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Abstract

I'his paper investigates linguistic performance. from the viewpoint that the in
[ormation processing in cognitive systems should be desigied in terms of constraints
rather than procedures in order to deal with partiality of information, In this per-
spective, the same prammar, the same belief and the same processing architecture
shoild underlie both sentence comprehension and production, A basic model ol sen.
lenee processing., for both comprehension and produoction. is derived along this line
ol reasoning. F'his madel is demonstrated to account for diverse linguistic phenon
eia apparently unrelated 1o each other, lending empirical support to the constraint
paradigm.

1 Introduction

All the cognitive agents, with limited capacity for information processing, face parizalily
of information: Information relevant to their activities is only partially accessible. and
also the distribution pattern of the accessible information is too diverse to predict. In
sentence comprehension, for example, the phonological or worphological information may
or may not be partially missing due to some noise, the semantic information may or
may not be abundant because of [auuliality or ignorance on the topics. and so forth.
Thus the wformation distribution is very diverse and rather orthogonal to the underlying
information structure consisting of the modules of morphological, svutactic. pragmatic,
and other constraints,

This diversity of mfermation distribution gives rise to a very complex, non-modular
flow of information in cognitive processes, as information Hows from places possessing in-
formation to places lacking information. In order to deal with this complexity, a cognitive
system must be designed to include two different logical layers:

*This article is a slightly revised version of the paper presended under the sane title at COLING™00
in Helsinki. The work reported here started as the author's doctoral research at Tokyo University, and
has developed further at Electrotechnical Laboratory and 1007 (his eurrent affiliation). His thanks o
to Priof. YAMADA Hisao, who was the supervisor of the doctoral program. and too many other people
Lo enumerate here.



{1} Information represented in terms of consirainis, by abstracting away information
How,

(21 A general processing mechanism (o convey information across constraints, from
places possessing information to places lacking it

Non-modular flow of information may be capiured on the basis of modular design of
cognitive architecture, only by separating the representation of underlyving information
(as (1) and fAow of mformation {as (2}) from each other.

Procedural approaches break down under partiality of information. because procedures
stipulate, and hence restrict, iformation flow, If one, be 1t human or nature, were to
inplement such diverse information How by procedural programming. the entire system
would guickly become too complex lo keep track of. failing to mamtain the modularity
of the system. This 1s what has always happened. for example. in the development of
natural language processing svstems,

The rest of the paper exemplifies the efficacy of the constraint paradigm with regard to
natural language. We will first discuss a general picture of language faculty immediately
obtained from the constraint-based view. and then derive a model of sentence processing
veutral between comprehension and production. This model will be shown to fit several
linguistic phenomenas, Thae o the generality of the perspective, the phenomena discussed
Lelow encompass apparently unrelated aspects of natural language.

2 Language and Constraint

Prom the constraint-based perspective immediately follows a hypothesis that the same
constraints (Le. lexical) syntactic, semantic. pragmatic, and whatever). corresponding to
(}1. and the same processing architecture, corresponding to (2}, should nnderbe both sen
tence compreliension and production. Other authors have cxpressed less radical stances.
For instance, lav [11] adopts two different grammars for parsing and generation. Our
hwpothesis is also stronger than Shieber’s [16]; Although he proposes to share not only
one grammat but alse one processing architecture between ile two tasks, this ‘common’
architecture is, unlike ours. parameterized so as to adapt itself to parsing and generation
in accordance with different parameter settings.

As a corollary of our strong uniformity hypothesis, we reject every approach postu-
lating any procedure specific to sentence compreliension or production. For instance, we
disagree upon the ways in which the Determinisin Hypothesis (DH) [12] has been instan-
tiated so far. DI permits to assume only one partial structure of a sentence at a time,
and the approaches along this line [2, 3, 12, 11] has postulated, bevond necessity, specific
ways of disambiguation for specific types of ambiguity in sentence comprehension and
production.

Instead we view sentence processing as parallel computation. When a sentence is either
comprehended or produced. several partial structures of it, we assume, are simultaneously
hypothesized. The degree of parallelism should be limited to fall within the small capacily
of the short-term memory (STM], so that we obtain the same sort of predictions as we
do along the determinist account. For instance, the difficulty in comprehending garden
path sentences like (3) may be attributed to the difficulty of keeping some structural
hivpotheses in 5TM.



(4) The chocolate cakes are coated with tastes sweel.

As discussed helow, our approach quantitatively estimates the difficulty n processing
embedded constructions like {4} also on the Lasis of the memory limilation.

