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Abstract

This paper reports the results of a lexical decision experiment and a self-paced reading
experiment that investigate the interaction between syntactic and lexical information in
on-line language processing, using the noun-verb ambiguity in English. The results of
both experiments provided support for the hypothesis whereby syntactic and lexical
information are two independent factors in the process of sentence comprehension,
consistent with previous work in the sense-ambiguity processing literature. Our results
therefore add to the body of literature demonstrating that the process of language
comprehension is guided by numerous independent information sources, rather than

syntactic information alone.



Introduction

Research in the languagye comprehenson literature has demondrated that people ue a
variety of information uraes in the moment-by-moment comprehenson of entences,
indudinglexical information, g/ntactic sructure, the plaughbility of the described events,
the discourse context, and Bfor auditory inputbBproody (Tanenhaus & Trueswell, 1995;
Gibson & Pearlmutter, 1998). A important architecturd questionin this literatureis
whether al or only some of these information surces can guide the process of sentence
comprehenson, where guiding pro@ssing means opeaating independent of other
information ources to daerminetherange of posible interpretations as oppogd to
deciding ketween theinterpretationssuggested by oher, earlier processes. An early
hypothesisin theliterature was tha only syntactic information can guidethe process of
sentence comprehenson (Fodor, Bever & Garrett, 1974;Frazier, 1978;Frazier & Fodor,
1978;Fodor, 1983), wth information urces such as plaugbility and mntext being used
to decide anongthe syntactic dternatives (e.g., Cran & Steedman, 1985). Hbwever,
subsequent research has established that information urces other than syntax are
available to comprehenders as early as can be measured (e.g., MacDondd, Rearlmutter &
Seidenbag, 1994;Trueswell, Tanenhaus& Garnsey, 1994; Tanenhauset al., 1995)and
may in fact guide the process of sentence comprehenson (C.f. Tyler & Marden-Wilson,
1977 ad Marden-Wilson & Tyler, 1987 ,who were among hefirst to claim that
information urces other than syntax coud guide sentence processing). In paticular,
semantic information and the plaughility of the described events (Kupeberg & a., 2003;

Kim & Osterhout, 2005) ad the local discourse context (Altmann & Kamide, 1999;



Grodne, Gibson & Watson, 2005) hae been shown to guide sentence proaessing,
indgpendent of syntactic information.

Thefocus of the current paper isto investigate whether lexical information gudes
sentence comprehenson, independent of syntactic information. We will refer to this
hypothesis as theindependent congraints hypothesis. Theindgyendent congraints
hypothesisis the claim tha many nonsyntactic information urces independently guide
comprehenson; the specific prediction we test hereis that lexica informationis oneof
these information uraes.

Research fromthe lexical access literature has established tha lexical progessing
proceedsindgoendent of theexisting semantic context. Two paadigms have provided
the evidence in supportof this observation: (a) a semantic priming paadigm, where
participants proaess a sentence and perform alexical decision task on aword tha may be
related to oneof the wordsin the sentence; and (b) areading task, where reaction tme is
measured for each word in the sentence. Using the semantic priming paadigm, it has
been shown tha for equi-biased sense-ambiguouswords(e.g., for aword like bug which
is ambiguousbeween insect and recording device senses), bot interpretationsare
initially accessed, indgpendent of the semantic context (Swinney, 1979; Tanenhaus
Leiman & Seidenberg, 1979;Seidenbag et d., 1982). lrthermore, when the context is
biased towardsthelow frequency interpretation ofan anbiguousword, boh thelow and
high frequency interpretationsare accessed, butwhen the context is biased toward the
high frequency interpretation, oy the high frequency interpretation is accessed (Tabossi,
Colombo, & Job, 1987; Tabossi, 1988). These results suggest that semantic context and

lexical frequency are two independent souraes of information that the proeessor can use



in comprehending words when oneor bdh condraints supportthe access of alexical
entry, then access of that lexical entry occurs. When no ondraints supporta paticular
lexical entry (ase.g.,in thecase of alow-frequency reading accurringin an unsippative
context), there is no evidence of it beng accessed.

In the reading paadigm, when the context is neutral with regard to the different
meanings of an equi-biased sense-ambiguous word, it takes comprehenders longer to
process the word, compared to a biased ambiguous word or an unambiguous control word
(Dufty, Morris & Rayner, 1988; Rayner, Pacht & Dufty, 1994; Binder & Rayner, 1998;
Binder, 2003). This has been explained in terms of competition between the two equally
available meanings of the balanced word (e.g., Duffy et a., 1988). rthermore, when
the context is congstent with the subordinate meaning ofa biased sense-ambiguousword,
it takes comprehendes longer to proess the biased anbiguousword, mpared to
unambiguouscontrols. This phenomenonhas been termed the subordnate bias effect
(Rayner et al., 1994),and ha been argued to refl ect compeition ketween thetwo
meaningsof the word, where the dominant meaning is highly available dueto its
frequency, and the subordinate meaning is made available by the contextud information.
These results doveail nicely with the evidence from the semantic priming paadigm: both
sets of results suggest that lexical frequency and semantic context are two independent
sources of information tha the pracessor uses in comprehending wordsin asentence.

There has been less research investigaing lexical access in different syntactic
contexts. Mog of theevidence relevant to this question ha come from the semantic

priming paadigm. In particular, it has been shown that for equi-biased words that are

ambiguous with respect to their syntactic category (i.e., words that are ambiguous



between a noun and a verb like rose or watch), both interpretations are initially accessed,
independent of the syntactic context (Tanenhaus et al., 1979; Seidenberg et al., 1982).
Much like the results discussed above had suggested that lexical processing occurs
independent of semantic context, this result suggests that lexical processing occurs

independent of syntactic information.

