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Abstract
Visual selection is imperfect; whenever a complex array of objects is
processed, representations of multiple objects are likely to be active
simultaneously. A full account of attentional processing must explain how these
representations affect one another, and how they interact to produce a response.
Evidence on these interactions comes from measures of distractor interference,
and from dilution of distractor effects by other nontargets. Based on these data,
different principles have been proposed to help understand target-distractor
interactions, including accounts based on perceptual load and on dilution among
nontargets. We review evidence from a number of experiments, including some
using Yantis and Jonides’ (1984; 1990) methods for preventing abrupt onsets,
which can disrupt spatial attention. The results underscore spatial constraints on
the allocation of attention to include targets and exclude distractors. Selection is
most effective when a single region can be selected that includes all possible
target locations and excludes possible distractor locations. This region can be
expanded or contracted as needed for the task, as suggested by Eriksen and St.
James’ (1986) zoom lens model. This attentional zoom setting is probably affected
by a number of factors, including the number of nontargets, the similarity among
stimulus elements, the discriminability of the possible targets, and the
discrimination difficulty of a concurrent task. A narrower attentional zoom
setting that excludes a distractor will prevent interference from that distractor.
Interference from a distractor will be diluted by nontargets, but only if they are
within the attentional zoom region.
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Identifying Visual Targets Amongst Interfering Distractors:
Sorting Out the Roles of Perceptual Load, Dilution, and Attentional Zoom
When a visual target stimulus at a known location must be identified,
attentional control systems will facilitate processing of the target by activating
visual neurons with receptive fields including the target, and inhibiting those
with receptive fields including distractors (Serences & Yantis, 2006; see also
Yantis 2000, 2008). However, visual selection is not absolute. Some distractors
will also be attended to some extent along with the target; especially those that
are near the target, which are likely to be within the receptive fields of some of
the same neurons representing the target. Eriksen and Hoffman (1973) and
Eriksen and Eriksen (1974) demonstrated that these nearby distractors are
processed to the point that they interfere with the response to the target. Even
when target and distractor locations are known precisely, a weak signal from the
distractor can leak through the selective filter if it is relatively close to the target.
As a result, multiple items are represented simultaneously, with the strength of
each item varying according to its salience and its level of attentional activation
or inhibition.
The processing of distractors can affect the response to the target in
multiple ways. The distractors might compete with the target for processing
resources, and they might activate competing responses. Also, activation in
distractor representations might increase or decrease activation in other
representations, depending on the similarity of the represented items. To
understand visual recognition, we must be able to explain the complex
interactions among these different visual objects.
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When there is one target, strengthened by attentional selection, and one
distractor, the interaction is fairly straightforward. However, when more
distractors are added to the display, the interactions become more complex.
These additional distractors interfere with the processing of the target, of course,
but they also interfere with one another, so that one distractor can “dilute” the
interference from another distractor (Kahneman & Chajczyk, 1983; Tsal &
Benoni, 2010; Wilson, Muroi, & MacLeod, 2011). This dilution among distractors
has come to play an important role in understanding these interactions, as
described below.
Many of the experiments exploring the interactions between targets and
distractors have been done with simple letter and number stimuli. Changing the
configurations of a relatively small number of easily identifiable features
produces a number of different stimulus identities. The high familiarity of these
stimuli makes it easy for subjects to learn and remember which are targets and
which are distractors for a particular task, and the subjects have had lots of
practice in distinguishing them from one another.
A number of different experimental paradigms have been used to
measure the interactions among targets and different classes of nontargets (e.g.,
task relevant vs irrelevant and/or response relevant vs irrelevant), resulting in a
complex set of results to be explained. A diverse set of different theoretical
accounts has been offered to interpret these data, and they will be examined and
compared below. We will start with Lavie’s (1995; 2005; Lavie & Tsal, 1994)
Perceptual Load Theory (PLT) and the four different types of evidence offered to
support it. Then, we will review experimental evidence that has led to a series of
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alternative accounts, including the dilution accounts by Tsal and Benoni (2010)
and Wilson et al. (2011), and a detailed model recently presented by Neokleous,
Shimi, and Avraamides (2016). One important factor in these experiments is the
broadening of attention that comes from sudden onsets; once these effects are
controlled with methods from Yantis and Jonides (1984; 1990), the resulting data
fit suggests that performance on these tasks is shaped by an attentional zoom
mechanism that adjusts the size of the attended region according to the level of
interference between different stimulus elements.

Perceptual Load
Finding order among the stimulus interactions. In an attempt to impose
order over the apparent free-for-all of competition and inhibition among
different visual objects, Lavie (1995; 2005; Lavie & Tsal, 1994) proposed PLT. This
framework offered an explanation of these interactions that was plausible,
straightforward, and easy to understand. Like many other theories, it assumes
that there is a fixed amount of processing resources to be distributed across all
the visual stimuli that are present. Unlike many other theories, though, PLT
asserts that all of the capacity will be used. The stimuli that are relevant to the
current task will receive the resources required for their processing first. Any and
all additional resources will then be allocated to irrelevant stimuli. This seems
like a prudent use of resources that ensures that current processing goals will be
met, and maximizes the amount of information taken in from the environment at
any given moment.
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If those irrelevant stimuli receive enough processing, they can interfere
with the response to the target. Thus, PLT makes the surprising and testable
claim that increasing the resources necessary for the current task will deny
resources to irrelevant stimuli, and will thus limit distractor interference. This
claim is often tested by presenting a target along with a very salient distractor.
The distractor can be either congruent or incongruent with the target response,
and the effects of a congruent and an incongruent distractor are compared to
determine the amount of distractor interference. When the task is changed in a
way that increases the resources it requires (its perceptual load, or PL), the
interference from the salient distractor should decrease.
The experiments testing the relationship between PL and distractor
interference generally fall into four categories, which are described more fully in
Chen and Cave (2016). In many of these experiments, there are other stimuli in
the display besides the target and the salient distractor, and they are usually
referred to as nontargets to distinguish them from the salient distractor. In the
first group of studies (see Figure 1A), PL is increased by adding additional
relevant nontargets to the display, so that a search is necessary to find the target
among these nontargets, especially in the high load condition (Kumada &
Humhreys, 2002; Lavie, 1995, Experiment 1; Muggleton, Lamb, Walsh, & Lavie,
2008). In the second group (see Figure 1B), PL is increased by increasing the
similarity between the target and the nontargets, and among the nontargets
(Carmel, Saker, Rees, & Lavie, 2007; Lavie & Cox, 1997). In the third group (see
Figure 1C), PL is increased by making it more difficult to discriminate among the
possible targets (Bahrami, Carmel, Walsh, Rees, & Lavie, 2008; Brand-D’Abrescia
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& Lavie, 2007; Cartwright-Finch & Lavie, 2007; Couperus, 2001; Handy &
Mangun, 2000; Taya, Adams, Graf, & Lavie, 2009). In the fourth group (see
Figure 1D), which will be considered in more detail later, the target
discrimination task is combined with a go/nogo task, and the difficulty of the
go/nogo task is manipulated (Lavie, 1995, Experiments 2A and 2B). In all these
four groups of studies, distractor interference is larger when PL is low compared
with when PL is high, a result consistent with PLT.
-----------------------------------Insert Figure 1 about here.
-----------------------------------Making distractors completely irrelevant. In most of the standard PL
experiments, the salient distractor is made irrelevant to the task by its location,
but it shares a shape with targets that are associated with a particular response.
