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Abstract Views of natural scenes unfold over time, and
objects of interest that were present a moment ago tend to
remain present. While visual crowding places a fundamental
limit on object recognition in cluttered scenes, most studies of
crowding have suffered from the limitation that they typically
involved static scenes. The role of temporal continuity in
crowding has therefore been unaddressed. We investigated
intertrial effects upon crowding in visual scenes, showing that
crowding is considerably diminished when objects remain
constant on consecutive visual search trials. Repetition of both
the target and distractors decreases the critical distance for
crowding from flankers. More generally, our results show how
object continuity through between-trial priming releases ob-
jects that would otherwise be unidentifiable due to crowding.
Crowding, although it is a significant bottleneck on object
recognition, can be mitigated by statistically likely temporal
continuity of the objects. Crowding therefore depends not
only on what is momentarily present, but also on what was
previously attended.
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On a crowded basketball court, teammates must be found and
opponents avoided. Team colors are key features remaining
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constant while the players move around. While visual
crowding may impair recognition of objects (and teammates)
in such cluttered scenes (Levi, 2008; Pelli & Tillman, 2008;
Whitney & Levi, 2011) the impact of crowding on object
recognition is typically studied with individual static scenes.
But views of natural scenes unfold over time, and objects of
interest that were present a moment ago tend to remain pres-
ent. No studies of crowding have systematically examined
whether visual processing at one moment modulates recogni-
tion in subsequent cluttered scenes.

Effects of continued task relevance have been examined in
visual search tasks (Maljkovic & Nakayama, 1994). When the
same visual search repeats, performance is improved (see
Kristjansson & Campana, 2010; Lamy & Kristjansson,
2013, for reviews). Such priming effects are surprisingly
large, modulating response times and accuracy by as much
as 30 %. According to most accounts, priming reflects facil-
itated attention shifts (Becker; Chun & Nakayama, 2000;
Kristjansson & Nakayama; Lamy, Antebi, Aviani, & Carmel,
2008). Priming effects have been observed during very brief
presentation, excluding any role of response facilitation
(Asgeirsson, Kyllingsbak, Kristjansson, & Bundesen, 2012;
Sigurdardottir, Kristjansson, & Driver, 2008; Yashar & Lamy,
2010). Additionally, priming effects are fundamentally bound
to attentional selection (Brascamp, Blake, & Kristjansson,
2011; Goolsby & Suzuki, 2001).

Yeshurun and Rashal (2010) reported increased identifica-
tion accuracy from attentional precues for a target stimulus
appearing among flankers (see also Dakin, Bex, Cass, & Watt,
2009; Freeman & Pelli, 2007; Strasburger, 2005). The cue
reduced the critical distance for crowding indicating that at-
tention reduces the spatial extent of crowding.

If attention modulates crowding, we should therefore ex-
pect attentional priming to modulate crowding. The prediction
is straightforward: the more often the same search type re-
peats, interference from flankers upon search performance
will be diminished. Here, we asked whether crowding from
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flankers is affected when the visual search targets to be
attended and distractors to be avoided are constant between
trials. Visual search trials were interspersed with crowding
trials (see Fig. 1A). Observers located the oddly colored
grating (red or green) and determined its orientation among
three distractors of the other color (70-ms unmasked
presentation). On 35 % of the trials, task-irrelevant flankers
appeared along with the search items (crowding trials) on the
same radial line from fixation as the target and distractors (at
variable distances from the target). Since priming typically
builds up gradually and is larger the more often that search
repeats (see, e.g., Kristjansson, 2008; Maljkovic &
Nakayama, 1994), a second prediction was that effects upon
crowding should decrease with more priming. If crowding is
not a temporally independent process, then previous informa-
tion (i.e., priming) about object properties should result in

a

diminished crowding with increased priming. In Experiment
1, the target and distractors swapped roles between trials.
Since target and distractor repetition have dissociable effects
upon attentional priming (Kristjansson & Driver, 2005, 2008;
Lamy et al., 2008), in Experiments 2 and 3 we addressed the
independent influence of target and distractor repetition on
crowding.

