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Abstract

Human vision involves selectively directing the eyes to potential objects of interest. According to most prominent theories,
selection is the quantal outcome of an ongoing competition between saliency-driven signals on the one hand, and relevance-
driven signals on the other, with both types of signals continuously and concurrently projecting onto a common priority
map. Here, we challenge this view. We asked participants to make a speeded eye movement towards a target orientation,
which was presented together with a non-target of opposing tilt. In addition to the difference in relevance, the target and
non-target also differed in saliency, with the target being either more or less salient than the non-target. We demonstrate
that saliency- and relevance-driven eye movements have highly idiosyncratic temporal profiles, with saliency-driven eye
movements occurring rapidly after display onset while relevance-driven eye movements occur only later. Remarkably, these
types of eye movements can be fully separated in time: We find that around 250 ms after display onset, eye movements are
no longer driven by saliency differences between potential targets, but also not yet driven by relevance information, resulting
in a period of non-selectivity, which we refer to as the attentional limbo. Binomial modeling further confirmed that visual
selection is not necessarily the outcome of a direct battle between saliency- and relevance-driven signals. Instead, selection
reflects the dynamic changes in the underlying saliency- and relevance-driven processes themselves, and the time at which
an action is initiated then determines which of the two will emerge as the driving force of behavior.
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Introduction

Decades of research on visual search behavior has been dedi-
cated to the question of how the visual system determines
where to look next when trying to find relevant information.
The answer often relies on the concept of a priority map, a
neural representation which ranks locations in space accord-
ing to their attentional priority. Priority then depends, among
other factors (Awh et al., 2012) on two major, simultaneously
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present forces: First, it is influenced by saliency, or local
feature contrast (e.g. Itti & Koch, 2000; Theeuwes, 1992,
1994; Treisman & Gelade, 1980; Yantis & Jonides, 1984).
Second, priority is influenced by relevance, or the extent to
which stimulus features correspond to the observer’s control
settings, as shaped by task-goals and motivations (e.g. Folk
et al., 1992; Peelen & Kastner, 2011; Reeder et al., 2015).
Experimentally these driving forces can be directly juxta-
posed, and theories regard selection behavior as the quantal
outcome of whichever one of these processes dominates the
competition for priority, given a particular context of stimu-
lus properties and attentional control settings. As a result,
much of the literature has revolved around which stimulus/
task combinations may or may not lead to a particular out-
come—that is, either saliency- or relevance-driven selection,
which has led to rather dichotomous perspectives (see Luck
et al., 2021, and the ensuing commentaties, in particular
Anderson, 2021, for the most recent expression of this).

A distinct alternative view is that both these processes
may dominate within the same stimulus/task context, but
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they do so at different moments in time. Under this per-
spective, the priority map becomes a continuously changing
landscape in which saliency and relevance information need
not necessarily compete for priority simultaneously but fol-
low different dynamics. Curiously, in most current models of
visual search, time is not a critical component, and priority
settings are assumed to remain effectively unchanged until
an object has been selected (only after which it may then
become suppressed; Fecteau & Munoz, 2006; Itti & Koch,
2000; Luck et al., 2021; Schade & Meinecke, 2011; Wolfe,
1994; Wolfe et al., 1989). Moreover, the limited temporal
resolution of dependent measures such as manual response
times (RTs) or modulations of temporally fixed components
such as the N2pc in the electroencephalogram (EEG), has
meant that models have relied on snapshots of selection.
The evidence so far indicates that their dynamics indeed
differ, in particular during the time period leading up to the
first eye movement. Specifically, studies using simple, well-
controlled stimuli have shown that saliency information is
rapidly available but short-lived, while relevance informa-
tion emerges later, and in a more sustained manner (Ander-
son et al., 2015, 2016; Hunt et al., 2007; Schiitt et al., 2019;
Van Zoest et al., 2004; Van Zoest & Donk, 2008) . Further-
more, studies of natural-scene viewing have shown similar
effects, when these consider the first eye movement into a
scene (Anderson et al., 2015; Anderson et al., 2016; Ander-
son & Donk, 2017; Parkhurst et al., 2002; but see Peacock
et al., 2019a, 2019b). Consequently, which driving force is
reflected in behaviour will depend on when the action is
triggered, rather than on the stimulus or the control state
a priori. When an action is initiated early, it is likely to be
saliency-driven; when triggered late it becomes more likely
relevance-driven.