The PL paradigm has also been used with distractors that have shapes
completely unrelated to the task, in order to see whether PL affects processing of
these totally irrelevant distractors (see Forster, 2013, for a review). Forster and
Lavie (2008b) varied PL in a letter identification task in different blocks. On a
small proportion of trials, instead of a response related letter distractor, a very
large and salient singleton completely different from the stimuli in the letter task
(e.g., a cartoon Spider Man) would appear outside the task relevant region. In
these irrelevant singleton trials, the effect of the singleton on RT depended on the
duration of the letter display. When the stimulus display remained on the screen
until response, the cost of the singleton in RT was comparable between the low
and high PL conditions. In contrast, when the letter display was shown for only
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100 msec, the presence of the singleton did not increase RT in the high load
condition, and this pattern of result was found regardless of whether the
singleton was shown for 100 msec or remained on the screen until response.
Forster and Lavie concluded that PL could determine whether a completely
irrelevant distractor was attended or not; furthermore, the degree of distractor
processing was influenced by the presentation duration of the task relevant
stimuli instead of the task irrelevant distractor; a result consistent with the
finding of Roper and Vecera (2013).
Exactly why the effect of high PL on an irrelevant singleton should vary as
a function of stimulus presentation duration in Forster and Lavie (2008b) is
unclear from PLT. However, it is plausible that the short presentation duration of
the target display induced the participants to evoke stronger top-down control in
their attentional setting, especially in the high load condition block. The stronger
top-down control could be in the form of greater attentional inhibition
surrounding the task relevant array and/or a smaller attentional zoom that
excluded the distractor, resulting in the absence of distractor interference.
Another factor that can affect attention to these completely irrelevant
distractors is the presence or absence of distractors with shapes that make them
relevant to the response. When a response relevant distractor never appeared in
the target display, the effect of PL was different in different studies. Whereas PL
did not appear to affect the magnitude of the interference effect caused by the
task irrelevant singleton in some studies regardless of whether the display
duration of the relevant stimuli was long (Biggs, Kreager, Gibson, Villano, &
Crowell, 2012) or short (Forster & Lavie, 2008a, Experiment 1), an increase in PL
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reduced distractor processing in other experiments (Forster & Lavie, 2008a,
Experiments 3 and 4).
It is unclear to what degree the observed pattern of results in the abovedescribed experiments is attributable to variation in PL, but a high PL appears to
be able to eliminate the interference of a highly salient task irrelevant singleton
when a target display never includes a response relevant distractor. In Forster
and Lavie (2008b) Experiment 4, none of the target displays had a response
relevant distractor, and perceptual load was varied within a block. The task
irrelevant singleton increased RT in the low but not the high load condition.
Do PL effects extend beyond visual processing? There have been
inconsistent results in the literature regarding the relationship between the
degree of distractor processing in selective attention tasks and everyday
cognitive failures in general as measured by Cognitive Failures Questionnaire
(Broadbent, Cooper, FitzGerald, & Parks, 1982). Using a Stroop task, Martin
(1983) found no association between the two phenomena. In contrast, using a
typical perceptual load task with low and high load trials in separate blocks,
Forster and Lavie (2007) found a positive relationship between cognitive failures
and distractor processing in the low load task, but not in the high load task.
Forster and Lavie interpreted their results as indicating that the level of
perceptual load in a task can predict individual differences in distractibility.
However, as discussed below, it is possible that the pattern of data observed in
Foster and Lavie was caused, at least in part, by their blocked design, which
would have allowed differences in attentional zoom across the different load
conditions.
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Forster and Lavie (2009) took things a step further. Their participants
reported more unrelated thoughts in a low-load condition than in a high-load
condition, leading Forster and Lavie to conclude that when engaged in a highload task, participants work to exclude more unrelated thoughts. The probe
method used to measure unrelated thoughts in these experiments was less than
ideal, but it nonetheless produced a significant difference between low-load and
high-load conditions that needs to be explained. It suggests that the attentional
filtering that occurs in difficult visual tasks extends beyond the visual system to
higher level cognition.
This effect may arise in part because of issues of attentional control.
Perhaps maintaining a narrow attentional zoom requires more high-level effort,
making it harder to entertain unrelated thoughts at the same time. Another
important factor to consider is that even when attentional zoom is at a very
narrow setting, it is probably not completely excluding visual information from
outside the attentional focus. Some information will still be getting through,
which means that there will be more high-level work to do in high-load trials
than in low-load trials in sorting out the information that makes it through
attentional selection. This extra high-level processing may make it more difficult
for unrelated thoughts to be processed.
Block order can affect top-down attentional allocation. An important
feature in the vast majority of PL studies is the use of a block design, in which the
high- and low-PL conditions were run in separate blocks (e.g., Foster & Lavie,
2007; 2008a; 2008b; Lavie, 1995; Lavie & Cox, 1997). Indeed, when the trials in the
different load conditions were intermixed within a block, no effect of PL was
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found (Benoni, Zivony, & Tsal, 2013; Murray & Jones, 2002; Theeuwes, Kramer,
& Belopolsky, 2004; see also Biggs & Gibson, 2010, for evidence of distractor
processing as a function of intertrial contingency rather than the level of
perceptual load). This pattern suggests that distractor processing may not
depend so much on the perceptual load of the current stimulus, but on the
participant’s expectations about the processing demands of the task based on
their experience with previous trials.
The block order effect observed in these experiments is consistent with
previous research showing that distractor processing is modulated by both
selection history and top-down search strategies (Chen & Cave, 2015; Leber &
Egeth, 2006a; 2006b; Zehetleitner, Goschy, & Muller, 2012; see also Awh,
Belopolsky, & Theeuwes, 2012, for a review on the role of search history in the
allocation of attention). The effects of selection history were demonstrated by
Leber and Egeth and by Zehetleitner et al., who showed that when participants
were induced to use one of two search modes in completing a task in the training
phase, they continued to use the same search mode in the subsequent test phase
even though the task could be performed with a different search mode. Chen and
Cave also reported that in singleton search tasks the participants who began the
experiment with neutral cues were more likely to ignore informative cues later in
the experiment.
The separation of trial types into separate blocks may help to explain why
PL effects appear more readily with short display times, as described above. The
use of the block design may also have contributed to some of the inconsistencies
in the experiments on cognitive failures. Block order has also been shown to
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affect the results of experiments that use go/nogo cues to manipulate attentional
demands. These results will be discussed below. The effects of expectation that
are illustrated in these manipulations of block order are not explained by PLT.
However, they are consistent with an alternative account that assumes that the
expectation of high interference leads to a narrowing of attentional zoom.
Problems with relevance, stimulus timing, and other factors. PLT gains
plausibility because it is consistent with converging evidence from multiple
different experimental procedures. In some of those studies, the exact effect of PL
appeared to depend on a number of factors including participants’ age,
knowledge about the stimuli, and affective valence evoked by the distractor.
Huang-Pollock, Carr, and Nigg (2002) showed that compared to young adults,
children showed no distractor interference at lower perceptual loads,
presumably because children have smaller capacity than young adults due to
immaturity of their brain. Ro, Friggel, and Lavie (2009) compared the
performance between musicians and nonmusicians in a selective attention task
that required the participants to search for a name of a musical instrument and to
determine whether it was a string or a wind instrument. Interference effect was
larger in musicians than in nonmusicians. Practice in music apparently made the
search task easy, resulting in greater distractor processing due to reduced
processing load needed to perform the search task. Biggs et al. (2012) reported
that while a distractor evoking mild negative affect did not capture attention in
high PL trials, a distractor evoking a strong negative affect did. Taken together,
these results suggest that although PL is not the determining factor in attentional
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selection as suggested by Lavie’s (1995) original PLT, it is one of multiple factors
that can affect distractor processing.