Thereislittle daa from theliterature manipulating lexical frequencies of the
different meaningsof category-ambiguouswordsand g/ntactic context usng areading
method. In & early pgper investigating these condraints in reading, Fazier & Rayner
(1987) examined nounverb anbiguouswordslike trainsin sntence contexts tha were
initially condstent with dther reading (.g., Thedesert trainsE ) and then were
disambiguaed towards onesyntactic category or he other. It was obsrved that the
ambiguousword was processed fager than its unanbiguouscontrol, cortrary to the
predictionsof the independent condraints hypotesis, which would predict dower
proaessing (dueto competition), all other factorsbangequd. However, MacDondd
(1993) denondrated tha the relatively fast times for reading the ambiguouswordsin
Frazier & RaynerOsxpeiment were more likely due to the fact that Frazier & RaynerOs
unambiguouscontrol conditionswere pragmatically odd n anul context, because of the
presence of a demondrative determiner (e.g., these desert trainsE ; this desert trainsE ).
MacDondd then showed that when more suitable unambiguouscontrol sentences were
used, the temporaily ambiguouswordswere not proagessed any faster. MacDondd
further argued that alexically-based proessing theory could accountfor the observed
patern of results. However, MacDondd@® experiments did notevaluate whether lexical

information was independent of syntactic context.



Recently, more direct tests of whether syntactic andlexical condraints are
indgpendent have been conduded usng areading method. In o set of gudies, Boland
& Blodgedt (2001)manipulated the syntactic context to bebiased to expect either anoun
(e.g., Shesaw hisE), or averb (eg., Ste saw him E ), for sxteen wordstha were
ambiguousbetween noun ad verb readings (e.g., dudk, play), with the bias toward one of
the categories varying continuousy.! Boland & Blodget observed asignificant
correation ketween lexical bias and initial fixationtimes in the conditionswhere the
syntactic context created an expectation far anoun (nore verb-biased items tooklonger
to proess), and amarginal correlation in the conditionswhere the syntactic context
created an expectation for averb (more noun-biased items took longer to proess). This
evidence suggests tha lexica information affects processing diffi culty even in cases
where syntactic information provides a srong aeto the correct interpretation, &
predicted by theindgpendent condraints hypohesis. However, there were two issuesin
the results of Boland & BlodgetOsxperiments that weaken this interpretation: (a) the
result was only reliable in the noun ontexts; (b) two of sxteen items had to beremoved
in orde to findthese correlations(Boland & Blodget jugified the removad of these two
items by aguing that thetwo measures of establishinglexical bias b corpuscounts and
sentence completion norns Bwere inconsstent for theseitems). The generalizability of
these results is therefore questionable.

Morerecently, the subordnéate bias eff ect has been ob®rved with respect to a

category-ambiguousword: the word that, which is ambiguousbeween a determiner and

" Boland & Blodgett also varied the discourse context prior to the critical sentence, so that it was biased
toward the noun or verb reading. We focus on the conditions where the discourse context was consistent
with the syntactic context, because the data patterns with regard to the relationship between lexical bias and
syntactic context were clearest in these conditions.



acomplementizer, andis srongly biased in written text toward the complementizer
reading (Tabor, diliano & Tanenhaus 1997; Gibson, 2006). &bor @ a. (1997) ad
Gibson (2006) &amined the processing of this word in syntactic environments tha are

incongstent with the complementizer interpretation, ain (13 and (23:

(1) a Thelawyer visited that skilled surgeon before the hearingsbegan.
b. Thelawyer visited those skilled surgeons before the hearingsbegan.
(2)  a Thelawyer for that skilled surgeon asked for araise.

b. Thelawyer for those killed surgeonsasked for araise.

Both research groupsfound hat the region congsting ofthatand the following
two words(that skilled surgeonin (1a) and (29) was proaessed more dowly than the
corresponding regionin the control sentences (those skilled surgeonsin (1b) and (2D).
One plaugble explanation for these resultsis in terms of the subordinate bias effect: the
complementizer reading of he word that is available dueto its frequency, and the
determiner readingis madeavailable by the syntactic context, leading t competition
between the two interpretations and mnsequently dower reading imes than in the
control cases, where no sich competitionoccurs?® This evidence therefore suppors the
hypothesis tha lexical information and g/ntactic information ae indegpendent factors in
on-line sentence comprehenson. However, alimitation of hese studies is that they are

based on redingtime daa for the ambiguity of asngle word, heword that

* Tabor et al. discuss the processing slowdown in examples like (1a) in terms of context-dependent lexical
access (similar to proposals by Swinney & Hakes, 1976; Cairns & Hsu, 1980; Carpenter & Daneman, 1981;
Simpson, 1981), but other results from the literature on lexical access in context make this interpretation
unlikely (Duffy et al., 1988; Rayner et al. 1994, among others). Furthermore, Gibson (2006) provides
direct evidence against the context-dependent lexical access interpretation of this particular ambiguity.



To summarize the empirical picture reported ebove (1) multiple meaningsare
activated duiing lexical access, (2) anbiguouswordscan cause dower proassing when
the context suppors thelow-frequency interpretation, resulting in a subordnae bias
effect, (3)the subordnate bias effect has been ob®rved for the syntactically-ambiguous
word that, suggesting tha lexical information gudes interpretationindgpendent of
syntax, but(4) theevidence for a subordate bias effect in other syntactically-ambiguous
lexical itemsis notas srong. Thus dthough previousliterature srongly suggests that
lexical and g/ntactic information ae likely to guide interpretation independently, the
existence of asubordnate bias effect in amore general syntactic ambiguity has notyet
been demondrated convincingly.

To address this ggp intheliterature, the sudies to bereported here seek to
examine theinteraction of lexical frequency and g/ntactic context in sentence proaessing
usng amore produdive ambiguity, the naun-verb ambiguity in English. These sudies
are thussmilar to thos of Boland & Blodgett, butwith many moreitems, andin
minimal syntactic contexts withoutany preceding dscourse context, in orde to narrow in
on theinteraction of ony lexical frequency and g/ntactic context. Theindependent
congraints hypotesis predicts a subordnate bias effect, much like tha observed by
Tabor @ al. (1997) ad Gbson (2006) vith respect to the complementizer / determiner
ambiguity of that, such that a word with adominant nouninterpretation siould be read
dowly in averb context, and aword with a domnant verb interpretation $iould beread
dowly in anoun ontext.