Experiment 1
Method
Observers searched for an odd-color-out target among three

distractors (Fig. 1). On 65 % of the trials, only search items
appeared, whereas four flankers appeared along with them on
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Fig. 1 Experimental design and results from Experiment 1. (A)
Three possible consecutive search trials: on the right a crowding trial
with flankers, following two search-only trials. The preceding trials
share target and distractor colors with the crowding trial. The four
flankers appear along with the search display on trial N. The items
are not drawn to scale, and target and distractor locations were not
predictable, except that they were always 90 radial degrees apart,
whereas locations on the imaginary circle varied randomly. When
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Flanker distance (arc deg)

Search repetitions

flankers appeared (on 35 % of the trials), they appeared on the same
four radial axes from center as the target and distractors. (B) Average
percents correct on crowding trials as a function of how often the
same search type repeated. The dots denote the average percents
correct on no-flanker trials. (C)Probit fits to the mean percent correct
scores for the 12 observers, as a function of search repetition. (D)
Average thresholds, estimated from the individual psychometric
functions
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the other 35 % (see Fig. 1A). We assessed how crowding was
influenced by the number of similar search trials (with con-
stant target and distractors) preceding each crowding display.

Participants A group of 12 naive observers (eight female)
participated in 600 trials. All had normal or corrected-to-
normal vision.

Stimuli On search-only trials, four 1.8° disks (viewing dis-
tance = 60 cm) containing stripes oriented +45° away from
vertical appeared (see Fig. 1A). The target was the oddly
colored item (either red [41 cdm ™ ] or green [56 cdm 2 ]),
and the three other items of opposite color were distractors.
Observers indicated by a keypress whether the target was
oriented left or right from vertical. The search items appeared
on an imaginary circle (radius from the center was 8°), with
90 radial degrees separating them. The phase on the imagi-
nary circle varied randomly, so that the target and distractor
locations were never predictable. On 35 % of trials, randomly
colored striped disks (flankers) appeared on the same radial
axes as the search items, but closer to fixation (by 1.9°, 2.7°,
3.5°,4.3, 5.1°, or 5.9° from the target, center-to-center, deter-
mined randomly for each trial), oriented randomly left or
right. Crowding shows a tangential/radial asymmetry (Toet
& Levi, 1992), so the flankers were presented on the same
radial axes as the search items. The flankers had random
colors (blue [37 cdm™2 ], purple [39 cdm > ], yellow [98
cdm? ], and orange [62 cdm ], one of each). The stimuli
appeared on a 15-in., 85-Hz CRT display controlled by a G4
Macintosh. The displays were programmed in C utilizing the
VisionShell functions.

Procedure A trial started with central fixation, followed 1,
000—1,400 ms later by the search display, appearing for 70 ms
(unmasked). Observers judged by keypress whether the
stripes on the oddly colored target were oriented left or right
from vertical. To increase the number of consecutive identical
search trials above chance, the probability of repetition was
determined by p(rep) = 1 — (24— \N), where N denotes the
number of previous presentations of the same target color. On
average, 64.2 crowding trials were presented following a
search color change for each observer, 54.3 following one
search repetition, 43.5 following two repetitions, and 51.6
following three or more repetitions. Observers were to ignore
the flankers on crowding trials. A chinrest stabilized their
heads throughout.

Results

The mean percents correct for crowding and no-crowding trials
are presented in Fig. 1B. Performance was around 80 % with
flankers but 96 % without [paired #(11) = 6.55, p < .001].

More importantly, the more often a certain search was repeat-
ed, the smaller the crowding effect from the flankers. The
effect of repetition upon accuracy was significant [F'(3, 33) =
7.18, p < .001]. The significant differences were between no
and two [#(11) = 3.88, p = .003], no and three [¢#(11) = 5.69;
p <.001], and one and three [#(11) = 4.63, p < .001] repeti-
tions, while the differences between no and one and between
three and four repetitions were not significant (p > .05). We
also tested for priming effects upon response times on the
search-only trials finding a significant effect of search repeti-
tion [F(3, 33) =12.2, p =.001].

Any increase in performance from search repetition can
reflect factors other than crowding. A hallmark of crowding is
critical distance (Levi, 2008; Pelli & Tillman, 2008; Whitney
& Levi, 2011), or how close to the target flankers must be to
interfere with identification. We calculated center-to-center
critical distance by plotting psychometric functions estimating
75 % correct thresholds for the 4 repetition levels. Figure 1C
shows the mean percents correct as a function of flanker—
target distance, along with psychometric functions (dotted
line = collapsed subject threshold-performance). The critical
distance diminished with increased search repetition
(leftward-shift in psychometric functions). The more often
that search repeated, the closer the flankers needed to be to
interfere with target identification. Figure 1D shows the aver-
age thresholds estimated from individual psychometric func-
tions. A series of ¢ tests of one versus four repetitions for each
distance (Table 1) showed no effect at the smallest and largest
flanker distances, indicating no vertical shift of the psycho-
metric functions. Such differences were, however, significant
for the three intervening distances showing that priming af-
fects critical distance.

