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ABSTRACT

Feature-based attention is the ability to select relevant information based on visual features, such as
a particular colour or motion direction. In contrast to spatial attention, where the attentional focus
has been shown to be !exibly adjustable to select small or large regions in space, it is unclear
whether feature-based attention can be e"ciently tuned to di#erent feature ranges. Here, we
establish that the focus of feature-based attention can be adjusted more broadly or narrowly to
select currently relevant features. Participants attended to a set of target-coloured dots among
distractor dots to detect brief decreases in luminance (Experiments 1a, 1b, 2) or bursts of
coherent motion (Experiments 3a, 3b, 4), while varying the range of colours that the target dot
spanned across trials. We found that while participants’ performance decreased with larger feature
ranges to select, but remained at a relatively high level even at the largest colour range. Our
findings suggest that broadening the focus of feature-based attention comes only at a small cost
and that selecting large swaths of feature space is surprisingly e"cient. These results are
consistent with accounts that propose a !exible and generalized set of attentional mechanisms
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that act across both spatial and feature-based domains.

Introduction

When navigating and interacting with the world
around us, sensory information that is highly salient
or relevant to our goals is prioritized by attention (Car-
rasco, 2011; Desimone & Duncan, 1995; Reynolds &
Chelazzi, 2004). Seminal theories have attempted to
explain how information processing is shaped by
attention, and the resulting perceptual and behav-
ioural outcomes. For example, attention to a particu-
lar location in space increases neural processing in
cortical regions selective for that location, and
improves perception of items that appear there
(Kastner et al, 1999; Pestilli & Carrasco, 2005;
Posner, 1980). Likewise, attention can select infor-
mation based on visual features, such as a particular
colour or motion direction (Andersen et al.,, 2008;
Saenz et al.,, 2003). Several studies have shown that
feature-based attention enhances processing of the
selected feature (Liu, Larsson, et al., 2007; Martinez-
Trujillo & Treue, 2004; Saenz et al., 2003; Stérmer &

Alvarez, 2014; White & Carrasco, 2011), similar to

what has been shown for spatial attention. While
spatial attention has received a particularly prominent
focus in the literature (Eriksen & Yeh, 1985; Itti & Koch,
2000; Lamy & Tsal, 2001; Posner et al., 1980; Treisman
& Gelade, 1980; Wolfe, 1994) — often treated as separ-
ate and distinct from feature-based attention — it is
undetermined whether spatial
attention rely on largely separate processes or may
instead share common processes that act on
diterent mental representations and neural sub-
strates. As such, understanding under what circum-
stances attentional selection is comparable or
di#terent across these modes of attention is necessary
for establishing a more general theory of attentional
selection.

In research on spatial attention, significant e#ort
has been dedicated to understanding the structure
and size of the attentional focus. Many inluential
models of spatial attention, such as the spotlight
(Posner, 1980; Posner et al, 1980), gradient
(Downing & Pinker, 1985), zoom-lens (Eriksen &
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St. James, 1986; Eriksen & Yeh, 1985), and normaliza-
tion model of attention (Reynolds & Heeger, 2009),
propose diterent characteristics of the attentional
focus. For example, some have hypothesized that
spatial attention exhibits an excitatory peak at the
attended location that gradually falls o# with increas-
ing distance (e.g., Dori & Henik, 2006; Downing &
Pinker, 1985; LaBerge & Brown, 1989; Shulman et al.,
1986), while others have proposed a centre-surround
profile where locations nearby an attended region are
inhibited (Cutzu & Tsotsos, 2003; Hopf et al., 2006;
Mounts, 2000; Mller et al., 2005). Another important
property of the attentional focus is its size: whether it
can be adjusted lexibly or is fixed at a particular
spatial scale. The zoom-lens model, initially conceived
of by Eriksen and St. James (1986), proposes that the
size of the attention field can be changed (i.e., one can
“zoom in” or “zoom out” to attend to small or big
regions in the visual field), but that these changes
come at a cost, such that processing e"ciency
decreases as the size of the attentional focus
increases. The more recently developed normalization
model of attention also suggests that the attentional
field size is a critical component to understand selec-
tion (Reynolds & Heeger, 2009). For example, it has
been shown that variations in the e#fects of attention
can be explained by di#erent attentional field sizes
(Herrmann et al., 2010; Itthipuripat et al, 2014). In
sum, seminal models of attention — and spatial atten-
tion in particular — have made explicit assumptions
about the lexibility of the attentional focus and
how this relates to the pattern of attentional modu-
lations and task performance.

While ample research has investigated the limits of
spatial attention, the selection limits of feature-based
attention are less well understood. Most research on
this topic to date has investigated the concept of
attentional templates: the idea that attention is
driven by an internal representation of the target
stimulus that is separate from the sensory input
itself (see Geng & Witkowski, 2019, for a review).
This template is a memory representation of the
target that provides top-down input to sensory popu-
lations, modulating their responses proportional to
their selectivity for features associated with the
target template. Notably, the template does not
need to be a precise representation of the target,
but might be broader (because the target feature is
vaguely defined, e.g.,; Bravo & Farid, 2012; Hout &

Goldinger, 2014; Witkowski & Geng, 2022) or asymme-
trically tuned (because of a consistent distractor
context, e.g.; Geng et al.,, 2017; Hamblin-Frohman &
Becker, 2021; Yu & Geng, 2019). In particular, tem-
plates can be defined not only by a specific feature
value (e.g., orange) but by a feature relation (e.g.,
“redder” targets), as demonstrated with behavioural
(Becker et al.,, 2010, p. 2013; Becker et al., 2019), eye-
tracking (Becker, 2010; Becker et al, 2014; York
et al, 2020), and neurophysiological
(Schénhammer et al.,, 2016). However, these studies
generally use a limited but consistent set of stimuli
throughout an experiment, to better measure how
templates are shaped and optimized through
repeated presentations of the target and distractor
features. As such, the main factor for attentional selec-
tion in these experiments is the similarity between
stimuli and the target template held in mind.

In contrast, it is still unknown whether feature-
based attention can be allocated towards a range of
feature values simultaneously (e.g., colours ranging
from red to purple) — changing its width of attentional
selection in feature space — or whether attentional
allocation to features is limited to select a single or
an extremely narrow range of features at one
moment in time (i.e., the colour red or the motion
direction upwards). Indeed, it might be the case
that spatial attention is unique in its ability to
change its selection window to include smaller or
larger regions. Importantly, the question of whether
feature-based attention can allocate resources
e"ciently to di#terent ranges of visual features is sep-
arate from the question of how broadly or narrowly
attentional templates are tuned: while templates
rely on working memory representations and are
important to guide selection initially, the question
of attentional allocation asks whether attention can
support the simultaneous modulation of multiple fea-
tures. Research investigating the limits of feature-
based attention have predominantly focused on
examining whether multiple distinct features can be
selected at once, with many findings suggesting a
stark and fixed limit of feature-based attention. For
example, Boolean Map theory (Huang & Pashler,
2007) proposes that attentional selection requires
the division of the visual field into regions based on
whether a given feature (e.g., the colour red) is
present or absent at that location, and argues that
only a single feature value can be used for selection

measures



at a time, while multiple locations can be selected
simultaneously. Consistent with this account, studies
have shown that cuing two directions of motion (Liu
et al.,, 2013) or colours (Liu & Jigo, 2017) benefits per-
ceptual processing less than cuing to a single feature,
suggesting a stark selection limit. Furthermore, Liu
and Jigo (2017) found evidence to suggest that any
benefits in the two-cue condition could be explained
by attention towards a single feature, and proposed
that attention can only select a single feature value.