{41 The cheese the rat the cat the dog chased caught bit was rotten.

Sinee DI does not account for such difficulty, incidentally, it seems superfluous to postu-
late DH. We consider DH just as approximation of severe memory limitation, and avoid
any stipulation ol such a hypothesis.

3 A Common Process Model

Among the partial structures hypothesized during comprehension or production of a sen-
ience. we pav atlention to the marimal structures: the structures such that there is no
larger structures. Here we sav one structure is larger than another when the former
includes the latter. For example, [s fxe Tom| [ve sleeps]] is larger than [s [xe Tom] VP
Sentence processing, whether comprehension or production, is regarded as parallel con-
struction of several maximal structures, Thus sentence processing as a whole is charae-
terized by specilving what a maximal structure is.

We assume the grammatical strueture of a sentence to be a binary tree. Here we iden-
1ily a word with its grammatical eategory, so that a local structure, such as [yp Tom]. is
regarded as one node rather than a partial tree consisting of two distinet nodes. 1t is just
for expository simplilication that we assume binary frees. OQur account can be generalized
straight forwardlv 1o allow #-ary trees. Further. the essence of our discussion below 1s neu-
tral between the constituency-hased approaches and the dependency-based approaches.
Here we employ a representation scheme of the former type. without committing ourselves
to the constituency-based framework.

From the general speculation below, it follows that a maximal structure should be the
left-hand hall of (5).

(3) B




This maximal structure consists of the path form 5 to 4 and the part to the left of this
path, except for H;_, and the nodes between I3,_; and A, {those on the slant dotted lines)
[or 1 < 7 < d 4 1: A; and the nodes hetween A, and H, are included in the maximal
sipucture. Here My and Ay stand for S and A, respectivelyv. A; is a leftmost descendant
(w0t necessarily the left daughter) of #H,_; or they are identical for 1 < ¢ < d + 1. H; s
a rightmost descendant (not necessarily the right daughter) of 4; for 1 < ¢ <0 d. Thus
our model s similar to left-corner parser [1], though our discussion is not restricted to
rarsing.

This characierization ol & maximal structure s obtained as follows. First note that a
maximal structure involves » words and n— 1 nonterminal nodes, for some natural number
ir: In the maximal strocture in (3], Lhe connected substructure containing 4, (1 = ¢ =< )
contains as many nenterminal nodes as words, so that the maximal structure also contains
as many nonterminal uodes as words, except for word A, Note further that the entire
serilence structure, being a binary (ree, also invelves one less ponterminal nodes than
words. Accordinglv, postulating » — | nonterminal nodes versus » words in a maximal
structure amounts to postulating that the words and the nontermnal nodes are processed
at approximately constant speed relative to each other.! The pumber of words s a measure
of lexical information. and the number of nonterminal nodes 15 a measure of svntactic
and semantic information. among others. Hence if all the tvpes of linguwistic information
(lexical. syntactic, semantic. ete.) arve processed at approximalely the same relative speed.
then a maximal process should include nearly as many words as nonterminal nodes,

This premise is justihed. because if different types of infarmation were processed at
different spesdls, then there wonld arise imbalance of mformation distribution across the
corresponding different domains of information. Such imbalance should invoke informa-
tion flow from the domams with higher density to the domains with lower density of
mformation distribution, when, as in the case of langnage, those domams of information
are tightly related with each other. That s, nflormation flow eliminates such imbalance.
resiiting in approximately the same speed of processing across different bt closely related
domains of information.

Now that we have worked oot how many nodes a maximal strocture includes, what
is left is which nodes 1t includes. Let us refer to A in (5) as the current active word and
the path from the root node S to the current active word as the current aclive path. It is
natural to consider that a maximal strociore meludes the nodes to the lefl of the current
artive path, becanse all the words they dominate have already been processed. Thus we
come up with the above formulation of a maximal structure, if we notice that the nodes
on the zalid line part {including 4;) of the current active path in (3] are adjacent to nodes
to the left of the current active path, whereas the other nodes on the current active path
ithose on the dotted lines, including B, do not exeept for the mother of A, which will he

'F]]'ﬂfFﬂF:Fd at the next moment.