In support of a dynamic model, here we demonstrate a
new phenomenon which shows that saliency- and relevance-
driven selection can be completely separated in time, leaving
a temporary void in selection. We used a straightforward
selection task in which participants were asked to make an

“Make an eye
movement to
the left-tilted
singleton”
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Example target salient trial

Fig. 1 Examples of the two types of trials in Experiment 1. Partic-
ipants were instructed to make an eye movement to a target single-
ton (left-tilted for half the number of participants, right-tilted for the
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eye movement to a relevant target singleton (Fig. 1), which
was presented together with an irrelevant nontarget single-
ton. Depending on the orientation of the background stimuli,
the target could be either the most or the least salient of the
two singletons. Combined with a recently developed time-
resolved eye tracking analysis (van Leeuwen et al., 2019),
this task allows for a separation of saliency- and relevance-
driven selection across time.

Methods

Experiments 1 and 2 followed after re-analyses of two exist-
ing data sets (see Supplementary Material Figs. S1 and S2)
which revealed initial evidence for the existence of a period
of almost complete non-selectivity in between saliency-
driven and relevance-driven selection, and which we consid-
ered as to-be-confirmed pilot data. Here we slightly adapted
and repeated the experiments with adequate sample sizes.

Experiment 1

Participants Twenty participants were recruited (age range
19-25 years, 18 females). All participants reported normal
or corrected-to-normal vision and provided written informed
consent prior to participation. Participants received either
a monetary reward or course credit for taking part in the
experiment. The experiment was approved by the ethics
review board of the Faculty of Behavioral and Movement
Sciences of the Vrije Universiteit Amsterdam and was con-
ducted according to the principles of the Declaration of
Helsinki.

Apparatus and stimuli Stimuli were presented on a CRT
monitor (1680 X 1050 pixels, 75 Hz). Eye movements
were recorded using an EyeLink 1000 Plus eye tracker (SR
research, Ontario, Canada). The viewing distance to the
screen was fixed at 67 cm by means of a chinrest. Whenever

Example target non-salient trial

other half). Depending on the orientation of the background elements,
the target could be more salient than the nontarget (target salient, left
display) or less salient (target non-salient, right display)
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participants were required to fixate, a fixation cross was
presented. This fixation cross consisted of two lines (both
0.07 degrees visual angle [dva] in width, and 0.3 dva in
height). The search display consisted of 361 Gabor grat-
ings each of which had a diameter of 2 dva and a spatial
frequency of 1.5 cycles per degree of visual angle. The
Gabors were arranged in a square grid of 19X 19 elements
(30.5 dvax30.5 dva). The horizontal and vertical distance
between the Gabors was 1.7 dva. Search displays consisted
of 359 homogeneously oriented background Gabors (all
tilted 10° to the left or 10° to the right) and two singleton
Gabors, one of which was always tilted 30° to the left and
the other 30° to the right. The two singleton Gabors were
presented at 4.8 dva from the center of the display and were
always presented on one of the screen diagonals. Participants
were instructed to make an eye movement to the target which
was the left-tilted singleton for one half of the participants
and the right-titled singleton for the other half of the partici-
pants. Dependent on the orientation of the background ele-
ments, on a given trial the target singleton was either more
salient (target salient trials) or less salient (target non-salient
trials) than the nontarget singleton.

Design A within-subject design was used. All the differ-
ent combinations of conditions occurred equally often and
were presented randomly. Participants completed 1200 tri-
als, divided into 24 blocks of 50 trials each. The first block
served as practice and was not included in the analysis. Par-
ticipants received feedback regarding their average saccade
latency after each block of trials. A session took approxi-
mately 1.5 h.

Procedure Two examples of the search display are presented
in Fig. 1. A 9-point calibration was performed before the
start of the experiment (average offset validation: 0.51 dva).
Participants received the instruction to make an eye move-
ment to either the left- or right-tilted singleton immediately
upon the presentation of the search display. Prior to each
trial a drift correction was performed, in which participants
were instructed to press the space bar as soon as they were
looking at a centrally presented dot (average offset: 0.38
dva). This was followed by the presentation of a central fixa-
tion cross. After 500 ms, the search display was presented.
To encourage participants to make a fast eye movement, the
search display was presented without the fixation cross. The
search display was removed from the screen 150 ms after the
eye landed within 1.44 dva from one of the two singletons,
or after 2000 ms when participants failed to land within 1.44
dva from one the two singletons within that time period.