However, previous studies have mostly assessed
situations in  which feature-based attention s
divided between distinct feature values (e.g., the
colours red and blue; Andersen et al.,, 2013; but see
Stormer & Alvarez, 2014), but an unanswered ques-
tion is whether attention can be e#ectively distribu-
ted across a range of feature values (e.g., colours
ranging from red to orange); in other words, can
feature-based attention change its scope to select
broader (or narrower) parts in feature space, similar
to how spatial attention can increase its attentional
field size to select larger (or smaller) spatial regions?
A few studies indirectly speak to this: Herrmann
et al. (2010) manipulated the uncertainty of a
precue in an orientation discrimination task, and
found that when precues were highly uncertain (cov-
ering 60° of orientation), the behavioural benefit of
valid cues was equivalent regardless of the actual
orientation of the target stimulus, providing sugges-
tive evidence that participants were distributing
their attention across the entire range of potential
target orientations during the cue-target interval.
Another study using a similar approach found that
sensitivity to a motion target decreased as a function
of the reliability of the cued motion direction (Ball &
Sekuler, 1981), suggesting that spreading attention
to larger ranges comes at a behavioural cost. While
these studies provide some support for the idea
that feature-based attention — like spatial attention
— may be relatively lexible in its focus, their manipu-
lation of cue reliability does not require that partici-
pants maintain attention to a wide range of features
at once, and ultimately the target feature selected
was only a single value. Thus, current research has
not directly assessed whether and how multiple
feature values can be selected continuously.

If feature-based attention can be !exibly adjusted
to select more broad or narrow ranges of feature
values, then many models, based predominantly on
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explaining spatial attention, could incorporate this
shared aspect. Some models of attention already
assume similar principles for selecting locations and
features (Reynolds & Heeger, 2009), predicting that
the lexibility of spatial attention should extend to
the selection of visual features. Some have even con-
strued spatial dimensions as simply being “features”
of the visual world in the same way that colours or
orientations are (Maunsell & Treue, 2006), implying
that the traditional division between the two modes
of attention are unnecessary and that selection for
features and spatial locations should follow analo-
gous principles. In this case, the size of the attentional
field should not only be able to adjust in location
space, as previous work has shown (Castiello &
Umilta, 1990), but should also adjust in feature
space, and be thus able to select a range of features
with reasonable e"ciency. Although there are many
di#terences between spatial and feature-based atten-
tion (e.g., Ling et al., 2009; Liu, Stevens, et al., 2007),
they are also highly intertwined. For example, it is
well known that the task-relevance of a feature can
modulate whether spatial attention is captured and
guided to its location (Becker et al.,, 2010; Folk et al,,
1992; Grubert & Eimer, 2016; Williams et al.,, 2022).
While such studies show that spatial and feature-
based attention interact, these domains are often
treated as theoretically distinct, with separate mech-
anisms their
However, a major goal of attention research is to
characterize general selection mechanisms that
bridge across stimulus spaces. Determining the !exi-
bility of the attentional focus to features is therefore
a critical test of whether the mechanisms underlying
spatial and feature-based attention are shared or
dissociated.

invoked to account for findings.

Here, across six experiments, we examine whether
feature-based attention can be lexibly tuned to
narrow and broad ranges of colours. We adapted a
sustained feature-based attention task (Andersen
et al, 2008; Saenz et al, 2003; Stormer & Alvarez,
2014), where participants attend to a set of target-
coloured dots amongst di#terently coloured distractor
dots to detect brief target events (luminance
coherent motion). To assess the
e"ciency of narrowly and more broadly tuned atten-
tion, we varied the range of colours that the target
dots spanned from trial to trial, allowing us to
measure performance as a function of the distribution

decreases or
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of target colours attended. Because the range of rel-
evant colours varied from trial to trial, as well as the
region within the feature space those colours were
selected from, a consistent attentional template
could not be used throughout the experiment. Our
findings demonstrate that increasing the size of the
attentional focus in feature space results in only a
relatively small decrease in processing e'ciency,
similar to studies of spatial attention. In particular,
Experiment 1a (which used a fixed-luminance circular
colour space) and Experiment 1b (which used a fixed-
luminance 2D colour space) show that when atten-
tion is tuned broadly to a large range of colour
space, performance decreases only slightly compared
to a narrow focus. Experiment 2 demonstrates that
this decrease in performance is much lower than
would be expected if participants were attending to
only a narrow, fixed range of colours. In Experiment
3a and 3b, we confirm that this e#tect is driven by
attentional selection of colours during perception,
rather than later decision-related processes by asses-
sing performance on both target and distractor-
coloured dots. Finally, Experiment 4 demonstrates
that attention was allocated across the entire range
of colours relatively uniformly, as participants were
just as good at detecting changes at the edges of
the colour range as those in the centre of the range.
Together, these experiments demonstrate that
feature-based attention can be e'"ciently adjusted
as necessitated by task conditions.

Experiment 1a
Method

Preregistration

We preregistered the predictions and analysis of this
experiment on AsPredicted, with a predetermined
minimum sample size of 30 (https://aspredicted.org/
4c¢7f7.pdf), providing 80% power to detect a signifi-
cant e#ect of h%>0.308. In comparison, previous
studies on this topic have used relatively small
sample sizes (n=2-12; Ball & Sekuler, 1981; Liu
et al.,, 2013; Liu & Jigo, 2017; Herrmann et al., 2010).

Open data

Raw data and analysis code for all experiments are
available on the Open Science Framework (https://
osf.io/uf4k6/).

Participants

Thirty-six undergraduate students from the University
of California, San Diego subject pool participated for
course credit and gave written informed consent
prior to starting the experiment as approved by the
Institutional Review Board at UC San Diego. Six par-
ticipants with an average d’ < 0.5 across all conditions
in the main task were excluded. The remaining 30 par-
ticipants (24 women, 6 men) were between 18-25
years of age (M=19.9+ 1.7 years) and had normal
or corrected-to-normal vision.

Stimuli

The experiment was presented on a 22® CRT monitor
that was calibrated to linearize RGB output. Partici-
pants were seated at approximately 57 cm from the
monitor during the experiments. All stimuli were gen-
erated using MATLAB (R2016b) with the Psycho-
physics Toolbox (Brainard, 1997). A centrally
presented circular field of dots (5.8° visual angle
radius) was presented on a black background
(Figure 1A). This field contained 200 dots moving
independently and randomly at 2.25°/s. To prevent
participants from tracking single dots, each dot had
a limited lifetime and was redrawn at a new random
location every 300 ms. A white fixation cross (each
bar 0.4° long) was presented in the centre of the
dot field.

The dot field was separated into two groups: a set
of target dots and a set of distractor dots. The target
and distractor contained 100 dots each and di#ered in
colour. All colours were selected from a set of 360
equally spaced equiluminant colours in the CIELab
colour space, drawn from a circle with radius 49
units, centred at L=54, a=21.5, b=11.5 (see Figure
1B). On each trial, the “center” of the target colours
was randomly selected from the colour wheel and
the distractor was set 180° away, on the opposite
side of the colour wheel. Across trials, we manipulated
the range that the target colours varied in by uni-
formly drawing colours symmetrically around the
“center” target colour, such that the width of this
range spanned either 10°, 20°, 40°, 60°, 90°, or 120°
around the colour wheel on each trial (Figure 1B).
Thus, the target dots had a consistent range within
a trial, while the distractor dots were all a single
colour (see Figure 1A, for an example of a 120°
range of target colours and a fixed purple distractor
colour). The colours were selected uniformly from
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Figure 1. A) Example trial structure for Experiment 1a & 1b. During the pre-trial period (800 ms), only the target dots were presented in
colour (in this example spanning 120° of the colour space), while the distractor dots were shown in grey. Participants then had to attend
to the target dots among coloured distractor dots throughout the trial to detect a brief (300 ms) decrease in luminance in the target
colours. Displays are not shown to scale. B) Circular colour space used in Experiment 1la. Target colours were centred at a random
position around the space on each trial and spanned 6 ranges as shown by the arc segments (10°, 20°, 40°, 60°, 90°, or 120°). C)
2D colour space used in Experiment 1b. Target colours were randomly chosen on each trial and spanned 6 ranges along a line as
shown by line segments. The distractor colour was at a fixed relative position from this line. For more details on the colour spaces,

see Methods.

the specified range by creating a sequence of evenly
spaced values spanning 100 points in this range,
rounded to the nearest whole number, representing
the colour angle for each target dot. The spatial pos-
ition of each dot was randomized to avoid any pat-
terns in the layout of the target-coloured dots.

