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Abstract

This study used peripheral precueing to explore the effect of covert transient attention on performance in spatial resolution
tasks. Experiments 1 (Landolt-square) and 2 (‘broken-line’) measured gap resolution and Experiment 3 measured vernier
resolution. In all three tasks the target was presented alone in a large number of possible locations, ranging from 1.5-6° of
eccentricity in the vertical or horizontal axes. The precue indicated the target location but did not convey information regarding
the correct response. Performance decreased as the gap size or the vernier offset size decreased and as target eccentricity increased.
Precueing improved performance in terms of RT and accuracy in all three tasks; the eccentricity effect decreased in the cued trials
of the gap resolution tasks. These findings support the idea that the performance improvement at attended locations results, to
some extent, from an enhanced spatial resolution at the cued location, and not just from distractor exclusion, diminished
uncertainty, or decisional factors. © 1998 Elsevier Science Ltd. All rights reserved.
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In this study we employed spatial precueing as a tool
to identify the mechanisms underlying covert atten-
tional facilitation. Specifically, we explored whether
directing observers’ attention to a given location would
improve their performance in spatial resolution tasks
(e.g. Landolt-square and vernier offset). In contrast to
previous studies dealing with transient attention
(Nakayama & Mackeben, 1989; Nazir, 1992; Mackeben
& Nakayama, 1993; Shiu & Pashler, 1995; Balz &
Hock, 1997), the present study combines the following
characteristics: the exogenous precue provided no infor-
mation in terms of response probability (the probability
that a certain response would be the correct one), the
supra-threshold target appeared alone in the display
(without distractors), and target location was varied
from trial to trial over a range of eccentricities.

Visual attention allows us to select a certain aspect of
the visual scene and grant it priority in processing.

* Corresponding author. Tel.. +1 212 9988328; e-mail:
marisa@psych.nyu.edu.

! Parts of this study were presented at the Annual Meeting of the
Association for Research in Vision and Ophthalmology (May 1997)
and at the Annual Meeting of the Psychonomics Society (November
1997) and published in Abstract format (Yeshurun and Carrasco,
1997 and Carrasco and Yeshurun, 1997, respectively).

Indeed, attending to a specific location or a given
characteristic of the display has been shown to enhance
observers’ performance in a wide variety of visual tasks,
such as: line length discrimination (Bonnel, Possamai &
Schmitt, 1987); visual search (Eriksen & Hoffman,
1972; Yantis & Jonides, 1984; Carrasco & Yeshurun,
1998); sinusoidal grating detection (Davis & Graham,
1981; Shulman & Wilson, 1987); luminance detection
(Posner, Nissen & Ogden, 1978; Posner, 1980; Down-
ing, 1988); vernier targets (Nakayama & Mackeben,
1989; Mackeben & Nakayama, 1993); line segments
detection (Kurylo, Reeves & Scharf, 1996); and letter
identification (Prinzmetal, Presti & Posner, 1986; Juola,
Bouwhuis, Cooper & Warner, 1991). Some studies have
found an attentional benefit when the target is pre-
sented along with other items (Eriksen & Rohrbaugh,
1970; Nakayama & Mackeben, 1989; Mackeben &
Nakayama, 1993; Shiu & Pashler, 1995; Balz & Hock,
1997; Carrasco & Yeshurun, 1998); other studies have
found such a benefit when the target is presented alone
(Shaw & Shaw, 1977; Bashinski & Bacharach, 1980;
Posner, 1980; Downing & Pinker, 1985; Van der Heij-
den, Schreuder & Wolters, 1985; Eagly & Homa, 1991).
Yet the nature of the attentional mechanisms underly-
ing this enhancement is still a subject of debate. Differ-
ent interpretations suggested for the attentional benefit
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include enhanced sensitivity (Bashinski & Bacharach,
1980; Downing, 1988; Tsal & Lavie, 1988), reduction in
observers’ uncertainty (Kinchla, 1980; Prinzmetal,
Amiri, Allen, Nwachuku, Bodanski, Edwards & Blu-
menfild, 1997; Prinzmetal, Amiri, Allen & Edwards,
1998), or a change in decision criteria (Kinchla, 1980;
Shaw, 1984; Sperling & Dosher, 1986; Palmer, 1994;
Kinchla, Chen & Evert, 1995).

Many of these studies have employed spatial precues
to manipulate observers’ attention; a cue is presented
briefly to indicate the target location prior to its ap-
pearance. When observers know in advance the loca-
tion of the relevant item, they can allocate their
attentional resources to that particular location and
improve performance (Eriksen & Hoffman, 1972; Pos-
ner, Nissen & Ogden, 1978; Bashinski & Bacharach,
1980; Downing, 1988; Prinzmetal et al., 1986).

A potential difficulty with manipulating attention
with spatial precues is that, typically, these precues do
not only convey information about location but also
about the probability of a response being correct. For
instance, the precues commonly indicate that a certain
location in the display has a higher probability of
containing the target (Bashinski & Bacharach, 1980;
Jonides, 1980; Posner et al., 1978; Posner, 1980).
Whereas this high probability is assumed to encourage
observers to direct their attention to that particular
location, it also obscures the source of the attentional
effects. If target detection in the cued location were
better than at any other location, it would be hard to
disentangle whether the enhanced detection was due to
facilitation of information coding at that location, or
simply to observers adopting a more liberal criterion?
regarding information that is extracted from that loca-
tion. This latter proposal is especially viable when
distractors are also present in the display.

