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A head-mounted eye-tracking methodology was used to investigate how linguistic and nonlinguistic informa-
tion sources are combined to constrain referential interpretation. In two experiments, participants responded to in-

definite
t
le
 as sen-
structions to manipulate physical objects in a visual workspace. Instructions on critical trials contained 
noun phrases preceded by spatial prepositions (e.g., “Put the cube inside the can”). Experiment 1 established tha
the lexical–semantic constraints of the preposition inside immediately limited attention to objects compatib
with those constraints (i.e., containers), suggesting that the referential context is dynamically restructured
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32 CHAMBE

mains continuously integrate both lexical–
mantic and nonlinguistic information source
On this account, the domain of interpretat
would also reflect an evaluation of which ref
ential entities are relevant or possible candid
for the event(s) evoked by the utterance. For
stance, on hearing “Put the book inside . . .”,
domain will be limited to only those containe
in the immediate environment that are la
enough to hold the book. The increased co
plexity of this alternative stems from the need
integrate general world knowledge of actio
and events with the event-relevant properties
“affordances” (see Gibson, 1977), of situatio
specific objects. However, given these ad
tional computational requirements, it is qu
possible that these pragmatic considerati
cannot be used to constrain domains during
early moments of processing.

To evaluate the possibilities outlined abo
we used an experimental paradigm in wh
eye movements are monitored as participa
follow spoken instructions to manipulate re
world objects in a workspace (Tanenhaus et
1995). This technique allowed us to direc
S ET AL.
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FIG. 1. Examples of experimental displays (Experiment 1).
in the second instruction was varied such t
half of the trials contained insideand the other
half contained below. The preposition manipu
lation was crossed with the display manipu
tion (three containers vs one container) to yi
four experimental conditions. In all critical pai
of instructions, the target object referred to
the second instruction was a container. The 
get object appeared in four experimental trials
once in each experimental condition—and fo
target objects were used in total. The relative 
sitions of target and nontarget goal objects w
counterbalanced across trials.

In addition to the critical instructions, the m
terials contained 48 pairs of filler instruction
The filler pairs had the same form as the criti
pairs except that they contained the prepositi
aboveand on in addition to below and inside.
Across all 64 pairs of instructions (16 critic
plus 48 filler), each of the four prepositions o
curred 16 times. In addition, 32 pairs referred
goal objects that were containers and 32 refe
to goal objects that were noncontainers. All 
pairs of instructions were presented once dur
an experimental session, with 2 pairs presen
on each trial. On half of the 32 trials, the fi
pair of instructions were critical and the seco
pair were fillers; on the other half, both pairs

instructions were fillers.
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Procedure. Participants were tested individ
ally. They were seated in front of the displ
table, which was adjusted to accommodate t
height and reach. They were told that th
would receive instructions to move the obje
on the tabletop and that they should follow 
instructions in a natural manner including a
ing for clarification when necessary. They we
then given several example instructions. Af
the examples, participants were fitted with
head-mounted eye tracking device (E4000, A
plied Scientific Laboratories). The device co
sists of a lightweight eye camera and vid
scene camera attached to an adjustable h
band. The eye camera provides an infra
image of the participant’s left eye sampled at
Hz. Relative eye in-head position is calcula
from the image by tracking the center of bo
the pupil and the first Purkinje corneal refle
tion. The video scene camera provides an im
of the environment from the perspective of 
participant. The scene image is displayed o
television monitor with superimposed cros
hairs indicating the participant’s point of fix
tion. A brief calibration procedure is conduct
at the beginning of the experiment to map 
position coordinates onto corresponding sc
image coordinates. The accuracy of the res

ing eye movement record is within 1 degree of



34 CHAMBER

 
n
h
 
m
 
a
 

t
o
t 
 i
s
a
e
t
e
u
o
r
t
th
g
a
ia
 

m
n

w
s
th
d

g

i
 t
th
n
 
 o
y
ic
 the

ive
he
he
ee
n
int
ti-
 the
get
ac-
the
 in
n-
o

ed
l)

ns,
ge
 the
nt.
get
i-

a-
r-

ns

el)
ted
,
 to
et
t of
ner
b-
et
is
 the
to
er.
ta,
a-
as-
ing
ri-
for
ch
ly
visual angle across a range of 620 degrees. An
Hi8 videocassette recorder (VCR) is used
record the image on the television monitor alo
with the instructions, which are spoken by t
experimenter into a microphone connected
the VCR. Software running on a personal co
puter allows point of gaze to be represented
an Hi-8 videotape record as a set of crossh
superimposed on the visual scene captured
the scene camera.