Procedure

In the task, participants attended to a set of target-
coloured dots to detect brief decreases in luminance
(Figure 1A). On each trial, the dot field was presented
for 800 ms during a cueing period, in which the target
dots were presented in colour, while the distractor
dots were presented in a neutral grey (RGB: [100,

100, 100]). This allowed us to present the exact
target colours to participants without having to use
specific cues or labels to di#ferentiate targets and dis-
tractors. After the cueing period, target and distractor
dots (now both coloured) were presented for
2000 ms, during which participants attended the
target dots to detect brief (300 ms) decreases in lumi-
nance. The luminance decrease occurred at a random
time with the constraint that it could not happen in
the 300 ms period at the beginning or end of each
trial. At the end of each trial, participants indicated
whether this change occurred in the target dots by
responding on the keyboard (“m” for a target
change, “n” for no target change). The luminance
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change could occur in the target dots (50% of trials),
the distractor dots (25%), or neither set of dots (25%).
Sensitivity (d’) was calculated as the normalized hit
rate minus normalized false alarm rate (across distrac-
tor change and no-change trials). Response criterion
(c), where reported, was calculated as - the normal-
ized hit rate plus normalized false alarm rate. Hits and
false alarms are also reported in Table 1. Participants
completed 288 trials of this task (48 per condition).

The magnitude of the luminance decrease was
determined for each participant individually at the
beginning of the experiment session by a threshold-
ing task. Participants completed 32 trials per thresh-
olding run, in which the luminance decrease was
adjusted using a staircasing method: the change
became smaller (less detectable) after two consecu-
tive correct responses, and larger (more detectable)
after an incorrect response. The luminance decrement
was initially set at 40% of the maximum luminance of
the dots and was adjusted by 2% with each step.
During the thresholding task, all target and distractor
dots were colours 180° away from each other on the
colour wheel (i.e, range of
colours), and these colours varied randomly from
trial-to-trial. Accuracy was fit with a logistic curve
using the Palamedes toolbox (Prins & Kingdom,
2009) with a guess rate of 50%, and thresholds were
selected as the luminance decrement corresponding
to 70% accuracy. Participants completed 1-3 runs of
the thresholding task until performance was ade-
quately estimated (M =1.87 runs, SD =0.73).

At the end of the experiment, participants also
completed a triad colour similarity task, the data
from which we do not include here.

single colours, no

Results

Sensitivity (d’) to detect the luminance change was
computed separately for all colour range conditions.
To assess how the range of colours present in the
target dots attected performance in the task, we con-
ducted a repeated-measures ANOVA on d’ across
target colour range (10°, 20°, 40°, 60°, 90°, or 120°
around the colour wheel). There was a main e#ect of
target colour range, F(5,145)=3.42, p=.006, h}
=.106, such that d’ decreased as the range of the
target colours increased, further evidenced by a signifi-
cant linear trend, F(1,29) = 15.31, p <.001, h? = .346, as
can be seen in Figure 2A. Planned follow-up compari-

sons (FDR corrected) revealed that this e#ect was

driven by higher d’ at the lowest levels of colour
range (10° & 20°) relative to the highest levels of
colour range (90° & 120°). Performance at 10° was mar-
ginally better than at 90°, p =.052, and 120°, p =.052,
but not di#terent from 20°, 40°, or 60°, ps > .17. Perform-
ance at 20° was significantly better than at 90°, p = .026,
and 120°, p =.005, marginally better than 40°, p =.064,
but not di#ferent from 60°, p =.135. There were no
di#erences in performance between the higher levels
of target colour range, ps > .45. Changes in d’ appeared
to primarily be driven by a reduction in hit rates
(correct detection of target changes) as colour range
increased, F(5,145)=5.75, p<.001, h7 =.165, as there
was no significant e#ects on false alarms to distractor
changes, F(5,145) = 0.40, p =.849, h% =.014, or no-
change trials, F(5,145) = 0.46, p = .807, h2 = .016 (Table
1). These changes are relected in a significant increase
in (i.e.,, more conservative) response criterion (c) with
higher target colour ranges, F(5,145)=2.34, p =.044,
h2 = 075.

This experiment demonstrates that increasing the
size of the focus of feature-based attention leads to
decreased e"ciency in selecting target features, con-
sistent with findings from spatial attention (Castiello &
Umilta, 1990; Maringelli & Umilta, 1998). The observed
decrease in performance, from d' =176 at 10° of
target colour range to d'=1.44 at 120° is smaller
than might be anticipated given the twelve-fold
increase in the range of target colours to be attended,
as evidenced by the small, yet significant e#ect size.
Specifically, assuming a strict capacity model where
only a single colour is selected at a time, there
should be a steep, linear drop o# as the range of
target colours to be attended increases. Instead, our
findings show that attentional resources are not
strictly fixed but l!exibly adapt to be allocated
almost across large parts of the feature space.
Notably, increasing the target colour range a#ected
the rate of hits and not false alarms (see Table 1),
suggesting that changes in performance were
driven primarily by less e"cient selection of the
target colours as the range increased.

Experiment 1b

Experiment la suggests that participants can focus
feature-based attention broadly across a range of
colours quite e"ciently, with relatively small costs in
performance. However, one potential alternative
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Table 1. Mean (SD) hit rates (HR) and false alarm rates (FAR) as a function of target colour range for Experiment 1a. These measures
represent the proportion of trials on which participants correctly reported a luminance change in the target dots or incorrectly

reported a target change when either the distractor changed (FAR distractors) or neither set of dots changed (FAR no-change).

Target colour range

10° 20° 40° 60° 90° 120°
HR 638 (.173) 662 (171) 589 (.184) 594 (.181) 552 (.179) 557 (.188)
FAR (distractors) 199 (.153) 213 (.152) 227 (.182) 215 (.157) 220 (.182) 236 (.156)
FAR (no-change) 113 (.126) 118 (.147) 116 (.149) 130 (.134) 127 (.147) 130 (.159)

explanation for these findings is that the decrease in
performance we found is driven not just by the
range of target colours, but by the correlated change
in target-distractor similarity with di#erent ranges,
which a#tects performance in this type of feature-
based attention task (Chapman & Stormer, 2022).
Because we used a circular colour space, increasing
the range of to-be-attended colours necessarily
increases the similarity between targets and distractors
(as can be seen in Figure 1B). At the lowest level of
target colour range, the distractor colour was 175°
away from each end of the target distribution, while
at the highest level the distractor colour was 120°
away. To rule out the alternative that (at least some
of) the decrease in performance was due to changes
in target-distractor similarity across conditions, we con-
ducted a second experiment that ensured that the
target colour range was not confounded with target-
distractor distance. To do this, in Experiment 1b, we
chose target and distractor colours from a two-dimen-
sional plane in the CIELab colour space (Figure 1C).
Target colours were selected along a line drawn in
this space at a fixed distance from a distractor colour;
thus, increased colour range here actually decreases
the average distance between target and distractor
colours (see Figure 1C). It is also worth noting that dis-
tractors now di#tered from targets in both hue and sat-
uration. While this might complicate a direct
comparison between Experiments la and 1b,
because distractors are more distinct from targets in
two feature dimensions, this experiment provides a
strong test of the hypothesis that a broad range of
feature values can be selected by attention, regardless
of distractor similarity.

Method

Preregistration
Just like for Experiment 1a, we preregistered the pre-

dictions and analysis of this experiment on

AsPredicted, with a predetermined minimum
sample size of 30 (https://aspredicted.org/f7fz5.pdf),
providing 80% power to detect a significant e#ect

of hrz) > .308.

Participants

Thirty-nine undergraduate students participated in
this experiment and gave written informed consent
as approved by the Institutional Review Board at UC
San Diego. Nine participants with an average d’' <
0.5 across conditions in the main task were excluded.
The remaining 30 participants (21 women, 9 men)
were between 18-25 years of age (M=204+1.9
years) and had normal or corrected-to-normal vision.

Stimuli

Target and distractor colours were selected from a
fixed-luminance 2D-plane in the CIlELab colour
space. For a particular luminance level that was
fixed across the experiment (L=54), we generated
all colours within the sRGB gamut at steps of 0.25
units along the a and b dimensions. A “d50” white
point was assumed for converting colours from Lab
to RGB values. We selected points in this space such
that the distance between target and distractor
colours, and between points along the variable
target line, were comparable in distance to those
selected from the colour wheel in Experiment 1a. To
generate target and distractor colours, we sampled
three points in the colour space that formed an equi-
lateral triangle with sides 85 units long. Two points
were randomly selected as the maximal ends of the
target colour line and the remaining point was the
distractor colour. The midpoint of the target line
was the “average” target colour, and was restricted
to be at least 15 units from the grey point of the
colour space (Lab =[54, 0, 0]) to avoid target colours
that were highly desaturated. Target colour range
was manipulated by uniformly selecting colours that
spanned particular distances along the target line
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Figure 2. A) Results of Experiment 1a. Detection of target luminance changes (d’) decreased as the range of target colours increased as
a function of the angular distance around the colour wheel. B) Results of Experiment 1b. Discrimination decreased as the range of target
colours increase as a function of distance in the 2D CIELab colour space. Error bars correspond to within-subject SEM.