As PLT is tested in different ways, other results emerge that do not fit so
well with the theory, and it begins to look like its simple principles do not fully
capture the complex interactions among targets and nontargets in complex
stimulus arrays. For example, Kyllingsbæk, Sy, and Giesbrecht (2011) tested the
central claim of PLT that the current task receives all the resources it needs. They
showed that performance on a multiple-letter report task decreases as more
irrelevant distractors are added to the display, especially when they have the
same color as the target. This result demonstrates that, contrary to PLT’s claims,
resources to the stimuli relevant to the task vary depending on irrelevant parts of
the display.
A variety of other studies raise other problems for PLT. A valid precue
indicating the location of the target eliminates the PL effect (Chen & Cave, 2013;
2014; Johnson, McGrath, & McNeil, 2002; Miller, 1991; Paquet & Craig, 1997), as
does confining the relevant and irrelevant information to the same object or
spatial region (Chen, 2003; Taya et al., 2009), or prolonging the duration of the
target display until response (Roper, Cosman, Mordkoff, & Vecera, 2011; Roper
& Vecera, 2013). A distractor or nontargets that are in the same hemisphere as the
target will reduce distractor processing compared to a distractor or nontargets in
different hemispheres (Torralbo & Beck, 2008; Wei, Kang, & Zhou, 2013). An
infrequently presented onset distractor leads to significant distraction processing
while a frequently presented one does not (Cosman & Vecera, 2010a), and both
perceptual grouping and the salience of a target relative to the distractor and/or
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the other stimuli in a display affect the degree of distractor processing (Baylis &
Driver, 1992; Biggs & Gibson, 2013; Biggs, Kreager, & Davoli, 2015; Cosman &
Vecera, 2012; Eltiti, Wallas, Fox, 2005; Yeh & Lin, 2013; Yeshurun & Marciano,
2013). These and other empirical findings (Benoni & Tsal, 2010; Biggs & Gibson,
2010; Chen & Chan, 2007; Tsal & Benoni, 2010; Wilson et al., 2011; Yeh, Lee,
Chen, & Chen, 2014 ), together with the conceptual and methodological issues
raised by a number of researchers (see Benoni & Tsal, 2013; Giesbrecht, Sy,
Bundesen, & Kyllingsbæk, 2014, and Murphy, Groeger, & Greene, 2016, for
reviews), indicate that the simple principles of PLT do not fully capture the
complex interactions among targets and nontargets in complex stimulus arrays.
In this review we will focus primarily on behavioral studies that do not involve a
secondary task. (For dual-task studies that involve working memory load, see de
Fockert, 2013, for a review.)

Dilution
Dilution accounts. The pure form of PLT assumes that the current
relevant task requires a fixed amount of resources, and that its processing will
not suffer if the remaining resources are applied to irrelevant stimuli. The visual
system may not achieve such clear separation between the processing of the
relevant and the irrelevant stimuli. It might be possible to accommodate the
experimental results described above by creating a modified version of PLT that
has flaws in the mechanism for protecting the processing resources allocated to
the relevant stimuli, and that takes into account the encoding demand of the task
relevant stimuli. However, another set of experiments tests the distinction
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between relevant and nonrelevant stimuli in a different and very fundamental
way. PLT claims that the interference from a salient distractor can be reduced by
adding additional relevant nontargets to the display. The additional nontargets
will have to be processed up to the point that they can be eliminated as targets,
and thus they will add to the perceptual load. Rather than adding to the number
of relevant items in the display, Tsal and Benoni (2010; Benoni & Tsal, 2010)
added irrelevant stimuli, and found that they also reduced the interference from
the salient distractor. Wilson, et al. (2011) found similar results using a stimulus
arrangement that made the distractor particularly salient by positioning it at
fixation, while the target and other nontargets were positioned on an imaginary
circle around fixation. Based on these findings, both groups proposed that the
decrease in distractor interference is not from resources that are allocated by
stimulus relevance, but is simply from dilution among the nontargets.
Results consistent with the dilution account have been found in a number
of other studies, in both healthy young adults (Chen & Cave, 2013; 2014; Yeh &
Lin, 2013) and in patients with extinction and/or neglect (Moverach, Tsal, &
Humphreys, 2014). In the latter study, Moverach et al. manipulated both the
number of nontargets and their location. When multiple nontargets were
presented, they were aligned vertically along the vertical meridian, in the
contralesional side of space, or in the ipsilesional side of space. Importantly,
compared to the no nontargets condition, adding nontargets in the contralesional
side of space had the same diluting effect as adding nontargets along the vertical
meridian, even though stimuli presented in the contralesional space should
receive reduced attention due to neglect, and this in turn should have led to
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increased distractor processing according to PLT. Together, these studies show
that the perceptual load effect reported in many previous studies, especially
those that manipulated perceptual load by varying the number of task relevant
nontargets in the display (e.g., Lavie, 1995, Experiment 1; Muggleton et al., 2008),
may in fact result from dilution.
Exactly where dilution occurs in the stream of visual processing was not
clear from the studies by Tsal and Benoni (2010; Benoni & Tsal, 2010) or Wilson et
al. (2011). Both preattentional and postattentional accounts of dilution were
suggested. Tsal and Benoni left open the possibility that dilution occurs very
early in visual processing, with features from one object interfering with those in
other objects before attentional selection. Wilson et al. proposed a more specific
account, which was built upon Neisser’s (1967) and Hoffman’s (1979) two-stage
account of visual processing. They suggested that dilution occurs in the second
stage, after a single display item has been selected for thorough processing. The
nonselected items compete for processing resources not needed for the selected
item, and this competition allows nontargets to dilute the effects of the salient
distractor.
Processing obscured by abrupt onsets. In interpreting these experimental
results, it is important to consider some principles that have emerged from work
in other types of visual attention research. One of those principles is the
propensity for visual attention to be allocated to stimuli that suddenly appear out
of nowhere. Yantis and Jonides (1984; 1990) demonstrated this attentional
capture by abrupt visual onsets, and it is clear that this capture could be affecting
processing in many of the experiments described above, because in many of

Targets Amongst Distractors and Attentional Zoom
17
them a stimulus array appears suddenly, superimposed on a background that
was previously fairly empty. This array of abrupt onsets has the potential to
broaden the allocation of spatial attention to cause the entire array to be
processed more fully than it otherwise would. This broadening of attention could
have an effect on just about all of the results described above, because
demonstrations of both perceptual load effects and dilution effects have often
used stimulus arrays that were presented as sudden onsets.
Luckily, Yantis and Jonides (1984; 1990) provided an experimental method
for controlling attentional capture by abrupt onsets. Rather than starting the trial
with an empty display that was suddenly replaced by an array of characters,
they started each trial with an array of figure-8 stimuli made from a collection of
straight lines. Each of these block figures was positioned at a location that would
have a character in the stimulus array. When the time came to display the
characters of that array, they were created by removing a few lines in each of the
figure-8’s to create the character for that location. Thus, rather than each
character appearing as an abrupt onset, it appeared as the offset of a few
contours that were among other contours that remained static throughout the
trial.