Another potential difficulty with many studies that
have addressed the effect of precueing spatial attention
is that they have assessed performance in terms of
either latency (Eriksen & Hoffman, 1974; Posner, 1980;
Posner, Snyder & Davidson, 1980; Downing & Pinker,
1985; Eriksen & St. James, 1986) or accuracy (Shaw &
Shaw, 1977; Bashinski & Bacharach, 1980; Luck, Hill-
yard, Mouloua, Woldorff, Clark & Hawkins, 1994;
Kurylo, Reeves & Scharf, 1996; Balz & Hock, 1997).
Given the fact that the possibility of a speed-accuracy
trade-off always exists (Pachella, 1974), and that disso-
ciations between accuracy and latency have been re-
ported (Santee & Egeth, 1982), it is important to assess
performance in terms of both latency and accuracy
(Wickelgren, 1977). In fact, it has been suggested that
since these measures do not always reflect the same
perceptual process, the convergence of these measures

2 For information on the effects of criterion on performance in
visual tasks, see Green and Swets (1966).

should be demonstrated empirically rather than taken
for granted (Santee & Egeth, 1982).

In many visual tasks a performance decrement for
more peripheral stimuli has been attributed to the
poorer spatial resolution of the periphery (Rovamo &
Virsu, 1979; Robson & Graham, 1981; Kitterle, 1986;
Banks, Sekuler & Anderson, 1991). This is also the case
in visual search tasks in which an eccentricity effect has
been found; observers’ performance is slower and less
accurate as target eccentricity increases (Carrasco, Ev-
ert, Chang & Katz, 1995; Carrasco & Frieder, 1997;
Carrasco, McLean, Katz & Frieder, 1998). Precuecing
the target location diminished this eccentricity effect,
and suggested that attending to a stimulus location may
improve its sensory representation by enhancing the
spatial resolution at the cued location (Carrasco &
Yeshurun, 1998). To examine this proposal in a more
direct way, this study explored the effects of spatial
precueing on stimuli specifically designed to measure
spatial resolution, such as Landolt-square for gap reso-
lution (acuity) and vernier target for vernier resolution
(hyperacuity). If the enhancement of spatial resolution
underlies the improved performance for attended items,
performance should be facilitated even in basic acuity
and hyperacuity tasks, whether the target is presented
alone in the display or accompanied by distractors.

Vernier acuity has been shown to improve when
observers know in advance, via spatial precues, the
location of the vernier target (Nakayama & Mackeben,
1989; Mackeben & Nakayama, 1993). Similarly, by
manipulating the spread of attention using different
dual tasks, it has been demonstrated that vernier acuity
is highest when attention is narrowly focused on a
foveal vernier target (Balz & Hock, 1997). Because in
both studies the target was presented among other
items, it is hard to tell whether the improvement reflects
an enhanced sensitivity for the target, as these authors
claimed, or just a more efficient filtering out of the
non-relevant items. To distinguish between these two
options, the target would have to be presented alone.

Two studies that have specifically explored the effects
of spatial precueing on spatial resolution for a target
that was presented by itself have found no significant
precueing effect (Nazir, 1992; Shiu & Pashler, 1995).3
But these results may be limited; the absence of the
precueing effect could have stemmed from the experi-
mental designs of these studies. In the first study, the
precue could have masked the Landolt-square target,
because it appeared at the same exact location as the
target right before its onset. In the second study, a
vernier target was presented in one of only four possi-
ble locations, which may not have introduced enough
spatial uncertainty and reduced the need for the precue.

3 Shiu and Pashler (1995) did find an attentional benefit when their
vernier target was presented among line distractors but not ellipse
distractors.
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The present study examined whether attention im-
proves performance in three different resolution tasks
while circumventing the limitations discussed thus far.
These tasks are associated with different levels of pro-
cessing. Experiments 1 and 2 assessed the effects of
precueing on tasks that were designed to measure
gap-resolution, which is assumed to be limited by the
retinal mosaic (Levi, Klein & Aitsebaomo, 1985; Mar-
tin, 1986; Olzak & Thomas, 1986). Experiment 3 em-
ployed a task designed to measure vernier-resolution,
which is presumably limited by cortical processes
(Barlow, 1979, 1981; Westheimer, 1982; Levi, Klein &
Aitsebaomo, 1985). In all three experiments the target
was presented alone, in a large number of possible
locations, and its retinal eccentricity was varied sys-
tematically. One half of the total trials were cued; a
peripheral precue, considered to capture attention in
an ‘automatic’ manner (Posner, 1980; Jonides, 1981;
Miiller & Rabbitt, 1989; Remington, Johnston &
Yantis, 1992; Yantis, 1996), indicated the target loca-
tion prior to its onset. Whereas this precue always
indicated the correct location of the target, it did not
convey any information to the observers about the
correct response. In addition, to prevent forward spa-
tial masking effects, the precue appeared above the
location of the target. On the other half of the total
trials, the neutral trials, a small circle appeared in the
center indicating that the target could appear any-
where in the display. The effects of precueing on
these tasks were assessed by both accuracy and la-
tency to evaluate whether these measures would yield
convergent results.

1. Experiment 1

Nazir (1992) presented a Landolt-square target, ei-
ther in isolation or among three kinds of distractors:
One distractor was similar to the target in size and
form and the other two distractors did not resemble
the target. Because precueing did not improve observ-
ers’ forced-choice decision regarding the side of the
square containing the gap, Nazir concluded that at-
tentional mechanisms cannot affect such a basic vi-
sual task. However, the absence of the attentional
effect could be attributed to the fact that all items
appeared within 2° of eccentricity. Because this near
eccentricity does not require a wide spread of atten-
tion, the need for the precue may have been reduced.
According to the zoom lens metaphor, attention may
be expanded to take in the entire display or may be
restricted to a single item. The restriction of the scan
to include less information within a smaller area re-
sults in a faster and more efficient processing of in-
formation (Eriksen & St. James, 1986; Shulman &
Wilson, 1987; Eriksen, 1990). Moreover, since the cue

appeared immediately before and at the exact same
location as the target, forward masking may have
prevented the emergence of an attentional benefit.