(widths of 7.1, 14.2, 28.3, 42.5, 63.8, and 85 units; these
distances correspond to the length of the chords on
the colour wheel for the angles used in Experiment
1a). This process was repeated until all target and dis-
tractor colours fell within the sRGB gamut.

Procedure

The details of the procedure are similar to Experiment
la. Participants first completed a thresholding task
using colours drawn from the 2D colour space
(target colour range=0; 1-3 runs, M=1.60, SD =
0.77). They then completed 336 trials of the main
task. Because the colours were slightly less saturated
overall, due to the way we selected points in the
colour space, we lowered the brightness of the base-
line grey dots (RGB: [80, 80, 80]). All other parameters
were the same.

Results

As in Experiment 1la, we conducted a repeated-
measures ANOVA on d’ across target colour ranges.
There was a main e#ect of target colour range, F
(5145)=5.03, p<.001, hi=.148, such that d
decreased as the target colour range increased, as
shown in Figure 2B. Similar to the previous exper-
iment, there was a highly significant linear trend, F

(1,29)=17.08, p<.001, h2=.371, and planned
follow-up comparisons (FDR corrected) revealed that
d’ was higher at the lowest levels of colour range
(7.1 and 14.2 units) relative to the highest levels of
colour range (42.5, 63.8, and 85 units), ps <.05. Per-
formance at 28.3 units did not di#fer from any the
other levels, ps>.063, nor was there a di#ference
between 7.1 and 14.2 units, p =.888, and performance
at the highest levels of target colour range (42.5, 63.8,
and 85 units) did not di#ter amongst themselves, ps
>.49. As for Experiment 1a, changes in d’ appeared
to primarily be driven by a reduction in hit rates as
target colour range increased, F(5,145)=8.90, p
<.001, hp2 =.235, as there was no significant e#ects
on false alarms to distractors, F(5,145)=1.28, p
=.275, h2 =.042, or no-change trials, F(5,145) =0.23,
p =.948, h§=.008 (Table 2). As in Experiment 1a,
these changes are relected in a more conservative
response criterion with higher target colour ranges,
F(5,145) =2.31, p =.047, hg =.074.

This experiment confirmed that increasing the
range of to-be-attended target colours results in
decreased performance, even when target-distractor
similarity does not concurrently increase. Again, we
found that this primarily a#tected participants’ ability
to detect changes in the target dots, since only hit

Table 2. Mean (SD) hit rates (HR) and false alarm rates (FAR) as a function of target colour range for Experiment 1b. These measures
represent the proportion of trials on which participants correctly reported a luminance change in the target dots or incorrectly
reported a target change when either the distractor changed (FAR distractors) or neither set of dots changed (FAR no-change).

Target colour range (a.u.)

7.1 14.2 283 425 63.8 85
HR 665 (.175) 673 (155) 637 (.168) 605 (.139) 589 (.180) 575 (.179)
FAR (distractors) 311 (177) 299 (162) 346 (.198) 337 (157) 332 (.174) 377 (207)
FAR (no-change) 190 (.143) 203 (.172) 1189 (.160) 200 (.183) 207 (.186) 225 (.225)




rates were a#tected by the target colour range (see
Table 2). Importantly, the overall decrease in perform-
ance for higher ranges of colours is likely not due to
factors introduced by the 2D colour space. While
target colours were less saturated than in Experiment
1b, because the 2D space constrained how the target
colours could be chosen, colours at the edge of high
range targets were further from the distractor and
higher saturation on average compared to low
target colour ranges, demonstrating that attentional
selection was similar despite diterences between
the circular and full 2D CIELab colour spaces.
However, although the pattern of results was similar
across these two experiments, targets and distractors
could di#er across two dimensions in Experiment 1b
(hue and saturation) which may limit the direct com-
parability of these findings.

Experiment 2

In Experiment 1a and 1b, we demonstrated that par-
ticipants could attend to a broad range of colours at
a relatively low cost. These results appear inconsistent
with accounts that assume a strict capacity limit of
feature-based attention, for example those that
propose only a single feature value (or a very small
range of feature values) can be selected at once
(e.g., Huang & Pashler, 2007). According to such
accounts, the decrease in performance should be
inversely proportional to the number of features
attended — and thus much more pronounced than
the performance decrease we observed. To directly
quantify how strongly performance would decrease
and fixed
feature range across all conditions, in Experiment 2,

if participants only selected a small

we directly manipulated the number of target dots
and used the observed decrease in performance to
predict the range of attended colours in Experiment
1b.

Method

Preregistration

We preregistered the predictions and analysis of this
experiment on AsPredicted, with a predetermined
minimum sample size of 20 (https://aspredicted.org/
jA6ga.pdf). Based on pilot experiments, we antici-
pated a larger e#tect than in Experiments 1a and 1b,
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so we estimated fewer participants were needed to
detect a significant e#ect.

Participants

Twenty-four undergraduate students participated in
the experiment for course credit. Data from four par-
ticipants was excluded from the final data set, as their
average d’ in the main task was below 0.5. The final 20
participants (13 women, 7 men) were between 18-23
years of age (M =19.8 £ 1.2 years), and had normal or
corrected-to-normal colour vision.

Stimuli & procedure
The task proceeded similarly to Experiment 1b,
however on each trial the target and distractor
colours were fixed at a single value. Thus, participants
attended to a single colour among a single distractor
colour (e.g., just red among blue). To match the
colours as closely as possible to those used in Exper-
iment 1b, the colours were initially selected from the
same 2D ClIELab space used in Experiment 1b assum-
ing a colour range of 85 units. However, in the exper-
iment itself, not the entire range was shown but only
a single target colour that was always selected as the
midpoint of this range.

To experimentally model conditions where only a
small fixed portion of the dots would be selected by
attention, as fixed capacity models assume, we
manipulated the number of target dots in the
display across trials. In our baseline condition, equiv-
alent to previous experiments, there were 100
target dots and 100 distractor dots. Then, across
trials, we varied the proportion of target dots relative
to this baseline across 6 conditions (100%, 84%, 68%,
52%, 35%, 20%). On trials in which the number of
target dots was reduced, the number of distractor
dots was increased to maintain 200 dots overall. To
allow for comparison across conditions, when the dis-
tractor dots changed in luminance this occurred in
only 100 dots. Note that with this manipulation,
target dots were also spatially more di#use as the
number of dots decreased. This, however, would
also be true in Experiments 1a and 1b if participants
restricted their attentional focus to a narrow range
(e.g., 20°), as the dots falling within that narrow
colour range would also be spatially more di#tuse
because colours were randomly distributed across
all dot locations. Thus, Experiment 2 allows for a
comparison with the first

direct experiment.


https://aspredicted.org/j46ga.pdf
https://aspredicted.org/j46ga.pdf

10 (@) A.F.CHAPMAN AND V.S. STORMER

Participants completed 336 trials of the main task,
preceded by a luminance thresholding task with
equal numbers of target and distractor dots (equival-
ent to thresholding in Experiment 1b).

Data analysis

We used this data to predict the range of attended
colours in Experiment 1b. To do this, we first extracted
the slope of the relationship between the number of
target dots in the display and d’ from a linear mixed-
eftects model with “Imer” from the R package Ime4
(v1.1-26; Bates et al, 2015). We then inverted this
relationship, estimating the change in the proportion
of attended target dots based on performance in
Experiment 2. To allow an estimate of the attended
colour range from this relative proportion estimate,
we fixed the proportion of attended dots with a
colour range of 7.1 units to 1.0 (the lowest target
colour range used in Experiment 1b). Finally, we mul-
tiplied the predicted proportion of attended target
dots by the width of the target colour range, resulting
in a measure of the predicted attentional range (e.g.,
an estimated 0.50 of targets attended from an 85 unit
range equals a predicted attentional range of 42.5
units).