Eltiti et al. (2005) realized that in many PL experiments with onset stimuli,
a distractor was more likely to be attended and interfere with the response in the
low PL condition than in the high PL condition, because the distractor was more
salient in the low load condition, in which the display contained few stimuli or
homogenous nontargets dissimilar to the distractor, than in the high load
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condition, in which the distractor was very similar to both the target and
nontargets. They showed that when the distractor was instead created by
removing segments from a Yantis and Jonides (1984) style figure-8, it no longer
interfered with the response. Because this offset distractor eliminated
interference even in a low-PL stimulus array, Eltiti et al. offered their own
salience account of distractor interference as an alternative to PLT. Support for
the salience account has also been found in Benoni and Tsal (2012), Yeshurun
and Marciano (2013), and Roper, Cosman, and Vecera (2013). Roper et al. showed
that the degree of distractor processing was determined primarily by targetdistractor similarity rather than distractor-distractor similarity, with the latter
contributing to distractor processing only when search was inefficient. In
addition, the degree of distractor processing correlated negatively with search
inefficiency: the larger the search slope, the smaller the response congruency
effect. These results prompted Roper et al. to propose that PL is a continuous
variable better defined operationally by search efficiency rather than task
difficulty. (See also Biggs, Kreager, & Davoli, 2015, for evidence on the
interaction between visual search and PL.)
Chen and Cave (2013) went even further in controlling salience. They
created the entire stimulus array by removing segments from figure-8’s to avoid
all sudden onsets. They combined Yantis and Jonides’ (1984; 1990) method for
presenting letter stimuli without sudden onsets with Wilson et al.’s (2011)
procedure for measuring dilution. Their stimulus arrays, like those from Wilson
et al., consisted of a distractor letter at fixation and six additional letters equally
spaced in a ring around fixation. The target was one of two letters (H or S), and
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appeared at one of the six locations around fixation. The central distractor was
also either an H or an S, and even though subjects knew they could ignore it, it
nonetheless interfered with target processing as would be expected from
Eriksen’s experiments: responses were faster when the central distractor matched
the target, and slower when it did not match.
Dilution occurs only within the attended region. The amount of distractor
interference in Chen and Cave’s (2013) experiments varied with the number of
nontargets that appeared on the ring with the targets, just as it did for Wilson et
al. (2011). However, as described below, interference also varied according to
whether the nontargets were task-relevant or irrelevant, a result inconsistent
with the prediction of the dilution accounts.
In one experiment, Chen and Cave (2013, Experiment 2) used a spatial
cuing paradigm to cue the potential target locations. (See Figure 2 for examples
of the stimuli.) In half the trials, all six locations on the target ring were cued.
These trials produced the standard dilution effect. In one condition (the 2-letter6-cue condition), the target could appear with equal probability at any of the six
locations on the ring. When segments were removed from one figure-8 to
produce the target letter (H or S), segments were also removed from the central
figure-8 to produce the salient distractor (H or S) and from one other figure-8 on
the ring on the side opposite the target to produce a nontarget letter (P, E, F, L, or
U). The other four items on the ring remained figure-8’s throughout the trial. In
this condition, there was effectively only one nontarget letter to dilute the effect
of the central distractor, and the interference from the distractor was substantial.
In another condition (the 6-letter-6-cue condition), all the figure-8’s on the ring
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were converted to letters. With five nontarget letters surrounding the central
distractor rather than just one, the representation of the central distractor was
apparently weakened, because the distractor interference decreased. This pattern
replicated Wilson et al.’s (2011) dilution: the extra nontargets diluted the effect of
the central distractor on the response. This result demonstrated dilution in a
context in which attention is not broadened by abrupt onsets.
-----------------------------------Insert Figure 2 about here.
-----------------------------------Interestingly, dilution disappeared in the other half of the trials, in which
just two of the six locations on the target ring were cued. The two cued locations
were always on opposite sides of the ring, so that the central distractor was right
between them, making it difficult to ignore. The cue was always valid: the target
always appeared at one of the two cued locations so that subjects could adjust
their spatial attention to exclude the four uncued locations on the ring. As in the
6-cue trials, the nontargets consisted of either two letters or six letters.
The cues made four of the six ring locations irrelevant to the task, and thus
PLT predicts that it should lower the perceptual load and raise the interference
from the central distractor. Instead, distractor interference was lower in the 2-cue
trials than in the 6-cue trials. The results also demonstrate something important
about the nature of dilution, because dilution disappears in the 2-cue condition.
When the four nontarget letters can be excluded by spatial attention, they no
longer dilute the effect of the central distractor: interference from the central
distractor was no less with six letters on the ring than it was with two letters on
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the ring. This result suggests that dilution arises only from letters at cued
locations. Based on this result, Chen and Cave concluded that dilution is
confined to the region selected by attentional zoom: the 2-cue condition allowed
participants to narrow the attended region to exclude the four noncued
nontargets, and this prevented them from diluting the effects of the central
distractor.
Evidence consistent with an attentional zoom account has also been
demonstrated in a number of other studies. Cosman and Vecera (2009,
Experiment 2; 2010a, Experiments 1 and 3) found no congruency effect in either
the low or the high load condition when the distractor, together with the other
stimuli in the display, was a luminance offset. Dilution occurred only when the
distractor was a luminance onset or a motion onset while the other stimuli were
offsets. Gaspelin, Ruthruff, and Jung (2014) cued either the target or the
distractor location in displays with varying numbers of nontargets. According to
PLT, cuing the target location should make nontargets irrelevant and reduce PL,
and thus PLT predicts that the distractor will be attended more and will
therefore interfere with the response more. Instead, however, the target cue
eliminated most of the interference; a result consistent with Johnson et al. (2002)
and Paquet & Lortie (1990). Cuing the distractor, on the other hand, led to more
distractor interference. Based on these results, Gaspelin et al. offered an account
of the results from PLT experiments (Slippage Theory) based on an earlyselection mechanism that occasionally misallocated attention to the distractor.
This “slippage” was more likely when there were few other nontargets
competing for attention.
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In the above experiments, the spatial cues were always 100% valid: the
target could never appear at an uncued location. This procedure makes it more
likely that the attentional system will zoom in on the cued locations and will
exclude the uncued locations as fully as possible. In order to understand how
spatial attention shapes dilution, it is also informative to measure dilution in a
procedure that includes some invalid trials, so that the target sometimes appears
at an uncued location. In Chen and Cave (2014) Experiment 1, the target
appeared at one of the four uncued locations on 40% of the trials (60% validity).
Dilution was absent on the valid trials, in which the ring locations that were
attended included the target and just one nontarget. On the invalid trials, the two
ring locations within the attentional zoom included two nontarget letters, which
were processed until it was determined that neither one could be a target. Thus,
these letters were processed long enough and fully enough that their
representations could interfere with the central distractor, as shown by a strong
dilution effect.
Together these experiments show that dilution is an interaction among
items that are within the attentional zoom. When the attentional zoom can be
narrowed to exclude nontarget letters, those letters do not contribute to dilution.