Data analysis We used the same analysis pipeline for all the
data reported in this paper. All data were analyzed offline.
The start and endpoints of saccades were defined using the

velocity-based algorithm described in Nystrom and Hol-
mqvist (2010). We calculated saccade latency (time between
search display onset and the start of the first eye movement)
and landing position of the first saccade for every trial. A
saccade was marked as having selected either of the two
singletons if it landed less than half the singleton’s eccen-
tricity away from it. To investigate the time course of visual
selection, we used a weighted averaging procedure (van
Leeuwen et al., 2019) which mitigates potential distortions
that can emerge from standard averaging. Single-subject data
were smoothed using a moving Gaussian kernel (10 ms in
width). Each point in the time-course (in steps of 1 ms) was
given a weight in proportion to the number of data points
in that subject’s latency distribution. Weighted average per-
formance was calculated using these weights. As such, this
method takes into account the relative contribution of each
individual participant to each individual timepoint, prevent-
ing group estimates to become unreliable. We used paired
t-tests corrected for multiple comparisons in a cluster-based
permutation testing procedure (1000 permutations) to test
for differences between time courses (Maris & Oostenveld,
2007).

We fitted different alternative models to our data (see
Results section). The relative goodness of fit of the alterna-
tive best-fitting models were compared using the Akaike
information criterion (AIC). AIC was computed as follows
(Johnson & Omland, 2004):

Alczz(g ln(RTSS>>+2k, )

where 7 is the number of data points, k the number of free
parameters and RSS the residual sum of squares. Lower AIC
values reflect a better fit. The goodness of fit of two alterna-
tive models were compared by calculating the relative likeli-
hood (RL) using Eq. 2:

min ~AIC; )

RI = o5 ®)

where AIC,,;, is the AIC value of the best-fitting model and
AIC;is the AIC value of the alternative model. RL then gives
the probability that the alternative model (with the higher
AIC value) is a better model than the best-fitting model (with

the lowest AIC value).

Data exclusion Trials were excluded from further analysis if
the first saccade was initiated earlier than 80 ms or later than
500 ms after display onset (7.64%). An additional 23.3%
of trials were removed because the saccade was neither
directed towards the target nor the nontarget singleton or
could not be detected because of data loss. Trials in which
the first eye movement did not select either one of the two
singletons were removed because we were interested in the
relative selection bias of one over the other singleton. Of the

@ Springer



1330

Psychonomic Bulletin & Review (2022) 29:1327-1337

remaining dataset, trials in which saccade latency fell within
the lowest 2.5% of the overall latency distribution were also
removed (see van Heusden et al., 2021).

Results

Oculomotor behavior reveals a period of reduced
selectivity

To investigate the influence of saliency as a function of
saccade latency, we calculated the proportion of saccades

going to the target as a function of saccade latency, sepa-
rately for target salient (gray) and target non-salient (black)
trials (top panel Fig. 2a). As the relative saliency of the tar-
get item was the only difference between these trial types,
the difference scores provide the net effect of saliency. This
difference score corresponds to the red shading in Fig. 2a
and is shown as the red line in Fig. 2b. To investigate the
influence of relevance as a function of saccade latency, we
calculated the proportion of saccades going to the salient
item as a function of saccade latency, separately for target
salient (gray) and target non-salient (black) trials (bottom
panel, Fig. 2a). As the relative relevance of the salient item
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Fig.2 Results of Experiment 1. a Proportion of trials in which the
target (top panel) or the salient item (bottom panel) was selected as
a function of saccade latency, plotted separately for target salient and
target non-salient trials. Shaded areas correspond to 95% confidence
intervals. The clusters of time points at which performance differs
between target salient and target non-salient trials are indicated by
the grey-black horizontal bars. The red and blue areas reflect the sali-
ency and relevance effect, respectively. The bottom of both subplots
shows the saccade latency distribution, including a Kernel Density
Estimation (KDE). b Difference functions reflecting the net saliency
and relevance effects across saccade latency. Shaded areas correspond
to 95% confidence intervals. Bold lines indicate where performance
is significantly different from zero. The bottom of the plot shows the
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saccade latency distribution, including a KDE. ¢ Proportion of sac-
cades towards the non-salient nontarget (NSNT), as a function of
saccade latency. Shaded areas correspond to 95% confidence inter-
vals. The horizontal black line at 0.5 corresponds to purely random
selection behavior. Bold lines indicate where the data are different
from 0.5. The predicted proportions derived from the full model fit
is overlaid in black. The predicted proportions as derived from the
observed saliency and relevance effects is overlaid in orange. The sac-
cade latency distribution, including a KDE is shown at the bottom of
the plot. d The best-fitting functions derived from the full model: S(t)
reflecting the probability that selection is biased by saliency and R(t)
reflecting the probability that selection is biased by relevance
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was the only difference between these trial types, here the
subtraction provides the net effect of relevance. The differ-
ence score corresponds to the blue shading in Fig. 2a and
is shown as the blue line in Fig. 2. Replicating earlier find-
ings (van Heusden et al., 2021; Van Zoest et al., 2004) we
find that the effect of saliency is initially strong but rapidly
disappears with increasing saccadic latency. The effect of
relevance emerges at a later point in time and is more sus-
tained. Crucially, we observe a brief time period in between
(starting roughly 240 ms after display onset), during which
both effects are approximately zero, implying that selection
of an item is neither affected by the relative saliency nor by
its relevance during this period of time (see Fig. 2b).

