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Effects of spatial separation between stimuli in
whole report from brief visual displays
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Direct measurements of the effects of spatial separation between stimuli in whole report from brief visual
displays are reported. The stimuli were presented on the periphery of an imaginary circle centered on fixation.
In Experiment 1, each display showed two capital letters (letter height = 1.3°, width = 0.9°, eccentricity = 5.5°).
The proportion of correctly reported letters was a strictly increasing, decelerating function of the spatial sepa-
ration between the letters for center-to-center separations ranging from less than 2° to more than 10° of visual
angle. Experiment 2 yielded similar results with triples of letters. Experiment 3 showed that accuracy increased
with spatial separation for report of two short words, and Experiment 4 showed the same result for words pre-
sented upside down. The results are explained by a model of lateral masking (crowding) based on competitive

interactions within receptive fields of cortical neurons.

The perceptibility of a visual stimulus tends to be re-
duced when the stimulus is flanked by other stimuli. The
phenomenon is known as lateral masking, or the crowd-
ing effect. The effect is weak in central vision (Flom, Wey-
mouth, & Kahneman, 1963) but strong in the periphery of
the visual field. In a classical study, Bouma (1970; see also
Bouma, 1973; Bouwhuis & Bouma, 1979) investigated the
effects of spatial separation between a (randomly chosen)
target letter to be reported and two flanking letters to be ig-
nored. Recognition scores improved as the spatial separa-
tion between the target and the flankers was increased. The
effect of spatial separation varied with retinal eccentricity.
For complete visual isolation, a spatial separation of about
40%—50% of target eccentricity seemed to be required.

The causes of the crowding effect and its relationship to
visual attention are controversial. Thus, Pelli, Palomares,
and Majaj (2004) argued that crowding limits all vision
and has nothing to do with attention, whereas Strasburger
(2005) argued that the impairment of character recogni-
tion by crowding is caused, to a large extent, by spatially
imprecise focusing of attention (see also He, Cavanagh, &
Intriligator, 1996; Intriligator & Cavanagh, 2001; Tripathy
& Cavanagh, 2002). For example, in the flanker paradigm
used by Bouma (1970) and Strasburger, among others, the
observer must discriminate the target (center character)
from the distractors (flanker characters). Strasburger found
a strong tendency, in erroneous reports of the identity of the

target character, for the reported identity to be the identity
of one of the flanking characters. From the high frequency
of such localization errors, Strasburger argued that unfo-
cused spatial attention underlay the crowding effect.

In the flanker paradigm used by Bouma (1970) and Stras-
burger (2005), it seems likely that the difficulty of deter-
mining which character is the target (the center character)
decreases as the spatial separation between the target and the
flanker is increased. Thus, to an unknown extent, the effect
of spatial separation observed in the flanker paradigm may
reflect variation in target—distractor discriminability (the dif-
ficulty of determining which character is the target) caused
by the experimental variation of spatial separation. As will be
argued below, the same seems true in many other paradigms
that have been used for investigating lateral masking.

The flanker paradigm of Bouma (1970) and Strasburger
(2005) is a kind of partial-report paradigm. A different
kind of partial-report paradigm is exemplified by a study
of Bahcall and Kowler (1999). In this case, as well, the ob-
served effect of spatial separation may reflect variation in
target—distractor discriminability (the difficulty of deter-
mining which stimuli are targets) caused by the variation
in spatial separation.

Bahcall and Kowler (1999) studied the effects of spa-
tial separation between two targets in partial report from
briefly exposed circular arrays of the two targets among 22
distractors. The two target locations were chosen randomly
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on each trial and were specified by color or symbolic cues
before the beginning of the trial. Bahcall and Kowler had
predicted that performance would be best when the pair
of targets were “near enough to one another to fall within
the same attentional ‘window’” (p. 72). However, perfor-
mance degraded as the target separation was decreased,
except that (for 2 of the 3 participants) an upturn was seen
at the smallest separation, where the targets were adja-
cent to each other (see Miiller, Mollenhauer, Rosler, &
Kleinschmidt, 2005, for related results consistent with a
Mexican hat distribution of attentional resources).

The improvement found by Bahcall and Kowler (1999)
when the target locations were adjacent to each other is
reminiscent of a study by Podgorny and Shepard (1983)
in which participants first viewed a 3 X 3 grid with four
or five of the cells shaded; then a probe dot appeared, and
the participants indicated as quickly as possible whether
or not the dot appeared in the shaded area. The results
showed that performance was better when the shaded
area was “spatially compact” (adjacent cells), rather than
dispersed. This finding suggests that the improvement
found at the smallest target separation in the study by
Bahcall and Kowler can be explained by assuming that
the required discrimination between target and distractor
locations is easier when the target locations are adjacent
so that they form a single compact area. By this explana-
tion, the improvement at the smallest separation reflects
a variation in target—distractor discriminability caused by
the variation of spatial separation.

Effects of spatial separation have recently been investi-
gated in many paradigms other than partial report. For ex-
ample, Cutzu and Tsotsos (2003) and McCarley, Mounts,
and Kramer (2004) reported positive effects of separation
(improved performance with increasing spatial separation),
using a same—different procedure. Mounts (2000) and
Theeuwes, Kramer, and Kingstone (2004) found positive
separation effects with an attentional capture paradigm.
Kristjansson and Nakayama (2002) found positive separa-
tion effects with an attentional blink paradigm, and Mounts
and Gavett (2004) found positive separation effects with a
divided attention procedure. In each of these studies, the
displays generally contained the same number of stimuli,
at the same spatial locations. The only thing that varied
was which locations were attended. For example, in Ex-
periment 1 of Cutzu and Tsotsos, the two stimulus charac-
ters to be attended (compared with respect to shape) were
distinguished by being red, whereas the remaining stimuli
(distractor characters) were black. Note that each of the
red targets might be expected to stand out more strongly
from the background of black distractors when the target
was the only red item within an extensive neighborhood
of uniformly colored, black items than when the target
was presented near the other target. Thus, the main find-
ing from the experiment—that accuracy increased with the
spatial separation between the two targets—may wholly or
in part reflect variation in target—distractor discriminability
(the difficulty of distinguishing the two targets from the
distractors) caused by the variation in spatial separation.