Experiment 1 shows that as search type repeats, crowding
diminishes. Previous findings had indicated that priming in-
fluences attention shifts (Maljkovic & Nakayama, 1994;
Sigurdardottir et al., 2008). Our results therefore suggest that
the more often a search target is repeated, the better it cues
automatic shifts of attention (Kristjansson, 2006), releasing
search items from crowding from flankers.

Experiment 2

Although Experiment 1 showed that search repetition dimin-
ishes crowding, it did not distinguish between potential
sources of the benefit: target repetition, distractor repetition,
or both. Attentional priming occurs for both repeated
distractors and targets (Geyer, Miiller, & Krummenacher,
2006; Lamy et al., 2008; Maljkovic & Nakayama, 1994;
Wang, Kristjansson, & Nakayama, 2005), independently and
additively (Asgeirsson, Kyllingsbzk, Kristjansson &
Bundesen, 2012; Kristjansson & Driver, 2005, 2008).
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Table 1 T-tests assessing differences between one and four repetitions (Exp. 1) and no-repetition versus repetition of target and distractors (Exps. 2 and 3)

Experiment 1 Experiment 2 Experiment 3
Target—Flanker Distance (°) t p Target—Flanker Distance (°) t p Target—Flanker Distance (°) t D
1.9 1.39 .19 0.9 1.00 362 1.4 0.85 434
27 1.69 12 1.8 1.04 347 2.1 1.56 .180
35 443 .001 2.7 797 >.001 2.8 3.77 013
43 3.79 .003 3.6 538 .003 35 4.40 .007
5.1 3.00 .012 4.5 3.85 .012 42 2.73 .041
59 .81 43 54 0.83 44 4.9 2.68 .044
5.6 1.74 141

In Experiment 1, 11 degrees of freedom; in Experiments 2 and 3, 5 degrees of freedom

Any effect from distractor repetition upon crowding
would be of great interest, since it would suggest longer-
range interactive effects across the visual field. Target
repetition leads to a local benefit around the repeated
feature, but an independent distractor effect could, by
definition, not reflect local facilitation, but would have to
involve inhibition of other locations.

In Experiment 2, we assessed the role of distractor
repetition upon crowding, comparing it with target repeti-
tion effects to determine whether they interact or summate
(see, e.g., Asgeirsson et al., 2012; Kristjansson, 2009; Lamy,
Yashar, & Ruderman, 2010). Again, observers judged the
orientation of the odd-disk-out, but the possible target and
distractor colors were four (red, green, blue, and yellow).
This allowed us to investigate performance when only the
target color repeated (e.g., red target and green distractors
following a red target and blue distractors), when only the
distractor color repeated (e.g., blue target and green distractors

following a red target and green distractors), and when
both or neither target and distractor colors repeated. To
simplify the paradigm, role reversals of the target and
distractors (see, e.g., Kristjansson & Driver, 2005, 2008)
did not occur.

Method

Participants Six new observers participated in 2,000 trials (all
naive, with normal or corrected-to-normal vision).

Stimuli and procedure The possible target and distractor
colors were now four (blue, red, yellow or green). The
flankers were purple, orange, turquoise (63 cdm ), and brown
(31 cdm?). The probability of each search type was now
random, except for the constraint that role reversals did not
occur. Otherwise methods were as in Experiment 1.
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Fig. 2 Results of Experiment 2. (A) Probit fits to the mean percent
correct scores. Differently colored lines denote the four different priming
conditions: neither target nor distractor sets repeated, target color alone
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points on individual fitted functions
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Results

In Experiment 2, we measured the independent contributions
of target versus distractor repetition and any additive or inter-
active effects of repetition. Figure 2 shows average perfor-
mance as a function of repetition condition along with probit
fits. Panel B plots the 75 % thresholds estimated from indi-
vidual psychometric functions.

Both target and distractor repetition diminished flanker
crowding. As target or distractor color repeated, the critical
distance decreased, and it was smallest when both were re-
peated (Fig. 2B). The main effects of both target [F'(1, 5) =
7.97, p = .037] and distractor [F (1, 5) = 7.16, p = .044]
repetition on accuracy were significant but not the interaction
[F(1, 5) = 1.16, p = .33]. Table 1 then confirms that the
difference was not seen for the easiest and hardest conditions,
indicating that the effect does not reflect a vertical shift in the
psychometric functions.

Overall, the results suggest that the spatiotemporal conti-
nuity of both targets of interest and distractors to be avoided
releases targets from crowding from flankers.