Thelexica bias of acategory-ambiguousword an beddgermined in sveral

ways: (1) meta-linguistic judgments, (2) produdion gudies, and (3) ®@rpusstudies. To



select a set of materias for our xperiments, we initially conduded astudy usng neta-
linguistic judgnents (Norming Sudy 1). Subsquently, we used the materials selected
based ontheresults of Norming Sudy 1 n an dicited prodution gudy (Norming Sudy
2) and in acorpusstudy. Aswill bediscussed bdow, the results from all three sudies
were very highly corrdated (Rs>.75), siggesting that thelexical biases in the materials
used in Experiments 1 and 2are reliable. We will now describe the methodsand the
results of two norming gudies and of thecorpusstudy. We will then go on 6 describe

thetwo experiments.

Norming Study 1

Methods
Four independent raters were presented with alist of 240 nourverb anbiguousitems
(generated by two of the authors Fedorenko and Gbson). Each rater was asked to
provide a judgment for each word with regard to whether the word is more likely to bea
noun, averb, or gually likely to bebah.

The purpog of the sudy was to slect three subsets of wordswhich would be
nounbiased, verb-biased and equi-biased. The sudy ook gproxmately 30 minutes to

complete.

Results
For each word the number of nounbiased, verb-biased and equi-biased responses was
counted. The following criteria were applied to slect the three subsets of words A

word was consdered nounbiased if it had 3 or 4 nourbiased respongs and 0 veb-
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biased responges. Smilarly, aword was consdered verb-biased if it had 3 or 4 erb-
biased responses and 0 nourbiased responss. A word was consdered equi-biased if it
had no norethan 2 nounbiased respongs and no nore than 2 veb-biased responss.
Based on hese criteria, 60 wordswere selected for each bias-group fa atota of 18

items.

Norming Study 2

Methods

This sudy u®d an dicited prodution task to deerminethe bias of theambiguouswords
Fifty-six paticipants from MIT and the surroundng community took part in the study.
All were between the ages of 18 and 40, mtive speakers of English and nave as to the
purposs of thesudy. Nonehad paticipaed in Norming Sudy 1. Al participantswere
pad for ther paticipaion.

The 180 tems selected in Norming Sudy 1 were used in this sudy. The list was
divided in half, such that each participant only saw 90 aitical items (30 nounrbiased, 30
verb-biased and 30equi-biased). This was donedueto thetime-consuming reture of the
task (written sentence generation), such that the participants would nothave to pend
more than ore hour on be experiment. 90 category-unambiguousfillers were induded in
additionto thecritical items (these induded 30 vebs 20 preostions 20 aljectives and
20 averbs). Four pgudorandomlists were created (two for each of thetwo hdves of
thetarget items) such that nomore than two ambiguouswordsappeared in arow, and
then four alditiond lists were created by reversing the order of these lists. Thusthere

was atotal of eightexperimental lists. Seven paticipants saw each ofthelists.
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Participants were ingructed to areate a short (4-7 wordslong) entence with each
of thewords They were told to write thefirst thing that came to thar mind. They were
also told that they could change the form of the words for example, they coud make a
noun plrd and pu averb in the past or fuuretense. The sudy ook approximately one
hour b complete.

Results

For each word the number of noun and verb uses was counied by hand-pasing the
paticipantsOresponss. 6.8% of the responses could not be coded as a nounor a verb
use: either theword remained ambiguousor it was used in adifferent category (eg.,as an
adjective). The andysis of the responss revealed a smooth distributon of the lexica
bias across theitems, as shown in Figurel. A correlation analysis between the results of
the two norming studies revealed a highly significant correlation (R=.82; F(1,178)=356.3;

p<.001).
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Figurel: Thedistribution of the responses for 180 arget itemsin Norming Sudy 2,
sorted by the percentage of noun esponss (plotted on te y-axis). [Note tha the words
displayed on te x-axis are a small subst of the 180 words gnce it would be impossible

to fit dl of them on the grgph.]

Corpus Study

Methods

The CELEX daabase (Baayen et d., 1995 was used to dderminethe bias of the
ambiguouswords Asin Norming Sudy 2, heitems selected in Norming Sudy 1were
usd in this sudy. Rve of the items were not found n the CELEX database, 0 only 175
items wereinduded. Lemma frequencies (normalized outof 1,000,000) wre used. The
relative biases were calculated by alding the frequency values for the noun ad forthe
verb readingsand then dvidingthe nounand the verb frequency vdue by the summed
value

Results

Similar to Norming Study 2, the analysis of the relative biases revealed a smooth

distribution across the items, as shown in Figure 2.

13



1.00
0.80
0.60
0.40
0.20

0.00 H “””“”lllln...

) 0 X X © L c U E L o0 X ¥ 2 X 0 e B )

P2SBE32S2385 83535 Lgol28dLE0deeFesn s Y

Smog‘““gﬁ0“——8808,?,839‘“2%2289";%-Em

= Qo s} — =] ] o= -

¥ o c a [¥] “— s 1S 7] g k=
c

Figure2: Thedistribution of heresponss for 175 erget items in the CorpusStudy,
sorted by the noun bas (plotted onthe y-axis). [Note that the wordsdisplayed onthe x-
axis are agmall subet of the 175 words dnce it would beimpossible to fit dl of them on

thegrgoh.]