Dilution at a level above simple features. The fact that nontarget letters
produce more dilution than nontarget figure-8’s in Chen and Cave (2013; 2014)
suggests that dilution arises because representations of the nontarget letters are
competing with the representation of the central distractor. When the nontargets
do not activate letter representations, they do not produce the same level of
dilution. The role of letter representations in dilution was further tested in Chen
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and Cave (2013) Experiment 3. In that experiment, the nontarget letters that
appeared on four locations on the ring were replaced with inverted letters. The
inverted letters should match the upright letters in basic features, but should not
activate the letter representations. This change to inverted letters eliminated
dilution, showing that in these displays with target and distractor letters, the
central distractor is diluted by activation from nontarget letter representations. A
related result was reported in Experiment 4 of Thoma and Lavie (2013). In that
experiment, the target and distractor were both faces. In different experimental
conditions, the nontargets were multiple faces (the high load condition), multiple
scrambled faces (the dilution condition), or a single face (the low load condition).
Compared to the low load condition, dilution was found in the high load
condition but not in the dilution condition, even though the nontarget stimuli
were similar at the feature level in both the high and dilution conditions.
In these experiments, the dilution that occurs probably reflects
competition among the representations that participants choose to use for the
task. Because the tasks require distinguishing among letters or faces, competition
will occur among these higher-level representations. If a task involved unfamiliar
shapes or scrambled images, then perhaps dilution would occur among
representations of more basic features. For the tasks used in these experiments,
the interference and dilution among the different stimuli probably cannot be
explained solely as effects of stimulus salience, or solely as interactions among
basic features that are identified early in visual processing.
Color segmentation can also protect against dilution. The experiments
reviewed above show that a salient distractor that is attended is insulated against
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competition from nontargets outside the attended region. Another set of results
demonstrates that a distractor representation can be protected from interference
by color segmentation. This protection by color can be seen in Chen and Cave’s
(2014) Experiment 4A and 4B, which used the same arrangement of stimuli and
the same 60% valid spatial cues as in Chen and Cave’s (2014) Experiment 1. Thus,
on invalid trials, there were two nontargets at the cued locations that could
potentially dilute the effects of the central distractor. In these experiments,
however, the distractor was a color singleton while the target and the nontargets
shared a different color. This color segmentation prevented dilution. Within the
attentional zoom region, items were apparently grouped by shared features, and
interference across groups was limited. The central distractor may also have
benefited from an extra attentional boost because it had a unique color within the
display.
Similar results were reported by other studies (Biggs & Gibson, 2014; Yeh
& Lin, 2013; but see Gaspelin, Ruthruff, Jung, Cosman, & Vecera, 2012)1. In Biggs
and Gibson, participants saw displays that consisted of two concentric rings. The
target letter could only occur in the inner ring while the critical distractor letter
was in the outer ring. The nontargets in the outer ring varied depending on the
experimental condition. They were dashes in the low load condition, letters
having the same color as that of the distractor in the high load condition, or
letters having a different color from that of the distractor (i.e., the distractor was a
color singleton) in the high dilution condition. Compared with the low load
condition, dilution was found in the high load condition, but not in the high
dilution condition. No dilution was found in the singleton distractor condition in
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Yeh and Lin’s study, either. Taken together, these results show that when a
distractor is a color singleton, the extra attention it attracts protects its
representation from the diluting effect of the nontargets.
The distractor in the experiments just described was a color singleton.
Because color singletons capture attention, protection from dilution could arise in
these experiments purely in a stimulus-driven/bottom-up way. Other results,
however, show that dilution can also be prevented by advance knowledge of the
target. In Chen and Cave (2013) Experiment 4, the target shared its color with
only one nontarget in the display (the one on the opposite side of the ring). The
other four nontargets were of a different color, which they shared with the
central distractor. If participants knew the target color in advance, they could
quickly and efficiently select the two locations with the target color (and perhaps
also the central distractor between them). This color-driven selection prevented
dilution from the other four letters on the ring.
However, dilution was reported by Benoni and Tsal (2010) and Tsal and
Benoni (2010) even when participants knew the color of the target in advance. In
their experiments, the target and distractor were both letters. The nontargets
could be completely absent, or they could be an array of heterogeneous letters
similar to the target, an array of homogenous letters dissimilar to the target, or
homogenous symbols such as dots or dashes. The target and nontargets were
either the same color or different colors, and the color of the target was known in
advance or unpredictable. The dilution of distractor interference appeared to
depend on the heterogeneity of the nontargets instead of the foreknowledge of
the target color. Whereas significant congruency effects were found when the
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nontargets were homogenous and dissimilar to the target, no congruency effect
was found when they were heterogeneous and similar to the target, and this
pattern of data did not change when the color of the target was known in
advance.
Tsal and Benoni (2010; Benoni & Tsal, 2010) concluded that the nontargets
were diluting the influence of the salient distractor. These results might be
evidence that nontargets can sometimes dilute a salient distractor even though
their color makes it possible to attentionally exclude them. Before reaching that
conclusion, however, there are two factors to consider that might explain these
results. First, in these experiments the stimuli were presented as sudden onsets,
and as described above, this could trigger a spread of attention to encompass a
wide region across the display. Once the attentional zoom is expanded, it would
allow the nontargets to be more fully processed and to dilute the salient
distractor. Second, the trials in different experimental conditions were presented
in separate blocks. As the target displays differed in multiple ways across the
different conditions in these studies, the participants could adopt different
attentional control settings in separate blocks, and, as discussed both above and
below, such differences in attentional control setting can affect the degree of
distractor processing.

Attentional Zoom
These results show that attentional settings affect the interference between
stimulus items in a complex visual array. When attention is zoomed in to a small
part of the visual field, nontargets outside of this selected region are less able to
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dilute the interference from a salient distractor. Given that attentional zoom
provides a plausible account of dilution experiments when the effects of sudden
onsets and blocked conditions are controlled, the question arises as to whether
the results of the original experiments demonstrating PL can also be attributed to
attentional zoom. In general, the four different types of manipulations listed
above that have been used to increase perceptual load are the sorts of
manipulations that would be expected to increase interference between target
and nontargets, and thus these manipulations would probably make a narrow
attentional zoom more advantageous because it would limit interference.
As described above, the first method for increasing perceptual load is by
adding relevant nontargets to the display. As the display includes more items
that can interfere with the target, there is more incentive to narrow attentional
zoom to prevent that interference. The second method is to increase similarity
between the target and the nontargets. Again, this manipulation will increase the
target/nontarget confusability, and thus produce additional incentive for narrow
attentional zoom. The third method is to increase similarity across the possible
targets, which might make it necessary to collect and analyze more information
about each item to determine if it is the target. This extra processing demand
may make it necessary to limit the total amount of information taken in at any
one moment, which could be accomplished by narrowing attentional zoom.
The previous section postponed consideration of the fourth method, so it
will be examined here in some detail.
Manipulating attentional zoom with a cue at fixation. In the fourth
method that has been used to demonstrate PL effects, the target identification
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task is combined with a go/nogo task that requires the identification of a single
cue stimulus at fixation. A response is made only for one type of cue, and the
response is withheld for the other type. In Lavie (1995) Experiment 2, there were
“low-load” and “high-load” conditions. In the low-load condition, the “go” cue
was distinguished from the “nogo” cue simply by color. In the high-load
condition, on the other hand, information about the cue’s color had to be
combined with information about its shape. The choice of these two types of cues
was based on Treisman and Gelade’s (1980) distinction between feature tasks
that could be performed preattentively and conjunction tasks that required
focused attention.
The extra difficulty in the high-load condition might have arisen from the
need to conjoin information from two different feature dimensions, as Lavie
originally assumed, or the shape discrimination in the high-load condition might
have been more difficult than the color discrimination in the low-load condition.