A practice trial preceded the 32 experimen
trials to ensure that the participants underst
the procedure. The experimenter stood nex
the participants and read aloud the pairs of
structions for each trial from a script. Becau
the first instruction in each pair directed the p
ticipants to pick up an object located in the c
ter grid square and hold it over that square,
object being fixated at the beginning of the s
ond instruction was equidistant from the fo
possible goal objects referred to in the sec
instruction. After both pairs of instructions we
given, the experimenter and an assistant se
the display for the next trial. The accuracy of 
eye movement record was monitored throu
out the experiment by a second assistant,
minor adjustments were made between tr
when necessary. The entire session lasted
proximately 40 min.

Results and Discussion

Data were analyzed using frame-by-fra
playback of the videotapes with the video a
audio channels synchronized. The playback 
used to locate the onsets and offsets of the 
ken words in the prepositional phrases of 
critical instructions. In addition, the timing an
location of eye movements were scored be
ning with the first fixation made 200 ms follow
ing the onset of the preposition and ending w
the fixation on the goal object that preceded
reach toward it. This criterion ensured that 
analysis contained only those eye moveme
that could plausibly have been programmed
the basis of the information in the preposition
the following speech. The locations of the e
movements were scored according to wh
squares in the display grid the intersection of

crosshairs appeared.
S ET AL.
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Figures 2 and 3 show the mean cumulat
proportions of fixating the various objects in t
display in the four experimental conditions. T
vertical lines indicate the onsets of the thr
words in the critical region of the instructio
and the offset of the final word. The zero po
on the x axis is aligned with the onset of the ar
cle the; the other speech landmarks represent
average onset or offset. Fixations to nontar
objects were separated into container (distr
tor) and noncontainer (unrelated) objects in 
three-container condition (nontarget objects
the one-container condition all were nonco
tainers). Figure 2 shows fixations in the tw
control conditions in which the preposition us
was below. In both the one-container (top pane
and three-container (bottom panel) conditio
fixations to the target referent begin to diver
from nontargets at about 350 to 400 ms after
onset of the noun identifying the target refere
Nontarget objects were fixated before the tar
on only a few trials, demonstrating that partic
pants generally waited until sufficient inform
tion was available to uniquely identify the refe
ent before making eye movements.

Figure 3 shows the results for the conditio
in which the preposition was inside. The results
for the three-container condition (bottom pan
were similar to the pattern of fixations presen
for the belowconditions in Fig. 2. Specifically
the likelihood of fixating a target object began
diverge from the likelihood to fixate a nontarg
object around 350 to 400 ms after the onse
the head noun. In contrast, in the one-contai
condition (top panel), fixations to the target o
ject began to diverge from fixations to nontarg
objects during the offset of the preposition. Th
result suggests that listeners were able to use
preposition to restrict the referential domain 
the single object that was a plausible contain

To provide a statistical analysis of the da
we analyzed the cumulative proportion of fix
tions across 100-ms temporal windows me
ured relative to the onset of the article preced
the final noun. Within-subjects analyses of va
ance (ANOVAs) were conducted separately 
each condition to determine the point at whi
fixations to the target object were reliab

greater than fixations to other display objects.
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The proportion data were submitted to an a
sine transformation before conducting 
analysis. Because a counterbalanced design
used, only by-subjects analyses are reported
Raaijmakers, Schrijnemakers, & Gremm
1999). We begin with the results for the below
conditions illustrated in Fig. 2. No reliable d
ferences were detected in any time interval p
to the 400- to 500-ms interval, at which po
the proportion of fixations to the target w
greater than that to noncontainer objects in b
the one-container and three-container co

tions, F(1, 11) 5 11.03,p , .01, MSE5 .03,
rc-
e
was
(cf.
n,
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ior
t
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th

di-

and F(1, 11) 5 14.02,p , .01,MSE5 .03, re-
spectively. The difference in the proportion 
fixations to targets versus container distract
in the three-container condition was not fully r
liable until the 500- to 600-ms interval,F(1, 11)
5 17.35,p , .01, MSE5 .06, although it was
marginally reliable in the 400- to 500-ms inte
val, F(1, 11) 5 4.32,p 5 .06,MSE5 .04.