As another example, in the study of Theeuwes et al.
(2004), the presence of an irrelevant color singleton reduced

the detectability (d”) of a target contained in a shape single-
ton, particularly when the irrelevant color singleton was
close to the target singleton. As was noted by the authors
themselves, the closer the singleton distractor was to the
singleton target, the less salient the singleton target might
become, so again the observed effect of spatial separation
may reflect variation in target—distractor discriminability
(the difficulty of distinguishing the target singleton from the
distractors) caused by the variation in spatial separation.

Similar arguments can be made with respect to the re-
sults of Kristjansson and Nakayama (2002), McCarley
et al. (2004), Mounts (2000, Experiment 1; but see Ex-
periment 4), and Mounts and Gavett (2004). The para-
digms require that targets are discriminated from distrac-
tors, and the reported positive effects of spatial separation
may reflect variation in target—distractor discriminability
(the difficulty of isolating the targets from the distractors)
caused by the variation in spatial separation.

Effects of target—distractor discriminability can be elim-
inated by using displays without distractors (target-only
displays). Two common paradigms suggest themselves:
(1) same—different comparison between the targets and
(2) whole report. Effects of spatial separation between two
patterns to be compared with respect to shape have been
investigated with both successively and simultaneously
presented patterns. Both positive and negative effects of
spatial separation have been observed, and the results ap-
pear to depend on the procedure used for comparing the
two patterns. For example, observers may use a procedure
of encoding one of the patterns in a pair as a mental image,
shifting the image by a process of mental translation
(translational displacement) to the location of the other
pattern and then testing for a match. When such a proce-
dure is used, the time taken by the comparison operation
seems to increase with the spatial separation between the
patterns to be compared (see Larsen & Bundesen, 1998,
for pertinent findings and a general review).

Whole report may be the best paradigm for investigat-
ing the effects of the spatial separation between stimuli
on their perceptibility, uncontaminated not only by varia-
tions in target—distractor discriminability (the difficulty of
determining which stimuli are targets), but also by varia-
tions in the difficulty of comparing two stimuli caused
by variations in their spatial separation. Surprisingly, al-
though the spatial separation between the items displayed
in a whole-report task is a major display parameter, few
studies have addressed its effects. There are data show-
ing that when strings of unrelated letters are presented
for whole report, the end letters are reported more often
than their neighbors and that when spaces are inserted into
strings, performance on adjacent letters is improved (e.g.,
Wolford & Hollingsworth, 1974). However, parametric
investigations of the effects of spatial separation between
stimuli presented for whole report seem not to have been
previously reported.

In this article, we describe direct measurements of the
effects of spatial separation between stimuli in whole re-
port of letters and words from briefly exposed displays. In
each experiment, stimulus eccentricity was kept constant.
In Experiment 1, we measured the effect of spatial separa-
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tion in whole report from displays of two capital letters.
Experiment 2 extended the investigation from pairs to tri-
ples of capital letters. In Experiment 3, we measured the
effect of spatial separation in whole report from displays
of two short words. Experiment 4 was similar to Experi-
ment 3, but one or both of the stimulus words could be
presented upside down (i.e., rotated 180° in the picture
plane). After the presentation of the four experiments, we
will propose a model of lateral masking (crowding) to
account for the results of the experiments. The model is
based on competitive interactions within receptive fields
(RFs) of cortical neurons.

EXPERIMENT 1
Report of Two Letters

In Experiment 1, we explored the effect of spatial sep-
aration in whole report from displays consisting of two
capital letters. The letters were presented on the periphery
of an imaginary circle centered on fixation. Exposures
were brief and postmasked.

Method

Participants. Eight students (3 males, 5 females) from the Uni-
versity of Copenhagen participated in the experiment. The partici-
pants served for payment (about 80 DKK, or $10/h) and were naive
with respect to the purpose of the experiment. All the participants
had normal or corrected-to-normal visual acuity.

Stimuli. The stimulus material consisted of all the capital letters
of the English alphabet except W. The letters were white (76.4 cd/
m?2) on a black (0.0 cd/m?) background and were printed in Arial
font type. The mean height and width of a letter were 18 and 13 mm,
respectively. At the viewing distance of 80 cm, the mean height of a
letter subtended 1.3° of visual angle (range, 1.2°-1.3°), and the mean
width of a letter subtended 0.89° of visual angle (range, 0.11°-1.4°).
A pattern mask was formed by superimposing all of the possible
stimulus letters upon each other, so that a pixel was included in the
mask if, and only if, the pixel was included in one or more of the
possible stimulus letters.

Each stimulus display showed a pair of letters. One of the letters
was located (i.e., centered both vertically and horizontally) at the
point of origin of the pair. There were 18 possible points of origin,
which were evenly spaced on the perimeter of an imaginary circle
centered at a small white fixation cross. Measured in the positive
(counterclockwise) direction from the 3 o’clock position, the possi-
ble points of origin were found at 0°, 20°, . . ., and 340°, respectively.
The other letter was located on the periphery of the same circle at
a (counterclockwise) directional center-to-center separation of 20°,
40°, 60°, 120°, or 180° from the former letter. The diameter of the
imaginary circle was 150 mm (11° of visual angle). The fixation
cross was continuously visible at the center of the screen during each
trial (see Figure 1).