However, it is clear that the more difficult cue task affected processing of a
salient distractor, because interference from that distractor was reduced in the
high-load condition relative to the low-load condition. Thus, the results from this
fourth method fit nicely with those from the other three methods: high PL once
again led to less distractor interference.
None of the alternative accounts to PLT that we have described so far
have addressed this demonstration of PL effects based on easy vs. difficult
go/nogo cues. However, these results do seem to fit within the attentional zoom
account. In fact, although there is not direct evidence that the other three
methods produce changes in attentional zoom, there is evidence from ERP and
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SSVEP measurements that the low-load and high-load cues used by Lavie (1995)
manipulate attentional zoom. Handy, Soltani, and Mangun (2001) used low-load
cues defined by color and high-load cues defined by a conjunction of color and
orientation. When a target appeared at fixation, the P1 that it generated did not
vary across the low-load and high-load conditions. However, a probe that
appeared more peripherally generated a stronger P1 in the low-load condition
than in the high-load condition, suggesting that attention was more narrowly
focused with the high-load cue.
A similar cue task also produced measurable changes in attentional zoom
in a study by Parks, Beck, and Kramer (2013). In this case, attentional zoom was
measured with a flickering ring encircling fixation at a distance of 2°, 6°, or 11° of
visual angle. The SSVEP generated by the ring at 2° was stronger for a cue
requiring a luminance discrimination than for a cue requiring a combination of
luminance and orientation information, suggesting that the region 2° around
fixation was inhibited more during the conjunction task. Once again, a cue task
that would be classified as “high-load” by PLT led to more narrowly focused
attention.
This link between go/nogo cues and attentional zoom means that the
changes in distractor interference found by Lavie (1995) might be due to
differences in attentional zoom settings. This possibility was tested in a series of
experiments by Chen and Cave (2016) in which a small target letter had to be
identified in the presence of a larger distractor letter. Trials began with a
go/nogo cue. The easier condition required a discrimination of the cue color,
while the more difficult condition required that color and shape information be
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combined. In Chen and Cave’s Experiment 2, the interference from the distractor
letter was greater with the easy cue task, as predicted by PLT. However, in that
condition, the target letter was always at one of two possible locations next to
fixation, and the distractor was positioned near the target but farther away from
fixation. (See Figure 3B.) This stimulus arrangement made it possible to adopt a
narrow attentional zoom setting that selected both possible target locations and
excluded both possible distractor locations. Thus, participants could have
adopted this narrow attentional zoom with the difficult cue task, but spread
attention more broadly with the easier cue task.
-----------------------------------Insert Figure 3 about here.
-----------------------------------In Experiment 1, everything was the same except that the target and
distractor locations were swapped, so that the distractor was now closer to the
fixation than the target, and it was no longer easy to select a single region that
included both target locations while excluding the distractor locations. (See
Figure 3A.) The cue task was still the same, and thus the perceptual load
difference between the cue conditions should still be the same. Nonetheless, this
change in stimulus configuration eliminated the effect of cue type: the
interference from the distractor was just as strong regardless of the cueing
condition.
The difference in the pattern of distractor interference between these two
experiments cannot be attributed to PL, but it can be explained by differences in
attentional zoom. The stimulus configuration in Experiment 2 makes it possible
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to narrow the attended region for the difficult cue task and still select the two
possible target locations, which are relatively near the cue location at fixation.
Participants can easily use narrow zoom in the difficult cue condition, which
limits distractor interference, but they will use a wider zoom in the easy cue
condition, leading to more interference. In Experiment 1, it is difficult to select
the two possible target locations without also selecting the distractor locations.
Participants use the same attentional zoom, regardless of the cue, and the
interference is similar in both conditions. This pattern of interference is due to the
ease in finding an effective attentional zoom setting, and not to PL.
Block order effects with go/nogo cues. As described above, some
experiments have demonstrated that expectations can be set by an earlier block
of trials, and the resulting effects of block order are difficult to reconcile with
PLT. Order effects have been demonstrated in the go/nogo cue paradigm by
Chen and Cave (2016) Experiment 4, suggesting that the size of the attentional
zoom region is set differently depending on previous experience. Their
participants saw stimulus displays that consisted of a target letter on the left or
right of a centrally located go/nogo cue and a salient distractor letter above or
below the center. The go/nogo cue required either an easy (color) or difficult
(color + shape) discrimination. Each participant completed two blocks of trials:
one with the easy cue task, and one with the difficult cue task. The order of the
blocks was counterbalanced across participants. The results depended on the
order in which the two trial blocks were done. The participants who started with
the easy cue showed distractor interference in the easy cue block but not in the
difficult cue block. In contrast, the participants who started with the difficult cue
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showed no distractor interference in either the easy or the different cue block.
Chen and Cave interpreted this block effect in the following way: if participants
started with the easy cue, their attention was distributed more broadly, so that
there was interference from the distractor. Once they moved on to the next block,
the wide attentional zoom allowed too much interference for the difficult cue
task, and thus the attended region was narrowed to limit the interference. If
participants started with the difficult cue, they needed to have a narrow
attentional zoom. That narrow zoom worked well for this task, and thus
participants maintained a similar attentional setting into the easy cue condition,
so that distractor interference was low across the entire experiment for these
participants.
Similar top-down effects have been found by Belopolsky, Zwaan,
Theeuws, and Kramer (2007), who investigated the effect of a color singleton on
search efficiency as a function of top-down search strategy. Participants saw
identical search displays in different blocks, but they were induced to adopt
either a broad or a narrow attentional zoom in each block via a go/nogo
response cue. The results show that a color singleton captured attention more in
the broad attentional zoom condition than in the narrow one. As the extent of
attentional zoom and top-down search strategies are tightly linked, the results of
these studies are in line with the notion that attentional zoom may have played
an important role in the PL effects observed in previous studies.
Inter-item interference and the attentional changes to control it. Chen and
Cave’s attentional zoom account is based on the idea that processing of a salient
distractor depends not just on the amount of unused processing capacity or the
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number of nontargets in the display, but also on the amount of interference
among the different items in the display, and the top-down adjustments in
attentional allocation that are made to control this interference. Two other recent
accounts are also centered around these factors. Both are based on considering
the possible interactions among neural representations of the different stimulus
items as they compete for representation.
A recently proposed account, the biased competition account of distractor
processing (Scalf, Torralbo, Tapia, & Beck, 2013; Torralbo & Beck, 2008), offers
one explanation of these interactions. According to the account, the degree of
distractor processing is the result of a top-down biasing signal evoked by the
need to resolve competitive interactions among neutral representations in visual
cortex. The account assumes that all stimuli within the visual field compete for
neural representation, and the competition can be biased by both bottom-up and
top-down mechanisms (Desimone & Duncan, 1995; Kastner, de Weerd,
Desimone, & Ungerleider, 1998; Reynolds, Chelazzi, Desimone, 1999).
Furthermore, the degree of competitive interactions determines the amount of
top-down bias needed to support the representation of the target, and this in turn
affects the degree of exclusion of the distractor and the other stimuli in the
display. Consequently, when the selection of the target is difficult, as in a typical
high load task, a strong top-down bias is needed to overcome the competitive
interactions between the target and the nontargets, and this in turn results in the
exclusion of the distractor and the other nontargets. In contrast, when the
selection of the target is easy, as in a typical low load or high dilution condition,
top-down bias is unnecessary due to the weak competitive interactions among
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the stimuli. This makes it unnecessary to have a narrow attentional window,
resulting in distractor processing.