Experiment 1 was designed to examine whether an
attentional benefit could be found with a Landolt-
square target in a basic 2AFC task, while avoiding
the conditions that may have precluded the precueing
effect in Nazir’s study. To this end, a square with a
gap at one of its sides was presented in one of 16
possible locations, at four different eccentricities,
ranging from 1.5-6°. To prevent spatial masking ef-
fects the precue appeared in a location adjacent to
the target. Observers had to indicate which side of
the square contained the gap (Fig. la). Because the
precue appeared equally often above each of the two
square types (left-side vs. right-side gap), it did not
associate a higher probability with one of the re-
sponses and observers could not rely on its presence
to reach a decision.

1.1. Method

1.1.1. Observers

Fourteen undergraduates from NYU subject pool.
All had normal or corrected to normal vision, and
were naive as to the purpose of the study.

a.
[ |
1 ws. L1
b.
V8.
C.

| |
| V. |

Fig. 1. This figure depicts the three stimuli used in this study: (a)
Landolt-square (Experiment 1); (b) ‘broken-line’ (Experiment 2); (c)
vernier target (Experiment 3).
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1.1.2. Apparatus

The stimuli were presented using Vscope™ (Enns &
Rensink, 1992), whose response timing has an accuracy
of 1 ms (Rensink, 1990). The stimuli appeared on a 17
in. monitor of a Power Macintosh 7500/100 computer,
whose frame duration equals 13.4 ms.

1.1.3. Stimuli and design

A white square appeared on a black background and
subtended 1 x 1° of visual angle (Michelson contrast =
0.9). On each trial this square was presented in one of
16 possible locations, four in each quadrant of the
visual field, and appeared on one fourth of the trials at
1.5, 3.5, 5.5, or 6° of eccentricity away from the fixation
point*. A gap of one of six sizes, 2.2, 4.4, 6.6, 8.8, 11,
and 13.2", was embodied equally often in one of the
square’s sides. On half of the total trials a precue
appeared about 0.3° above the location of the Landolt-
square (cued trials). The precue was a green (0.280,
0.595 in standard CIE color space) horizontal bar,
subtending 0.5° width x 0.14° height of visual angle. On
the other half of the total trials (neutral trials), instead
of the bar, a green circle, whose diameter subtended
0.35° of visual angle appeared in the center of the
display. This circle indicated that the Landolt-square
had equal probability of appearing at any location.
Half of the cued trials, and half of the neutral trials
contained a square with a left-side gap. The rest of the
trials contained a square with a right-side gap. A small
fixation dot was present in the center of the screen
throughout the experiment. A plus (0.33° height x 0.33°
width) or a minus (0.33° width x 0.1° height) sign
served as the feedback, and was presented in the center
of the screen. A 1.4 x 1.4° square of distorted lines
served as the mask and was presented at the location of
the square.

1.1.4. Procedure

Observers sat 85 cm away from the monitor and were
asked to view the display binocularly. They were read
instructions specifying the target, advising them to
fixate on the fixation point throughout the experiment,
and asking them to indicate, as rapidly and accurately
as possible, whether the gap was on the left or right side
of the square. Each observer was then given 96 practice
trials. The experimental session consisted of twelve
blocks of 96 trials, for a total of 1152 trials per ob-

4 The eccentricities corresponding to the center of the square were
used in data analysis. Note that the gap appeared 0.5° to the right
(50% of the time) or the left (50% of the time) of this center.
Consequently, in the horizontal meridian, the gap of the target
centered at 5.5° of eccentricity would appear at 5 or 6° of eccentricity,
whereas the gap of the target centered at 6° of eccentricity would
appear at 5.5 or 6.5° of eccentricty. Hence, the difference in perfor-
mance for targets at 5.5 and 6.5° of eccentricety may be underesti-
mated in the present experiment.

TIME
FIXATION DOT
) 1000 ms
o CUE
54 ms
ISI
67 ms
O STIMULUS
80 ms (Exp 1)
54 ms (Exp 2, 3)
M MASK

* 200 ms

Fig. 2. This diagram depicts the sequence of presentation of each
experimental trial in the three experiments of this study.

server. The order of the trials was randomized. In each
of the trials the bar or the circle appeared for 54 ms,
and after an ISI of 67 ms (i.e. a SOA of 121 ms), the
square was presented for 80 ms to keep overall perfor-
mance level at 70—75% correct, so that ceiling or floor
effects would be avoided. The mask followed the
square, and was presented for 200 ms (Fig. 2). Thus,
eye movements could not take place while the display
was present; it is estimated that about 250 ms are
needed for saccades to occur (Mayfrank, Kimmig &
Fischer, 1987). Observers responded by pressing a key
on the computer keyboard with the index or middle
finger of their dominant hand. Half the observers used
their index finger for a ‘left’ response, and the other
observers used their middle finger. Both time to re-
spond (from the onset of the display) and accuracy
were recorded. Immediately after observers responded
the appropriate feedback sign was presented for 1 s. In
addition, at the end of each experimental block, observ-
ers received feedback about their error rate for that
block.