Results

We first examined the e#fect of the number of target
dots with a repeated-measures ANOVA, which
revealed a significant main e#ect on performance, F
(5,95) =14.33, p<.001, h2 =.430. Similar to previous
experiments, there was a significant linear trend
downwards in performance as the number of target
dots decreased, F(1,19)=51.70, p<.001, h§=.731.
This strong linear e#ect can be seen in Figure 3A.
This change in d’ was driven by lower hit rates as
the proportion of target dots decreased, F(5,95)=
20.38, p<0.001, h%, =.517, while there was no e#tect
on false alarms to distractors, F(5,95)=1.05, p =.394,
hrzJ =.052, or no-change trials, F(5,95) =0.19, p =.964,
hz = 010.

This data suggests that the results from Experiment
1b cannot be explained by a simple “subsampling”
strategy: the target colour range increases by 12
times across conditions in Experiment 1b (7.1 to 85
units), while the proportion of target dots in Exper-
iment 2 decreases by only 5 times (100% to 20% of
baseline target dots), yet the decrease in performance
in Experiment 2 is much greater. To quantify this

di#terence, we used the performance in Experiment 2
to estimate how broadly participants tuned their
attention in Experiment 1b. To do this, we first fit a
slope to quantify the e#ect of the number of target
dots on performance (Figure 3A), and then used this
slope to read out the expected number of target
dots attended by participants based on d’ in Exper-
iment 1b. For example, d’ for the 42.5 unit range in
Experiment 1b was roughly 1.20 (see Figure 2B),
which maps to a proportion of approximately 0.69
attended dots in Experiment 2 (see Figure 3A),
which was then multiplied by the target colour
range (42.5) giving a predicted attentional range of
29.4 units. We performed this calculation for each par-
ticipant and condition in Experiment 1b.

If participants attend to a strictly fixed range of
colours, then increasing the target colour range (as
in Experiment 1b) should be equivalent to decreasing
the number of target dots on the display (as in Exper-
iment 2). Thus, we can predict the range of attended
colours in Experiment 1b based on how much per-
formance drops in each condition, relative to the
observed changes in Experiment 2. As demonstrated
in Figure 3B, if attention was unlimited to any range
of colours, the predicted range would follow the diag-
onal, while if there was a fixed attentional focus, the
predicted range would !atten out once this fixed
range was reached. However, we find an intermediate
e#ect, revealing that attention cannot select broader
ranges of colours without limits, but that attention is
also clearly not strictly fixed in its scope, thus refuting
a strong version of the fixed lens model. This analysis
assumes that attention inside a fixed range would be
all-or-none, and changes in the target colour range
would map directly onto adding or removing target
dots from the display — which is likely not true in prac-
tice. Regardless, the much larger decrease in perform-
ance in Experiment 2 clearly demonstrates that
participants did not attend to a fixed, narrow range
of target colours in Experiments 1a and 1b; instead,
attentional resources were lexibly allocated across
the di#terent colour ranges following task demands.

Experiment 3a

In Experiment la and 1lb, we demonstrated that
increasing the range of to-be-attended colours
resulted in a decrease in sensitivity for detecting
changes in the luminance of target dots. However, it
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Figure 3. A) Results of Experiment 2. Detection of target luminance changes (d’) decreased with fewer target dots presented on the
screen. B) Predicted range of feature-based attention in Experiment 1b as a function of the true target colour range. Predicted atten-
tional range was based on the slope of the performance in Experiment 1b compared to the slope observed in Experiment 2. Error bars
correspond to within-subject SEM. See methods and results for more details.

is possible that participants were not attending to
only the target colours, but instead distributed their
attention across target and distractor colours to
detect any luminance change, and only at the end
of the trial, when making a response, determined
what kind of change it was (target, distractor, or no-
change). In this case, decreased performance at
larger target colour ranges might then be attributable
to greater confusability between target and distractor
colours. We think such a strategy is unlikely for several
reasons. First, we thresholded participants to a per-
formance level where, in our view, it would be
di"cult to detect luminance changes without focus-
ing attention onto the target colours. Second, across
both experiments, we found that increases in the
target colour range exclusively a#tected hit rates
(detection of changes in the targets) and not false
alarm rates (false attribution of distractor changes as
target changes). Third, we found a similar pattern of
performance in Experiment 1b, despite increases in
the target colour range increasing the separability
of target and distractor colours.

Nonetheless, we sought to get direct evidence to
argue against this alternate account. In Experiment
3a, participants performed a task similar to Exper-
iments 1a and 1b, but this time were cued to prioritize
the target colour to discriminate the direction of a
brief interval of coherent motion (either left, right,
up, or down), which was more likely to occur in the
target dots (80% of changes) relative to distractor
dots. However,
report the motion direction when it occurred in the

participants were asked to also

distractor-coloured dots. If performance for reporting
target changes still decreases as a function of the

range of target colours attended, while remaining
higher than for reporting distractor changes, this
suggests that attentional selection of colours, and
not a later decision-making process, is responsible
for the e#ects we observed in Experiment 1. Impor-
tantly, because detecting coherent motion requires
monitoring a group of dots (whereas luminance
changes used in Experiments 1-2 can be detected
in any single dot on the display), the use of coherent
motion targets provides stronger evidence in favour
of the idea that participants are attending to a
broad range of features simultaneously.

Method

Participants

Sixty-two undergraduate students at UC San Diego
participated in this experiment for course credit.
Sixteen participants were excluded with accuracy
below 60% on attention check trials (motion coher-
ence: 100%; target colour range: 0°; see Procedure).
The remaining 46 participants (31 women, 15 men)
were between 18-29 years of age (M=21.0+24
years). All participants gave informed consent prior
to starting the experiment as approved by the Insti-
tutional Review Board at UC San Diego. This sample
size provides 80% a posteriori power to detect a sig-
nificant main e#ect of target colour range and inter-
action with coherent motion colour type of hg >.196.

Stimuli

This experiment was conducted online, and partici-
pants completed the study in a web browser on
devices they provided. Stimulus presentation for the
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experiment was managed using jsPsych (de Leeuw,
2015) with customized plugins based on previous
RDK code (Rajananda et al., 2018). A central, circular
RDK (400 by 400 px) was presented on a black back-
ground and consisted of two sets of 100 indepen-
dently moving dots (radius 5 px). Each dot had a
limited lifetime and was redrawn at a new random
location at least once every 500 ms. A white fixation
cross (each bar 20 px by 1px) was presented in the
centre of the dot field. Target and distractor dot
colours were selected from a circular CIELab colour
space and colours were determined randomly on
each trial as in Experiment 1la. The range of target
colours was manipulated across trials, spanning
either 20°, 40°, 60°, or 120° around the colour wheel,
similar to Experiment 1la.

Procedure

Trials proceeded similar to Experiment 1a, but with a
change from detection of luminance decreases to
periods of coherent motion. Because this experiment
was conducted online, we had less control over
aspects of participants’ displays, such as brightness
and contrast, so we chose to use a coherent motion
event instead of a luminance decrease to minimize
this heterogeneity. Pilot experiments suggested this
change in tasks produced overall similar patterns of
performance as our in-lab studies. First, for 1000 ms,
target dots were presented in colour alone. Following
a 300 ms blank screen, target and distractor dots were
presented in colour for 500 ms, and participants had
to attend both sets of dots for the duration of the
trial to detect coherent motion (50% coherence) in
one of the cardinal directions (left, right, up, or
down) that occurred in either the target or distractor
dots. At the end of the trial, participants had to report
the correct direction using the arrow keys regardless
of which dots moved coherently. Target dots moved
coherently on 80% of trials, and participants were
instructed to attend to them primarily, while still
reporting the direction of the distractor dots if they
moved coherently. Participants completed 504 trials
of this task, of which 24 had 100% coherent motion
in the target dots (which were presented in a single
colour) and were considered “attention check” trials,
to determine whether participants were performing
the task as intended. These trials were only used to
exclude participants from the main analysis (see Par-
ticipants) and were excluded from the main data

analysis. The remaining 480 trials were distributed
evenly across the four target colour range conditions
(20°, 40°, 60°, or 120°) and coherent motion colour
type (target or distractor dots, 80%/20% respectively).

