can thus be notated as an ordered pair of
trees. Alternatively it can be abbreviated in a single tree, say like (9).

(9) 15\

o TP
Det N N \Y

o | ! I
}‘hat movie Dave disliked

i

Similarly, it is standard to derive the subject of certain predicates such as seem
from a more underlying subject of a subordinate clause; that is, the underlying
form of (12b) is close to the nearly synonymous (12a). The derivational rule
involved is called “raising.”

(12) a. Itseems [that John likes ice cream].
b. John, seems [z, to like ice cream].
L

(13) can then be derived as the product of passive followed by raising.

(r3) This be\oki seems Lt{to have been studied ¢, by generations of linguists.
J

—

As section 1.7 mentioned, since the middle 1970s (e.g. Chomsky 1975) it has
been assumed that movement rules always leave behind a “trace,” a sort of
unpronounced pronoun, whose antecedent is the moved constituent. In this
notation, the application of the rule can be notated as (10), where ¢ is the trace,
and the subscripts show the relationship between the trace and its antecedent.
(10) can be thought of roughly as that movie, Dave disliked (it), where the -

parenthesized pronoun is not pronounced.

(xo) Np/jP\VP
N VAN

Det N N A% I\IIP
| | | !
that movie Dave disliked L,

In other words, we can understand this book as the underlying object of study,
despite its considerable distance from this position. It has achieved this distance
by a sequence of independently motivated movements.
Thus a full derivation for a sentence consists of the creation of an underlying
form by means of the formation rules, followed by a sequence of derivational
rules to create the ultimate surface form.™® In the Aspects framework the under-
!ying form was called the sentence’s “Deep Structure,” the most superficial form
its “Surface Structure”; in later frameworks these terms were abbreviated to
“D-structure” and “S-structure.”

Such a derivation has an inherent directionality, from underlying to surface.
~ Etudents are always reminded that the notion of movement is intended
kmetaphorically,” and that this directionality is just a way of defining a set of
well-formed structures. No claim is implied that speakers actually move phrases
k, aroqnd in their heads—this is taken to be a matter of performance. However,

The reason I call the two structures related by (8) “more unde'rlyingv’” an}

10 T somie ar
i i;(')mé approaches, sgch as that of Syntactic Structures, the Minimalist Program, and Tree-
q g Grammar (Joshi 1987; Kroch 1987; Frank and Kroch 1995), structures created by

ivational rules can be i vari i i
el inserted for variables in formation ru i i i
. . . les, so that this strict ordering need

9 In the interest of paring things down to the essentials, I have again omitted many genera{,
accepted details of structure in (8).
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the movement metaphor is pervasive, in that it is customary to speak of one rule
applying “after” another, as can be seen in the discussion above. We return to
this issue in Chapter 7, in connection with processing. :

Two of the important empirical questions concerning derivational rulesare (a)
how explicit they have to be and (b) how their order of application is determined.
The tendency in syntactic theory has been to extract more and more of the spe-
cial properties of particular movements and re-encode them as constraints. This

any constituent; the ellipses are typed variables that stand for any random string
of constituents, including a null string.)

(r5) The structure X

; is ungrammatical.
A

cl Sl
N\
AN

. g X
trend reaches its culmination in Government-Binding Theory (Chomsky 1981), *
which proposes only the maximally general derivational rule Move o (i.e. move h
anything to anywhere), subject to heavy independent constraints. i

¢ Constraints can impose conditions on the relation between different stages in
the derivation. As mentioned above, the early formulations of movement lacked
traces, so constraints on movement had to be stated on stages related by a
derivational step. For instance, the equivalent of (1) in this earlier framework
(e.g. Ross 1967) would be stated as (16).

3.2.3 Constraints

A constraint is a kind of rule that places extra conditions on structures created
by formation rules and derivational rules. It may consist of conditions that
structures must necessarily satisfy, or alternatively of conditions that help make
a structure more “favorable” or “stable.” I will briefly mention some of the dif-
ferent kinds that have achieved some acceptance. Note that all of them require
typed variables.

..S. .. isillegal.

;I/:K.m X./S\

NP

AN

Among more contemporary theories, Optimality Theory (OT) proposes that
derivations involve exactly two layers: the Input (which plays approximately the
rol¢ of underlying form) and a large collection of candidate Output (or surface)
structures. The basic principle of OT is to impose constraints on the relation
between these two layers, choosing the candidate Output that best meets the con-
st;gints. For instance, the “Parse” constraint stipulates that every element in the
Input structure should appear in the Output structure. However, constraints in
OT are regarded as violable. Therefore, under certain conditions when other
constraints override Parse, some element of the Input will fail to appear in the
Output; this is how OT treats what would be treated as a deletion in a theory
Wlth derivational rules. A major difference between OT and a derivational theo-
ry is that OT applies all constraints simultaneously to the Input-Output pair,
,Wherkeas a derivational theory sees the relation between underlying and surface
 forms as a potentially unlimited sequence of simple steps.

(16) A derivation from

o Léxical items themselves can impose constraints on the structure they inhab-
it. For instance, the verb dislike imposes the constraint that it must be followed
by an NP (in underlying structure); this is precisely what it means to say the verb

is transitive. e

e Constraints can impose extrinsic requirements on a structure created by a
derivational rule. Here is an illustration. As mentioned in section 1.7, a major
preoccupation of syntactic theory since the middle r960s has been how move-
ment rules are restricted; it has turned out that all of them are subject to very
similar limitations. For instance, no matter what movement rule one tries t0
apply, it is impossible to remove anything from the inside of the subject of a sen-
tence. Hence putative structures like (14) are grossly ungrammatical.

(14) a. *Bill, arumor about ¢, is going around town.
(from [a rumor about Bill] is going around town)
b. *Which book, did a review of £, appear in the Times?
(related to [a review of some book] appeared in the Times)

This restriction can be purged from each individual movement rule if we extract
it into a more general constraint. This constraint, generally called the Sententia
Subject Constraint, applies to the relation between traces and their antecedents
A version of it appears in (15). (Note that X is a typed variable that stands for

(3 . . .