A corrdation analysis beween the results of the CorpusStudy and thetwo
Norming Sudies revealed highly sgnificant corrdations CorpusStudy and Norming
Study 1 (R=75;F(1,173)=221.7;p<.001); CorpusStudy and Norming Sudy 2 (R=82;

F(1,173)=867.5;p<.001) (Fgure3).
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Figure3: Thecorrdation béween Norming Sudy 2 and the CorpusStudy.
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Experiments 1 and 2

According o the indgoendent condraints hypotesis, aword with adomnant noun
interpretation sould beread dowly in a syntactic context biased to expect averb (e.g.,
following theinfinitival marker @oQ, and aword with adominant verb interpretation
should beread dowly in a syntactic context biased to expect anoun(e.g., folowing a
determiner like QheQ), refl ecting the competition baween thetwo interpretationsof the
word when theinformation surces are in direct conflict. Experiment 1 uses minimal
syntactic contexts in amodified lexical decision paadigm to test these predictions and
Experiment 2 uses sentential contexts in a self-paced reading paradigm.  All theories of
condraint interaction predict no praessing diffi culty when boh lexical and g/ntactic
information ources agree. Itis when thetwo sources of information anflict that
theories make different predictions If lexical information guies processing independent
of syntactic information, then the lexical frequency bias toward the syntactically
ingoproprite reading will dow reactiontimes. In contrast, if lexical access dgpendson
the syntactic context so tha only the appropriate syntactic category is accessed in a

biasing environment, then no diferences are predicted depending onthelexical bias.

Experiment 1

Thelogic of this experiment relies on theassumption that thelexical decision geed may
be affected by the context in which the word gpears (e.g., Swinney, 1979;Tanenhaus et

a., 1979.
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Methods

Participants Sixty-three paticipants from MIT and the surroundng community took part
in the experiment. All were beween the ages of 18 and 40, néive speakers of English
and nave as to the purposes of the sudy. Participants were paid for their paticipation.
Nonepaticipated in either of the Norming Sudies.

Design and Materials The experiment had a3 x 3 factorial design aossing (1) kxical
bias (Noun, Verb, Equi), and (2) ontext (Noun, Verb, Null). As described above based
on theresults of Norming Sudy 1, 180 nanverb anbiguousitems were selected from
theoriginal set of 240items: 60 Noun-biased items (e.g., air, corner, key, table), 60
Verb-biased items (e.g., build, aut, make, wait) and 60 Ejui-biased items (e.g., plan, test,
joke, hug for a complete list of materials, see Appendix A). In adition to the 180
experimental materials, 180 pronouneable nonword fillers wereinduded. Thefillers
were generated usngthe ARC Nonword Database (Restle et d., 2002;available at
http://www.maccs.mg.edu.aV/~nwdb/) and were matched for lengthin letters with the
experimental materials (p=.97).

Procedure The participants were told tha they would bepresented with aseries of letter-
stringsand they would beasked to decide as quickly as posible whether each |etter-
string was areal word of English or not They were told to indicate their decision by
pressing oneof two butons The participants were furthe told that on ®me trials the
worddletter-stringswould gppear with adeterminer (e.g.,the) or a verb-paticle (e.g., to).
They were ingructed to ignote the determiner/particle and make the wordnonword

decision baed onthe letter-string appearing dter the deerminer/particle. Each tria
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started with a fixation aoss appearingin the middle of the screen. PFarticipants were told
to press the spacebar to begin the trial. After the button-press, ablank screen gopeared
for 1,000 ns, followed by the stimulus presented for 400 ns, followed again by a blank
screen. Rarticipants were told to press oneof two butonsto indicate whether they
thoughttheletter-string they saw was areal word of English or not After the button
press, the next trial began. The experiment used the Linge 2.94 sftware written by
Doug Rohddavailable at http://tedlab.mit.edu/~dr/linge). The orde of trials was
randomized for each paticipant. The experiment took gpproxmately 35 mnutes to

complete.

Results
Accuracy data Across the nineconditions, paticipants answered correctly 96.5% @ the
time. There were no dfects or interactions in the accuracy data (Fs<1.5). Table 1

presents the mean accuracies across the nine conditionsof Experiment 1.

Conext Lexical Bias

Noun-biased Verb-biased Equi-biased
Noun ontext 96.7 (0.7) 95.8 (0.7) 96.3 (0.7)
Verb context 96.3 (0.6) 97.0 (0.7) 97.2 (0.5)
Null context 96.9 (0.6) 96.2 (0.6) 95.8 (0.7)

18



Table 1. Accureciesin percent correct, as afundion oflexical bias and context across the

nine conditionsof Expeariment 1 (dandard errorsin paentheses).

Reaction time data Across the nine condtions themean reactiontime (RT) was 744.4
ms. In the andyses presented bdow we only induded thetrials on which the wordhon
word decision was made correctly. The data paternswere very smilar in theandyses of
al thetrials. Reaction ime dda points that were more than three sandard deviations
away from themean RT within a condtion were excluded fromthe analysis, affecting

1.42% of hedaa. Hgure4 presents themean RTs across the nine conditionsof

Experiment 1.
850
Bl Noun context
[ Verb context
800 [INull context
750 - T
t I I
1
700 -
650
Noun-biased Verb-biased Equi-biased

Figure4. Reaction imes as afunction of lexical bias and context across the nine

conditionsof Experiment 1. The error bars represent sandad errors of the mean.

A 3 x 3 ANOVA crossing lexical bias (nown-/verb-/equi-) with context (noun/verb-/null)
revealed a Sgnificant interaction ketween the two factors (F1(2,248)%5.45; MSe=29720;

p <.001). (Mbote tha because lexical bias is a beween-items factor, a by-items analysis is
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not meaningful in thisdesign.) This interaction results from the fact that nounbiased
items took the paticipants longer to respond b in the verb-context condtion (784.0ms),
compaed to the nourrcontext (734.9 ns) or the null-context (736.8 ns) condiions and
verb-biased items took the participants longer to respond b in the nouncontext condtion
(755.4 ns), compared to the verb-context (723.8 ns) or the null-context (726.4 ns)
conditions Notetha for bah nounbiased and veb-biased items the RTs for the null
context conditionswere very smilar to the RTs for the congrient condtions suggesting
tha inthe null context paticipants interpreted the ambiguousword in its more frequent
category.

The andysis also revealed an unprelicted main dfect of bias such that across the
different contexts, the verb-biased items were processed faster than the equi-biased items
and the nounbiased items. This difference may have resulted froma variety of factors
tha have been shown to dfect word-level processing butwere notcontrolled across the
three bias groups(e.g., oveall lexical frequency, length, familiarity, imageability,

conaeteness, age of acquisition, dc.).