Procedure. The experiment was run on a CRT controlled by an
IBM-compatible PC. The participants were seated at a viewing dis-
tance of 80 cm from the screen in a semidarkened room. A chinrest
was used to keep viewing distance constant during the whole experi-
ment. Responses were recorded via a computer keyboard placed in
front of the participants.

Before the actual experiment, a short practice session was run
with a stimulus exposure duration of 112 msec. On the basis of
performance during the practice session, the experiment was cali-
brated to the participant by setting the exposure duration of the
stimuli at a particular value between 41 and 69 msec. This ensured
that the performance of the participant was neither at ceiling nor
at floor.

Each trial began by presentation of the fixation cross. When ad-
equately fixated, the participant pressed a button to produce an im-
mediate exposure of the two stimulus letters. The (41- to 69-msec)
presentation of the two stimulus letters was immediately followed by
an 800-msec exposure of two pattern masks, one at each of the two
locations at which the letters had appeared.

After the masks had disappeared, two response windows (open
squares) were presented, one at each of the locations at which a letter
and a mask had appeared. The outline of one of the windows (cho-
sen at random) was brighter than the outline of the other one. The
participant first reported the letter that had appeared at the location
of the brighter window by pressing the corresponding letter key on
the keyboard, guessing whenever unsure (forced choice). The letter
that was typed appeared in the response window. When the letter
was typed, the response window became darker in outline, the other
response window became brighter, and the participant reported the
other letter by a similar procedure. The typing could be corrected
by retyping, using the space bar to toggle between the two response
windows. No time pressure was imposed. The participant terminated
the trial by pressing the return key of the keyboard. Short (2- to
3-min) breaks were allowed between blocks.

Design. For each trial, the two stimulus letters were drawn at ran-
dom, with replacement, from the set of 25 capital letters. The center-
to-center distance between the two letters was systematically varied
using the five different angles of directional separation (20°, 40°,
60°, 120°, and 180°), which corresponded to linear center-to-center
distances of 1.9°, 3.7°, 5.3°, 9.3°, and 10.7° of visual angle.

Trials were presented in three different types of blocks: near
blocks (N) using only directional separations of 20°, 40°, and 60°;

far blocks (F) using only separations of 60°, 120°, and 180°; and

mixed blocks (M) using all five directional separations.

In each block, each of the possible spatial separations was com-
bined once with each of the possible points of origin, which yielded
a total of 54 trials (3 separations X 18 points of origin) in each near
or far block and 90 trials (5 separations X 18 points of origin) in
each mixed block. The order of trials was random within blocks.

Figure 1. Sample stimulus display from Experiment 1. The
dotted circle and rectangles were not visible in the display. The
rectangles around letters R and A show the maximum vertical
and horizontal extents of the letters at the indicated locations. The
four empty rectangles show other locations where the R could
have appeared given that (1) the A appeared at the 3 o’clock lo-
cation and (2) the spatial separation was measured from A to R.
Note that in the stimulus display, the letters were printed in white
on a black background.
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Each participant completed four blocks of each type. The order
of the three different block types was counterbalanced across par-
ticipants, using the following four sequences: NNFFFFNNMMMM,
FFNNNNFFMMMM, MMMMNNFFFFNN, and MMMMFF-
NNNNFFE. Each of the four sequences was used for 2 participants.

RESULTS

The main results of Experiment 1 are shown in Fig-
ure 2. To test for possible effects of block type (near, far,
or mixed), 2 two-way (block type X spatial separation)
repeated measures ANOVAs were done.! For the compari-
son between near and mixed blocks (for the three smaller
spatial separations), the main effect of block type was not
significant (F < 1), nor was the interaction between block
type and spatial separation significant (F < 1). Similarly,
for the comparison between far and mixed blocks (for the
three larger spatial separations), the main effect of block
type was not significant (F < 1), nor was the interaction
between block type and spatial separation significant
[F(2,14) = 3.14, p = .08]. Accordingly, the results from
the three types of blocks were combined.

Averaged across the three types of blocks, the propor-
tion of correct responses was a monotonically increasing,
decelerating function of the spatial separation (visual
angle) between the two stimulus letters (see Figure 2). By
a one-way repeated measures ANOVA, the effect of spa-
tial separation was highly significant [F(4,28) = 13.30,
p < .001]. The linear trend for the effect of spatial sepa-
ration was also significant [F(1,7) = 33.13, p < .005].
By Bonferroni-corrected pairwise comparisons, just two
pairwise differences reached the .05 level of significance:
the difference between the smallest and the largest spatial
separation and the difference between the smallest and the
second-largest spatial separation. However, the linear ef-
fect shown by the trend analysis remained significant when
the data for the smallest spatial separation were excluded
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Figure 2. Proportions of correctly reported letters as a func-
tion of the spatial separation (degrees of visual angle) between
the stimuli in Experiment 1. Results from near, far, and mixed
blocks are shown by squares, triangles, and circles, respectively.
The overall means are indicated by unmarked points connected
with straight lines.

[F(1,7) = 11.75, p < .05] and, again, when both the data
for the smallest and the data for the second-smallest sepa-
rations were excluded [F(1,7) = 6.70, p < .05].