AnAllhof t-he rules we have discussed so far involve syntactic structure alone.

: Ot’ er kmd of constraint imposes conditions between two structures of disparate
A e ;- . - . . .

types. This type of constraint, which I will call a correspondence rule or an interface
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rule, plays an especially important role in what is to come here. Two simple cases
are the principles stated informally as (17a, b). They can best be understood in the
context of section 1.6, which discussed how corresponding constituents in the
phonological, syntactic, and semantic structures in Fig. 1.1 are linked by subscripts.

(r7) a. If the semantic structure of a sentence contains an Agent (the entity
bringing an action about), it (normally) corresponds to the subject in
syntactic structure.

b. The linear order of elements in phonological structure (normally)
corresponds to the linear order of corresponding elements in
syntactic structure. '

Such principles appear in a wide range of theories of grammar; we will discuss
them in Chapter 5. Importantly, in many of these theories, relations such as the
active—passive alternation are not captured in terms of derivational rules.
Rather, the grammar contains alternative interface rules relating syntactic struc-
ture and meaning, such that active and passive syntactic structures map into
essentially the same meaning. We see here one of the major divides among theo-
ries of grammar: should such semantic relations among sentences be captured
by more elaborate derivational rules, or by more elaborate interface rules?
(Ngfé how this relates to the alternative treatments of Tense in section 1.6.)

o A more complex type of constraint, which might be called a “meta-con-

straint,” applies not between two levels of structure in the same derivation, but

between two or more alternative derivations. A situation where this seems
unavoidable is morphological blocking. For example, the standard procedure
for producing the past tense of an English verb is to add -d;™* this applies to any-
thing that counts as a verb, even new made-up verbs like fax. However, this pro

cedure does not work in the 180 or so cases where it is supplanted by an
irregular form; thus we say went and shook instead of goed and shaked. In other

words, the derivation of go + -d, although in principle legitimate, is blocked

because there is another way to express the same combination of meanings. This

sort of phenomenon is ubiquitous in principles of morphology (word structure)

Meta-constraints with a much more global spirit appear in both the

Minimalist Program and Optimality Theory. In the former, there are in prin
ple many ways to get from an underlying form to an acceptable surface form
but one of these is chosen in preference to the others in part by a meta—constra‘il’l‘
called Economy. This constraint gives priority to the shortest derivation tha
satisfies all the other constraints. '

It T turn, -d is pronounced -¢ or -ad depending on the final consonant of the verb, along |
similar to those discussed in connection with the English noun plural in section 1.3. :
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In OT, a large number of different candidate Outputs can be associated with
the same Input; typically each of them violates one or more of the constraints.
This presents the problem of deciding which violation is least serious. In the solu-
tion proposed by OT, the grammar of the language stipulates a ranking among
the constraints from most to least important. Each candidate Output, then, has a
most important violation. Among the candidates, the one whose most important
violation is least important is chosen as the actual Output. This principle of
choice among candidates, then, is another sort of meta-constraint.*?

3.3 Lexical rules

So far we have been thinking of the lexicon as simply a list of items that can
be arranged in hierarchical structures by formation rules. This approach is
encouraged by Chomsky’s (1965: 84) characterization of the lexicon as
“simply an unordered list of all lexical formatives™; he cites similar charac-
terizations by Bloomfield (1933) and Sweet (1913).

But lexical items are not just atomic undecomposable units like constants
in algebra. It is necessary to say how they are built too. Hence a theory of
competence must specify the repertoire of possible “sub-lexical” elements
and how they combine into actual lexical items. This specification consti-
tutes a set of lexical rules. These too fall into a number of different types,
including lexical formation rules, lexical redundancy rules (or lexical rela-

tions), and inberitance hierarchies. We take these up in turn.

3.3.1 Lexical formation rules

Perhaps the most frequently cited aspect of Saussurean doctrine is that a word is an
arbitrary association of a sign with a meaning. The sign has two aspects: phono-
logical structure (how it is pronounced) and syntactic structure (how it combines
with other words in sentences). Thus a basic formation rule for lexical items speci-
fies that they are triples of phonological structure, syntactic structure, and meaning.

Every framework of grammar adopts such an assumption, at least implicitly.

Within each of these structures something has to be said as well. In order for an

item to be able to instantiate typed variables in syntactic rules, its lexical syntactic
, Structlue has to specify what categories it belongs to; these categories will include

12 M >

- ma}?ﬁﬁ? izf \}fllolglble constrair{ts that int‘er:act to produce an optimal choice of outputalso plays

o St e : eory of musical cognition proposed %)y Lerdahl and Jackendoff (1983). As

cohystraint Sysyt'e r;r;o ensky (1 299), D.ell etal. (x 929), ?nd Seidenberg and MacDonald (1999), such

< o areattractive for unplemfantanon in terms of connectionist networks. However,
1on 3.5 for independent problems with network implementations.
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at least part of speech, grammatical number and gender, and so forth. In addition,
section 3.2..3 observed thata lexical item can place a constraint on its syntactic envi-
ronment; for instance a verb may be specified as transitive. Such a constraint is
called a subcategorization feature; we will see in section 6.6 how these are specified.

Among lexical formation rules we might also include principles of mor-
phosyntax, which make it possible for words to have internal syntactic struc-
cure. For instance, the word perturbation is built from the verb perturb,
which is converted to a noun by attaching the ending -ation. It is common to
analyze words like this in terms of a tree structure altogether parallel to syn-
tactic tree structures, except that the trees are inside of a word, as in (18a).
Moreover, the trees can be hierarchical, asin (x8b).

N b. A
/N N
\Y% Suffix Prefix A

] v

perturb  ation im

perturb able

(x8) a.

The lexical formation rules must thus include tree fragments from which such

structures can be built.