Regression analysis In addition o the analysis of variance, we peformed amixed-effect
regression andysis (Gelman & Hill, 2006;Baayen, 2008) onhe log reaction imes using
subjects and items as randam effects. Following Boland & Blodget (2001), ve used the
difference beween the nounreading log frequency andthe verb-reading log frequency
values as an independent variable (Log NFreq BLog V Freq), as well as syntactic

context. Theregression dso cortrolled for word length and log oweral frequency.
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Only correct responses were andyzed, and déa points more than three standard

deviationsfrom the mean response time per context condition were removed, accounting

for 5% of hedaa. Anadyses were carried outudng the R datistical progamming

languaye with the packages Ime4 (Bates, 2005) ad languageR (Baayen, 2008).

Signifi cance values were computed usng Markov chan Monte Carlo method,and

sampling was run for 50,000 teps

Theregression was sructured to test for an interaction between lexical bias and

syntactic context which is predicted bytheindependent condraints hypohesis. In

paticular, Snce apostive lexical bias indcates a nountbiased word, postive lexical

biases should increase reaction imesin verb contexts. In contrast, negative lexical biases

should increase reactiontimes in noun ontexts. The fixed dfects from the regression

andysis are shown in Table 2.

Regression Term

(Intercept)

NounConext
VerbCongext
LogOverallFrequency
WordLength
NullConiext:LexicalBias
NounConext:LexicalBias

VerbConext:LexicalBias

Codficient Standad Error
6.606187  0.039526
0.028367  0.006628
0.013093  0.006615
-0.010431  0.003192
0.006358  0.002351
0.003092 0.004510
-0.016948 0.004513
0.010858 0.004516

4.28

1.98

-3.27

2.70

0.69

-3.76

2.40

0.000

0.048

0.001

0.007

0.493

0.000

0.016
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Table 2: Fixed effects in a mixed model regressing log lexical decision reaction times on
context and lexical bias. (Following R notation, interaction terms are denoted using

colons.)

As pradicted by the indgoendent condraints hypotesis, these results show the
effectsin theinteraction erms. Frst, the coeffi cient of NounConeéxt:LexicaBias is
significantly negative (p<.001), ndicating that a postive lexical bias decreases reaction
times in nouncontexts, and anegative lexical bias increases reactiontimes. Second,the
coeffi cient of VerbCortext:LexicalBias is Sgnificantly postive (p<.02),indicating the
opposte patern for varb contexts. The coeffi cient of NullCortext:LexicaBias is not
significant (p >0.493), ndicating tat in null contexts, lexica bias did notaffect reaction
times. In adtion,theregression shows sgnificant effects of log oveall word frequency
and length: frequent wordsare read morequickly andlonge wordsare read more dowly.
Findly, the regression hows sgnificant main efects of NounConéxt (p <0.001)and
VerbConext (p <0.05),indicating that wordsin these conditionsare respondel to dower

than in the null-context condition.

Discussion

The ANOVA results of Experiment 1 demondrated that there is some diffi culty

assocdated with proessing nounbiased wordsin averb context and with proessing

22



verb-biased wordsin anoun ontext. Furthermore, the regression results demondrated
tha this diffi culty is moduated by the degree of lexical bias, across the 180 temsinthe
experiment. This patern of resultsis as predicted by theindgiendent condraints
hypothesis, butnot by the hypohesis whereby lexical access is filtered according to the

syntactic context.

Experiment 2

This experiment was condcted to extend the findingsfrom Experiment 1 to amore
naurd languaye comprehensontask where the critical wordswere presented in larger

syntactic contexts.

Methods

Participants Twenty-four paticipants from MIT and the surroundng community took
pat in the experiment. All were between the ages of 18 and 40 years old, rative speakers
of English and nave as to the purpogs of the sudy. Nonepaticipated in ather of the
two Norming Sudies or in Experiment 1. All paticipants were pad for ther
participation.

Design and Materials This experiment had a2 x 2 daign aossing (1) kxical bias
(Noun, \erb), and (2) ®ntext (Noun, Verb). A sub<t of theitems used in Experiment 1
was used: 24 Noun-biased items and 24 \erb-biased items, for atotal of 48 tems. The
experimental sentences were condructed such tha the nouncontext and the verb-context
conditionswere minimally different prior to the critical ambiguousword, by nduding

sentenceinitial phrases like OName had/wanted/needed dtoO Ina small subset of items
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it was posible to have the regionsfollowing the ambiguousword beidentical across the
two contexts (asin (5)). However, in the mgority of items this was not possible without
sacrificing plughbility. To minimize thedifferences in the materials followingthe
ambiguousword and o dlow the comparison on he pog-ambiguousword region across
the two contexts, thematerials were condructed such that the two wordsafter the

ambiguousword were always fundion words (asin (6)).

(58 Noun ®ntext: Mary had alookat the documentsE

(5b) Verb context: Mary had to lookat the doaumentsE

(68) Noun @ntext: Larry had abet with afriendE

(6b) Verb context: Larry had to bet on he outcomeE

Because many of theambiguouswordswere short and because it is often diffi cult to see
the effects on asingle word in sentence processing, we defined three critical regions (1)
the ambiguousword, (2) heword immediately following the ambiguousword, and (3)
theword wo wordsafter the ambiguousword.

In additionto the 48targe items, 96 filler materials were condructed. The filler
sentences used condructionssmilar to those used in the target items (i.e. NP
had/wanted/needed a/to) butused unambiguousnounsand vebs (e.g., Arnold waned a
sweatshirt with MIT written on t and ® he went to the university gift shop; Karen

plannal to confess to thecrime but her lawyer wasadvsing agang it.)
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Procedure Thetask was self-paced word-by-word reading with amoving-window
display (dug, Capenter & Woolley, 1982) The expeariment was run usng theLinge
2.94 oftware. Eachtrial began with aseries of dashes markingthe length and postion of
thewordsin the sentence. Participants pressed the spacebar to reveal each word of the
sentence. As each nav word gopeared, the preceding word disappeared. The amount of
time the paticipant spent reading each word was recorded as the time between key-
presses.