To examine this further, we assessed the specific subset
of trials in which a salient target was presented alongside a
non-salient nontarget (NSNT). Note that the NSNT is nei-
ther the most salient item nor the relevant item in the dis-
play, and an ideal system should therefore never select it.
Conversely, a period of non-selectivity should come with a
momentary increase in NSNT selection. The proportion of
trials in which the NSNT was selected as a function of sac-
cade latency is plotted in purple in Fig. 2c. Indeed, saccades
made early or late in the trial avoided the NSNT. However,
in between, the NSNT was selected on as many as 42.3% of
trials, peaking at 246 ms after display onset—where 50%
would reflect complete non-selectivity.

Next, we assessed if selection of the NSNT (Fig. 2c) is
predicted by the observed data shown in Fig. 2b. If selec-
tion performance is indeed entirely determined by the two
dynamic components as depicted in Fig. 2b, the probability
of selecting the NSNT at time point ¢ can be predicted as
follows:

P(NSNT), = (1= S(8)5) * (1= R(D),5) * 0.5, 3)

in which S(#),,, corresponds to the observed net saliency
effect, and R(%),,, to the observed net relevance effect as
depicted in Fig. 2b. P(NSNT), is plotted in orange in Fig. 2c.
It shows a strong similarity to the observed time course (all
clusters, p >.94). Note that this similarity is not self-evident,
for P(NSNT) (derived from performance on target salient
trials only) is in principle independent of the net saliency
and relevance effects (derived from performance differences
between target salient and target non-salient trials).

Reduced selectivity can be best explained
by independent time courses

To test whether the momentary non-selectivity indeed stems
from two independent dynamic components, we fitted a
model (Dombrowe et al., 2012; Donk & van Zoest, 2011;
Heimler et al., 2014, 2015). The model incorporates two
components: First, a saliency-driven bias, S(¢), reflects the

probability that the visual system is biased by saliency, and
is defined as:

S(1) = e 4sUs)for 1> 1,

S(t) =1 fort < ty, @

with 7 representing the time since the presentation of a dis-
play, ag reflecting the rate of the function, and #,g indicat-
ing the time since display onset at which the function starts
to decrease. Function values range from 1 to 0. Second, a
relevance-driven bias, R(¢), reflects the probability that the
visual system is subject to a relevance-driven bias and is
defined as:

R() =1 — e (=) for t > 1y,

R(t) = 0 for t < top, (5)