Turning to phonology, an item’s phonological structure determines how it is
pronounced. The formation rules for lexical phonological structure have to
specify the range of possible pronunciations for words in the language: the
inventory of phonological segments and how they combine into syllables and
larger units. Tocitea well-known example, blik isa possible word of English but
bnik is not, because the syllabic formation rules for English permit the onset
cluster bl- but not bn- (even though b#n-1s pronounceable and is a possible onset f"
cluster in some other languages)- As illustrated in Fig. 1.2, phonological seg-
ments themselves have a systematic decomposition into features; the possibili-
ties for such decomposition are stated in terms of formation rules parallel to

those for syntactic categories such as (6).

An item’s lexical semantic/conceptual structure is also conceived of (in mos
approaches) as combinatorial. And again, the lexical formation rules must Spec
ify the available repertoire of more basic units and how they are combined. Wi
return to this issue in Chapters 9—I1. :

The reader may have already detected hints that lexical formation rules ar
really very similar in format to phrasal formation rules. And indeed this is th
case, as we will bring out more clearly in Chapter 6.
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3.3.2 Lexical redundancy rules

How should the grammar account for the systematic relations among pairs of
words such as construct/construction, impress/impression, and suggest/sugges-
tion? In early generative grammar, including Aspects and notably Lees (1960),
such relations were treated in terms of derivational rules applying to phrases.
For instance, the NP the construction of a wall was taken to be derived from an
underlying clause along the lines of someone constructs a wall. It was not too
long before this approach was seen to be problematic, for a variety of technical
reasons detailed in Chomsky (1970).*3

The alternative was to admit construct and construction as separate but
celated forms in the lexicon.™ Their relation is partly idiosyncratic, but partly
systematic; the systematic part is expressed by a lexical redundancy rule (or, in
later parlance, simply a lexical rule) (Jackendoff 1975). The relevant rule here
can be stated informally as (19).

(19) A verb pronounced /X/ that denotes an action can be related to a noun
pronounced /X+3on/ that denotes the performance of such an action
(or, alternatively, the product of such an action).

This rule involves correlations in phonology, syntax, and semantics between the
paired items. Its effect is to mark the parts of the paired items that are shared, in
effect noting the redundancies between them. Such a rule is of interest to the
extent that it relates many different pairs of items in the same way.

13 Among the reasons:

: There are many apparently “derived” cases for which there is no apparent source. For example
ifthe writer of the book is derived from someone who writeshwrote the book, what is the source fo;

the altogether parallel the author of the book?. There is no verb auth. ’
. When verbs are converted to morphologically more complex nouns, their modifying adverbs are
converted to morphologically simpler adjectives: Joh#n suddenly refused vs. John’s sudden refusal
I.{eilce t.here”is an apparent conflict in the direction of derivation. '
’ the)?:::‘;ei a:ix‘(,)gr;s ;;?viipiar v;‘i)tzxnrzotiiﬁers t'h.at‘lack close parallels in the sentences from which
ok e times/three,w fys_e)_ ree criticisms of the book vs. John ( three(ly)) criticized

‘1
:vxiin;ré cﬁ::l;e:”. nouns mean sor.net?ling other.than a simple transformation from the verb
e . For instance, both recitation anc% recital have something to do morphologically with
rb recite, but only the former has a meaning pertaining to reciting.

TE“G.;I;Z:?;@ Semantics movement tha.t flourished in the late 1960s (e.g. Lakoff 1970; McCawley
= t,hrough gz?a) was founded on the 1d.ea tha.t one could account for all meaning relations of this
e ::triau;nal rulfzs. Observations like those just cited were the opening salvo in the
Choinsky . VZ ) ernantlllcs (Chomsky 197za;Jac.kend‘off 1972; Akmajian 1973; Bowers 197 3)-
i Consfr;/{ ° at;ltua y proposed that there is a single more general lexical item which is
o whenusedasa Yerb and construction-when used as a noun. So far asI know,
y has ever really worked out this approach.




54 PSYCHOLOGICAL AND BIOLOGICAL FOUNDATIONS

3.3.3 Inberitance hierarchies

How should the grammar account for the fact that many verbs expressing trans-
fer (or intended transfer) appear in two possible syntactic frames?

a. Beth gave/handed/sent/offered a teapot to Nancy.
b. Beth gave/handed/sent/offered Nancy a teapot.
a. Beth told a story to Nancy.

b. Beth told Nancy a story.

(20)
(21)

In early generative grammar, this alternation was accomplished by means of a
derivational rule (often called Dative Shift) that optionally turned the underly-
ing order (20a, 212) into the surface order (20b, 2.1b); a variant of this approach
has been revived more recently (Larson 1988). The advantage of this treatment
is that the verbs in question need to be supplied only with a single subcategor-
ization feature instead of two; the price is this single derivational rule.
However, again for a variety of technical reasons (see referencesinLevin 1993;
Jackendoff 1990b), most linguists have rejected the derivational approach for
this alternation. But this leaves the problem of why all these verbs have two dis-
tinct subcategorization frames. One approach that has won some degree of
accepfance (Pollard and Sag 1987; 1994; Michaelis and Lambrecht 1996) is that
theléxicon contains not just the actual lexical items of the language but also more
abstract schemata from which actual items can “inherit” properties. In the pre-
sent case, the schema might be stated roughly as (22); the subscripts correlate the
syntactic variables with the semantic ones, in the way they did in Fig. 1.1.

Syuntax:
Part of speech: V
Subcategorization: . NP_to NP,

(22)

or .
— NP, NP,
Semantics:
TRANSFER (X ,TOY))

This says that a verb that means “transfer” accepts both syntactic frames, with the
same meaning. Because the words in (20) and (21) inherit their properties from
this schema, they “cost less”: the extra subcategorization comes in a sense “for
free.” New items in the language with the appropriate meaning inherit these prop-
erties as well, with no further ado; for instance the new verb fax has both forms.