1.2. Results and discussion

A within-observers four-way ANOVA (cue x eccen-
tricity x visual field x gap size) was performed on the
accuracy and on RT data collected on trials with
correct responses. (A significant F-ratio (p < 0.05) indi-
cates that the variability between conditions was higher
than the variability among subjects in a given condi-
tion). As can be seen in Fig. 3a, performance was
significantly better at the left and right than the upper
and lower visual fields (p < 0.05). This advantage of the
horizontal over the vertical fields is consistent with
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Landolt-square

630

600 - *
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RT (ms)

5404
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left right upper lower 2.2 4.4

(@ VISUAL FIELD

() GAP (arc min)

T T 1 T L T T T
8.8 11 13.2 1.5 2.5 3.5 4.5 5.5 6.5

() ECCENTRICITY (degree)

Fig. 3. Mean correct RT and error rate for a Landolt-square as a function of cueing condition and (a) visual field; (b) gap size; (c) target
eccentricity (Experiment 1). A cue (54 ms) indicated the location where the stimulus would appear for 80 ms after an ISI of 67 ms. (* simple effect

was statistically significant, p < 0.05).

previous findings (Engel, 1977; Rijsdijk, Kroon & van
der Wilt, 1980; Krose & Julesz, 1989; Nazir, 1992), and
may be due to the higher density of ganglion cells along
the horizontal meridian (Perry & Cowey, 1985; Curcio
& Allen, 1990) and to the more rapid decline of cone
density in the vertical compared to the horizontal direc-
tion with increasing distance from the fovea (Curcio,
Sloan, Packer, Hendrickson & Kalina, 1987). In addi-
tion, performance was more accurate at the upper than
at the lower visual field, and at the left than at the right
visual field, but only the former difference was statisti-
cally significant (p < 0.05). This finding does not agree
with previous reports of an acuity advantage at the
lower visual field (Nazir, 1992). In any case, regardless
of the square’s position in the visual field, performance
deteriorated as the gap size decreased (Fig. 3b). This
poorer performance with smaller gaps was seen in both
cued and neutral conditions. A gap size x eccentricity
interaction (p <0.0001) revealed that as gap size in-
creased performance improved more for the nearer than
the farther eccentricities.

More important for this study is that discrimination
was significantly faster and more accurate in the cued
than in the neutral trials (p <0.05; Fig. 3). Similarly,

according to the fitting of a Weibull psychometric
function to the accuracy data, the gap threshold for the
Landolt-square target was significantly lower in the
cued than in the neutral trials (thresholds: 10.31 vs.
12.09’; p < 0.0001), suggesting a more accurate stimulus
analysis at the cued locations resulting in higher sensi-
tivity for the cued trials.

Finally, in both cueing conditions performance dete-
riorated significantly as target eccentricity increased
(» <0.0001). A cue x eccentricity interaction (RT: p <
0.0005; accuracy: p =0.1) showed that this eccentricity
effect was less pronounced in the cued than in the
neutral conditions (Fig. 3¢).> This result is consistent
with the finding that precueing the target location in a
visual search task reduces performance differences be-
tween different retinal eccentricities (Carrasco & Yeshu-
run, 1998), and lends further support to the idea that
attention can enhance the spatial resolution at the cued
location.

> We chose to collapse across gap size when we plotted the cueing
effects as a function of eccentricity because the ANOVAS’ three-way
interactions of cue x gap x eccentricity were not significant (except in
Experiment 2’s accuracy data for the ‘broken-line’ where the interac-
tion reached significance, but no consistent pattern emerged).
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To conclude, this experiment illustrates that an atten-
tional benefit can be found in a 2AFC task designed to
measure gap resolution using a Landolt-square target.
A significant precueing effect emerged once spatial
masking was prevented and the target was presented at
eccentricities farther than 2°. These farther eccentricities
ensured that observers would need the precue to keep
their attentional spread narrow enough to obtain maxi-
mal precue facilitation.

The fact that performance in such a basic resolution
task improved when observers knew in advance the
location of the target is in agreement with studies
employing different visual tasks (Bashinski &
Bacharach, 1980; Jonides, 1980; Posner, 1980; Graham,
Kramer & Haber, 1985; Downing, 1988; Carrasco &
Yeshurun, 1998). This precueing effect emerged even
though in this experiment the target was presented
alone, without other items to introduce decisional
noise. Thus, although there was no visual information
that had to be filtered out, observers did benefit from
advance knowledge of the target location, which pre-
sumably allowed advanced allocation of attentional
resources (Shaw & Shaw, 1977; Posner, 1980; Eriksen,
1990). Furthermore, given that the precue appeared
equally often above the square, regardless of its type
(left-side vs. right-side gap), it could not have encour-
aged observers to adopt a differential decisional crite-
rion for the different cueing conditions.

2. Experiment 2

Previous studies have found an attentional benefit for
a variety of visual tasks using a ‘yes—no’ detection task
(Bashinski & Bacharach, 1980; Downing & Pinker,
1985; Downing, 1988; Jonides & Yantis, 1988; Carrasco
& Yeshurun, 1998). The present experiment examined
whether the effects of precueing found in a discrimina-
tion task with a two-alternative forced-choice proce-
dure and a Landolt-square target in Experiment 1
would also be found with a ‘yes—no’ detection task and
a different gap resolution stimulus. We consider this
gap resolution task a ‘yes—no’ detection task because
observers were asked to detect the presence of a single
feature (a gap). This differs from Experiment 1 in which
a gap was always present and observers had to discrim-
inate between two types of Landolt-square: left-side
versus right-side gap. The present experiment also dif-
fered from Experiment 3 in which observers had to
discriminate whether the upper line was displaced to the
right or to the left of the lower line in a vernier target.

On each trial a continuous or a broken-line was
briefly presented in one of 16 possible locations. Ob-
servers had to indicate whether the line was broken or
continuous (Fig. 1b). Similar to Experiment 1, the
precue appeared equally often above each of the line

types (broken vs. continuous); therefore, the precue did
not associate a higher probability with one of the
responses, and observers could not use its mere pres-
ence to reach a decision.