EXPERIMENT 2
Report of Three Letters

In Experiment 2, we explored the effect of spatial sepa-
ration in whole report from brief displays consisting of
three capital letters (a center letter and two flankers). The
letters were presented on the periphery of an imaginary
circle centered on fixation so that the flankers were located
at the same distance but in opposite directions (clockwise
vs. counterclockwise) from the center letter. The spatial
separation associated with the triple was defined as the
separation between the center letter and each of the flank-
ers. The spatial separation was varied in smaller steps than
in the previous experiment, and performance on the center
letter was compared with performance on the flankers.

Method

The method was the same as that used in Experiment 1, except
when noted.

Participants. Six students (2 males, 4 females) from the Uni-
versity of Copenhagen participated in the experiment. One of the
participants had previously participated in Experiment 1.

Stimuli. The stimulus material was the same as that in Experi-
ment 1, and the stimuli were again presented at the perimeter of an
imaginary circle, with a diameter of 150 mm (11°), centered on fixa-
tion. However, in Experiment 2, each stimulus display showed three
letters instead of two.

Procedure. The duration of stimulus exposure varied between
69 and 96 msec across participants. The presentation of the three
stimulus letters was followed by a 700-msec exposure of three pat-
tern masks, one at each of the three locations at which the letters
had appeared. Following the pattern masks, three response windows
(open squares) were presented in a row at the center of the screen.
Contrary to the procedure used in Experiment 1, the participants
were instructed to report the identities of the three letters without
regard to their locations in the display. We adopted this method, in-
stead of report by location as in Experiment 1, due to the increased
difficulty of remembering three, rather than two, letters.

Design. For each trial, the 3 stimulus letters were drawn at ran-
dom, without replacement, from the set of 25 capital letters. One
member of the letter triple was designated the center letter and was
located at one of the 18 possible points of origin on the perimeter
of the imaginary circle centered on fixation. The 2 remaining letters
(flankers) were located at the same distance but in opposite direc-
tions (clockwise vs. counterclockwise) from the center letter, and
the directional separation associated with the triple was defined as
the positive-valued directional separation between a center letter and
a flanker. Eight directional center-to-center separations were used:
20°, 26°, 34°, 40°, 60°, 80°, 100°, and 120°, corresponding to linear
center-to-center distances of 1.9°,2.4°, 3.1°,3.7°, 5.3°,6.9°, 8.2°, and
9.3° of visual angle (see Figure 3).

As in Experiment 1, the eight different separations were factori-
ally combined with the 18 possible points of origin, yielding 144
trials per block. Each participant participated in four experimental
blocks.

Results

The main results of Experiment 2 are shown in Fig-
ure 4. For each level of spatial separation between center
letter and flankers, the proportion of correct responses
was lower for the center letter than for the flankers; but
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Figure 3. Sample stimulus display from Experiment 2. The
dotted circle and rectangles were not visible in the display. The
rectangles around letters R, A, and S show the maximum vertical
and horizontal extents of letters at the indicated locations. The 14
empty rectangles show other locations where the letters R and S
could have appeared, given that the center letter, A, appeared at
the 3 o’clock location.

for both the center letter and the flankers, the proportion
of correct responses increased with the spatial separation.
A two-way relative position (central vs. flanking) X spa-
tial separation repeated measures ANOVA substantiated
these conclusions by showing a significant main effect of
relative position [F(1,5) = 64.93, p < .001] and a signifi-
cant main effect of spatial separation [F(6,30) = 11.93,
p < .001], in addition to a significant interaction between
relative position and spatial separation [F(6,30) = 5.96,
p < .001]. The linear trend of the effect of spatial separa-
tion also reached significance [F(1,5) = 15.43, p < .05].
Data for the largest spatial separation were excluded from
the analysis because, in this condition, the spatial separa-
tion between the two flankers was no larger than the spa-
tial separation between the center letter and the flankers
(i.e., there was no real difference between center letter and
flankers). By separate one-way ANOVAs of the data for
the center letter and the flankers, respectively, the effect of
spatial separation remained significant [for the center let-
ter, £1(6,30) = 11.03, p <.001; for the flankers, F(6,30) =
4.53, p < .005]. The linear trend in the effect of spatial
separation also remained significant for the center letter
[F(1,5) = 27.51, p < .005], although not for the flankers
[F(1,5) = 3.65,p = .11].

Discussion of Experiments 1 and 2

In Experiment 1, we measured the effect of spatial sep-
aration in whole report from brief displays consisting of
two capital letters. The proportion of correct responses
(the probability that a letter was correctly reported) was

found to be a strictly increasing, decelerating function of
the spatial separation (visual angle) between the two let-
ters. In Experiment 2, we investigated whole report from
displays consisting of three capital letters (a center letter
and two flankers). As was expected from previous studies
of lateral masking in whole report (e.g., Wolford & Hol-
lingsworth, 1974), the decrement in performance found at
small spatial separations was stronger for the center letter
than for the flankers. However, for both the center letter
and the flankers, the proportions of correct responses ap-
peared to be increasing, decelerating functions of spatial
separation.

Experiments 3 and 4 were done to test the generality
across stimulus materials of the effects of spatial sepa-
ration found in Experiments 1 and 2. Visual recognition
of words is more complex than recognition of single let-
ters, and recognition of disoriented words is particularly
difficult. Experiment 3 was done with words presented
in their normal, upright position, and Experiment 4 with
a mixture of upright words and words presented upside
down (i.e., rotated 180° in the picture plane).

EXPERIMENT 3
Report of Two Words

Experiment 3 was similar to Experiment 1, except that
each stimulus display showed a pair of common three-
letter words, instead of a pair of letters.

Method

The method was the same as that used in Experiment 1, except
when noted.