As in the discussion of derivational rules versus constraints, we see here an
important locus of contention among alternative frameworks. Given any p:
ticular phenomenon, should it be treated as a derivational rule, a lexical red
dancy rule, or an inheritance hierarchy? These are not just matters of notationa
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preference, as they might appear at a first approximation. Rather, at the second
and third approximations, different rule types lend themselves to different sorts
of generalization, and so often it is only when one explores the phenomena in
depth that the consequences of choosing one theory rather than another begin
to emerge. Some such points were sketched in note 13 above, and others will
appear throughout the course of our exposition.

3.4 What are rules of grammar?

As linguists, we may find it necessary to write rules of all these sorts in order to
make sense of the patterns of linguistic use. Our focus is quite naturally on the
proper formulation of rules. But with some sample rules in hand, it is worth pos-
ing a more general question that is often left to be asked by outsiders:*S What in
the world is a rule of mental grammar supposed to be?

Like the term “knowledge” and other terms discussed in Chapter 2, “rule”
has many uses in ordinary language. Is a linguistic rule like any of these? Let us
for instance compare the rules discussed in the previous two sections to rules of
a game. Players of a game consciously learn its rules, and can consciously invoke
them. For example, there are rules of tennis that say what counts as a legal serve,
what counts as winning a point, and so forth; and players can cite them. These
rules have been agreed upon by some collection of people who have made up the
game. By contrast, speakers of English can hardly cite the rules of English
(unless perhaps they have studied linguistics): linguistic rules are essentially
unconscious. Moreover, the rules of language, though shared by all speakers (to
a very good approximation), are not overtly agreed upon by the speakers, and
no established body makes them up.

_Are linguistic rules like rules of law (e.g. traffic laws)? No, for many of the
same reasons. In addition, if one breaks a rule of law, further laws spell out the
consequences. By contrast, if a speaker break a rule of grammar (as I just did),
the violation may provoke notice, but beyond that, the speaker just communi-
cates less effectively. Are linguistic rules like moral rules, such that one should
(y)ﬁb"e:y them at the risk of social opprobrium? The prescriptive rules of school
grammar (“Don’t use ain’t,” “Don’t end a sentence with a preposition”) might
haye this quality, but the rules of the last two sections certainly do not.

Going to the other extreme from consciously invoked rules, we might try to

¢ ?rules of grammar as like laws of physics: formal descriptions of the behavior

v hghoug‘h it is' addressed in detail by Chomsky, for instance in Chomsky (e.g. 1975; 1980).
of this section recapitulates his discussion, if much more briefly.
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of speakers, with no implications for how this behavior is actually implement-
ed. For instance, just as the planets do not solve internalized differential equa-
tions in order to know where to go next, we might want to say that speakers do
not invoke internalized formation rules and constraints in order to construct
and understand sentences. :

Some linguists do affect this stance: “The rules ’'m working out are justa for-
mal description of languages; I don’t care what they have to do with the mind.”
But this abandons the mentalist thesis that we set out to adopt in Chapter 2. It
leads us away from the attempt to understand how people manage to be lan-
guage users, and hence away from potential connections with psychology and
neuroscience. Physicists who have developed insightful formal descriptions of
physical behavior always go on to ask what mechanism is responsible for it: if
the planets don’t compute their trajectories, then what makes the trajectories
come out the way they do? The same question should be asked of rules of gram-
mar. If they are not in the mind, then what is in the mind, such that speakers
observe these regularities?

Another difference between rules of grammar and laws of physics is that
rules of grammar differ from language to language, and one does not come

into the world automatically following the rules of English or any other lan-

guage By contrast, laws of physics are universal and timeless. They are not
acquired; they just are. One can break rules of grammar; one cannot break
laws of physics.

It is sometimes suggested, especially by those of a behavioristic bent, that
rules of grammar are like ingrained habits. This is closer to acceptable, as long

as we accept the idea of a habit not just as a propensity to behave, butasa com-
plex ingrained cognitive organization of perception and behavior. In partlcular, ‘

the “habit” of using linguistic rules plays a role in producing sentences, perceiv-
ing sentences, making grammaticality judgments, making judgments of rhyme,
and solving anagrams. It is far more abstract and distant from actual behavior

than, say, the habit of going to bed at 1o p.m. or the habit of taking such-and- ‘

such a route to work. And unlike these latter two habits, it cannot be acquired
deliberately. As we will see in the next chapter, the acquisition of language
involves a complex and subtle interaction between the child and the environ-
ment.

The proper way to understand rules of grammar, I suggest, is to situate them
in the metaphysical domain between the conscious mind and the physical neu-
rons: in the functional mind introduced in the previous chapter. Recalling that
discussion, we treated linguistic structures like Fig. 1.1 as functionally charac-
terized “data structures” in the f-mind. In those terms, the rules of grammar for
alanguage are a general characterization of the state-space available to its user
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The lexical rules characterize possible lexical items of the language, and the
phrasal rules characterize their combinatorial possibilities. What makes ele-
ments of the language rules rather than basic elements is that they contain typed
variables (i.e. open places)—that is, they describe patterns of linguistic ele-
ments.

It is an open question how rules of grammar are to be incorporated into a
model of performance, and hence into a theory of neural instantiation. Here are
three plausible options.

o Rulesare (in some sense) explicitin long-term memory within the f-mind, and
the language processor explicitly refers to them in constructing and compre-
hending utterances. Following the computer metaphor, rules are like data struc-
tures in a computer.

¢ Rules are partial descriptions of the operations of the processor itself. In the
computer metaphor, the rules as we write them are high-level descriptions of

parts of the processor’s program.

e Rules are implicit in the f-mind; they describe emergent regularities (perhaps
statistical regularities) among more basic elements but are not themselves
implemented in any direct way.