To make surethe paticipants read the sentences for meaning, at the end ofeach
trial a comprehenson question gopeared asking aoutthe propostiond content of the
sentence they jus read. Participants pressed oneof two keysto respond & esOor o0
After an incorrect answer, the word ONCORRECTOflashed biiefly. Before the
experiment darted, a short list of practice items and questionswas presented in orde to
familiarize the paticipants with the task.

Participants took goproxmately 35 mnutes to complete the experiment.

Results

Accuracy data Across the four conditions participants answvered correctly 95.4% ofthe
time. A2 x 2 ANOVA crossing lexical bias (noun/verb-) with context (noun/verb)
revealed an unpedicted efect of context, such tha the verb-context conditionswere less
accurae than the nounrcontext condtions(F1(1,23)=.70; MSe=209; p<.05). (Asin
Experiment 1, because lexical bias is a beween-items factor, a by-items andysis is not
meaningful in thisdesign.) There was aso an unpralicted marginal effect of bias, uch

that the nounbiased condtionswere less accurae than the verb-biased conditions
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(F1(1,23)3.87;MSe=88; p=.06), and amargind interaction (FL(1,23)=3.06; MSe=88;
p=.09). These effects gppear to be driven by the nourbiased/verb-context condition
beng less accurae than the other three conditions One possible explanation for the
difference among onditionsis tha the noun-biased wordswere more biased than the
verb-biased words specificaly, the nountbiased wordshad an average bias of .94 and the
verb-biased wordshad an average bias of .83. The highe biasin the nounbiased
conditionscombined with theincongrient syntactic context may have resulted in the
nountbiased/verb-context condtion keingless accurde than the other three conditions

Table 3 presents themean accurecies across the four conditionsof Experiment 2.

Coneext Lexical Bias

Noun-biased Verb-biased
Noun @ntext 96.9 (.84) 96.9 (1.1)
Verb context 92.0 (1.5) 95.8 (1.3)

Table 3. Accureciesin percent correct, as afundion oflexical bias and context across the

four conditionsof Experiment 2 (dandard errorsin paentheses).

Reaction time data A 2 x 2 ANOVA crossing lexical bias (noun/verb-) with context

(noun/verb-) was conduded on diferent regionsof the sentence as shown in 7 (thethree

critical regionsare in bold).
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(7) Mary had dto |look | at | the | dowments | beore the | meeting with the baard

members.

At the first region (Mary had ato), there were no significant effects (Fs<1). At the
ambiguous word there was only a marginal effect of lexical bias, such that the verb-
biased items were read faster (266.9 ms) than the noun-biased items (281.1 ms)
(F1(1,23)=3.83, MSe=4818, p=.063). Thisdifference may have resulted froma variety
of factorstha have been shown to dfect word-level processing butwere notcontrolled
across thetwo bias groups At the word immediately following the ambiguous word, the
ANOVA revealed a significant interaction between the two factors (F1(1,23)=5.36;
MSe=3699; p <.05). This interaction results from the fact that the noun-biased items
took the participants longer to read in the verb-context condition (276.9 ms), compared to
the noun-context condition (266.3 ms), and the verb-biased items took the participants
longer to read in the noun-context condition (274.6 ms), compared to the verb-context
condition (260.4 ms) (see Figure 5). A similar interaction is observed during the
following region (the second word following the critical ambiguous word)
(F1(1,23)=13.06; MSe=9021; p <.002): the noun-biased items took the participants
longer to read to in the verb-context condition (290.9 ms), compared to the noun-context
condition (265.6 ms), and the verb-biased items took the participants longer to read in the
noun-context condition (273.4 ms), compared to the verb-context condition (259.8 ms)

(see Figure 5).
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Figure5. Redingtimes a the anbiguousword and the two following wordsas a
function of lexical bias and cntext in Experiment 2. Theerror bas represent sandard

errors of the mean.

We don’t report comparisons involving later regions in the sentences, because differences

in materials across the different conditions make any potential differences hard to

interpret.

Regression analysis As in Experiment 1, we performed a mixed effect
regression analysis on the log reading times using subjects and items as random effects
and controlling for log overall frequency and length of the critical word. Because the
ANOVA showed no reliable effects of sentence context or lexical bias at the critical
word, we used total reading time on the two words following the critical word as the

dependent variable. Analyses were carried out using the R statistical programming
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language with the packages Ime4 (Bates, 2005) and languageR (Baayen, 2008). As in
Experiment 1, significance values were computed using Markov chain Monte Carlo
method, and sampling was run for 50,000 steps.

As in Experiment 1, we tested for an interaction between lexical bias and
syntactic context. The independent constraints hypothesis predicts that the interaction
term NounContext:LexicalBias would be negative, and the interaction term
VerbContext:LexicalBias would be positive. This corresponds to positive lexical biases
(noun-biased words) slowing reading times in verb contexts, and to negative lexical
biases (verb-biased words) slowing reading times in noun contexts. The fixed effects

from the regression analysis are shown in Table 4.

Regression Term Codficient Standad Error t value p-value
(Intercept) 6.1440376  0.0830594 73.97 0.000
VerbContext -0.0755052  0.0278937 -2.71 0.007
LogOverallFrequency 0.0060979 0.0056566 1.08 0.281
WordLength 0.0093776  0.0050218 1.87 0.062
NounContext:LexicalBias ~ -0.0005341  0.0007745 -0.69 0.491
VerbContext:LexicalBias 0.0026468 0.0007745 3.42 0.001

Table 4: Fixed effects in a mixed model regressing log reading times on context and

lexical bias.
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As predicted by the independent constraints hypothesis and replicating the
regression results from Experiment 1, the coefficient of VerbContext:LexicalBias is
significantly positive (p < 0.001), indicating that a positive lexical bias increases reading
times in verb contexts, and a negative lexical bias decreases reading times. However,
although the coefficient of the NounContext:LexicalBias interaction term is in the
direction predicted by the independent constraints hypothesis (negative), it is not
significantly different from zero (p > 0.49). This may result from the smaller number of
subjects and items in this experiment, compared to Experiment 1. In addition, the
regression shows a marginally significant (p = 0.062) effect of word length, with longer
critical words leading to slower reading times on the two following words, but no
significant effect of critical word frequency. Finally, the regression shows a significant
main effect of VerbContext (p<.01), indicating that words in this condition are read faster

than in the NounContext.