2.1. Method

2.1.1. Observers

Thirteen undergraduates from NYU subject pool
who had not participated in the previous experiment.
All had normal or corrected to normal vision, and were
naive as to the purpose of the study.

2.1.2. Stimuli, design, apparatus and procedure

They were the same as in the previous experiment,
except for the following: Instead of the square, a line
subtending 1° height x 0.1° width of visual angle was
the resolution stimulus. The line was broken on one
half of the trials, and continuous on the other half.
When the line was broken its segments were separated
by gaps of one of six possible sizes 2.2, 4.4, 6.6, 8.8, 11,
and 13.2', which occurred equally often.® Observers’
task was to indicate whether the line was broken or
continuous. The size of the mask was adjusted to 0.67°
height x 1.33° width to ensure it matched the stimulus
dimensions. The presentation time of the square was
shortened to 54 ms to keep overall performance level at
70-75% correct, so that ceiling or floor effects would
be avoided.

2.2. Results and discussion

As in the previous experiment, a within-observers
four-way ANOVA (cue x eccentricity x visual field x
gap size) was performed on the accuracy and correct
RT data. Similar to Experiment 1, performance was
significantly better at the horizontal than the vertical
visual fields (p < 0.05; Fig. 4a). Likewise, the interaction
of eccentricity x visual field revealed that the deteriora-
tion in performance with increasing target eccentricities
was more pronounced at the upper and lower than the
right and left visual fields. This is reflected in the slopes
of the eccentricity effect which were steeper for the
former than the latter. According to the least square
slope estimates, there was about a three-fold difference
for RT (18.59 vs. 6.27 ms) and a two-fold difference for
accuracy (—6.18 vs. —3.25% correct). This result is
consistent with the fact that the detectability thresholds
for all spatial frequencies increase with increasing dis-
tance from the fovea, but more rapidly in the vertical
than in the horizontal direction (Rijsdijk, Kroon & van
der Wilt, 1980), as well as with the more rapid decline

¢ A reviewer pointed out that the overall luminance of the ‘broken-
line’ and that of the continuous line differ. Note, however, that this
luminance cue was present in both the attended and the neutral trials.
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'‘Broken-line'
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(c) ECCENTRICITY (degree)

Fig. 4. Mean correct RT and error rate for a ‘broken-line’ as a function of cueing condition and (a) visual field; (b) gap size; (c) target eccentricity
(Experiment 2). A cue (54 ms) indicated the location where the stimulus would appear for 54 ms after an ISI of 67 ms. (* simple effect was
statistically significant, p < 0.05). Notice that the averaged performance for the continuous line and for the smallest gap of the ‘broken-line” would
correspond to chance performance ( ~ 50%). Some standard-errors in the lower panels b and ¢ were too small to be seen in this figure.

of cone density with increasing eccentricities in the
vertical compared to the horizontal direction (Curcio,
Sloan, Packer, Hendrickson & Kalina, 1987). Although
performance was faster and more accurate at the upper
than the lower visual fields (except for RT neutral), and
more accurate for the left than the right visual fields,
these differences were not statistically significant. Also
as in the previous experiment, performance decreased
with smaller gap sizes (p <0.0001; Fig. 4b), and the
gap x eccentricity interaction (p < 0.01) showed that as
gap size increased performance improved more for the
nearer than the farther eccentricities.

The same pattern of results obtained with the 2AFC
paradigm of Experiment 1 emerged here; there was a
significant precueing effect (Fig. 4): performance was
significantly better in the cued than the neutral trials for
both accuracy and RT (p < 0.0005). As was found with
a Landolt-square target in Experiment 1, the gap
threshold for the cued was lower than that of the
neutral trials (9.56 vs. 9.85). In both cueing conditions
performance declined significantly as target eccentricity
increased, but the cue x eccentricity interaction showed
that this decline was significantly less pronounced in the

cued than in the neutral conditions (Fig. 4c). This
attentional benefit was found across different eccentric-
ities. According to Newman-Keuls pairwise compari-
sons, performance was significantly more accurate and
faster in the cued than in the neutral trials for all
eccentricities (p < 0.05, except the nearest; 1.5°).

In sum, this experiment showed that gap detection
was faster and more accurate when observers could
allocate their attentional resources in advance to the
target location. Thus, in this study, an attentional
facilitation for an isolated stimulus was consistently
found with both tasks, 2AFC discrimination and ‘yes—
no’ detection, as well as for both types of gap resolu-
tion stimuli, Landolt-square and ‘broken-line’. In
addition, for both tasks gap thresholds were lower at
the cued than the neutral trials, implying higher acuity
at the cued locations. Note that the attentional benefit
was found even though the precue could not play any
role in decision making processes. Hence, both experi-
ments support the idea that the attentional benefit
reflects a change in the sensory representation of the
cued stimulus, possibly due to an enhanced spatial
resolution at the attended location.
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These results imply that attention can affect relatively
low, sensory processing of visual information, with
tasks designed to measure resolution limited by the
retinal mosaic. We wondered whether these results
could be generalized to performance with vernier reso-
lution task, which is assumed to be limited by cortical
factors. On the one hand, previous studies that have
reported an attentional benefit with vernier resolution
did not present the target in isolation (Nakayama &
Mackeben, 1989; Mackeben & Nakayama, 1993; Balz
& Hock, 1997). On the other hand, when the vernier
target was presented in isolation, no such precueing
effect was found (Shiu & Pashler, 1995). Thus, the
question had remained open: Can resolution for a
vernier target be enhanced by attentional deployment
when the target is presented in isolation? The following
experiment was conducted to address this question.