4 Immediate Processing

According to this model, any word should be immediately processed, particularly in pars-
ing, in the sense that corresponding amount of syntactic and semantic structure is tailored

"The rate of n words versus n — | nonterminals does not precisely represent the constant relative
speed, but the discrepancy here is least possible and thus acceplable enough as approdimation.



witl little delay. The intrasentential status of a word is hence identified as soon as it is
envountered. This contrasts with the determinist accounts which assume lookahead to
deal with local ambiguity,

Empirical evidences supporl our position. In Marslen Wilson’s [13] experiment, for
instance. the subjoects were asked Lo listen 1o a lape-recorded utterance and to say aloud
what thev hear with the shortest possible delay, Sume subjects performed this task with
a lag of only about one syllable, and vet their error reflected both syntactic and semantic
context. For example, one of such a subjects said He had heard that the Brigade -+ - npon
listening to He had heard af the Brigade ---. Such a phenomenon cannot be accounted
for in terms of the determinist accounts with fixed parsing procedures. In our model, it is
explained hy just assuming that only the most active maximal structure tailored by the
subject survives the experimental situation.

5 Transient Memory Load

By transicul memory load {TML) we refer to the amount of linguistic information tem-
porarily stored in STM. The measurements of T'ML during sentence processing proposed
s far include the depth of center embedding (CE) [5] and that of seif embedding (SE)
[153]. A svntactic constituent a is center-embedded in anolher syntactic constituent 3 when
d = ~ad for some non-null strings 5 and & We further say thal a is scll-cmmbedded in 3
when they are ol the same sort of category, say M

However, neither CE nor SE can explain why (6] s much easier to understand than

(7.

{f) Tom knows the story that a man who lived in Helsinki and his wife were poor but
they were happy.

{7} Tom knows that the story on the fact that the rumor thal Mary killed John was
false is funny.

Note that these sentences are of about the same length; The former consists of 20 words
and the latter 19 words. Almost all my informants (including both native and non-native
speakers of Fnglish) reported that (6) is easier to understand than (7). Those who felt
contraniwise ascribed the difficulty of (6) ta the ambignity concerning the overall structure
of the complement clanse after that,

The approach based on CE fails to account for this difference. because the maximum
('E depth of (6) and that of (7) are both 3, as 1= shown helow.

(%) o Tom knows the story that [;a man [; who [3lived] in Helsinki] and his wife were
poor| but they were happy]

{9) [» Tom knows that [; the story on the fact that |, the rumor that Mary {5 killed| John|
was false] is funny]

The maxinmm 5k depth cannot distinguish these sentences:

(10} Tom knows [wp, the story that [np, a man who lived in [yp, Helsinki] and his wife]
were poor but Lthey were happy]



{11]1 Tam knows that [an the story on the fact that [NpJ the rumor that [Np: r‘r'IﬂT‘_"r'] killed
John! was false| is funny.

Our model provides a TMI. measure which accounts for the contrast in question. In
order lo plug a maximal structure with the rest of the sentence in a grammatical manner,
one must rernenber only the information contained in the categories on the border between
the maximal structure and the remaining context: i.e.. categories A;, the mother of B;
(1 < ¢ < djand Ain (5). Thus the value of d in (5) could scrve as a TML measure.
As is illustrated in (12} and (13}, in fact, the maximum of d is 2 and 3 for (6] and (7},
respectively, explaining why (6) is easier. In (12) and (13}, enclosed in boxes are the
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nodes corresponding to A;, B, (1 < i < d) and A when d is the maximum; ie., 2 in the
former and 3 in the latter,
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6 Language Acquisition

The Dutch language exhibits a type of cross-serial dependency (5D} in subordinate
rlanses:

(14) ...dat Wolf de kinderen Marie zag helpen zwemimen
...that Wolf the children Marie see- PAST help-INF swim- INF

“...that Wolf saw the children help Maric swim’

Qur theory predicts that children learning Dutch come to recognize the CSD construe-
tions as having the following structure, which coincides with the structure figured out by
Bresnan et al. [1]* based on an analysis of adult language.

(15) S
_____-""'df ‘H‘"‘“H.H_
N HG VI
e -'""-F-Fh_\- T
— . -‘-\-"‘"‘"—-._
xu El!l
,-ﬂ"dﬁﬁ .-'"’f’ )
N P ) e, ‘\"’ ‘1-\._..
1 -\ o u zn- |
T L T
- . f.-' “-\N
NP, 1 Npm ."':iﬁ -1 Vi

Here V, is a finite verb and V, is an infinite verh for 1 < 7 < n. V, is a causative verh
or a perceplion verb for 1 < ¢ < . NP, is the subject of Vi for 0 < 7 < n, and NP,
is an object of Vi forn < 7 = m (m > m). Note that NP, --- NP, and Vy, -+ V,
constitute right-branching struciures dominated by Xy and Zg, respectively.