Discussion

The ANOVA results of Experiment 2 demondrated that in sentential contexts there is
some diffi culty assodated with proessing nounbiased wordsin averb context and with
processing vab-biased wordsin anouncontext providing further supportfor the
independent condraints hypothesis. Furthermore, amilar to Experiment 1, the regression
results demongrated that this diffi culty is modulated by the degree of lexical bias. The
fact that, unlike in Experiment 1, the regression results were only significant for theverb-

context conditionscan perhapsbeexplained by: (a) the fact that there were only 48 items
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in this experiment as compared to 180 n Experiment 1, resulting in a less powerful
andysis, and (b)the fact that the nountbiased wordswere more biased than the verb-
biased vearbs as discussed abowe, and therefore, the verb-biased items may na have
resulted in as much difficulty in the nouncontexts as the nountbiased verbsin the verb
contexts.

Overall, the patern of resultsis smilar to the patern of resultsin Experiment 1,
and is as pradicted by the independent constraints hypothesis, butnat by the hypahesis

whereby lexical accessisfiltered according to the syntactic context.

Summary and conclusions

Two experiments were presented Ba modified lexical decision experiment and a self-
paced reading experiment Dthat tested theindgpendence of syntactic and lexical
information ources in onine languaye processing. Boh experiments provided evidence
tha syntactic and lexical information guide interpretation independently. In particular,
both experiments showed asubordnate bias effect (Duffy et al., 1988; Rayner et al.,
1994), such that the dominant lexical meaning wes highly available due to its frequency,
and the subordnae meaning was made available by the syntactic context, giving rise to
elevated RTs for the nounbiased wordsin a verb context and veb-biased wordsin a
noun ontext. Furthermore, this set of results generdizes earlier findingsfrom the
category-ambiguousword that (Tabor d d., 1997;Gibson, 2006) 6 aprodudive
syntactic-category ambiguity. The current results thus fill the ggp in theliterature for

proaessing ategory-ambiguouswordsin biasing mntexts, usng areading paradigm.
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These results provide further evidence agang syntactic information bengthe only
source of information that can guide sentence proagessing. Like context (Altmann &
Kamide, 1999;Grodne, Gibson & Watson, 2005) ad smantic and plaughility
information (Kupeberg et d., 2003;Kim & Osterhout, 2005), &xical information can
also guide sentence proaessing, independent of the syntactic context (Tyler & Marden-
Wilson, 1977;Ford, Bresnan & Kaplan, 1982; Marden-Wilson & Tyler, 1987 Culicover

& Jackendoff, 2005).
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Appendix A: Materials used in Experiment 1

NOUN-BIASED

EQUI-BIASED

VERB-BIASED

ADDRESS ANSWER ACT
AGE APPROACH ATTACK
AIR BLOCK BET
AMOUNT CAMP BUILD
ARM CHALLENGE CALL
BAG CHANGE CAUSE
BANK CLIP CLAIM
BOARD COST CLICK
BOOK COVER CONCENTRATE
BORDER DESIGN CONTACT
BOTTLE DRESS CONTROL
BOX FIGHT COOK
BRIDGE FILE CROSS
BUDGET FILM CuT
CAGE GROUP DANCE
CARD HELP DREAM
CASE HUG DROP
CHAIR JOKE EXERCISE
CHART JUDGE FEAR
CLOUD LIE FIND
CLUB LOAD FIT

COIN MAIL FLOW
COLOR MARK FORM
CONDITION MODEL GAIN
CORNER MURDER HANDLE
COUPLE NOTE HONOR
DISTANCE OFFER INCREASE
DOG PARK JUMP
DUCK PHONE LAUGH
DUST PHOTOGRAPH LOCK
EYE PLACE LOOK
FARM PLAN MAKE
FATHER POINT MISS
FAVOR POST MOVE
FERRET PROGRAM NOTICE
FLAG REPORT PLAY
FLOOR RESULT PRINT
GROUND RING PULL
HEAD RULE REST
HOUSE SENSE RETURN
IMAGE SHARE RUN
KEY SHIP RUSH
MAN SHOW SAY
NETWORK SIGNAL SEARCH
NUMBER SIN SMILE
POLICE SINK SPIN
POSITION SMOKE STAND
POSTER STEP STAPLE
PRICE STRESS START
RESEARCH STRIKE STUDY
SHAPE TAPE TAKE
SILENCE TAX TALK
STAFF TEST TOUCH
STONE TIE TRADE
STYLE TOUR TRUST
TABLE TRAIN TWIST
TRAFFIC TYPE USE
TRUCK UPDATE VOTE
WALLPAPER VIEW WAIT
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Appendix B: Materials used in Experiment 2

Verb-biased items

(1)
(2)
)
(4)
()
(6)

(7)
(8)
(9)
(10)

(11)

(12)
(13)
(14)

(15)

(16)

(17)

(18)

(19)

Mary had alook at the documents before the meeting with the board members.

Mary had to look at the documents before the meeting with the board members.
Wallace planned a move to the East coast after graduating from college in the spring.
Wallace planned to move to the East coast after graduating from college in the spring.
Barbara had acall from afriend after she came home from work.

Barbara had to call one of her friends after she came home from work.

David had alaugh during the show because it was quite hilarious.

David had to laugh during the show because it was quite hilarious.

Jm wanted a say in the matter but the manager kept interrupting him.

Jm wanted to say that he was sorry, but the manager kept interrupting him.

Meélissa continued the wait for a green card but she knew that it may take a couple of
years.

Meélissa continued to wait for a green card but she knew that it may take a couple of
years.