3. Experiment 3

Because performance with vernier targets is much
better than that predicted by inter-cone spacing and the
focal length of the eye, the source limiting vernier
resolution apparently lies in the visual cortex. Gap
resolution, on the other hand, seems to be limited by
the photoreceptors’ spacing in the retina (Westheimer,
1982; Levi et al., 1985; Martin, 1986; Olzak & Thomas,
1986). It is important, therefore, to examine whether
the facilitated performance at the cued location for gap
resolution targets could also be found for an isolated
vernier resolution target.

Facilitated performance for attended vernier targets
has been reported when the target was presented among
non-relevant information and attention has been ma-
nipulated via concurrent tasks (Balz & Hock, 1997) or
spatial precues (Nakayama & Mackeben, 1989;
Mackeben & Nakayama, 1993; Shiu & Pashler, 1995).
Nevertheless, when the target was presented in isola-
tion, no attentional benefit was found (Shiu & Pashler,
1995). The fact that a significant precuecing effect was
found only when the target was presented among other
items implies, according to Shiu and Pashler (1994,
1995), that the attentional mechanism is only employed
when the display includes decisional noise that has to
be filtered out. They suggested that the attentional
facilitation reflects a more efficient inhibition of the
non-relevant items, rather than improvement of the
representation of the relevant item. Alternatively, these
authors may not have found an attentional benefit for
the isolated target because there was not enough spatial
uncertainty to encourage a differential deployment of
attention. With only four possible locations, and a
constant relatively near stimulus eccentricity (4.8°), ob-
servers could have spread their attention across these
four locations. This strategy may have been appealing

to their observers, because they were instructed that in
25% of the trials the precue indicated an incorrect
location. Considering that the precue was not always
valid observers may have monitored all four locations
instead of just the cued one.

Experiment 3 was conducted to disentangle these two
alternative explanations. Like in Shiu and Pashlers’
(1995) study, we presented the vernier target alone and
manipulated attention using spatial precues. However,
to increase the spatial uncertainty, the target in this
experiment could appear in one of 12 possible locations
and at three different eccentricities ranging from 3.5-6°
away from the center.

The eccentricity of the vernier target is relevant be-
cause vernier resolution decreases as target eccentricity
increases (Levi et al., 1985; Whitaker, Rovamo,
Macveigh & Mikeld, 1992). To further induce observ-
ers to take full advantage of the information provided
by the precue, the cue was always valid; i.e. the target
always appeared at the precued location. In light of
previous studies on vernier resolution (Nakayama &
Mackeben, 1989; Mackeben & Nakayama, 1993; Balz
& Hock, 1997), as well as the two gap resolution
experiments of the present study, we expected to find a
significant precueing effect with a vernier resolution
task.

3.1. Method

3.1.1. Observers

Ten undergraduates from NYU subject pool who
had not participated in the previous experiments. All
had normal or corrected to normal vision, and were
naive as to the purpose of the study.

3.1.2. Apparatus, stimuli, design and procedure

They were identical to those in Experiment 2 except
for the following changes. Instead of the single line, two
vertical lines were used (Fig. 1c). One line was pre-
sented above the other, and each subtended 0.44°
height x 0.1° width of visual angle. The two lines were
separated by a vertical gap of 8.8, and the upper line
was displaced 2.2, 4.4, or 6.6’ to the right or left of the
lower line. Observers had to indicate whether the upper
line was displaced to the left or right of the lower line.
The lines were presented at the three farthest eccentric-
ities only (3.5, 5.5, 6°) to avoid ceiling effects and to
keep overall performance level at 70-75% correct. A
displacement to the right or left of the lower line was
cued equally often to prevent changes in decisional
criteria regarding the direction of the horizontal offset.

3.2. Results and discussion

A within-observers four-way ANOVA (cue x eccen-
tricity x visual field x offset size) was performed on the
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Fig. 5. Mean correct RT and error rate for a vernier target as a function of cueing condition and (a) visual field; (b) offset size; (c) target
eccentricity (Experiment 3). A cue (54 ms) indicated the location where the stimulus would appear for 54 ms after an ISI of 67 ms. (* simple effect

was statistically significant, p < 0.05).

accuracy and correct RT data. As expected, perfor-
mance was significantly faster and more accurate at the
central than peripheral locations (p < 0.005) and as the
size of the horizontal offset increased (p < 0.0001). An
interaction between offset size and eccentricity revealed
that this improvement was more pronounced at the
nearest eccentricity (p < 0.005). More importantly, as in
Experiments 1 and 2, there was an attentional benefit
for the resolution task: Observers were significantly
faster and more accurate when the vernier target loca-
tion was cued in advance (p < 0.005; Fig. 5). Similarly,
the offset threshold was significantly lower at the cued
than neutral trials (6.21 vs. 7.38"; p < 0.0001). In addi-
tion, this advantage for the cued trials was significant
across all eccentricities (Fig. 5c). These findings support
the hypothesis that the precueing effect on gap resolu-
tion can also be found in a vernier resolution task, even
when the target was presented in isolation.

As opposed to Experiments 1 and 2, there were no
significant differences between the vertical and horizon-
tal visual fields (Fig. 5a). This could be due to the fact
that gap resolution and vernier resolution are mediated
by different levels of visual processing (Westheimer,
1982; Levi et al., 1985; Martin, 1986; Olzak & Thomas,

1986). In the present data, however, for the left visual
field, the slowest RT occurred at the most central
location. This spurious data point neutralized the over-
all RT difference between the first two eccentricities,
which was present for the upper, lower, and right visual
fields (Fig. 6). Indeed, like in the previous experiments,
there was a significant interaction between visual field
and eccentricity (p < 0.05) because the eccentricity ef-
fect was more pronounced on the vertical than the
horizontal meridian.