Results
To assess the eftect of target colour range and atten-
tion (coherent motion in attended vs. unattended
colour) on performance, we performed a repeated-
measures ANOVA on participants’ accuracy in report-
ing the direction of the coherent motion. This
revealed a main e#ect of attention, F(1,45)=65.65,
p<.001, hi=.593, such that participants were on
average more accurate at reporting coherent
motion in the target dots than the distractor dots,
suggesting that attention was primarily focused on
the target dots as instructed. There was also a main
eftect of target colour range, F(3,135)=3.11, p
=.028, h? =.065, such that accuracy decreased as
the range of target colours increased, replicating the
findings from Experiment 1a and 1b. There was no
interaction between these factors, F(3,135)=0.09, p
=.967, h%, =.002, however when assessing the e#ect
of target colour range for each set of dots separately,
we found that the range of target colours had a detri-
mental e#fect on accuracy for coherent motion in the
target dots, F(3,135) = 5.87, p <.001, h2 =115, but not
distractor dots, F(3,135)=1.00, p =.354, h2 =.022.
Follow-up pairwise comparisons (FDR corrected)
revealed that accuracy was generally lower for coher-
ent motion in the target dots at 120° compared to
smaller target colour ranges (20° vs 120°, p<.001;
40° vs 120°, p=.061; 60° vs 120°, p=.003), while
there was no di#terence in accuracy among the
lower target colour ranges (160°; ps>.2).
Additionally, there were no di#erences in accuracy
for coherent motion in the distractor dots for any
levels of target colour range (all ps>.4). For all
levels of target colour range, coherent motion was
detected better in the target dots compared to dis-
tractor dots (ps <.001). These patterns are summar-
ized in Figure 4A. These results indicate that the
eftects of increasing the range of target colours are
driven by attentional selection during perceptual pro-
cessing, as participants were worse in detecting
changes in the distractor colour compared to the
target colour. Furthermore, they show a small per-

formance decrease as the target colour range



increases, replicating the pattern observed in Exper-
iment 1.

Experiment 3b

The findings of Experiment 3a suggest that the
decrease in performance for broader target colour
ranges is not driven by decision processes at the
end of the trial, but are due to continuous attentional
allocation to the target dots. In Experiment 3b, we
attempted to replicate the basic findings of Exper-
iment 3a in an alternate version of the task that
instead used two presentations windows. Specifically,
participants were presented with two consecutive
500 ms windows with only one window containing
the coherent motion. They were instructed to
attend to both consecutive displays to detect
motion in one window or the other. Because coherent
motion was present in only one window, increasing
uncertainty in the stimulus display (as was true for
the luminance changes in Experiment 1a, 1b, and 2),
we expected this might exaggerate the magnitude
of the attention e#tects observed in Experiment 3a.

Method

Participants

Sixty-eight undergraduate students at UC San Diego
participated in this experiment for course credit.
Eight participants were excluded with accuracy
below 60% on attention check trials (motion coher-
ence: 100%; target colour range: 0°; see Procedure).
The remaining 60 participants (45 women, 11 men,
one non-binary, 3 did not report their gender) were
between 18-32 years of age (M =20.14 + 2.2 years).
This sample size provides 80% a posteriori power to
detect a significant main e#ect of target colour
range and interaction with coherent motion colour
type of h7>.119.

Stimuli & procedure

Trials proceeded similar to Experiment 3a, but with
the presentation of two stimulus windows. First, the
target dots were presented alone for 1000 ms to
cue participants which colours to attend to. Following
a 300 ms blank screen, participants were presented
with two consecutive 500 ms displays consisting of
target and distractor dots — separated by a 300 ms
blank screen — and had to attend to both sets of
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dots in both windows to detect coherent motion
(50% coherence). The coherent motion could occur
in either the target or distractor dots, in either the
first or second presentation window, and in one of
the cardinal directions (left, right, up, or down). At
the end of the trial, participants had to report which
window the motion was present in (responding with
“1” or “2”) as well as the direction of the motion
(using the arrow keys), regardless of which dots
moved coherently. Target dots moved coherently
on 80% of trials, and participants were instructed to
attend to them primarily, while still reporting the
direction of the distractor dots if they moved coher-
ently. Participants completed 264 trials of this task,
including 24 “attention check” trials which had
100% coherent motion in the target dots in one
window and all target dots were presented in a
single colour. The remaining 240 trials were distribu-
ted evenly across the two target colour range con-
ditions (20° or 120°) and coherent motion colour
type (target or distractor dots, 80%/20% respectively).

Results

To assess the e#ect of target colour range (20° vs.
120°) and attention (coherent motion in the target
vs. distractor dots) on performance, we performed a
repeated-measures ANOVA on participants’ accuracy
in reporting the direction of the coherent motion.
There was a significant e#fect of attention, F(1,59) =
47.41, p<.001, h? =.446, as participants had higher
accuracy for reporting the direction of coherent
motion in target dots relative to distractors, consist-
ent with attention being primarily focused on the
target dots. There was no main e#ect of target

colour range, F(1,59)=256, p=.115 h?2=.042,
however there was a significant interaction, F(1,59)
=537, p=.024, hf, =.083. Follow-up analyses

revealed that accuracy for detecting the target
motion was significantly lower for target colour
ranges of 120° relative to 20°, t(59)=4.23, p <.001,
d, = 0.55. In contrast, accuracy for detecting distractor
motion was not a#tected by the target colour range, t
(59) =0.26, p =.793, d, = 0.03. These patterns are sum-
marized in Figure 4B.

Overall, the findings from Experiments 3a and 3b
indicate that the e#ects of increasing the range of
target colours are driven by attentional selection
during perceptual processing and not later decision-
related processing. Even when participants reported
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Figure 4. A) Results of Experiment 3a. Accuracy in reporting the direction of coherent motion was higher for target than distractor
dots. Further, a small but reliable decrease in accuracy was observed as a function of the range of target colours. B) Results of Exper-
iment 3b with two presentation windows. Accuracy for coherent motion direction was higher for target than distractor dots. There was
a significant decrease in accuracy at higher target colour ranges, but only for coherent motion in the target dots. Error bars are within-

subjects SEM.

changes that occurred in either set of dots, they still
had lower performance as the target colour range
increased, suggesting that selection of the target
colours was less e'"cient as the size of their atten-
tional focus increased. Despite this, performance
was still relatively high overall, consistent with the
interpretation that feature-based attention can be
tuned range of
colours. Additionally, because participants attended
targets relatively short presentation

windows in both experiments, these findings cannot
straightforwardly be attributed to strategic shifts of
attention throughout the range of target colours
during the trial. Further, these experiments argue
against the idea that participants were attending to
a limited range of dots on any given trial, since coher-
ent motion (as opposed to luminance changes) are

relatively e'"ciently to a wide

within

dependent on a simultaneous global percept across
many dots in the display.

Experiment 4

Thus far, our data are consistent with the interpret-
ation that participants can adjust the size of the
focus of feature-based attention according to task
demands, with only small costs in performance. This
interpretation is similar to results in spatial attention
where studies have shown that participants adjust
the size of their spatial focus of attention in response
to diterent cues (Castiello & Umilta, 1990; Eriksen &

St. James, 1986). However, the decrease in perform-
ance we observed is also consistent with an account
in which the size of the attentional focus is fixed
and relatively narrow, in which case lower perform-
ance at wider ranges could simply be driven by the
fact that participants only attend to a subset of
target colours, e#ectively not processing colours
outside of this narrow focus to the same extent.
Because the target events in our experiments (i.e., to
luminance decreases or coherent motion) occur
throughout the entire range of colours, signals occur-
ring outside the scope of a fixed focus would be much
weaker, resulting in overall lower performance as the
range of target colours increases. While Experiment 2
rules out a strong version of such fixed capacity
models, which would predict a much stronger
decrease in performance than the one we find, we
aimed to test more directly how attention is distribu-
ted across broad ranges of colour in Experiment 4.
We instructed participants to attend to broad
ranges of feature values (120° around the colour
wheel), while coherent motion events occurred
either for the 50% of target dots in the centre of the
colour distribution (£30° of the central target colour)
or at the edges of this colour distribution (outer
50%; i.e.,, colours 30-60° either side of the target
range; see Figure 5A). If participants attend primarily
to a narrow range of colours in the centre of the
colour distribution, we expect performance to be
higher for trials in which the motion coherence



appeared in the centre, relative to at the edges, of the
Alternatively, is tuned
broadly and uniformly across the entire colour
range, we would expect no di#fterence in performance

distribution. if attention

between these conditions.