As suggested in section 3.2, the traditional formulation of phrase structure
rules like (2) and of derivational rules like (8) is conducive to viewing the rules
as like a program for constructing sentences. The connotations of the term
“generate” in “generative grammar” reinforce such a view. However, as already
mentioned, students are always cautioned to resist this interpretation. In par-
ticular they are exhorted to view derivational movement as metaphorical: “We
are, after all, describing competence, not performance.” The upshot is that the
status of such rules vis-a-vis performance models is left unspecified. We return
to this issue in Chapter 7.
~ Feature composition rules and constraints lend themselves better to a “data
stxfucture” interpretation, in the sense that they delimit a space of possibilities
within which linguistic entities can be located. In the approach to be worked out
here particularly in Chapter 6, a considerable proportion of standard rules of
grammar will be interpreted in this light.

On the other hand, we will also conclude in Chapter 6 that certain classes of

~ limcal rules fall into the “implicit” category. Such rules are nowhere present in
the f-mind in the form we write them. Rather, these rules are indeed just descrip-
tions of regularities in the organization of linguistic memory. I will maintain,

however, that such rules still shed light on the nature of linguistic structure, so
are worth studying with traditional linguistic techniques.
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3.5 Four challenges for cognitive neuroscience

Just as linguistic structures like Fig. 1.1 are functional characterizations that
require neural instantiation, so the functional regularities that we state as rules
of grammar must be neurally instantiated. To repeat a point from Chapter 2:
although a great deal is known about functional localization of various aspects
of language in the brain, I think it is fair to say that nothing at all is known about
how neurons instantiate the details of rules of grammar. In fact, we don’t even
have any idea of how a single speech sound such as /p/—much less a category like
NP—is instantiated in neural firings or synaptic connections. The rest of this chap-
ter will lay out four challenges that linguistic combinatoriality and rules of lan-
guage present to theories of brain function—challenges that to my knowledge
have not been widely recognized in the cognitive neuroscience community.

3.5.1 The massiveness of the binding problem

Consider what happens in the perception or production of our familiar sentence
(23).
(23) J;;The little star’s beside a big star.

Much of the neuroscience of language has been concerned with how words
stored in long-term memory are activated (“light up”) in the course of sentence
perception and production (e.g. Caramazza and Miozzo 1997; Pulvermiiller
1999). But activation of words alone is not sufficient to account for the under-
standing of sentences. If understanding (23) consisted only of activating the

words, the sentence in (24a), not to mention the complete nonsense in (24b),

would “light up” the same words and hence be understood the same.

(24) a. The big star’s beside a little star..
b. Beside a the big little star star’s.

Clearly a sentence is more than a collection of words: the word meanings are

structured into the meaning of the sentence by means of semantic relations
among them. These semantic relations are to some degree signaled by the syn-
tactic structure of the sentence, which in turn is correlated with the linear order
of the phonological words. o

Thus all of the structure modeled in Fig. .1 must be functionally present—at
once—in order for this sentence to be grasped. Introspectively, the whole seems to
be maintained at least for some brief period after the completion of the sentenc

16 This section is based on unpublished work done in collaboration with Maja Matarié. It a
draws a great deal on the work of Gary Marcus (1998; 2001).
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During this time, all the connections within and among the structures are avail-
able: phonologically, one retains the order of words; semantically, one retains
the relations among the words; and one knows which sounds (e.g.
fohngstar/) correlate with which part of meaning, in particular with the spatial
structure. It will not do to say that one hears or utters the words in sequence but
that one does not retain the whole in memory.*7

In order to grasp a sentence, one need not have previously memorized it: one
may spontaneously utter it when asked to describe a visual configuration, or one
may hear someone else utter it. Our ability to spontaneously produce and per-
ceive it is a consequence of the productive combinatoriality of language. What
one must have memorized, though, is the words the, star, big, little, beside, and
a, and the clitic ’s, plus the principles for putting them together.

The need for combining independent bits into a single coherent percept has
been recognized in the theory of vision under the name of the binding problem
(not to be confused with linguists’ Binding Theory, mentioned in section 1.7).
In the discussions I have encountered, the binding problem is usually stated this
way: we have found that the shape and the color of an object are encoded in dif-
ferent regions of the brain, and they can be differentially impaired by brain
damage. How is it, then, that we sense a particular shape and color as attribut-
es of the same object? The problem becomes more pointed in a two-object sit-
nation: if the shape region detects a square and a circle, and the color region
detects red and blue, how does the brain encode that one is seeing, say, a red
square and a blue circle rather than the other way around? In fact, under time
pressure, subjects can mismatch the features of multiple perceived objects
(Treisman 1988). A proposal that has gained a certain popularity (Gray et al.
1989; Crick and Koch 1990; Singer et al. 1997) is that the different represen-
tations are phase-linked: the neurons encoding “red” and “square” fire in syn-
chrony, and those encoding “blue” and “circle” do as well, but out of phase

- with the first pair.

- However, the binding problem presented by linguistic structure is far more
massive than this simple description. The trivially simple sentence (23) has the
four independent structures shown in Fig.r.1. Each structure has multiple
parts that must be correlated; in addition, the four structures must be correlat-
ed with each other, as notated by the subscripts in Fig. 1.1. Consider just the

'i fl i7 \ [ . . .
Nor is it useful to conceive of understanding the sentence in terms of predicting what word

will come next—which is what Elman’s (1990) connectionist parser does. One might well predict
[hfit what comes after little in (23) is likely to be a noun (though it might be blue or even very old),
E}';lt Fhat still leaves open some tens of thousands of choices. The same is true for every position in
ane:ef'lteﬂc.& On t.he other hand, Pollack (1990) proposes a connectionist parser that does encode
Aanentire hierarchical tree structure. See n. 21 below for further comments on Elman’s parser.
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prepositional phrase in the syntactic structure. To characterize it properly, the
following relationships must be encoded:

It is of the type PP.

It is a part of VP.

It follows V.

It has P and NP as parts.

It corresponds to the Place-constituent in conceptual structure.
It corresponds to the phonological constituent beside a big star.

(25)

e A0 ot

For the object of the preposition:

(26) It is of the type NP.

Itis a part of PP.

It follows P.