Although performance at all eccentricities was signifi-
cantly better in the cued condition, the extent of the
eccentricity effect was similar in both cueing conditions.
The relative degree of deterioration of performance at
farther eccentricities was not affected by the precues
(Fig. 5¢). This finding differs from the two previous
experiments as well as from those of a visual search
study (Carrasco & Yeshurun, 1998). Since in this exper-
iment the target was presented only at the three farthest
eccentricities to keep performance at about 75%, it is
hard to tell whether this difference is due to the differ-
ential nature of the vernier task and the processes
underlying its eccentricity effect, or simply to this rela-
tively narrow range of eccentricities tested. The eccen-
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tricity effect in a vernier resolution task may be medi-
ated by different factors that are less susceptible to
precueing effects; alternatively, a wider range of eccen-
tricities could have yielded a larger eccentricity effect
which, in turn, could be more sensitive to attentional
effects.”

To conclude, in this experiment a peripheral spatial
precue improved observers’ performance on a vernier
resolution task with a suprathreshold target presented
in isolation. These results are inconsistent with those of
Shiu and Pashler (1995) who found no attentional
benefit when the vernier target was presented alone.
The differences between the experimental procedures of
these two studies may explain the inconsistent results.
The present results are consistent with studies in which

Vernier target
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Fig. 6. Mean correct RT and error rate for a vernier target as a
function of visual field for different eccentricities. Performance de-
creased as a function of eccentricity, except for the RT data of the left
visual field.

7 A reviewer suggested that the colinearity of the vernier target we
used may have enhanced a tendency to perceive an oblique line
leaning towards the side of the displacement of the upper segment,
which in turn may have diminished the eccentricity effect.

an attentional benefit has been found when a target has
been presented alone, either with a resolution target
(Experiments 1 and 2 of this study) or with a variety of
stimuli (Eriksen & Hoffman, 1974; Shaw & Shaw, 1977,
Bashinski & Bacharach, 1980; Posner, 1980; Downing
& Pinker, 1985; Van der Heijden, Schreuder & Wolters,
1985; Eagly & Homa, 1991).

4. General discussion

The first two experiments in this study measured gap
resolution and the third assessed vernier resolution,
which are basic visual tasks designed to assess perfor-
mance that is limited by spatial resolution (acuity and
hyperacuity). In all three experiments the target was
presented in isolation, at a large number of possible
locations and eccentricities, and the target was preceded
by either a spatial cue appearing in an adjacent location
or a neutral circle appearing in the center of the dis-
play. Spatial precueing of transient attention improved
performance in both gap and vernier resolution tasks.
The gaps (Experiments 1 and 2) or the offset direction
(Experiment 3) were detected faster and more accu-
rately, and thresholds were lower when observers’ at-
tention was directed to the target location beforehand.
Indeed, in all three experiments, the cue improved
performance for all observers; all 37 observers were
faster, and 32 out of the 37 observers were also more
accurate, for the cued than the neutral trials. These
results are consistent with previous studies which have
demonstrated an attentional benefit for a vernier target
(Nakayama & Mackeben, 1989; Mackeben &
Nakayama, 1993; Balz & Hock, 1997), and extend their
findings to two gap resolution stimuli (Landolt-square
and ‘broken-line’), as well as to a situation in which the
target was presented in isolation and at a wider range
of eccentricities. Likewise, studies showing that after
some practice observers are more accurate at perform-
ing acuity (Beard, Levi & Reich, 1995) and hyperacuity
tasks (Beard, Levi & Reich, 1995; Fahle & Henke-
Fahle, 1996) also illustrate that such thresholds are not
immutable.

One explanation for precueing effects suggests that
the precues encourage observers to adopt a more liberal
decisional criterion or to assign more weight to infor-
mation extracted from the cued location (Kinchla,
1980; Shaw, 1984; Palmer, 1994; Kinchla, Chen &
Evert, 1995). This idea is plausible only if the precues
imply that one of the optional responses is more proba-
ble. For instance, if in a ‘yes—no’ detection task a
precue indicated that the cued location had a high
probability of containing the target, it would also indi-
cate higher chances of the target being present, and
observers could adopt a liberal criterion regarding in-
formation gathered at the cued location. In contrast,
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when the precue does not associate higher probability
with one of the responses, there is no reason to assign
different decisional weights to different locations,/re-
sponses. In the present study, the precue was not a
relevant factor in decision making processes because it
always indicated the target location without conveying
information about the correct response. This precueing
effect indicates, therefore, that the facilitated perfor-
mance at the cued locations reflects changes in sensory
rather then decisional processes.

Different attentional mechanisms have been sug-
gested to be responsible for modulating perceptual dis-
criminability. For instance, several studies have
attributed attentional facilitation to an efficient reduc-
tion of decisional noise (Cohn & Lasley, 1974; Graham,
Kramer & Haber, 1985; Sperling & Dosher, 1986;
Palmer, 1994; Shiu & Pashler, 1994, 1995; Kinchla,
Chen & Evert, 1995). In some of these studies a near-
threshold target has been presented alone and could be
confused with the blank at the other locations (Cohn &
Lasley, 1974; Graham, Kramer & Haber, 1985) in other
studies, a suprathreshold target has been presented with
other distractors with which it could be confused
(Palmer ety al., 1993; Palmer, 1994; Shiu & Pashler,
1994, 1995; Carrasco & Yeshurun, 1997). These authors
have suggested that the precues allow observers to
monitor only the relevant location(s) instead of all
possible locations. By reducing the number of locations
that have to be monitored, the precues reduce the
statistical noise that is introduced at these locations.
This noise-reduction approach would predict no atten-
tional benefit when a suprathreshold target is presented
in isolation because no external noise is presented.
Given that in all three experiments of this study a
suprathreshold target was presented alone, it could
neither be confused with the blank at the other loca-
tions nor with distractors (since there were none).
Therefore, the present findings suggest that the atten-
tional facilitation reflects more than just an efficient
inhibition of the non-relevant information; an enhanced
processing of the relevant information must have taken
place.