Participants. Seven students (2 males, 5 females) from the Uni-
versity of Copenhagen participated in the experiment. Two of the
participants had previously participated in Experiment 2.

Stimuli. Each stimulus display showed two lowercase three-letter
words presented in white on a black background. The two words
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Figure 4. Proportions of correctly reported letters as a func-
tion of the spatial separation (degrees of visual angle) between
the stimuli in Experiment 2. Results for the center letter and the
flankers are shown by circles and squares, respectively. The aver-
age proportion correct at the largest spatial separation is shown
by a diamond shape.



were drawn at random, without replacement, from a set of 25 com-
mon Danish words: alt, bag, dag, dig, din, dog, far, for, god, gor, gar,
her, hos, liv, mit, mor, nok, nye, par, sad, ser, sit, tid, tog, and tre.
The mean height and width of a stimulus word were 18 mm (1.3° of
visual angle; range, 0.92°-1.5°) and 36 mm (2.6°; range, 1.5°-3.3°),
respectively. A pattern mask was constructed by superimposing all
of the 25 stimulus words upon each other.

Procedure. The duration of stimulus exposure varied between
150 and 206 msec across participants. The presentation of the two
stimulus words was followed by a 1,200-msec exposure of two pat-
tern masks, one at each of the two locations at which the words had
appeared. Following the pattern masks, two response windows (open
rectangles) were presented, one at each of the locations at which a
word and a mask had appeared. As in Experiment 1, the two words
were reported by typing each word in the response box presented at
the location at which that word had appeared. As before, the partici-
pants were instructed to guess whenever unsure (forced choice).

Design. In each stimulus pair, one of the stimulus words was lo-
cated at 1 of the 18 possible points of origin on the perimeter of the
imaginary circle centered on fixation. The other word was separated
from the former by a directional center-to-center distance of 40°,
60°, 90°, 120°, or 180°, corresponding to a linear distance of 3.7°,
5.3°,7.6° 9.3° or 10.7° of visual angle, respectively (see Figure 5).
The five separations were factorially combined with the 18 points
of origin, yielding a total of 90 trials per experimental block. Each
participant participated in four blocks.

Results

As in the prior experiments, the proportion of correct
responses across the two stimulus words was an increas-
ing function of the spatial separation (visual angle) be-
tween the two stimuli (see Figure 6; note that the smallest
center-to-center distance represented in Figure 6 is com-
parable to the second-smallest center-to-center distance
represented in Figure 2 and the fourth-smallest distance
represented in Figure 4). By a one-way repeated measures
ANOVA, the effect of spatial separation was significant
[F(4,24) = 6.17, p < .005]. The linear trend for the effect

Figure 5. Sample stimulus display from Experiment 3. The dot-
ted circle and rectangles were not visible in the display. The rect-
angles around the stimulus words mit and dag show the maximum
vertical and horizontal extents of words at the indicated locations.
The four empty rectangles show other locations at which mit could
have appeared, given that (1) dag appeared at the 3 o’clock loca-
tion and (2) the spatial separation was measured from dag to mit.
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Figure 6. Proportions of correctly reported words as a function
of the spatial separation (degrees of visual angle) between the
stimuli in Experiment 3.

of spatial separation also reached significance [F(1,6) =
10.14, p < .05].

EXPERIMENT 4
Report of Rotated Words

Experiment 4 was similar to Experiment 3, except that
one or both of the stimulus words could be presented up-
side down.

Method

The method was the same as that used in Experiment 3, except
when noted.

Participants. Five students (2 males, 3 females) from the Uni-
versity of Copenhagen participated in the experiment. All of the
participants had previously participated in Experiment 3.

Stimuli. The stimulus displays were the same as those in Experi-
ment 3, but one or both of the stimulus words could be presented
upside down (i.e., rotated 180° in the picture plane).

Design. Each of the four experimental blocks run with each par-
ticipant comprised a total of 270 trials, representing the factorial
combinations of 18 points of origin X 5 spatial separations X 3 rota-
tion conditions (viz., both words upright, one word rotated and the
other upright, and both words rotated).

Results

The results of Experiment 4 are shown in Figure 7.
For each level of spatial separation between the stimulus
words, the proportion of correct responses was (1) rela-
tively high for an upright word that was accompanied by
an upright word, (2) lower for an upright word accompa-
nied by a rotated word, (3) still lower for a rotated word
accompanied by an upright word, and (4) lowest for a ro-
tated word accompanied by another rotated word. But for
each of these four conditions, the proportion of correct
responses increased with the spatial separation. A two-
way (orientation condition X spatial separation) repeated
measures ANOVA substantiated these conclusions by
showing both a significant main effect of orientation con-
dition [F(3,12) = 18.47, p < .001] and a significant main
effect of spatial separation [F(4,16) = 6.04, p < .005].
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Figure 7. Proportions of correctly reported words as a func-
tion of the spatial separation (degrees of visual angle) between
the stimuli in Experiment 4. The results are separately shown for
upright words accompanied by upright words (circles), upright
words accompanied by rotated words (filled squares), rotated
words accompanied by upright words (open squares), and rotated
words accompanied by rotated words (triangles).

The linear trend for the effect of spatial separation also
was significant [F(1,4) = 11.88, p < .05].

Discussion of Experiments 3 and 4

Like Experiment 1 on whole report of letters, Experi-
ments 3 and 4 showed that the wider the spatial separa-
tion between two words to be reported, the more accurate
was the report. This was true whether the words were pre-
sented in their normal, upright position (Experiment 3)
or one or both of the words were presented upside down
(Experiment 4).