George had aworry about his son who was having behavioral problems at school.
George had to worry about his son who was having behavioral problems at school.
Jason continued the talk about the new theory of visual attention in primates.

Jason continued to talk about the new theory of visua attention in primates.

Peter had a use for the old piano, and so he decided to keep it.

Peter had to use all his savingsto buy a plane ticket to Europe.

Nathan listed the make of all the automobilesthat were being presented at the Auto
Show.

Nathan wanted to make one more attempt at solving the physics problem before he gave
up.

Lindsey wanted some trust from her partner, and she talked openly about it.

Lindsey wanted to trust all her colleagues, but she knew that some of them weren't very
trustworthy.

Larry had a bet with afriend that he would get married last.

Larry had to bet on the outcome of the game, because he wanted to make some money.
Daniel hoped for ajump in the ratings after the TV show, but he was disappointed.
Daniel hoped to jump on the trampoline but his parents wouldn't let him.

Ted wanted a share of the profits but the CEO didn't think he deserved it.

Ted wanted to share all the profits but the CEO disagreed vehemently.

Jessicawas afind for the band because of her beautiful voice.

Jessica wanted to find some more articles about the onset of Alzheimer'sfor her research
paper.

Stewart had the build of afootball player, and many girls found him attractive.

Stewart had to build one more robot for his engineering class, and he was excited.
Jerry had atake on the scandal that no one else in the office shared.

Jerry had to take two more classes in order to graduate, and so he signed up for
astronomy and art history.

Zach had adrop of the solution in the test-tube, and he was waiting for the chemical
reaction to happen.

Zach had to drop all his books on the floor as he rushed to pick up the phone.

Carolyn liked the play at the theater, and so she bought tickets for another performance.
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(20)

(21)

(22)

(23)

(24)

Carolyn liked to play on the computer, but her Mom tried to make her read more books.
William wanted the vote from the middle-class, and so he worked hard on his campaign.
William wanted to vote for the democratic candidate, but he was really disappointed with
hisviews on religion.

Denise wanted an increase in his salary this month, and so he talked to his boss.

Denise wanted to increase some of the programmers salaries, but she needed the CEO's
approval.

Michael had a cut on hisleg from the bike accident, and so he put on abandage.

Michael had to cut al the tomatoes for the salad, but he couldn@find the cutting board.
Jake wanted a print of the art-work from the museum, and so he went to the museum gift-
shop.

Jake wanted to print some of the documents before the meeting, but the printer was
broken.

Norman had arun in the morning and he felt very energized and refreshed afterwards.
Norman had to run to the store to get some groceries after picking up his son from school.

Noun-biased items

(1)

)

)
(4)

(%)

(6)

(7)

(8)

(9)

(10)
(11)
(12)

(13)

Katie needed atable for her new apartment, and so she went to the nearby furniture store.
Katie needed to table one more proposal before the meeting, but she kept getting
distracted.

Steve had a chair in his office which was a valuable antique item.

Steve had to chair some of the meetings this month because the CEO was away in
London.

Timothy was afather of three boys, and he was very happy in hisfamily life.

Timothy wanted to father one more child with his wife, but she couldn® get pregnant.
Rebecca wanted the wallpaper in the bedroom to match the style of the furniture.
Rebecca wanted to wallpaper al the roomsin her new apartment, but she couldn't decide
on the color.

Clay liked the air in the mountains, because it was very fresh and helped his asthma.
Clay wanted to air some of the footage from the war zone, but the network owners didn't
alow it.

Kyle liked the book about the Cold War, and so he recommended it to his father.

Kyle liked to book all his flightsin advance, because he hated doing thingsin the last
minute.

Natalie had a number on her ticket but she couldn't figure out whether it referred to the
row or to the section.

Natalie had to number al the pages in the manuscript before submitting it to the
publishers.

Brenda had a bag that was full of groceries on her way home from the supermarket.
Brenda had to bag all the groceries at the supermarket, because the other employees were
on holiday.

Sabrina needed some distance from her ex-boyfriend after they broke up last month.
Sabrina needed to distance herself from her ex-boyfriend after they broke up last month.
Jack wanted a place by the ocean, and so he looked through the real estate magazine.
Jack wanted to place one of the orders over the phone, and so he called up the company.
Mitchell liked the joke about the senator, but his friends got tired of it eventually.
Mitchell liked to joke about the senator, but his friends got tired of it eventualy.

Linda needed a cage for her rabbit, and so she went to the pet store.

Linda needed to cage al her rabbits, because she was expecting some visitors.

Martin had a card on his desk, which somebody sent him from Hawaii.
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(20)
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(23)

(24)

Martin had to card all the attendees, because the club had very strict rules.

Becca needed the price of the jacket, and so she asked the sales associate.

Becca needed to price some of the new items, and so she checked the price-list.

Garry wanted a position in the company and so he sent his resume to human resources.
Garry wanted to position two of the armchairs in the living room, but his decorator
disagreed.

Henry liked the view from hiswindow at the hotel where he was staying.

Henry liked to view some of the old family albums when he was feding nostalgic.
Ryan liked the silence of an empty house when he was writing his novels.

Ryan wanted to silence the two noisy children at the restaurant, and so he gave them
some toys.

Eric wanted a box for his documents because his desk was getting too messy.

Eric wanted to box all his documents because his desk was getting too messy.
Emmawanted atour of the city on her trip to Madrid in the spring.

Emma wanted to tour some of the oldest cities in Europe on her trip.

Miranda wanted the head of the department to organize a conference on brain research.
Miranda wanted to head in the direction of the city park, but didn't really know her way.
Albert wanted a key to the building, and so he contacted the administrator.

Albert wanted to key in on the answer during the exam, but was failing miserably.
Sarah needed the staff to be around during the weekend because of the conference.
Sarah needed to staff all the desks during the weekend because of the conference.
Walter had atruck in hisgarage, but he very rarely used it.

Walter had to truck afew boxes from his office to his home.

Luke had a poster on the wall with a picture of afamous body-builder.

Luke had to poster all over campusto attract new members to the hiking club.
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