Because the amount of distractor interference is a function of the degree of
competitive interactions among the stimuli in the visual field, the biased
competition account is able to explain a variety of findings in the literature,
including those found in (1) the PL studies that manipulate the number of
nontargets or their homogeneity (e.g., Lavie, 1995; Lavie & Cox, 1997); (2) the
salience studies that manipulate the degradedness of the target and/or the
distractor relative to each other and to the other stimuli in the display (e.g., Eltiti
et al., 2005; Yeshurun & Marciano, 2013); (3) the dilution studies that vary the
similarity between the target and nontargets or the number of nontargets (e.g.,
Benoni & Tsal, 2010; Tsal & Benoni, 2010; Wilson et al., 2011). In addition, the
biased competition account can explain why the degree of distractor interference
should be smaller when the target and distractors or the target and nontargets
are in the same hemisphere compared with when they are in different
hemispheres (Torralbo & Beck, 2008; Wei et al., 2013), and why there is no
dilution when the nontargets are inverted letters or scrambled faces among
upright letters or intact faces (Chen & Cave, 2013; Thoma & Lavie, 2013). Stimuli
in the same hemisphere or category evoke stronger competitive interactions in
visual cortex, which requires stronger top-down bias to support the target
representation, resulting in the reduction or elimination of distractor processing.
Scalf et al. (2013) emphasize the top-down bias that favors the target over
the other stimuli, but they describe this bias in very general terms. They do not
describe this bias as an attentonal zoom mechanism that distributes attention
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more narrowly as interference increases, although their evidence and their
proposals seem generally consistent with the idea of attention zoom.
Another recent account gives a smaller role to top-down attentional
adjustments to control attention. Neokleous et al. (2016) built a computer
simulation of the interactions and interference among the different stimuli.
Rather than attributing the results of PL and dilution experiments to changes in
attentional control, they explain the results as differences in competition as
interference levels vary. Their model includes mechanisms that have been part of
many attentional theories over the years, including bottom-up attentional
activations based on featural differences (salience) and competition among
stimulus objects for representation. Like the earlier Theory of Visual Attention
(TVA; Kyllingsbæk et al., 2011; Giesbrecht et al., 2014), Neokleous et al.’s model
is designed to explain the results of these experiments without any mechanism
that explicitly implements the concept of perceptual load. The model has
simulated the results from a small number of different experiments to show that
this mechanism can provide accounts of results cited to support PLT as well as
those used to support the dilution account.
Here we will mention two of those simulations. The model has not been
applied to Lavie’s experiments manipulating the number of nontargets, but it has
been applied to Lavie and Cox’s (1997) experiment in which a target letter (X or
N) appeared among similar distractor letters in the high-load condition and
among multiple O’s in the low-load condition. The display contained a very
salient distractor that was outside the search area, which produced higher target
interference in the low-load condition than in the high-load condition. The model
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shows how Lavie and Cox’s results might arise from bottom-up stimulus
salience, rather than from an attentional mechanism that allocates attention
according to perceptual load.
To explore the model’s response to dilution stimuli, Neokleous et al.
(2016) simulated processing of the stimuli from Benoni and Tsal (2010), which
includes low-load-low-dilution, low-load-high-dilution, and high-load-highdilution conditions. In both high-dilution conditions, the addition of the extra
nontargets diminishes activation of the distractor, leading to lower distractor
interference, although the specific interactions among the different stimuli are
different in each condition. Thus, the model produces results similar to Benoni
and Tsal’s experiment.
Neokleous et al. (2016) use these simulations to argue that a single model
can account for the results from both perceptual load and dilution experiments,
and that it can do so without mechanisms that are specially designed to produce
perceptual load effects or dilution effects. Instead, these effects can arise from the
bottom-up activation that objects receive when they differ from other objects in
basic feature dimensions, because this activation can allow both target and
nontargets to inhibit a salient distractor, and can allow the target to overcome
interference from that salient distractor.
The Neokleous et al. model, like the Scalf et al. account and the Chen and
Cave attentional zoom account, portrays the different results across these
different experiments as reflecting the different levels of interference among
distractor items. In the Scalf et al. and the attentional zoom accounts, higher
interference leads to more attentional control, which favors the target over other
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items in the display, and thus limits the interference from a salient distractor.
Neokleous et al. do not include a mechanism to limit the extent of attention in the
face of difficulty; instead, the competition becomes more intense in their model,
and the extra interference limits the ability of the distractor to influence
processing.
The Neokleous model has the advantage of providing the most detailed
account of attentional processing, but it cannot account for the results from
Lavie’s go-nogo experiments, in which the stimuli are identical across conditions,
but distractor interference is reduced by a concurrent conjunction task. Those
results can be explained if a conjunction task leads to narrower attentional zoom
(Chen and Cave) or to some other form of stronger top-down bias (Scalf et al.). It
may not be that difficult to augment Neokleous’ model with an attentional zoom
mechanism that varies according to the level of interference. The model already
includes an “endogenous module” that provides top-down activation for items
similar to a target representation, and this top-down mechanism might be
expanded to limit nontarget processing when interference is high. This addition,
however, would move the model away from its emphasis on late selection.
This model may also have difficulty accounting for Chen and Cave’s
(2013) finding that an upright letter target receives little interference from
inverted letters, and Thoma and Lavie’s (2013) finding that an intact face target
receives little interference from scrambled faces. If new studies are able to
confirm these results, it may be necessary to reconsider the level at which
interference is generated in the model.
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Constraints imposed by the spatial nature of visual selection. Underlying
PLT is an assumption that selection of visual objects is extremely flexible, and
that objects can be easily included or excluded from attentional processing in
order to make full use of the attentional resources. PLT assumes that all
processing resources not needed to process the stimuli that are relevant to the
current task will be allocated to other stimuli. The experiments summarized
above demonstrate that the link between relevance and selection is not always so
strong, and that a number of other factors play a role in determining the amount
of attention allocated to distractors. Likewise, some of the results are not
consistent with a simple dilution account; when the effects of abrupt onsets and
blocked trials are eliminated, dilution only arises from stimuli within the
attended region. Furthermore, accounts such as the model by Neokleous et al.
(2016) provide alternative explanations of these results without invoking the
concept of perceptual load.
There is another aspect of these results that is also not captured by either
the PL or dilution accounts, although it has been included in other attentional
theories. Experiments such at Chen and Cave (2016) demonstrate that the
allocation of spatial attention to nontargets depends to a large extent on the
spatial arrangement of the stimuli. In Experiment 2 of this study, the two
possible target locations are both within the same contiguous region, allowing
distractors to be excluded more effectively than in Experiment 1, in which the
possible distractor locations are between the possible target locations. The spatial
constraints on attentional selection that are demonstrated in these experiments
need to be included when describing the attentional interactions among objects
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in a complex scene. These spatial constraints have not been part of PLT; nor have
they been explicitly included in explanations such as Eltiti et al.’s salience
account, Gaspelin et al.’s Slippage Theory, the dilution accounts by Tsal and
Benoni (2010) and Wilson et al. (2001), or the originally proposed version of the
Neokleous et al model.
Performance in tasks such as that in Chen and Cave (2016) suggests that in
many cases, attention is allocated to a set of contiguous locations that together
form a single region within the visual field. In fact, some have argued that
attention is never split across noncontiguous regions (Jans, Peters, & De Weerd,
2010). However, overall the evidence seems to suggest that splitting attention is
possible, but that it incurs a cost in mental effort (Cave, Bush, & Taylor, 2010),
and thus the selected region might remain contiguous unless there is a
compelling reason for it to be split. One conclusion to be drawn from these
results is that when feasible, attentional selection will encompass a single region,
and that region will have a fairly simple shape.