An enhanced processing of the relevant information
may result from an improved quality of the stimulus
representation corresponding to the cued location. To
explain such an improvement different attentional
mechanisms have been proposed: One alternative is
that attention may modulate perceptual discriminability
by reducing the noise in the representation of the
relevant stimulus. Attention may reduce the internal
noise associated with perceptual processing by decreas-
ing the variance in the perceived quality of the signal
(Prinzmetal, Amiri, Allen, Nwachuku, Bodanski, Ed-
wards & Blumenfild, 1997; Prinzmetal, Amiri, Allen &
Edwards, 1998). Another attentional mechanism, the
one supported by the present study, is that of signal

enhancement whereby attention increases the strength
of the signal (Bashinski & Bacharach, 1980; Posner,
1980; Downing, 1988; Carrasco & Yeshurun, 1998; Lu
& Dosher, 1998).

The idea that attention can affect the quality of the
sensory representation agrees with a growing body of
physiological evidence (Moran & Desimone, 1985;
Spitzer, Desimone & Moran, 1988; Desimone & Unger-
leider, 1989; Desimone, Wessinger, Thomas &
Schneider, 1990; Motter, 1993; Olshausen, Anderson &
Van Essen, 1993; Luck, Hillyard, Mouloua, Woldorff,
Clark & Hawkins, 1994; Treue & Maunsell, 1996;
Reynolds, Pasternak & Desimone, 1997). For instance,
recording event-related potentials (ERP) has shown
that spatial precues led to changes in sensory-evoked
neural responses from the visual cortex (Luck et al.,
1994). Similarly, single-cell recording has demonstrated
that directing attention towards the stimulus can alter
the responses of V1, V2, and V4 (Motter, 1993), and
results in stronger and more selective responses in both
V4 neurons (Reynolds et al., 1997; Spitzer et al., 1998)
and MT/MST (Treue & Maunsell, 1996) neurons. In
the same vein, a recent computational model for atten-
tional modulation of spatial vision suggests that atten-
tion strengthens the interactions among visual spatial
filters, resulting in both sharpness of tuning and in-
creased gain (Itti, Kock & Braun, 1997).

Given that the three tasks employed in this study
were designed to measure spatial resolution, the present
findings provide evidence for the hypothesis that atten-
tion can improve the sensory representation by enhanc-
ing the spatial resolution at the attended location.
Physiological studies have shown that in V4 attention
contracts the cell’s receptive field around the attended
stimulus (Moran & Desimone, 1985; Desimone et al.,
1990). Because smaller receptive fields allow for better
spatial resolution, these findings support the idea that
attention can enhance the spatial resolution at the
attended location. Note, however, that while perfor-
mance differences among different retinal locations
were reduced in the gap resolution tasks of this study
(Experiments 1 and 2), as well as in visual search tasks
(Carrasco & Yeshurun, 1998), these differences were
not eliminated. Hence, attention may be able to en-
hance the spatial resolution at the attended location,
but it cannot completely overcome the visual limita-
tions underlying these differences.

One possible reason for this constraint on the atten-
tional benefit may be the relatively large size of recep-
tive fields at far eccentricities. According to Balz and
Hock (1997), attention may enhance spatial resolution
by increasing the sensitivity of small, foveal receptive
fields which are responsible for detection of small de-
tails. Extending their hypothesis to the periphery, one
could suggest that focusing attention at any location
increases the sensitivity of the smallest receptive fields
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of that retinal arca. Because the size of the receptive
fields increases gradually as retinal eccentricity increases
(DeValois & DeValois, 1988) the ability of the atten-
tional mechanisms to increase the spatial resolution
may be limited by the size of the smallest receptive
fields at the cued location.

In any case, it is reasonable to assume that atten-
tional facilitation in visual tasks reflects a combination
of mechanisms such as signal enhancement, distractor
exclusion and decisional factors. As we discussed be-
fore, the results of this study cannot be explained only
by decisional factors or distractor exclusion. Signal
enhancement is necessary to account for the present
results. Such enhancement could be accomplished by
either the contraction of the cells’ receptive field or by
increased sensitivity of the smallest cells” receptive fields
at the cued location. These mechanisms would result in
sharpened tuning and increased response selectivity.
Further psychophysical and physiological research is
required to understand the specific way in which spatial
resolution is enhanced, as well as the way in which
signal enhancement may interact with distractor exclu-
sion and/or decisional factors.

In conclusion, manipulating transient attention by
using an exogenous precue significantly improved ob-
servers’ performance. They were more accurate and
faster in both gap and vernier resolution tasks, even
though in all three experiments, the precue did not
favor one of the responses, the target was presented
alone with no sources of external noise, and the tasks
were basic visual tasks aimed at measuring performance
limited by spatial resolution. This suggests that the
performance improvement at covertly attended loca-
tions found in many studies may result, to some extent,
from an enhanced spatial resolution at the cued loca-
tion, and not just from distractor exclusion, diminished
uncertainty, or decisional factors. A recent study (Yes-
hurun & Carrasco, in press) provides convergent evi-
dence for this spatial resolution hypothesis.
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