It has been suggested that the minimum 
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FIG. 3. Cumulative proportions of fixations to display objects,insideconditions (Experiment 1).
200 to 300 ms (e.g., Viviani, 1990). Thus, in t
current experiment, fixations that are driven 
the speech information are likely to begin ab
200 ms after the relevant speech information
encountered. This estimate has been suppo
by the results of a number of recent studies (e
Allopenna, Magnuson, & Tanenhaus, 199
Dahan, Magnuson, & Tanenhaus, 2001). Giv
that the average duration of the article in 
critical noun phrase was only approximate
100 ms, the results suggest that the earliest fi

tions to the intended target in the belowcondi-
e
y
ut
 is
ted
g.,
;
n
e
y
xa-

tions were driven by the speech information e
countered in the initial portion of the final nou
and not by information in the preposition or t
article.

We now turn to the results from the inside
conditions illustrated in Fig. 3. A significantl
greater proportion of fixations to the target th
that to noncontainer objects was detected in
one-container condition in the 0- to 100-ms 
terval,F(1, 11) 5 5.31,p , .05,MSE5 .02. In
the three-container condition, however, this d
CHAMBERS ET AL.
ference was not reliable until the 300- to 400-ms
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interval,F(1, 11) 5 7.03,p , .05,MSE5 .02,
although it was marginally reliable in the 20
to 300-ms interval,F(1, 11) 5 4.86, p 5 .05,
MSE5 .002. However, the difference betwe
the proportion of fixations to the target and t
FERENTIAL DOMAINS 37
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to only compatible containers when the pre
sition insidewas reached. If so, then the int
pretation of the following definite noun phra
should be facilitated in the case where on
single goal exemplar can accommodate 
theme object. This is because the smaller
will be excluded from consideration, there
allowing the uniqueness requirement of the d
inite noun phrase to be met. If, on the ot
hand, these pragmatic considerations are
immediately available to constrain the refer
tial domain, then the size manipulation sho
not produce any effect, at least during the e
moments of comprehension.

Experiment 2 also addresses an impor
consideration regarding our previous interpr
tion of the eye movement data in Experimen
We assumed that the facilitation effect obser
in the one-container condition with inside in-
structions reflects the use of preposition in
mation to redefine the referential domain. Ho
ever, an alternative explanation is that early 
movements to the target in this condition refl
a problem-solving strategy specific to the exp
imental task. On this account, participants 
attempting to find a possible solution for 
“Put the X inside . . .” command as quickly 
possible, and eye movements reflect the shi
attention toward possible candidates. This in
pretation still maintains that the data reflec
rapid integration of linguistic and nonlinguis
o-
r-
e
 a
he
an
y
ef-
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not
n-
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should be easily identified and the small c
should receive minimal consideration. In co
trast, when the theme object is the small vers
of the cube (i.e., the one that fits in both can
both can exemplars will be included in the re
vant contextual domain. In this case, the defi
noun phrase “the can” will not have its uniqu
ness requirement satisfied, and the listener 
have difficulty in determining which can was i
tended. The opposite pattern of results would
expected when indefinite versions of the instr
tions are used (e.g., “Put the cube inside a can”).
Listeners should have no difficulty in interpre
ing the final noun phrase when the large vers
of the cube is used because the referential
main will be narrowed to only one can. Ho
ever, when the cube can be put inside both c
the indefinite noun phrase should be felicitou

Thus, the linguistic domain hypothesis p
dicts an interaction between the number of co
patible referents and the definiteness of the n
phrase. The predicted interaction occurs 
cause the noun phrase is being initially int
preted within the circumscribed referential d
main. In contrast, the problem-solvin
explanation predicts fast latencies whene
there is only one compatible exemplar. This p
diction arises because there is only one poss
action regardless of the definiteness of n
phrase.

Method

Participants. Participants were 16 nativ
speakers of English drawn from the same po
lation as in the previous experiment. None h
participated in Experiment 1.