with 7 representing the time since the presentation of a dis-
play, ay indicating the rate of the function, and ¢ty repre-
senting the time since display onset at which the function
starts to increase. Function values range from O to 1. The
probability of selecting the NSNT at time point # can be pre-
dicted as in Eq. 3, but now R(¢) and S(¢) are modeled rather
than observed. Given the two components, the model allows
for a non-monotonic rise and fall of P(NSNT), as a function
of saccade latency. We contrasted this fu/l model with four
other models: The saliency only and relevance only models
incorporate either one of the components defined above (S(7)
or R(1)), but not both, and thus each describe a monotonic
relationship using two parameters. The time-invariant model
has a saliency and a relevance component but assumes the
probability that the visual system is biased by either to be
constant over time and thus has only one parameter. Note
that this model comes closest to existing theories of visual
selection in search, which either do not currently incorporate
time or assume activation to be constant. Note further that
the presence of different time courses per se does not neces-
sarily imply independence, as these could be the result of
one signal influencing the other. That is, saliency effects may
only be short-lived exactly because relevance-driven control
mechanisms take over, effectively quashing the influence
of a continuous underlying saliency signal on the priority
map (e.g. Luck et al., 2021). Or likewise, relevance-based
biases may be continuously present from the start, but only
emerge late exactly because saliency initially dominates.
We therefore included the interdependent model, which
contains both a diminishing saliency component and a ris-
ing relevance component, but unlike in the full model, here
the decline of § is directly coupled to the rise of R, such that
tos=1tyr and ag=ay (and thus the model has two parameters).
This model thus reflects the case where the different time
courses emerge from direct competition between saliency-
and relevance-driven processes. These models were fitted to
the weighted overall group data obtained from target salient
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trials. Goodness-of-fit was compared using the Akaike Infor-
mation Criterion (AIC) and pairwise relative likelihood
estimates (RL; see Table S1). The analyses showed that of
the five models, the full model explained the data best. The
estimated time courses of S(¢) and R(¢) derived from the
best-fitting full model are plotted in Fig. 2d and yielded the
following parameter estimates: f,g = 176 ms; ag=0.022; t,g
= 245 ms; and ap=0.007 (see Table S2 for parameters of
the other models). Fig. 2c shows the observed P(NSNT),
as a function of saccade latency along with the predicted
P(NSNT), on the basis of the best-fitting full model. The
predicted time course of P(NSNT), reaches a maximum value
of 0.391 at 247 ms and corresponds to the maximum in the
actual data (0.423 at 246 ms). Note further that the time
courses of S(r) and R(?) as estimated from P(NSNT), (Fig. 2d)
bear close resemblance to the net empirical saliency and
relevance effects shown in Fig. 2b. Finally, to check for any
effects of task practice, we compared performance in the first
and second half of the experiment (Fig. S3). No differences
were found.

Thus, by capitalizing on the temporal variability in sac-
cade generation, we can reveal a brief period during which
saccades appear to be in limbo—that is, they are no longer
driven by saliency, but also not yet by relevance. To investi-
gate the robustness and generalizability of this observation,
we conducted Experiment 2. Here, the task of making an
eye movement to a target orientation remained the same,
but relative saliency was now defined within an irrelevant
dimension, namely color.

Experiment 2

Experiment 2 represents an earlier collected unpublished
dataset that was originally designed for a different purpose.
We reverted to this dataset as our labs were closed for pro-
longed periods of time during the COVID-19 pandemic.
Moreover, the experiment followed the same design as the
published dataset which here was analyzed as pilot data, see
Supplementary Dataset S2.

Methods

Participants Thirty-two participants recruited at the Uni-
versity of Trento participated in the experiment (age range
19-30 years, 16 females). All participants reported normal
or corrected-to-normal vision and gave informed consent
prior to participation. Participants received either course
credit or a monetary reward for their participation. The Eth-
ics Committee of the University of Trento approved the pro-
tocol and this was conducted according to the principles of
the Declaration of Helsinki.

@ Springer

Apparatus Stimuli were presented on a 19-in. SVGA color
monitor with a resolution of 1024 X 768 pixels resolution and
a 75-Hz refresh rate. Eye movements were recorded using
and EyeLink 1000 Remote Desktop tracker (SR Research,
Ontario, Canada) set to a temporal resolution of 1000 Hz.
All participants were tested in a dimly lit room with their
heads resting on a chinrest. The monitor was located at eye
level, 60 cm from the chin rest.

Stimuli and procedure Displays consisted of one target (i.e.,
a line oriented 45° to the right), a series of vertical oriented
background elements, and one nontarget singleton tilted
in the opposite direction of the target (i.e., a line oriented
45° to the left). Elements were presented on a dark gray
background, arranged in a 15 X 11 square matrix with a ras-
ter width of 30.7°Xx25° of visual angle. Elements had an
approximate height of 0.9° of visual angle and approximate
width of 0.3° visual angle. Targets and nontarget singletons
could appear at six different locations. These six potential
locations were placed at an imaginary circle in such a way
that, embedded in the matrix of nontargets, targets and non-
target singleton were always presented at equal eccentric-
ity from fixation (12.4° of visual angle). When a target and
a nontarget singleton were presented, the angular distance
between the two elements was always 120°. Stimulus-sali-
ency was manipulated via color and the uniquely colored
item was considered the most salient item in the display.
In 1/3 of the trials this was the target when it was uniquely
colored red, and in 1/3 of trials this was the nontarget sin-
gleton when it was uniquely colored green. In the remain-
ing 1/3 of trials none of the elements was uniquely colored
making both target and nontarget singleton equally salient.
These later trials were not analyzed here. The present design
in which the irrelevant color was predictably mapped on to
target and distractor was not ideal. One may argue that the
color provided another top-down cue, possibly benefiting
search for the target. However, this concern was mitigated
for several reasons. First, because color was presented unpre-
dictably and was only relevant in 1/3 of the trials, observers
were unable to search consistently for color, thus making this
strategy not useful. Second and consistent with this, previ-
ous work, using a very similar task and stimuli, showed that
color mapping did not affect saccadic selection (van Zoest &
Donk, 2005). In this work it was found that selection behav-
ior followed the same pattern, irrespective of whether the
same or different colors were used for target and distractor
(see also Heimler, et al., 2014; Heimler et al., 2015; van
Zoest & Donk, 2008 for similar results). Third, if observers
would have strategically used the color difference, one would
have expected to see a stronger impact of relevance relative
to Experiment 1. In other words, top-down control should be
available earlier in time, leading to improved performance.
As the data will show, this was not the case.
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Design A within-subjects design was used. All the dif-
ferent combinations of conditions occurred equally often
and presented randomly. Each participant performed 24
practice trials, followed by 432 experimental trials. The
three conditions manipulating target and nontarget sin-
gleton saliency (colored target, no-colored singletons,
colored nontarget singleton) were randomly presented
in blocks of trials of 108 trials. Target and nontarget
singleton orientations (i.e., right-tilted target with a left-
tilted distractor and vice versa) were counterbalanced
among participants.