One specific type of spatial selection that was not included in either PLT
or the Neokleous et al. model is the idea described earlier that the attended
region can expand and contract to accommodate the needs of the current task,
although this idea has been included in other attentional theories, including
Eriksen & St. James’ (1986) zoom lens metaphor, and the idea seems to be
consistent with the proposals of Scalf et al. The possibility of selection by
attentional zoom is illustrated in Figure 4. Attentional zoom selects a region of
the visual field, and thus the objects within this region can strongly activate their
corresponding high-level representations, while the objects outside this region
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are less able to. The size of the attentional zoom region is controlled by a
mechanism that can be affected by many factors, including those factors that
have been manipulated in previous PL experiments. In general, the attended
region is narrowed when distractor interference makes it difficult to accurately
find and identify the target.
_____________________________
Insert Figure 4 about here.
_____________________________
Gauging interference. As already noted, PLT did not specify precisely how
perceptual load was defined, and Tsal and Benoni’s (2010) dilution account was
ambiguous about exactly where in the stream of visual processing dilution is
occurring. The attentional zoom account as suggested here also leaves some key
aspects to be filled in later. It allows for the possibility that a number of different
factors can affect how broadly attention can be distributed, but it leaves open the
difficult question of how these different factors are combined to determine the
appropriate attentional zoom setting. A full description of attentional zoom
control will probably be fairly complex, and may be best done with a
computational model.
One possible component of that control mechanism, which was also
suggested by Cave et al. (2010), is an “interference gauge” that can measure the
degree to which target processing is being disrupted by distractor interference.
By default, attention would be broadly distributed, so that unexpected stimuli
can be detected quickly. However, when the interference gauge detects high
interference, the attended region zooms in more narrowly.
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This arrangement recreates some aspects of PLT: when the number of
nontargets is low or they are not easily confused with targets, the wide
attentional zoom setting allows more attention to be allocated to objects that are
not relevant to the current task. Unlike PLT, however, this account acknowledges
the important spatial constraints that limit how attention can be divvied up
among multiple visual objects. It also acknowledges that the influence of factors
such as target discriminability, target-nontarget similarity, etc. on attentional
selection is indirect and subject to interactions with other factors.
Chen and Cave (2013, 2014, 2016) saw the attentional zoom account as a
way to explain Lavie’s perceptual load experiments, and they concluded that
attentional zoom was also an important factor in the dilution demonstrated by
Benoni and Tsal (2010) and by Wilson et al. (2011). The factors that Lavie
manipulated to increase perceptual load, such as adding more nontargets to the
display or increasing the similarity between target and nontargets, might also
lead to a narrowing of attentional zoom. The Neokleous et al. model accounts for
some of these results without narrowing attentional zoom, but there are some
shared assumptions underlying both systems: They both assume that these highload manipulations cause additional competition among items. In the Neokleous
model, this competition leads to more inhibition of the distractor, while in the
attentional zoom account, it leads to narrower attentional zoom, which then
limits processing of the distractor.
The results from Handy et al. (2001) and from Parks et al. (2013) show that
models of attentional selection should include some mechanism for zooming and
panning the attended region. It is probably fairly straightforward to add such a
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mechanism to the Neokleous model. With such an addition, the model may also
be able to explain the results from the go/nogo perceptual load experiments that
show reduced interference with a conjunction cue.
Conclusion. As noted at the beginning, attentional selection allows some
level of activation for multiple objects, and this simultaneous activation allows
for complex interactions. The PLT and dilution accounts were attempts to
identify general principles governing these interactions, but as experimental
techniques are refined to produce more accurate measures of these interactions
(Yantis and Jonides, 1984; 1990), the emerging data show that the interactions are
more complex than implied by these theories. Distractor interference has been
used for many years in a variety of tasks to measure how fully distractors are
processed, and the methods used to measure dilution by Tsal and Benoni (2010)
and by Wilson et al. (2001) add to the existing paradigms in measuring the
degree to which attention spreads to nontargets across the display. Future
experiments using these methods are likely to lead to a better understanding of
the interactions among target objects, nontarget objects, and selective attention.
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Note:
1. Gaspelin et al. (2012) manipulated the salience of the distractor (which
could be either a color singleton or not) in addition to the perceptual load
required of the task (nontargets homogenous vs. heterogeneous). Unlike
other studies (e.g., Chen & Cave, 2013; 2014; Yeh & Lin, 2013), there was
no evidence that the salience of the distractor affected the degree of
distractor processing. Although it is unclear what caused the different
results in these studies, it should be noted that the size of the stimulus in
Gaspelin et al. was very large. The task relevant stimulus subtended 2.1 x
0

2.5 each, and the distractor 3.4 x 3.8 . The target ring was 12.1 in diameter,
0

0

0

0

and the distractor was a further 1.9 away from the ring. These stimulus
0

features may have rendered the distractor relatively easy to inhibit,
resulting in the absence of the distractor singleton effect. This may also
explain why distractor interference was reduced, rather than increased, in
the low-load singleton condition compared with the low-load nonsingleton condition, suggesting that stronger inhibition was applied to the
distractor when it was a singleton.
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Figure Captions
Figure 1. The four commonly used experimental paradigms in perceptual load
studies. The low perceptual load displays are shown in the left column, and the
high perceptual load displays are shown in the right column. (A) Sample
displays from Lavie (1995, Experiment 1). (B) Sample displays from Lavie and
Cox (1997). (C) Sample displays from Handy and Mangun (2000). (D) Sample
displays from Lavie (1995, Experiment 2A). Figure 1A reproduced and Figure 1D
adapted from “Perceptual Load as a Necessary Condition for Selective
Attention”, by N. Lavie, 1995, Journal of Experimental Psychology: Human perception
and Performance, 21, 455 and 458, respectively (Copyright 1995 by the American
Psychological Association). Figure 1B reproduced from “On the Efficiency of
Visual Selective Attention: Efficient Visual Search Leads to Inefficient Distractor
Rejection”, by N. Lavie & S. Cox, 1997, Psychological Science, 8, 396. (Copyright
1997 by the American Psychological Society). Figure 1C adapted from “Attention
and Spatial Selection: Electrophysiological Evidence for Modulation by
Perceptual Load”, by T. C. Handy & G. R. Mangun, 2000, Perception &
Psychophysics, 62, 177 (Copyright 2000 by the Psychonomic Society, Inc. ).

Figure 2. Examples of cue displays and target displays from Chen and Cave
(2013) Experiment 2. Cue locations were indicated by two successive luminance
decrements at the beginning of the trial. The locations of the target, which was
either an H or an S, were indicated by 2 or 6 figure-8 place-holders increasing in
luminance. The target display consisted of 2 letters or 6 letters, excluding the
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critical distractor, which always appeared at the center. The appearance of the
target display is signaled by luminance decrement.

Figure 3. Examples of stimulus displays from Chen and Cave (2016). The target
was the smaller of the two letters. (A) Experiment 1. (B) Experiment 2.

Figure 4. A number of factors interact to determine the extent of attentional
zoom. The red double-headed arrow represents dilution, which only occurs
among representations of objects within the attentional zoom.
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