Materials. The table used in this experime
was similar to the one used in Experiment 1 
cept that the design on the surface consisted
large circle (radius 5 approximately 17 cm) di
vided into six equal segments. A smaller cir
in the center contained the fixation cross (rad
5 approximately 5 cm) (see Fig. 4). The circ
lar display design was used to reduce the po
bility that participants would expect the go
referent to be disambiguated by a postnom
phrase (e.g., “. . . the can above/below/to the
right of the bowl”). A total of 12 critical displays

were constructed. Each display contained s
ERENTIAL DOMAINS 39
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objects, one in each of the six partitions. Thr
of these objects were open containers, two 
which were the potential goal referents. The
two containers were identical except for the
size (e.g., a large can vs a small can). The th
container, the “unique competitor,” was a di
tinctly different type of container (e.g., a bow
that was large enough to accommodate eit
version of the theme object. The competitor w
included to evaluate the possibility that the de
nite article may be used to limit attention to 
container that was unique in its respective ca
gory, irrespective of pragmatic plausibility. Fo
example, on hearing the, reference to one of the
bowls may be dispreferred because two exe
plars of the category bowl are present. This hy-
pothesis would predict that a significant propo
tion of early fixations to the competitor woul
be made in the definite noun phrase conditio
The presence of the competitor also reduced 
likelihood that participants would expect the in
struction to require them to make a decision b
tween the large and small pair of containers.

The relative positions of the two potential re
erents and the competitor were counterbalanc
across the 12 displays. In addition, the two p
tential referents were always separated by o
partition in the display. The remaining three o
jects in the display were noncontainers. Two 
these objects were not related to the instruct
ix
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manipulation, yielding four conditions. Fo
lists of trials were constructed, with each c
taining 12 critical trials. Three critical trials re
resented each of the four conditions in each 
and across all four lists, each version of the c
ical instructions together with each version
the critical displays occurred just once.

In addition to the experimental instruction
48 pairs of filler instructions were construct
and added to each of the four lists. A total of
pairs of filler instructions followed each of t
critical instructions and referred to objects in 
corresponding experimental display. The 
maining 36 pairs of filler instructions were as
ciated with 18 distinct filler displays, and 2 i
struction pairs were used with each disp
These filler trials were randomly interpos
with the experimental trials. The prepositio
used in the filler instructions were varied (beside
or inside) so that, within a list, each prepositio
occurred equally often. In addition, the types
the final noun phrases used in the fillers w
varied so that the number of instructions c
taining definite and indefinite noun phrases
this position was the same. The fillers a
equated the number of instructions in a list 
ferring to container goal objects versus nonc
tainer goal objects. Finally, displays on filler t
als were similar to critical displays, consisti
of a mix of containers and noncontainers. Ho
ever, the relative numbers of containers ver
noncontainers were varied; some displays h
single container, whereas others had three
emplars of a particular container type.

Procedure. The procedure for this experime
was identical to that for Experiment 1 with t
exception that the entire array of objects w
changed between trials.

Results

Figure 5 shows the cumulative proportions
fixations to display objects for the conditio
with definite noun phrases, and Fig. 6 shows
results for the indefinite noun phrase conditio
In each figure, the upper panel shows the co
tion in which only one potential goal refere
could contain the theme object, and the lo
panel illustrates the condition in which both p

tential goal referents could contain it. As befor
S ET AL.
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the vertical lines indicate speech landmarks
the critical region of the instruction. The ze
point on the x axis corresponds to the onse
the target noun.

As in Experiment 1, we plotted the cumul
tive proportions of fixations to display objec
within each condition. Mean proportions we
calculated for 100-ms time intervals, measur
relative to the onset of the noun. The critic
comparison for the current hypothesis is t
point at which the proportion of fixations mad
to the target referent diverges from fixatio
made to the alternative referent (i.e., the co
tainer of the same name that was not selecte
the location for the theme object). By this mea
ure, faster reference resolution will be reflect
in a relatively earlier point of divergence. Unlik
Experiment 1, the pairing of displays with th
experimental conditions varied across the li
to which participants were assigned. For t
reason, a list factor was included in th
ANOVAs (Pollatsek & Well, 1995; Raaijmaker
et al., 1999). The list factor did not enter in
any reliable effects or interactions. As befo
the proportion data were submitted to an arcs
transformation before analysis.