. It has Det, AP, and N as parts.

It corresponds to a particular Object-constituent in conceptual
structure.

f. It corresponds to the phonological constituent 4 big star.

Ppo TR

How effectively can firing synchrony be scaled up to deal with such an inter-
lock'gijg web of relationships? In particular, if the PP is synchronized with its
paffs, and its parts are synchronized with their parts, the whole tree structure is
temporally unresolvable. More generally, is there sufficient bandwidth in the
temporal resolution of neural firing to distinguish all the parts of the sentence
from one another? To me, these questions cast considerable doubt on the feasi-

bility of solving the binding problem in terms of temporal synchrony alone—

even if temporal synchrony is indeed an important part of the solution.™®

Tt should be observed that this complexity is not peculiar to language percep-
tion and production. The sorts of visual experiment cited above typically
involve two objects with two relevant properties apiece. But consider the com-
plexity of an everyday visual field, say one’s desk, covered with books, papers,

pictures, and office paraphernalia. All these objects—their (partially occluded)
shapes, parts, colors, and locations—must be bound together in visual cogni
tion. To be sure, one can perhaps only attend to (and therefore see in detail)
some small part of this at once (as observed by Dennett 1991, for example).
Nevertheless, much of the unattended spatial layout must still be present in
working memory, for if someone says “Now look at the picture” one’s eyes go

8 Singer et al. (1997) merely speculate on the possibility that their analysis in terms of syn-
chrony will scale up to hierarchically structured relations; though see Shastri and Ajjanagade
(1993) for a proposal.
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right to it without search; similarly, one can reach for the coffee cup off in the
corner without really looking at it. Thus, as in the case of sentences, a full vis-
ual field provides a complex web of transient and novel relationships that must
be put together out of familiar parts.

3.5.2 The Problem of 2

In much work on language processing (e.g. Barsalou 1992; 1999; Smith and
Medin 1981; Caramazza and Miozzo 1997; Elman et al. 1996), the only mech-
anism available for constructing linguistic expressions is spreading activation
among nodes connected in a semantic network or neural net. Thus it is assumed
that “lexical retrieval” in processing—i.e. identifying what word one is hearing
or speaking—amounts to activating the nodes encoding (or instantiating) that
word in long-term memory. We have already seen that such an approach is silent
about capturing the relations among the words of a sentence. But there is an
even simpler difficulty, which I will call the Problem of 2.

Consider yet again sentence (2.3 ), in which there are two occurrences of the
word star. If the first occurrence simply activates the lexical entry in long-term
memory, what can the second occurrence do? It cannot just activate the word a
second time, since—as just argued—the word has to remain activated the first
time in order for the sentence to receive a full interpretation. Nor can the second
occurrence just activate the word more strongly, because that leaves the two
occurrences indistinguishable. In particular, the first occurrence is bound to
little and the second to big, so simultaneous binding to both would lead to the
contradictory concept of a little big star.

This problem recurs at every level of linguistic structure. For example, in
phonological structure, if the detection of the phoneme s consists simply of acti-
vating an s-node (or a distributed complex of nodes that together instantiate s),
what happens in a word with more than one such sound, say Sisyphus or sas-
§afras?19 The same problem occurs in conceptual structure when conceptualiz-
lng a relation involving two tokens of the same type (e.g. the meaning of (23))
and in spatial structure when viewing or imagining two identical objects. It also
occurs in understanding melodies: if the unit of musical memory is the individ-
ual note, then every repetition of the same note raises the problem; if the unit is

l Ii Rumflhart and McClelland (1986b) attempt to avoid this problem by coding words as “wick-
EP ones,” overlapping sequences of three phonemes. But this too is subject to the Problem of 2:
ow is the word detector to distinguish sassafras from the nonword sassassafras, which has two

_oce ;
_ Occurrences of the medial sequence . . . assa . . .—or great-grandmother from great-great-grand-

mother, which has two occurrences of the medial sequence. .. reatgr. .. ? Pinker and Prince (1988)

_ Ste an Australian aboriginal language, Oykangand, whose words algal ‘straight’ and algalgal

ramrod straight’ pose the same problem.
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the interval between adjacent notes (say a major third), every repetition of the
same interval raises the problem; if the unitis a motive, then every repetition of
the motive (e.g. the first two occurrences of the text Happy Birthday in the birth-
day song) raises the problem; and so forth. Finally, the problem occurs in action
patterns, for example dance patterns that involve things like “repeat such-and-
such a step four times, then repeat this other step six times, then repeat the
whole pattern.”
The Problem of 2 has been recognized (e.g. Pollack 1990; Marcus 2001, ch.
5 says it was well known by 1985), but it does not find a ready solution in clas-
sical network models of processing. A solution that is sometimes ‘adopted,
especially for phoneme detection, is that multiple copies of each unit exist in
memory, one for each possible position it can occupy. Then the first occurrence
of s in sassafras would activate [position I: s] and the second would activate
[position 3: s; the first occurrence of star in (23) would activate [position 3:
star] and the second would activate [position 7: star]. There are two difficulties
with this solution, especially when trying to scale it up to multiple copies of
words in sentences. First, it requires duplication of the entire repertoire of units
over a large number of possible positions. This is most evident when the units
in quf:stion are words: ten- to twenty-word sentences, with the words chosen
out.of a vocabulary of 20,000, are not uncommon. Second, and worse, there
can be no generalization among these positions. There is no reason for [posi-
tion 1: 5] to be the same phoneme as [position 3: 5], or for [position 3: star] to
have anything to do with [position 7: star]. The two could be totally different
in structural significance.?® (See Marcus 1998; 2001 for amplification of this

argument.)