Procedure Two examples of the search display are pre-
sented in Fig. 3. Prior to the recording and every four
blocks, the eye tracker was calibrated using the 9-points
calibration setup (average offset calibration: 0.45 dva).
Participants pressed the space bar to initiate a trial and
perform drift correction (average offset: 0.80 dva). A
fixation point was then presented for 1000 ms followed
by the stimulus matrix for 1500 ms. Participants were
instructed to maintain fixation until the search display
appeared and then to make a saccadic eye movement to
the target as quickly as possible. Feedback on initial sac-
cades mean latencies was provided every 27 trials. The
experiment was divided in 16 blocks. Participants were
free to take a short break between experimental blocks
and a longer break every four blocks, or 108 trials. A
session typically took about 50 min.

Data exclusion As in Experiment 1, trials were excluded
from further analysis if (1) the first saccade was initiated
earlier than 80 ms or later than 500 ms after display onset
(0.86%); (2) the saccade was neither directed towards
the target nor the nontarget singleton or could not be
detected because of data loss (14.9%); or (3) the saccade
latency fell within the lowest 2.5% of the overall latency
distribution (see van Heusden, Donk, & Olivers, 2021).

“Make an eye
movement to
the left-tilted
singleton”

Example target salient trial

Fig. 3 Examples of the two types of trials in Experiment 2. Partic-
ipants were instructed to make an eye movement to a target single-
ton (left-tilted for half the number of participants, right-tilted for the

Results

As in Experiment 1, the net effects of saliency and relevance
were calculated using the proportions of trials in which
the target and the salient item were selected respectively
(Fig. 4a), revealing a similar set of time courses (Fig. 4b).
Here too we observed a brief period in which both the effects
of saliency and relevance were low, resulting in observ-
ers becoming momentarily non-selective. The pattern of
NSNT selection reveals (Fig. 4c) a peak of non-selectivity
at 267 ms, where observers selected the NSNT on 59.4%
of trials. Moreover, the time course predicted on the basis
of the observed differences scores (plotted in orange in
Fig. 4c) shows a very strong similarity to the observed time
course (all clusters, p >.98). Of the five models described
previously the full model again explained the data best. The
estimates of S(7) and R(f) derived from the best-fitting full
model are plotted in Fig. 4d, and yielded parameter estimates
tos = 1625 ag=0.028; toz = 280; ap=0.006. The model-
predicted P(NSNT) reached a maximum value of 0.480 at
279 ms (note that the model cannot exceed 0.5). Finally, the
estimated time courses of S(#) and R(?) in Fig. 4d resemble
the net empirical saliency and relevance effects shown in
Fig. 4b. Finally, to check for any effects of task practice, we
compared performance in the first and second half of the
experiment (Fig. S4). No differences were found.

The results of Experiment 2 are very similar to those of
Experiment 1, showing that the attentional limbo also occurs
when saliency and relevance are defined in different feature
dimensions.

Discussion

Current theories of visual search assume that attentional
guidance is the result of saliency and relevance signals
projecting concurrently onto a common priority map.