We begin with the results for the condition
with definite noun phrase instructions illustrat
in Fig. 5. No reliable differences were detect
in the 0- to 100-ms or 100- to 200-ms interv
following the onset of the final noun. Howeve
in the 200- to 300-ms interval, the analysis 
vealed that, in the one compatible referent c
dition, the proportion of fixations to the targ
was marginally greater than that to the alter
tive referent,F(1, 12) 5 4.43,p 5 .06,MSE5
.05. This contrast was fully reliable in the 30
to 400-ms interval,F(1, 12) 5 7.64, p , .05,
MSE 5 .13. In contrast, fixations to the targ
were not reliably greater than those to the al
native in the two compatible referent conditio
until the 400- to 500-ms interval was reache
F(1, 12) 5 8.51,p , .05,MSE5 .24.

As with the definite conditions, the analys
did not reveal any significant differences in the
to 100-ms or 100- to 200-ms intervals in con
tions with indefinite noun phrase instructio
(shown in Fig. 6). However, in the 200- to 30

e,ms interval, fixations to the target were greater
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FIG. 5. Cumulative proportions of fixations to display objects, definite noun phrase conditions (Experiment 2).
than those to the alternative in the two compat
referent condition,F(1, 12) 5 5.73, p , .05,
MSE5 .04. This difference did not reach sign
cance in the one compatible referent condi
until the 500- to 600-ms interval after the onse
the article,F(1, 12) 5 7.18. p , .05,MSE5 .30.
Inspection of Fig. 5 reveals that the uniqu
le

-
n

of

competitor object (e.g., the bowl in Fig. 4) did
not attract substantial fixations in advance 
fixations to the target or alternative referen
As mentioned above, early looks to this obje
would have suggested a bias to link the u
folding definite noun phrase with object tha
CIRCUMSCRIBING REFERENTIAL DOMAINS 4
ewas unique in its conceptual category. In fact,
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Discussion

The results for definite instructions demo
strate that considerations of possible actions
integrated with semantic–conceptual constra
on-line to circumscribe the domain of interp
tation relevant to referential interpretatio
When only one potential goal was compati
with the theme object, a referent for the expr
sion was identified earlier than when both p
tential goals could accommodate the theme
ject. In addition, when only one potential go
was compatible, reference resolution occur
sooner when the noun phrase was definite ra
than indefinite. However, indefinites led to re
tively fast reference resolution when the disp
contained two compatible goal referents. T
outcome is consistent with the general propo
that definite noun phrases require their refe
to be uniquely identifiable, whereas referen
indefinites are used when multiple alternativ
are available.

It is important to note that the pattern of 
sults obtained in the indefinite noun phra
conditions provides evidence against a pr
lem-solving interpretation of the data from t
definite noun phrase conditions in this and 
previous experiment. If eye movements 
flected a strategy whereby participants w
simply attempting to identify plausible go
objects independently of the content and p
ticular constraints of the noun phrases, then
data pattern for definite and indefinite no
phrases should be similar, with earlier fixatio
to the target whenever only one container wa
possible goal for the action. However, the 
sults demonstrated that indefinite noun phra
had the opposite pattern of definite no
phrases. Identification of a referent occurr
sooner when both containers were poss
candidates, consistent with the claim that a 
erential indefinite noun phrase is understo
to refer to one of several contextually evok
alternatives.

In sum, the results demonstrate that both 
guistic and nonlinguistic constraints are rapi
used to circumscribe referential domains. Ho
ever, there are two possible accounts of how
when the two types of constraints are used