Let us look at how a child regard a simple CS1) constraction (16) to be (17}, which is
an imstance of (13) form = n = 1,

{16} ... dat Wolf Maric zag ZWernmen
... that Wolf Maric see-PAST swim-INF
‘.. that Wolf saw Maric swim’

(17) 5
7 - I e
NP, VP
| L ""'fff HR‘“‘-.‘
Waolf NP, Zy
Marie WV, Wy
zag Zwemmen

*(13) is slightly different from the structure proposed by Bresnan et al., because we regard a sentence
structure as a binary tree whereas their proposal involves tertiary branching oblained by equating VI
and Xy in (15). This difference is irrelevant to the essence of the following discussion.
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According to our model, the relevant part of the most active maximal structure would
look like the following when zag has just been acknowledged, provided that the child has
alrcady acquired the standard structure of a subordinate clause, in which the finite verb
appears at the end.

(18] 5
..-"”’F--dfnﬁhh" -
NT' VP,
| !
' :
Woll VT,
T
i T
NP, Za
Marie Vi

V. VP 7y and Vi correspond to By Ay, and A in (3), respectively (so that VI
and 7 are not included in the maximal structure here). When zwemmen is encountered,
category [y, zwemimen] mnst be inserted elther hetween VP, and VP, or hetween Zy and
V. In the alleged subordinate clause construction, 7o (which might be identical to Vg)
Las a direct access to (e, Marie], which is the object of zag. the alleged head of Zy, On
ihe other hand. VI, lacks such an access, hecause the relationship between Marie and zag
i< established not througl but under VP). It is hence more preferable that [y, zwemmen]
attaches bencath Zo. if the child has alicady perceived extralinguistically the situation
being described, in which Marie is swimiming. Now the most active maximal structure
shonld look like this (Zg and Z; are cxcluded from this maximal structure if they are
distinet from Yy and W, respectively|:

(14 Zu
Yo
‘__,.-"' "ﬁ‘-"'&.._‘_
e T
Vi Ly
2AL vV,
EWEITITIET

(17} is thus oblained by setting VPy = VP, 70 =Yg and Z, = V.
Note thal ihis reasoning essentially relies on our formulation of a maximal process.
If a bottom-up model were assmned instead, for instance, there would be no immediate

reason to exclude a structure, sav, as follows.



(20) 5

e T
NPy VI
| - - T T —
Wolf & Wy
-".-F.-F._\--H-H'-\.
e S |
NP, Vi ZWETTITIETL

]
| |

Marie ZAE

The above discussion can be extended to cover more complex cases {where m = |
in (15)) in a rather straightforward manner, as is discussed by [lasida [6]. The structure
under Xy is tailored as a vatural extension of the way an ordinary subordinate clause is
processed, then Vy is inserted beneath VI, following the ordinary structure of a subor
dinate clause together with the semantic information about the sitnation described. and
V, attaches near o Vi_; for 1 £ ¢ < »n due to the semantic information again. The
structure under £y must be right-branching so that ¥y be the head of VI

Also by reference o the current model, Hasida 7] further gives an account of the
unacceplability of some unbounded dependency constructions in English which is hard 10
cxplain in static terms of linguistics.

7 Concluding Remarks

We have hegun with a general constraint-based perspective about the cognitive mecha-
nism, and shown that a model of sentence processing derived thereol, neutral belween
romprehension and production, accounts for several hinguistic phenomena seemingly un-
related to each other. It has thus been demonstrated that the speculation to derive the
model has empirical supports, lending jnstification for the constraint paradigm. In par-
ticular, our theory has been shown to be more adequate than the determinist approach,
which must postulate a procedural design of the human langnage faculty.

A computational formahzation of our model will be possible in terms of constraint
programming, as discussed by Hasida et al. I8, 9. 17]. Most of the time, a natural language
processing svstem in terms of procedural programming has heen designed to he a series
of a syntactic analysis procedure, a semantic analysis procedure, a pragmatic analysis
procedure, and so on, in order ta reflect the modularity of the underlying constraints.
However, such a design imposes a strong limitation on information flow, resiricting the
system’s ability to a very narrow range of context. One naturally attempts to remedy this
s as lu, say, enable the syntactic analysis module to refer to semantic information, hut
this attempt must destroy the modularity of the entire design. ending up with a program
too complicated to extend or even maintain. Constraint paradigm seems to be the only
way out of this difficulty.
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