Example target non-salient trial

other half). Depending on the color of the singletons, the target could
be more salient than the nontarget (target salient, left display) or less
salient (target non-salient, right display)

@ Springer



1334 Psychonomic Bulletin & Review (2022) 29:1327-1337
a b
1.0 —— Target salient =~ —— Target non-salient .
2™ = 0.8{ === Saliency === Relevance
32 >
g% 0.6
82 0.0 =
a” - g4 < 0.4
200 250 300 350 400 450 500 g 0.2
1.0
o=
©5 T 00
-
25 .0 — .2
a5
* v : . : : - 6% SOTC R T 1[]TTITTT eep——— =33
200 250 300 350 400 450 500 200 250 300 350 460 45lo 560
Saccade latency (ms) Saccade latency (ms)
C d
0.8 - _
— == Data 1.01 = Saliency === Relevance
= :
=2 ===== Model fit 0.8
&5 i1 P Predicted from AP 7
o
-t
2]
[0}
°
©
|9
O
©
A,
a
0.0 : 7 - 0 . : . . . . ;
200 250 300 350 400 450 200 250 300 350 400 450 500
Saccade latency (ms) Time (ms)

Fig.4 Results of Experiment 2. a Proportion of trials in which the
target (top panel) or the salient item (bottom panel) was selected as
a function of saccade latency, plotted separately for target salient and
target non-salient trials. Shaded areas correspond to 95% confidence
intervals. The clusters of time points at which performance differs
between target salient and target non-salient trials are indicated by
the grey-black horizontal bars. The red and blue areas reflect the sali-
ency and relevance effect, respectively. The bottom of both subplots
shows the saccade latency distribution, including a Kernel Density
Estimation (KDE). b Difference functions reflecting the net saliency
and relevance effects across saccade latency. Shaded areas correspond
to 95% confidence intervals. Bold lines indicate where performance
is significantly different from zero. The bottom of the plot shows the

Importantly, in these models, signals are as fixed, deter-
mined a priori by the stimulus characteristics of the display
on the one hand, and the task-induced attentional state of
the observer on the other hand. But treating these signals
accordingly assumes that they are static. Our data challenges
this assumption.

In accordance with earlier work (Donk & Van Zoest,
2008; Van Zoest et al., 2004; Van Zoest & Donk, 2008), we
show that eye movements that are triggered early are likely
to be saliency driven, while late eye movements are more
likely to be relevance driven, despite the target being con-
stant throughout the experiment, allowing for a continuous

@ Springer

saccade latency distribution, including a KDE. ¢ Proportion of sac-
cades towards the non-salient nontarget (NSNT), as a function of sac-
cade latency. Shaded areas correspond to 95% confidence intervals.
The horizontal black line at 0.5 corresponds to purely random selec-
tion behavior. Bold lines indicate where the data is different from 0.5.
The predicted proportions derived from the full model fit is overlaid
in black. The predicted proportions as derived from the observed sali-
ency and relevance effects is overlaid in orange. The saccade latency
distribution, including a KDE is shown at the bottom of the plot. d
The best-fitting functions derived from the full model: S(t) reflecting
the probability that selection is biased by saliency and R(t) reflecting
the probability that selection is biased by relevance

top-down bias. Importantly, we show that the dynamics of
saliency- and relevance-based selection not only differ, but
are also completely independent, in that one process can
be finished before the other has even started. Empirically,
this results in the observation of what we call an attentional
limbo—a short period of non-selectivity during which sac-
cades are neither affected by the relative saliency of the sin-
gletons, nor by their relevance.

We believe the findings help to further resolve a long-
standing debate on whether—given a certain combina-
tion of stimuli and task—attention during visual search is
driven by saliency or relevance (e.g., Carmel & Lamy, 2015;
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Eimer, 2014; Folk & Remington, 2010; Theeuwes, 2010;
Luck et al., 2021). Crucially, this debate has been primarily
framed in terms of signal strength, rather than signal dynam-
ics; it is based on the assumption that both saliency and
relevance signals feed into the priority map concurrently,
while the strongest signal will then determine selection.
Although our account subscribes to the importance of signal
strength, we add the important point that this changes over
time, and thus whether the stimulus or the task context domi-
nates behavior will be contingent on the moment an action
is being triggered. It is noteworthy that models of visual
selection often do include a dynamic component, but only
after an item is being selected. The model described by Itti
and Koch (2000), among others, assumes that activation in
the saliency map is actively suppressed at locations that were
previously visited by the eyes. Similarly, it is believed that
when distractors are accidentally attended, attention may
rapidly disengage through top-down distractor suppression
(e.g. Moher & Egeth, 2012; Theeuwes, 2010). These top-
down suppression model predicts that saliency decreases
because top-down control is taking over. Our modeling
approach provides evidence against this type of interdepend-
ent model. Instead, oculomotor behavior was best described
by a model in which saliency and relevance reflect separate
underlying components that act independently, with different
time courses, and without direct mutual influence.