A MODEL OF LATERAL MASKING
(CROWDING)

We propose a model of lateral masking (crowding) to ac-
count for the results of our experiments. In addition to pro-
viding qualitative explanations for the observed effects of
spatial separation in Experiments 1-4, the model provides
quantitative predictions for the effects of spatial separation
in whole report of small objects such as the stimulus letters
in Experiments 1 and 2. The model builds on the theory
of visual attention (TVA) proposed by Bundesen (1990)
and the neural interpretation of TVA (NTVA) proposed
by Bundesen, Habekost, and Kyllingsbak (2005). It also
incorporates ideas from the biased competition model of
Desimone and Duncan (1995) and the CODE theory of vi-
sual attention (CTVA) developed by Logan (1996; see also
Bundesen, 1998a, 1998b; Logan & Bundesen, 1996).

In the model we propose, stimuli compete for represen-
tation within the RFs of neurons in many cortical visual
areas (cf. Desimone & Duncan, 1995; Moran & Desi-
mone, 1985). Competition takes place when two or more
stimuli are present in the RF of the same neuron, and it
is a winner-take-all process. Thus, each neuron comes to

represent only one of the stimuli in its RF on any given
trial (see Bundesen et al., 2005).

Lateral masking is generated by competition between
stimuli for representation in cortical neurons with RFs
that are limited in size. In cortical areas with neurons
whose RFs individually cover the entire visual field, the
competition between stimuli to become represented by the
neurons are independent of the spatial separation between
the stimuli. However, in cortical areas with neurons whose
RFs are limited in size, stimuli close to each other will
induce competition in a larger number of neurons than
will stimuli that are far apart. The effect of the competi-
tion will be especially strong for stimuli with many close
neighbors. Conversely, stimuli without close neighbors
get little or no competition from other stimuli. Thus, in
cortical areas with neurons whose RFs are limited in size,
the number of neurons in which a stimulus becomes repre-
sented increases with increasing spatial separation of the
stimulus from other stimuli (see Figure 8).

Formulas

Consider the probability P that a stimulus x is correctly
reported as an object of category i (e.g., a token of letter
type i) in whole report from a briefly exposed display of a set
of stimuli, S. Let the number of stimuli in S be less than the
capacity of visual short-term memory and assume that false
identifications (misperceptions) of x are so rare that they can
be neglected. In TVA, then, probability P is given by

w
X

2w,

ze§

P=1-exp|-n(x.)f, <> 17|,

(1)

where 7(x, i) is the strength of the sensory evidence that
stimulus x belongs to category i, 3; is a decision bias as-
sociated with category i, w, is the attentional weight of
stimulus x, and 7 is the effective exposure duration.
In NTVA, the value of the expression
WX

n(x,i)p; S w
zeS :

is proportional to the total activation of neurons represent-
ing the categorization that stimulus x belongs to category i
atalevel of processing at which the classical RFs of neurons
are so large that each one covers the entire stimulus display.
Now, to account for lateral masking, we assume that the
rate of activation of each individual neuron representing
that stimulus x belongs to category i is an increasing func-
tion of the number of those neurons in a certain lower level
cortical area from which the given neuron receives critical
information about x. Formally, we assume that

‘ L NI
i) = M ()
a +N

X

)

where N, is the number of neurons representing stimulus x
in the given lower level cortical area, a > 0, and n > 0. [By
Equation 2, #(x, i) is an increasing function of N,, whose
shape is determined by parameters a and n. As N, increases
from 0 toward infinity, 5(x, 7) increases from 0 toward a
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Figure 8. Graphical illustrations of the model of lateral masking.
The top-left panel of the figure shows a cylindrical receptive field
(RF) function f'with radius s and a height of 1. The other three pan-
els are illustrations of experimental conditions with spatial separa-
tions between the stimuli that are large (top-right panel), medium
(bottom-left panel), and small (bottom-right panel). The stimuli are
depicted as points positioned on the periphery of an imaginary cir-
cle (dotted circle) centered at fixation. The circular area around a
stimulus shows the set of possible locations of RF centers of neurons
that have the given stimulus within their RF. Thus, the intersection
between two overlapping circles—one for each of two stimuli—
shows the set of possible locations of RF centers of neurons with
both stimuli within their RFs, and the intersection between three
overlapping circles—one for each of three stimuli—shows the set
of possible locations of RF centers of neurons with all three stimuli
within their RFs. Areas within which three stimuli compete for
representation in each neuron are cross-hatched, areas where two
stimuli compete for representation in each neuron are diagonally
hatched, and areas where no competition occurs are white.

value of #,,,«(x, £). The function reaches a value of #,,,,(x,
i)/2 at N, = a. For n > 1, the function is sigmoid.]

Because neurons in the lower level area have RFs that
are limited in size, N, depends on both the shape of the
RFs and the spatial configuration of the stimuli in the
display. The RFs of neurons in a given cortical area are
assumed to be circular with the same radius s and with
centers distributed across the visual field with a certain
density p.2 The same RFs can be represented by cylindri-
cal indicator functions with radius s and a height of 1 (see
Figure 8). In the Appendix, we derive a general formula
(Equation A1) for the expected value of N, for a stimulus
x in a display with a certain configuration. The formula
presupposes that x is a small object (e.g., an individual
letter), so that, to a reasonable approximation, x can be
regarded as being inside the RF of a given neuron if, and
only if, the centroid of x is located inside the RF.