this process. According to the account describ
ERENTIAL DOMAINS 43
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above, referential domains are updated conti
ously, with relevant constraints being rapid
used as soon as they are encountered. Thu
hearing “Put the cube inside . . .”, pragma
considerations, along with the lexical–seman
constraints of the preposition, have narrow
the domain to the set of containers that may 
commodate the cube. When the command c
tinues with the definite noun phrase “the ca
and when only one can in the display can acco
modate the cube, reference is quickly and una
biguously resolved. On an alternative accou
action-based inferences come into play o
when a unique referent for a definite noun phr
cannot be established within the domain defin
by the lexical–semantic information. For exam
ple, on hearing “Put the cube inside . . .”, the le
ical–semantic constraints will have restricted 
referential domain to container objects in ge
eral and not only those that will contain th
cube. If the command continues with the de
nite noun phrase “the can,” then the failure
satisfy the uniqueness constraint signaled by
definite article will trigger an “accommoda
tion” process (e.g., Lewis, 1979) in which add
tional information sources, such as the comp
ibility of objects, are used to select a domain
which a unique referent for the definite no
phrase can be identified. This type of two-sta
filtering model is similar in spirit to two-stag
models that have been proposed for synta
ambiguity resolution (e.g., Frazier & Rayne
1982), for anaphora resolution (Gordon 
Scearce, 1995), and most recently for the us
common ground in comprehension (Keys
Barr, & Horton, 1998).

If pragmatic and linguistic constraints a
rapidly integrated to restrict the initial refere
tial domain, then the time course of definite r
erence resolution in the one compatible refer
condition used in this experiment should 
comparable to a case in which the display c
tains only a single candidate meeting the 
scription of the noun phrase. If, however, pra
matic constraints are applied only during 
late-occurring accommodation phase, then r
erence resolution should be faster when onl
single candidate referent is visually availab

edWe did not include a one-referent condition as
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part of the factorial design. However, we did 
clude some filler trials in which the display co
tained only one exemplar of the object deno
by the final noun phrase. The full set of obje
on these trials included a single target contai
a second container of a different type (i.e.,
unique competitor), the theme object, and th
noncontainers. The theme object could be 
commodated in both the target container and
unique competitor. We conducted a post h
evaluation of the accommodation hypothesis
comparing fixation data in a baseline condit
taken from these filler trials to data taken fro
the definite noun phrase conditions repor
above.
c
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n
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compatible with the lexical–semantic co
straint provided by the spatial prepositio
Moreover, reference resolution for a defin
noun phrase is not appreciably more diffic
when its uniqueness is evaluated within
pragmatically defined domain rather than
more simple domain defined by perceptual 

formation and context-independent lexical–s

o

o
(
 o
io

c
i
g
r
c

a

mantic constraints.

GENERAL DISCUSSION

We began this research by considering h
the domains of interpretation for linguistic re
erence are constructed or updated during c
prehension. We identified three possibilities:
that domains are only updated at the closure
linguistic unit such as a sentence or proposit
(b) that domains are updated continuously us
only linguistically encoded information, and (
that domains are updated continuously us
both linguistic and linguistically relevant pra
matic constraints. We evaluated these alte
tives by examining the time course with whi
listeners resolved definite noun phrases follo
ing spatial prepositions.

Experiment 1 demonstrated that the lexic
semantic constraints of the preposition inside
FERENTIAL DOMAINS 45
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effectively bypass the need to construct com
tationally expensive context-specific represen
S ET AL.
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pose that the evoked action is capable of be
performed and that the objects required to e
cute the action are present (Austin, 19
Searle, 1969). Given these assumptions,
planning of the physical action can begin ea
on and attention can be rapidly directed to 
jects possessing the physical characteristics
propriate for this action. However, it is not a
ways appropriate to assume that the den
action is possible or that the available entit
possess properties that will allow the action
be completed. Consider, for example, an in
rogative version of our example experimen
sentence such as “Is it possible to put the c
inside the can?” When presented with this ut
ance, the listener will understand his or her t
to be that of assessing the possibility of p
forming the evoked action and then produc
an appropriate response. In some cases, it 
be that the can in question is, in fact, too sm
to accommodate the cube, requiring the liste
to produce a negative response. Given that 
possibility exists, there is little reason for the l
tener to presuppose that the action of placing
cube in the can may be performed. In fact, if t
were already known, then the speaker wo
have no basis for asking the question. Beca
the listener’s task is to assess the possibility
the action to be performed, it is less likely th
the domain of interpretation will be initially re
stricted to only those containers large enoug
accommodate the cube. Consequently, the 
definite noun phrase in the interrogative form
the utterance is more likely to be perceived
infelicitous, even when there is only one c
compatible with the cube.2 However, this pre-
diction rests on a key assumption, namely t

the underlying communicative intention is rec
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ng
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ognized incrementally as the utterance unfo
in time. We must leave it to future research
specify the precise nature of this process an
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influence on real-time referential interpretatio
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