The idea that the impact of relevance increases over time
is understandable from the perspective of a maximally adap-
tive cognitive system. But why would saliency information
rapidly disappear? And why would an adaptive attentional
system allow for an episode of apparent non-selectivity?
There may be several reasons. First, while a brief availabil-
ity of saliency information could benefit survival by serving

Salient target

/

W

Non-salient nontarget
a

ad

rapid orienting responses, it would be disadvantageous for
these signals to continuously affect behavior when they are
not also relevant to the organism’s goals. A temporary sali-
ency signal would provide the best of both worlds with-
out the need to invoke additional competitive or inhibitory
mechanisms. Second, the cognitive system may eventually
be more interested in the presence of feature contrasts than
in their relative strength. As is illustrated in Fig. 5 the rela-
tive saliency differences between elements in the display
may disappear, while both remain successfully segmented
from the background available for relevance-driven selec-
tion. Yet stronger feature contrast emerges earlier and ini-
tially gains a selection benefit in the priority map. Based on
this account, the temporary saliency effects are an emergent
property of underlying sensory interactions serving object
perception and figure-ground segmentation. We believe
this makes sense from the perspective that cognition serves
action, and successful interaction with the world is served
by knowledge about where objects are in the surrounding,
not necessarily by how salient they are. In other words,
saliency is ultimately delivering the locations of potential
objects of interest for further inspection. Once delivered,
the actual saliency of those locations is no longer useful,
and subsequent top-down biases are necessary to select the
specific target of interest. In this respect, the limbo actually
represents an intermediate level of selectivity in which the
locations of potential objects are prioritized over other loca-
tions in the visual field.

We point out that our results were obtained using rela-
tively simple, well-controlled stimuli and tasks, and may not
necessarily speak to visual selection in complex real-world
scenes. Overall, eye movements to pictures of real-world
scenes have been shown to be predominantly determined

c d

v

Fig.5 Priority evolving over time. The salient item is processed
faster than the non-salient item and therefore generates more activity
in the priority map early on (a and b). If a response is triggered dur-
ing this period of time, the salient item is more likely to be selected,
resulting in a saliency effect. In (c), the salient and non-salient items
are now both fully segmented from their background and therefore
generate about equal levels of activity. If a response is triggered dur-
ing this period of time, both items are equally likely to be selected,
which is expressed as an attentional limbo. Later, in (d), relevance-

Time

driven processes further shape the settings in the priority map by e.g.,
enhancing activity at the location of the relevant item. Responses
triggered during and after this time period are driven by relevance.
For the salient non-target and non-salient target combination this
sequence would look very similar in that the salient non-target ini-
tially generates more activity than the non-salient target, until they
are both segmented from the background (in c). Later, activity of the
non-salient target increases as relevance-driven processes come into

play

@ Springer



1336

Psychonomic Bulletin & Review (2022) 29:1327-1337

by relevance, with if anything only a minor role for sali-
ency (Henderson et al., 2007; Henderson & Hayes, 2017,
Peacock et al., 2019a, 2019b). We believe several factors
contribute here. First, the heterogeneity of real-world scenes
typically also means a heterogeneous landscape of more or
less salient locations, rather than the clearly defined signals
as used here. Second, real world scenes typically contain
gist information (Oliva & Torralba, 2006) indicating where
relevant objects may be found. Third, it matters whether
one assesses the dynamics of selection within or across eye
movements. Analyses of scene perception often involve
multiple eye movements across the same scene, and it has
been shown that effects of saliency are primarily observed
for the first eye movement, and then only if this eye move-
ment is triggered rapidly (Anderson et al., 2015). Later eye
movements are predominantly driven by the relevance and/
or meaning. In principle our account would predict that
a period of apparent non-selectivity should also occur in
scene viewing prior to the first eye movement. However,
such effects may be quickly superseded by the semantic
information that becomes rapidly available for scenes (Kiat
et al., 2022; Oliva, 2005). This remains to be investigated
in future studies.

In conclusion, the present results emphasize the need
to investigate selection as a time-dependent, dynamic pro-
cess, rather than as the binary outcome of statically defined
stimulus and goal states. Rather than a mere aggregation of
static bottom-up and top-down inputs, the priority map is
highly dynamic, with saliency and relevance signals waxing
and waning at different points in time. In extremum this can
result in an attentional limbo, providing the first evidence for
the complete independence of the activation of saliency- and
relevance-based representations.
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