Method

Participants

Forty-six undergraduate students at UC San Diego
participated in this experiment for course credit and
gave informed consent prior to starting the exper-
iment as approved by the Institutional Review Board
at UC San Diego. Six participants were excluded
with accuracy below 60% on attention check trials
(motion coherence: 100%). The remaining 40 partici-
pants (31 women, 8 men, 1 did not report their
gender) were between 18-30 years of age (M =20.5
+ 2.0 years). This sample size provides 80% a posteriori
power to detect a significant main e#ect of h2>.200
and significant paired-comparisons of d, > 0.45.

Stimuli & procedure

The experiment was presented similarly to Exper-
iment 3a with a single stimulus presentation
window, however on each trial the range of target
colours was 120°. Participants completed 264 trials
of the task, divided into 3 main conditions deter-
mined by which dots moved coherently: distractor
events (48 trials), central target events (96 trials),
and edge target events (96 trials). On distractor
trials, a random 50% of the distractor-coloured dots
moved coherently; on central target trials, the 50%
of dots at the centre of the target colour range
(£30° of the mean colour) moved coherently; on
edge target trials, the 50% of dots outside the
centre of the target colour range (30-60° clockwise
and counter-clockwise from the mean colour, see
Figure 5A) moved coherently. Distractor trials made
up 20% of the main trials of the experiment, as in
Experiment 3a. The remaining 24 trials were attention
check trials, in which 100% of the target dots moved
coherently. Just like in Experiment 33, these trials only
served the purpose to exclude data from participants
that were not doing the task as instructed and were
not used in the main analysis. As in Experiment 3a
and 3b, participants reported the direction of coher-
ent motion that occurred in either the target or dis-
tractor dots (up, down, left, or right).
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Results

The e#tect of the colour type (target-centre, target-
edge, distractor) revealed that performance was sig-
nificantly a#tected by which dots moved coherently,
F(2,78)=19.05, p<.001, h?=.328. Comparisons
between the conditions showed that performance
was significantly lower for coherent motion in the dis-
tractor dots compared to either of the target con-
ditions (target-centre: t(39) =4.70, p <.001, d, =0.74;
target-edge: t(39) = 4.36, p <.001, d, = 0.69), indicat-
ing that participant attended to the target colours pri-
marily. However, performance did not di#ter between
motion coherence probed at the centre or the edge of
the target dot range, t(39)=0.04, p =.972, d, =0.01,
and Bayesian analysis revealed support for a null
e#ect, BFo; =5.86 (JZS prior, with scale r=.707;
Rouder et al,, 2009). That is, participants detected
coherent motion just as accurately when it occurred
in colours at the edge of the target colour range —
split across two segments of the range — as when it
occurred in the centre of the target colour range.
Given that participants were instructed to attend to
the entire target colour range, and the centre and
edge probes were not predictable and occurred
briely and at a random time during the trial, these
findings suggest that participants selected all
colours relatively uniformly rather than a subset of
the target colours. Additionally, the lack of a di#er-
ence in performance for centre and edge probes
suggests that category boundaries have a limited
e#fect on broadly tuning attention to colour, since
the colours in the edge condition were more likely
to come from di#ferent colour categories relative to
the centre probe condition (see Figure 5A, e.g.,).

Discussion

A critical question for models of attention is whether
selection operates in a similar way across di#erent
domains, such as location and feature spaces, or
whether selection relies on distinct mechanisms —
and exhibits distinct limits — depending on the
nature of the domain in question. Here, we tested if
one proposed characteristic of spatial attention gen-
eralizes to the feature domain: whether the atten-
tional focus can be adjusted in size and be !exibly
tuned more narrowly or broadly to select di#erent
ranges of target features. We used a task which
required participants to attend to sets of dots in
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Figure 5. A) Example of trial conditions in Experiment 4. The target colours always spanned a range of 120° (black line), but the coher-ent
motion occurred in only 50% of the dots: either the dots in the central 60° of the target range (+30° from the target mean, blue line), or
the dots at the edge of the target range (30-60° either side of the target mean, red line). B) Results of Experiment 4. Accuracy in reporting
the direction of coherent motion was just as high for coherence in the centre of the range as at the edge of the target colour range.
However, accuracy was higher for both compared to coherence in the distractor dots.

particular colours to detect brief changes in their
luminance or motion direction and varied the range
of target colours to assess the e"ciency of concurrent
attentional selection for multiple colours. We found
that as target colour ranges increased, performance
decreased, as would be expected if selection of mul-
tiple colours was less e"cient; however, this perform-
ance decrease was rather small and participants still
performed well above chance at the highest levels
of target colour range in all experiments, even when
target colours spanned 120° of a circular colour
space (e.g., from greens through to reds; see Figure
1B). Interestingly, we found little-to-no cost in
e"ciency for attending colours spanning approxi-
mately 20° in colour space, suggesting that this
might be the default span of attention focus in this
feature space. Experiment 3a and 3b confirmed that
the eftects of colour range on performance were
driven by changes in the e"ciency of target selection,
rather than by later decision-related processes that
might be based on the distractors as well. Finally,
Experiment 4 showed that attention was distributed
across the entire range of target colours, suggesting
that selection of a range of colours seems to occur
relatively uniformly, given that participants were just
as good at detecting a change when it happened to
colours within the centre of the distribution as
when it happened for perceptually more distinct
colours at the edge of the colour distribution (see
Figure 5A).

Feature-based attention can be tuned
broadly during continuous selection

Our findings are inconsistent with theories that
assume strict capacity limits where only a fixed,
narrow range of features can be selected at once —
in the extreme, just a single colour value. Under
such accounts, as the target colour range increases,
fewer target dots would fall inside this fixed atten-
tional range, resulting in a steep, linear decrease in
performance like we observed
where we decreased the number of target dots pre-

in Experiment 2

sented. Instead, our results suggest that feature-
based attentional resources are not strictly fixed, but
can instead be allocated relatively !exibly across
large ranges of feature values as required by the
task at hand. This finding is consistent with the pre-
viously reported lexibility of attentional templates.
Notably, theories argue that the lexibility of such
templates is dependent on knowledge of the likely
target features: when targets are well specified,
precise templates can guide e'"cient selection,
while broader templates capture uncertainty when
information about the target is less well known
(Geng & Witkowski, 2019). In contrast, our study
demonstrates that attention can be tuned to a
broad range of features when that entire range is rel-
evant to the task. In our experiments, the to-be-
attended features (“template”) were specified by the
full range of target colours shown on a given trial,



and the exact colours and their range varied across
trials. Thus, if participants attended broadly, this was
not due to uncertainty about the relevance of the fea-
tures, but driven by the stimulus itself. Additionally,
the attentional focus would necessarily change from
trial-to-trial, and participants could not prepare
ahead of time what to tune their attention to since
the target features were not known in advance.
Future work could build on this by further dissociat-
ing the range and predictiveness of the target fea-
tures, such as by having consistent features within a
given range be more or less relevant than others.
More recently, it has been proposed that templates
may ditter for attentional selection (i.e., guidance of
attention towards the features similar to the target
held in mind) and perceptual decision-making (i.e.,
matching a possible target to the target features
held in mind), suggesting that there may be
di#terent types of “tuning” possible at each of these
processing stages (Hamblin-Frohman & Becker,
2021; Yu, Hanks, et al., 2022; Yu, Johal, et al,, 2022).
Under this framework, our task design most closely
appears to align with attentional selection, since par-
ticipants were required to maintain attention to the
range of currently relevant colours to perform well
in the task. Additionally, the results of Experiment
3a and 3b, where no “match” decision was required,
argue against the idea that our findings are due to
decision-making processes.