Such a “brute force” solution might be adequate for domains of brain func-
tion where there is a fixed size for the perceptual field and a limited number of
distinctions to be made at each position. Primary visual cortex (V1)isagood

example of such a domain: it codes a limited selection of visual features (bright

ness, presence of contour, orientation of contour, etc.), each detectable at each

location in the visual field. But when we get to domains of more cognitive brai
function—the perceived visual field full of objects, the sentence full of words—

the solution does not scale up.**

20 A version of this proposal, for instance, appears il Dell etal. (1999). Their model (p. 521) ha
a bank of consonant nodes that function as syllable onsets, and another unrelated bank of conso
nant nodes that function as syllable codas. This is saved from obvious intractability only becaus
they confine themselves to monosyllabic words. i

21 Elman (1990), observing this difficulty of providing a large enough frame, proposes instead
solution with a recurrent network, which encodes sentential structure in terms of the sequentl
dependencies among words. As pointed out by Chomsky (x957) and Miller and Chomsky (1963

_ Omitted]
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A more old-fashioned computational approach to lexical access (Miller
1956; Neisser 1967; Baddeley 1986) supposes that the accessed word is copied
from long-term memory (LTM) into a buffer in short-term or working memory
(WM)—in this case in two different positions in WM. This approach meets the
objections to the network solution, as it keeps the two occurrences of star dis-
tinct. On the other hand, how is it implemented neurally? The pure connection-
ist apl?roaches with which I am familiar do not allow for the possibility of
“copying” information from one “register” to another. A spreading activation
equivalent of “copying” words into WM would require a set of nodes consti-
tuting WM, each of which is connected to (and can be activated by) every single
word in the lexicon. This is somewhat better than the “brute force” solution
but still neurally implausible (so far as I know). ’

Yet another possibility would be that WM is a set of “dummy” nodes which
have no content of their own but are bound to lexical items by temporal syn-
chrony of firing, along lines discussed in section 3.5.1. Thus WM serves as a set
of “pointers” to LTM, and in addition encodes relationships among the items
being pointed to (for example, linear order). (Solutions of this sort are proposed
by Potter (1993), citing Kahneman and Treisman (1984), and by Ballard et al
(1997).) Of course the questions raised in section 3.5.1 concerning the ad:
equacy of temporal synchrony arise again. There is also a broader tradition of
hybrid models, in which active nodes in a spreading activation network are
keyed into an independent frame-and-slot component where larger structures
are built (Collins and Quillian 1969; Levelt 1989; Roelofs 1997, among many
examples). However, at this point the options are beyond the scope of this study;
I hope that the nature of the problem has been made clear enough for those ir:
the relevant fields. The main point is that although spreading activation may be
a necessary component of memory, it is not enough for language.

thou i i i
i gh, the. sequential dependencies among words in a sentence are not sufficient to determine
nderstanding or even grammaticality. For instance, consider (i).

(i) Does the little boy in the yellow hat who Mary described as a genius like ice cream?

_ The fact that the italicized verb in (i) is like rather than likes is determined by the presence of does

I4word ; i i
: l?e o saway; and we w9ul§ hz?ve no trouble making the distance even longer. However, it is not
i :nce ll]n words that is significant: it is the distance in noun phrases, i.e. does is one NP away
ike . .
, whatever the length of the NP. This generalization, a typical example of what Chomsky

. calls the “st . inguisti
ructure-dependence” of linguistic rules, cannot be captured in Elman’s recurrent net-

work; whi i
»which only deals with word sequence. As far as I can determine, a similar objection applies

to th i
 tothe dynamical model proposed by Tabor and Tanenhaus (1999). Steedman (1999: 619) points

;’ l%;?tf:f:;ctz trzfdlglan’s ;vork apd several extensions of it, that “we know from work on sym-

e l-s such as Hidden Markov quels and part-of-speech taggers [references
Without L 1 pproximations can achieve very high accuracy—better than 95% precision—
; aving any claim whatsoever to embody the grammar itself.”
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3.5.3 The problem of variables

The situation is still more problematic. Consider the problem of encoding a
two-place relation such as “X rhymes with Y.” The brain cannot list all the
rhymes in the language. For one thing, we can acquire a new word, say ling, and
know immediately that it thymes with sting and bring but not with monk or
mustard; we do not have to learn all its rhymes individually. Nor can we figure
out its rhymes by analogy, reasoning for example, “Well, ling sounds sort of like
the word link, and link rhymes with think, so maybe ling rhymes with think.”
The only words for which such an analogical argument works are the words
with which ling already rhymes—which is of course of no help.

Another reason rhymes cannot be listed is that one can judge rhymes
involving sounds that are not even part of one’s language. English speakers
can, without knowing German, judge that Fach rhymes with Bach, despite the
fact that the ¢k sound is not a sound of English, and despite the fact that they
Jearned about rhymes entirely through experience with English.

A third reason is that there is a phonological process in Yiddish-influenced
dialects of English that creates expressions of sarcasm by rhyming with a non-
sense_j'word whose onset is shm-: “Oedipus-Shmedipus! Just so you love your
mother!” That is, new rhymes can be created on the spot.

Finally, people can judge rhymes that are created through combinatoriality,
for example those in (27).

(27) a. tryand hide/cyanide (Tom Lehrer)
b. tonsillectomy/come direct to me/send a check to me
(Groucho Marx’s Dr. Hackenbush)
c. alot o’ news/hypotenuse
din afore/Pinafore '
I’m more wary at/commissariat
(Gilbert and Sullivan’s Major-General Stanley)

One certainly has no significant experience with rhyming “things that sound
like tonsillectonry”, so these can’t be done by any sort of analogy either.