Define N, = N, /p and a’ = alp. For a display with
a given configuration of stimulus objects, Equation A1l
gives N as a function of (1) a set of indicator functions
(fs f.» f-) corresponding to RFs and (2) the attentional
weights (w,, w,) of the stimuli. Given that the indicator

functions are cylindrical with the same radius s, and as-
suming that attentional weights are the same for all objects
in the set of stimuli S, the equation gives Ny, as a function
of 5. Equation 2 can be rewritten as

(v,)
() +(N7)

so jointly, Equations 2 and A1 yield #(x, i) as a function of
Nmax(X, 1), @”, n, and s. Given that attentional weights are

the same for all objects in S, the ratio
w
X

2w,

zeS

N(X,1) = Ty (X57)

on the right-hand side of Equation 1 equals 1/2 for the dis-
plays used in Experiment 1 and 1/3 for the displays used in
Experiment 2. Accordingly, for either experiment, Equa-
tions 1, 2, and Al give the probability P that a stimulus
letter x is correctly reported as a function of curve-shape
parameters @’ and n, RF radius s, and a parameter given
by the product 7,,,.(x, V)B;T.

Fits

Figure 9 shows fits of the model to the group data from
Experiments 1 and 2. Although the groups of participants
differed between the two experiments, both RF radius s and
curve-shape parameter » were constrained to be the same.
The fits were obtained with radius s at a value of 29° of
visual angle, parameter n at 18.5, parameter ¢ at a value
of 493 in Experiment 1 and 699 in Experiment 2, and the
product 77, (x, 1)B;T at a value of 2.87 in Experiment 1 and
4.32 in Experiment 2. As can be seen, the model predicts
both the general pattern of results in Experiment 1 and the
dramatic drop in performance for the center, as compared
with the flanking letters at small spatial separations, in Ex-
periment 2. The estimated value of the RF radius s is well
within the range of RF sizes reported for neurons in the
inferotemporal cortical visual area of macaque monkeys
(see, e.g., Desimone & Gross, 1979; Desimone & Unger-
leider, 1989; Kastner et al., 2001). This area contains neu-
rons that appear to respond preferentially to visual forms
of approximately the same complexity as individual letters
(see, e.g., Tanaka, Saito, Fukada, & Moriya, 1991).

GENERAL DISCUSSION

Achievements

The way the perceptibility of a visual stimulus is re-
duced when the stimulus is flanked by other stimuli (lat-
eral masking, crowding) has previously been investigated
with a number of techniques, including partial report and
comparison between simultaneously presented stimuli. As
was pointed out in the introduction, the effects of spatial
separation between stimuli shown by these techniques may
reflect not only variations in perceptibility of the target
stimuli, but also correlated variations in such factors as
the difficulty in determining which stimuli are targets in
partial report and the difficulty of the comparison opera-
tion implicated in stimulus comparison tasks. To eliminate
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Experiment 1: Two Letters
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Figure 9. Fits by the model of lateral masking to the results of
Experiments 1 and 2. The observed data (circles and squares) are
replotted from Figures 2 and 4. The predictions of the model are
shown by smooth curves (solid lines).

both the effects of variations in target—distractor discrim-
inability and the effects of variations in the difficulty of
comparison operations, we measured the effect of spatial
separation between stimuli in a whole-report paradigm.
Although whole report is a major paradigm in the study
of visual cognition (see, e.g., Bundesen, 1996; Shibuya &
Bundesen, 1988; Sperling, 1960, 1963, 1967; Townsend
& Ashby, 1983, chap. 11; see also Cattell, 1885; Erdmann
& Dodge, 1898), parametric investigations of the effect
of spatial separation between stimuli presented for whole
report seem not to have been previously reported.

In this article, we have presented four experiments
providing direct measurements of the effects of spatial
separation between stimuli in whole report of letters and
words from briefly exposed displays. In each experiment,
stimulus eccentricity was kept constant (at about 5°—6°). In
all four experiments and in every experimental condition,
accuracy was found to be an increasing function of spatial
separation. The increase was weak for items separated by
more than a few degrees, but the lateral interference was
long-ranging.

In Experiment 1, the displays contained just two capital
letters. In degrees of visual angle, the mean height of a letter
was 1.3° and the mean width was 0.9°. The proportion of
correctly reported letters was found to be a strictly increas-
ing, decelerating function of the spatial separation (visual
angle) between the stimulus letters for center-to-center sep-
arations ranging from less than 2° to more than 10°.

In Experiment 2, the displays contained three capital
letters (a center letter and two flankers). The decrement in
performance found at small spatial separations was stron-
ger for the center letter than for the flankers (cf. Wolford
& Hollingsworth, 1974). However, for both the center let-
ter and the flankers, the proportions of correct responses
again appeared to be strictly increasing, decelerating func-
tions of spatial separation.

Experiments 3 and 4 tested the generality of our find-
ings with other types of stimulus materials. Experiment 3
was similar to Experiment 1, except that each stimulus
display showed a pair of common, lowercase three-letter
words, instead of a pair of capital letters. The mean height
of a word was 1.3°, and the mean width was 2.6°. As in
the prior experiments, accuracy appeared to be a strictly
increasing function of the spatial separation (visual angle)
between the stimulus words as the center-to-center separa-
tion was varied from 3.7° to more than 10°.

Experiment 4 was similar to Experiment 3, except that
one or both of the stimulus words could be presented
upside down (i.e., rotated 180° in the picture plane). Ac-
curacy was high for an upright word accompanied by an
upright word, lower for an upright word accompanied by
a rotated word, still lower for a rotated word accompanied
by an upright word, and lowest for a rotated word accom-
panied by a rotated word. However, in each orientation
condition, accuracy appeared to be a strictly increasing
function of the spatial separation. Thus, for each type of
stimulus material we tested, accuracy of whole report in-
creased monotonically with the spatial separation between
the items to be reported.