Experiment 3

Flankers typically induce larger crowding when they are more
eccentric than the targets (Banks, Bachrach, & Larson, 1977;
Bouma, 1970; Farzin, Rivera, & Whitney, 2009; Petrov,
Popple, & McKee, 2007). In Experiments | and 2, the flankers
appeared closer to fixation than did the search items, which
may not be maximally sensitive to crowding. Experiment 3
was a repeat of Experiment 2, except that the flankers were
now more eccentric than the search items.

Method

Six observers participated (three new and three from Exp.2),
all with normal or corrected-to-normal visual acuity. The
eccentricity of the search items was 6.5°, while the flankers
appeared at variable distances from them (from 1.4° to 5.6°) on
the same radial axes. The procedures were otherwise identical
to those in the previous experiments.

Results

Figure 3 shows that with flankers more eccentric than the
target, the critical distance was reduced by repeating both
target and distractors, with the largest decreases in crowding
measured when both target [F(1, 5) = 11.98, p = .018] and
distractor [F(1, 5) = 7.59, p = .04] colors repeated. No
interaction emerged [F'(1, 5) = 0.67, p = .45], again showing
that the effects were independent. The ¢ tests in Table 1 show
that the repetition effects did not reflect vertical shifts in the
psychometric function. Experiment 3 supports the conclusion
that crowding is affected by between-trial consistency of
objects to attend to and distractors to reject, and confirms that
this applies to flankers both more and less eccentric than the
targets to be identified.

General discussion

Objects in visual scenes tend to remain present over time, and
this mitigates the deleterious effects of clutter and improves
recognition of objects that would otherwise be crowded. At-
tentional priming diminishes crowding from flankers through
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Fig.3 Results of Experiment 3 (with flankers on the more eccentric, peripheral side of the search items, but otherwise presented in the same manner as in

Exp. 2)
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influences of both target and distractor repetition, with the
largest benefit when both repeat.

Perceptual crowding therefore depends not only on what is
momentarily present on the retina, but on what was previously
attended. The results cannot be attributed to target—flanker
similarity or other modulations of crowding within single
scenes (reviewed in Whitney & Levi, 2011). Crowding mod-
ulation was solely due to an interaction over time reflecting
benefits of regularity in sequential scenes.

Furthermore, the results here are not due to modulations of
masking, generalized attention, or alerting. Priming modulat-
ed the critical spacing between flankers and targets, whereas
masking and other phenomena are not specific to critical
distance (Levi, 2008; Pelli & Tillman, 2008). The benefit of
priming was not an overall improvement (vertical shift in
psychometric functions), but a leftward shift in the psycho-
metric function, indicating access to finer resolution informa-
tion at the target location. Second, crowding is stronger when
the flankers are more eccentric than the target (Petrov et al.,
2007), as in Experiment 3, in which the release of crowding
was as strong as in the first two experiments, further
cementing that attentional priming modulated crowding.

Whitney and Levi (2011) concluded that crowding oc-
curs at various levels of visual processing, and therefore
higher-level factors such as attention might affect it. There
is growing support for this. Chakravarthi and Cavanagh
(2007) investigated the crowding of polarity-reversing let-
ter flankers. Crowding became phase independent at rever-
sal rates of around 7.5 Hz, perhaps reflecting the coarse
temporal resolution of attention (e.g., Holcombe & Cavanagh,
2001; Verstraten, Cavanagh, & Labianca, 2000). Lower-level
mechanisms such as masking or lateral inhibition did not
explain the crowding. Yeshurun and Rashal (2010) assessed
crowding at cued versus uncued locations, finding that
attention reduced the spatial extent of crowding (see also
Dakin et al.,, 2009; Freeman & Pelli, 2007). Similarly,
Strasburger (2005) concluded that impaired character rec-
ognition during crowding was caused by spatially imprecise
focusing of attention.

The first experiment here is consistent with this role for
attention in crowding, since the repeated target can serve as a
cue. But the second and third experiments go beyond this
conclusion, showing that repeated distractor sets also decrease
crowding. We propose that the benefits reflect priming
through temporal continuity of objects—that the visual system
has a strong bias to favor the continuity of objects to attend to
and others to avoid, using this to resolve crowding. Some
authors have proposed that crowding may reflect spatial inte-
gration in the visual field, and that critical distance therefore
reflects the size of integration zones (Parkes, Lund, Angelucci,
Solomon, & Morgan, 2001; Pelli, Palomares, & Majaj, 2004).
In the present context, we therefore speculate that attentional
priming from spatiotemporal continuity may decrease the size

@ Springer

of these zones, resulting in higher resolution at attended, or
primed, locations. In sum, crowding, although it creates a
significant bottleneck for object recognition, can therefore be
strongly mitigated by statistically likely temporal continuity of
the objects in natural scenes, creating clearer representations
of objects such as teammates on a basketball court.
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