Rather, the rhyming relation has to be encoded in the form of a pattern with
two typed variables: anzy phonological string rhymes with any other phonolog
ical string if everything from the stressed vowel to the end is identical in the two
strings, and the onset preceding the stressed vowel is different (since normall
ring does not rhyme with ring). '

Marcus (1998, 2001) takes up about the simplest possible two-place relati
total identity (A rose is a rose; a daisy is a daisy; a dablia is a . . . : Fill in the
blank.) He demonstrates that even this case cannot be formulated without th
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use of typed variables. His agenda is to defuse the extravagant claims that have
been made on behalf of a particular class of spreading activation models, the
multi-layer perceptrons of the sort common in connectionist modeling (e.g.
Rumelhart and McClelland 1986a, b; Elman et al. 1996). He shows that for
principled reasons these models cannot encode variables of the sort necessary
for two-place relations such as “X is identical with Y,” “X rhymes with Y,” and
«X is the regular past tense of Y.” Space precludes my repeating his arguments
here, not to mention his replies to the many reactions his work has produced.
Suffice it to say that Marcus has tested all the relevant networks in the literature
on the data sets for which he predicts they will fail, and indeed they fail >

This principled failure is fatal to unadorned spreading activation models of
language, for, as we saw in section 3.2, all combinatorial rules of language—for-
mation rules, derivational rules, and constraints—require typed variables.
Again, this does not mean that spreading activation plays no role in the brain’s
storage and processing of linguistic f-knowledge; in fact it likely does (see
Chapter 7). But some further technical innovation is called for in neural net-
work models, which will permit them to encode typed variables and the opera-
tion of instantiating them. I think that upon the development of such an
innovation, the dialogue between linguistic theory and neural network model-
ing will begin to be more productive.

3.5.4 Binding in working memory vs. long-term memory

As alluded to earlier, contemporary neuroscience tends to see transient (short-
term) connections among items in memory as instantiated either by spreading
activation through synapses or by the “binding” relation, often thought of in
terms of firing synchrony. By contrast, lasting (long-term) connections are usu-
ally thought of as encoded in terms of strength of synaptic connections.
However, the combinatoriality of language presents the problem that the very
same relation may be encoded either in a transient structure or in one stored in
memory.

Consider, for instance, the idiom kick the bucket. This has to be stored in
long-term memory, since one cannot predict its meaning from the meaning of its
parts. At the same time, it has the syntactic structure of an ordinary verb phrase

. such as lift the shovel, which is built up combinatorially. Hence, when kick the

2'M ’
.** Mar i i
; conhéctioc%s s;irguments concerning variables do not appear to be adequately appreciated in the
_ con nist literature; e.g. I find no reference to them in a recent issue of Cognitive Science

dedicated to “C ioni
e onnectionist Models of Human L. ing: ?
’ hrtianoen op ol s anguage Processing: Progress and Prospects
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bucket is retrieved in the course of sentence perception or production, it ought
to have the very same sort of instantiation as lift the shovel in the parts of the
brain responsible for syntactic structure. It does not seem correct to posit that
the connections of kick the bucket are encoded as synaptic weights and those of
lift the shovel as firing synchrony.

A different sort of example: By now you have undoubtedly committed our
original sample sentence, The little star . . . , to memory, so it is stored in your
brain as a unit. In the old view of working memory as a buffer, one could claim
that its contents are simply shipped off to long-term memory. But this option is
not available in a view where the words of a sentence being perceived are related
only by temporal synchrony. One cannot store a memorized sentence in long-
term memory by constantly rerunning the transient bindings among the words—
as it were, constantly rehearsing it. The transient bindings are by hypothesis
being used for the sentences one is currently processing, not for the ones one has
laid up against future need. But how are transient connections converted to
synaptic weights in the course of memorizing the sentence?

It is usually argued that transient connections have the effect of gradually
adjusting synaptic weights (so-called Hebbian learning). But what about cases
in which one trial is sufficient for learning? For example, you say to me, I'll meet
you:for lunch at noon. Ireply, OK, and indeed I do show up as agreed. My long-
terrn memory has been laid in on the basis of one trial; there hasn’t been any
opportunity to adjust synaptic weights gradually.

Again, this is not just a problem for the theory of language. It occurs any time
there is one-time learning of a novel configuration of known elements. For
instance, to choose a task that a non-linguistic primate might find useful: One is
walking along a trail in the woods and suddenly spots some ripe figs up in a tree.

The next morning, as soon as one gets up, one may head right back to that spot

to look for more. There is no previous association of figs with this location, so
the knowledge is acquired on a single trial.

For another case: An experimenter says to a subject: “You will see some

words appear on the screen. If a word has an f in it, stick out your tongue.
Subjects can perform faultlessly nearly immediately; and when they leave th
experiment, they do not continue sticking out their tongue every time they see
word with an fin it. This is the typical paradigm of a psychological experimen
a subject is confronted with a novel task made of familiar parts—and the tas
has typed variables! Given all the experiments psychologists do, I find it intrigu
ing that no one ever seems to ask how people assimilate the instructions, turt
ing themselves temporarily into specialized stimulus-response machines. F¢
present purposes, though, the important point is that on the basis of a tran
input, a lasting combinatorial connection has been forged (understanding th
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task) which then is used to formulate transient connections (i.e. the actual
responses to stimuli in the experiment).

More generally, any sort of episodic memory (in the sense of Tulving 1972)
raises this problem: an episodic memory is by hypothesis something that is
remembered on the basis of one occurrence, and it usually involves objects,
places, and people with which one is familiar. One cannot just encode an episod-
ic memory by gradually strengthening the associations among the involved
characters: the precise relations among the characters are crucial, and they are
established at once.

I will offer no speculations on how this transfer from working memory to
structured long-term memory is accomplished, given that one can no longer
speak simply of “shipping information off to some other area of memory.” As
with the other three cases of this section, I leave it as a challenge for neuroscience.
And as with the other cases, it is not something that can simply be disregarded by
ignoring language.

To sum up, a theory of how language is instantiated in the brain must grapple
with four problems that arise from the combinatoriality of language: the mas-
siveness of binding in linguistic structure, the problem of multiple instances of a
known unit in a novel structure, the necessity for encoding and instantiating
typed variables, and the relation between long-term and short-term memory
encodings of structure. These problems are not exclusive to language, but they
ce:tainly come to the fore in dealing with the linguistic phenomena that linguists
deal with every day. :

A further issue arises from combinatoriality: that of learning the principles
that govern it. This requires a whole chapter of its own.