We proposed a model of lateral masking (crowding)
based on NTVA (Bundesen et al., 2005) to account for the
results of our experiments. In this model, lateral masking
is generated by competition between stimuli for represen-
tation in neurons with relatively small RFs. Whole-report
performance is based on processing in high-level neurons
whose RFs individually cover the entire visual field. To
explain how lateral masking affects whole-report perfor-
mance, the model assumes that the rate of activation of
a high-level neuron representing that stimulus x belongs
to category i is an increasing, S-shaped function of the
number of those neurons in a certain lower level cortical
area from which the high-level neuron receives critical in-
formation about x. Because neurons in the lower level area
have RFs that are limited in size, the number of lower level
neurons representing stimulus x increases with the spatial
separation of stimulus x from other, competing stimuli.

In addition to providing qualitative explanations for the
observed effects of spatial separation in Experiments 1-4,
the model provided quantitative predictions for the effects
of spatial separation in whole report of small objects, such
as the stimulus letters in Experiments 1 and 2 (objects so
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small that, to a reasonable approximation, they could be
regarded as being inside the RF of a given neuron if, and
only if, their centroids were located inside the RF). With
four free parameters, the model predicted both the general
pattern of results in Experiment 1 and the dramatic drop in
performance for the center, as compared with the flanking
letters at small spatial separations, in Experiment 2.

In all four experiments, performance was limited by the
duration of stimulus exposure (i.e., resource limited, in the
sense of Norman & Bobrow, 1975). Informal experimenta-
tion showed that with long exposure durations, performance
was essentially perfect. Our model is consistent with this
observation. By Equation 1, the probability P that a stimu-
lus x is correctly reported as an object of category i (e.g., a
token of letter type i) tends toward a value of 1 as the effec-
tive exposure duration, 7, tends toward infinity. Since lateral
masking (crowding) is explained by sharing of resources, the
model is attentional. At the same time, as Pelli et al. (2004)
would have it, the spatial extent of lateral masking (the criti-
cal spacing of crowding) is “a preattentive limitation, unaf-
fected by attentional manipulations” (p. 1160).

Limitations

Our present model assumes no limitations with re-
spect to the spatial resolution of attentional weighting (cf.
Intriligator & Cavanagh, 2001) or feature integration (cf.
Pelli et al., 2004). Presumably, however, there are both
(1) limitations on how fine-grained in space attentional
weighting can be (e.g., limitations on the spatial resolution
of a map of attentional weights; Bundesen et al., 2005)
and (2) lower bounds on the spatial extent of those areas
(integration fields; Pelli et al., 2004) over which features
are integrated (e.g., by being embedded in feedback loops
gated by object units in a visual short-term memory map;
Bundesen et al., 2005). Such limitations may explain
cases in which lateral masking (crowding) is observed
even when viewing time is unlimited (data-limited per-
formance, in the sense of Norman & Bobrow, 1975; see
Townsend, Taylor, & Brown, 1971, for an early demon-
stration of lateral masking for letters with unlimited view-
ing time; see Pelli et al., 2004, for a recent review).
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NOTES

1. All accuracy data (proportions of correct responses) were arcsin
transformed to stabilize the variances before the ANOVAs were per-
formed (see Winer, Brown, & Michels, 1991, pp. 354-358).

2. These assumptions are only rough approximations. For instance,
peripheral vision shows strong anisotropies. Typical RFs of cells in the
striate cortex are elongated and have a radial orientation bias. In line with
this, Toet and Levi (1992) found that the spatial extent of lateral masking
was two to three times larger for items arrayed radially (relative to fixa-
tion), as compared with items arrayed with the same eccentricity.

APPENDIX
Computation of NV,

Here, we derive a general formula for the expected number of neurons representing a small object x (e.g., an
individual letter) in a given cortical visual area. Consider the array of RF centers of all neurons in the given corti-
cal area. This array forms a distribution of points across the 2-D visual field. To a first approximation, the density
of the points (i.e., the number of points per unit solid angle) is assumed to be constant across the visual field.
For specificity, we assume that the points are distributed in accordance with a 2-D Poisson process with density
p. This assumption implies that (1) the numbers of points in nonoverlapping regions are independent random
variables and (2) the number of points in a region with area 4 is Poisson distributed with a mean of p4.

The expected number of neurons with RF centers within a small piece of area d4 equals pdA. The probability
that a neuron whose RF contains object x represents object x, rather than representing any other objects in its

RF, equals

WX
> ow,’

ueJU{x}

where J is the set of objects other than x in the RF (see Bundesen et al., 2005). The expected number of neurons
that have RF centers in d4 and represent object x is given by the product

WX
X W,

ueJ U{x}

pdA.

The expected number of neurons representing object x, NV,, is found by integrating this product across the relevant
part of the visual field, keeping track of the way in which J varies across the field. The details are as follows.

For any small object x and any point Q in the visual field, let the indicator function f, take on a value of 1 at the
point Q if object x lies within the RF of a neuron with RF center at O, and let f, = 0 at Q if object x lies outside
the RF of a neuron whose RF is centered at Q. The integration shall be done across that part of the visual field
in which f; = 1. The value of J to be used at a particular location is that value for which

I1s TII

veJ = zeS-J-{x}

(1=1)=1

where S is the set of all stimuli in the display. The possible values of J are all possible subsets of S—{x} (i.e.,
the elements in the power set of S—{x}). Letting P(S—{x}) stand for the power set of S—{x}, we get the general

formula

N =
f21TeP(S—{x})ves

zeS—J-{x}

=0 X Ir I (l—f:)%

pdA (A1)

u
ueJU{x}

for the expected number of neurons representing object x in the given cortical visual area.
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