Selection of multiple distinct features vs.
contiguous ranges of features

Previous research has shown a restricted focus of
attention when multiple discrete and categorically
distinct features are selected (e.g., blue and red, Liu
& Jigo, 2017). How then, in our study, do participants
select large ranges of colour values spanning distinct
colour categories relatively e"ciently? Cueing mul-
tiple distinct features as in previous work (Liu et al.,
2013; Liu & Jigo, 2017) likely does not a#ect the atten-
tion field size, but instead appears more comparable
|” attention,
similar to what has been done in spatial attention
(Alvarez & Cavanagh, 2005; Awh & Pashler, 2000; Cas-
tiello & Umilta, 1992; McMains & Somers, 2004). In our
experiments we always cued entire ranges of colours,

to manipulations assessing “multi-foca

and these colours were always chosen from contigu-
ous regions in feature space. Thus, it could be the
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case that selecting perceptually contiguous colour
values is easier than selecting two distinct colours.
That is, intermediate colours may help span discon-
nected regions of the feature space, allowing atten-
tion to “bridge the gap” between distinct parts —
and thus categorically di#erent colours — of the
feature space. Recent work of ours is consistent with
this interpretation. By manipulating the similarity
between target and distractor items, we found that
attentional selection was equally and maximally
e#ective for distractors beyond approximately 40-
50° from a target colour (Chapman & Stdrmer,
2022), suggesting that such colours can be easily
ignored by the visual system when irrelevant for a
task. Compared to the current study, where colours
spanning up to 120° of colour space were e'"ciently
selected, and previous research arguing that distinct
targets could not be jointly selected (Liu et al., 2013;
Liu & Jigo, 2017), these findings collectively suggest
that a contiguous set of target features can provide
a sca#old that aids attentional selection. In addition
to enhancing target features, downweighing the
non-target feature may also aid performance,
especially since in our experiments there was a
single distractor colour. Importantly, a strategy of
just ignoring the distractor would not explain the per-
formance decrease with changes in the target range
we observe here. Nonetheless, future work could
investigate the role of distractor processing more
directly. One important factor would be how e'cien-
tly targets and distractors can be discriminated
(Chapman & Stérmer, 2022), meaning that manipula-
tions that a#ect the similarity between these features
or that increased the range of the distractor features
may provide further insight into the !exibility of
attentional focus (Duncan & Humphreys, 1989; Geng
& Witkowski, 2019).

Other accounts have suggested that attentional
selection can be defined by feature relations (e.g.,
that targets are “redder” than distractors), rather
than feature values (Becker et al, 2010, 2013, p.
2019). In these studies, although targets were
defined by a specific feature value (e.g., orange) it
was found that attention was often guided towards
a range of non-target features that matched the
relationship between the target and distractor fea-
tures (e.g., to all items “redder” than the yellow dis-
tractors). A relational coding account of our findings
seems unlikely for several reasons. While it is possible
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to divide the representation of the 2-D colour spaces
we used into separate “target” and
regions, such a template is equally applicable to any
target colour range, and thus would not predict the
variation in performance that we observe in our

“distractor”

study. Thus, attending to a feature relation alone
could not explain our findings. Indeed, for many con-
ditions in our task there is no single relation that cap-
tures the distinction between targets and distractors

(e.g., Figure 1A where targets are “redder”, “yellower”,
and “greener” than the distractors).

Relation between feature- and location-
based models of attention

Our results indicate that feature-based attention can
select broad ranges of feature values relatively
e"ciently. This is in agreement with previous
studies that showed that participants could
prepare for an upcoming target feature even
when cues were unreliable (e.g., spanning a range
of possible target orientation), suggesting that
attention was broadly tuned (Ball & Sekuler, 1981;
Herrmann et al, 2010). In one study, Herrmann
et al. (2010) argued in support of the normalization
model of attention, in which increasing the atten-
tional field size (i.e., the range of features that are
enhanced by attention) resulted in enhancement
of relevant feature values, despite a decrease in
the overall response of populations tuned to those
values. This is consistent with the results of the
study, ranges of target
colours lead to overall worse performance, though
target colours were still enhanced relative to distrac-
tors. Notably, the normalization model does not
have separate mechanisms for features and spatial
fundamentally
similar (Reynolds & Heeger, 2009), and thus allows
for both dimensions to have a !exible focus. That
is, the di#terences
spatial modes of selection might not be driven by
di#terent mechanisms, but simply by the properties
of the stimulus space under investigation. Impor-
tantly, the normalization model distinguishes
between changes in the stimulation field size (i.e.,
how broad the stimulus is in location or feature
space) and changes in the attentional field size,
which allows the model to account for a wide
range of experimental findings. While Herrmann

current where wider

dimensions but treats them as

between feature-based and

et al. (2010) kept the stimulus field fixed (e.g., the
target was only a single feature value), within the
context of the normalization model, our exper-
iments varied the stimulus field by manipulating
the range of the target colours and assumed that
participants adjusted their attentional focus accord-
ingly. Further investigations that comprehensively
manipulate the size of the stimulation and attention
fields separately will be necessary to directly test the
predictions of the normalization model
di#terent feature spaces.

Models of spatial attention take advantage of the
known map-like structure of spatial representations.
For example, neighboring spatial positions in the
visual field are represented nearby each other in
visual cortex, while positions further apart are rep-
resented at larger cortical distances (Gardner et al,
2008; Mountcastle, 1997). Presumably, this retinotopic
organization allows attention to modulate visual pro-
cessing in a targeted way across di#terent parts of the
cortical map, for example enhancing smaller or larger
contiguous regions within the map, which directly
correspond to small and large regions in the external
world. Indeed, researchers have argued that this orga-
nizing principle can explain cognitive capacity limits,
such as those found in attention and working
memory (Franconeri et al., 2013). Such map-like struc-
tures also exist for visual features: for example, motion
direction is organized by similarity in MT (Albright
et al,, 1984), and colour maps that are based on per-
ceptual similarity have been found in regions of the
ventral processing stream such as V4 (Bohon et al.,
2016; Brouwer & Heeger, 2009; Conway & Tsao,
2009). At a representational level, these maps could
allow attention to spread to relevant features that
are similar to one another (i.e., represented nearby
each other in the feature map), which would allow
attention to utilize similar operations across
di#terent feature spaces. Thus, there may be a funda-
mental similarity in how attention selects ranges of
features within these feature maps and locations
within  retinotopically-organized spatial maps.
Together, this would suggest that separate mechan-
isms for feature-based and spatial attention are not
necessary (as in Boolean Map theory, Huang &
Pashler, 2007, e.g.); instead, a general set of atten-
tional mechanisms can be used across any represen-
tations that are appropriately organized. Therefore,
we might anticipate that any stimulus space that

within



has a map-like organizational structure would follow
similar principles and allow for !exibility in the focus
of attention. Possible examples include shape
(Tanaka, 1996, 2003), motion direction (Albright
et al., 1984), and sound frequency (Merzenich &
Brugge, 1973; Moerel et al, 2012). However, while
relational information in some contexts may a#ect
selection of specific features, it remains unclear
whether and how relations may impact spatial atten-
tion, suggesting some potential di#ferences between
selection in these domains that remain unresolved
as of yet.

Conclusion

Overall, our study demonstrates that feature-based
attention is not as restricted as some previous
research has suggested, and that attention can be
relatively e"ciently tuned more broadly or narrowly
as required by the range of currently relevant
feature values. This seems appropriate for an adaptive
visual system, given that the quality of visual input is
rarely constant over time. For colour in particular,
viewing and lighting conditions can dramatically
impact perception (Brainard et al., 2006; Lafer-Sousa
et al., 2015; McDermott et al., 2010), and so !exibility
in the attentional system can allow for some stability
across these possible changes.

As we have argued, our results mirror previous
research in spatial attention, where a lexible size of
the attentional focus is a core aspect of many
models. Our study thus adds to the evidence
suggesting that similar selection principles underlie
spatial and feature-based attention. For example, it
has recently been shown that feature-based attention
elicits surround-suppression in feature space (Naval-
pakkam & Itti, 2007; Stormer & Alvarez, 2014; Wang
et al,, 2015), similar to the selection profile of spatial
attention (Hopf et al, 2006; Larsson et al, 2016;
Mduller et al, 2005). Our results demonstrate that
attention can select more narrow or broad parts of
feature space, analogous to selecting small or large
spatial regions, consistent with theories that argue
in favour of lexible selection mechanisms (Becker
et al, 2014; Eriksen & St. James, 1986). Broadly,
these findings demonstrate that at least some of the
mechanisms underlying spatial and feature-based
attention may be shared, indicating that more e#ort
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should be given to understanding the intersection
of these two modes of attention.
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