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Difficult search tasks are known to involve attentional resources,
but the spatiotemporal behavior of attention remains unknown.
Are multiple search targets processed in sequence or in parallel?
We developed an innovative methodology to solve this notoriously
difficult problem. Observers performed a difficult search task during
which two probes were flashed at varying delays. Performance in
reporting probes at each location was considered a measure of atten-
tional deployment. By solving a second-degree equation, we deter-
mined the probability of probe report at the most and least
attended probe locations on each trial. Because these values differed
significantly, we conclude that attentionwas focused on one stimulus
or subgroup of stimuli at a time, and not divided uniformly among all
search stimuli. Furthermore, this deployment was modulated period-
ically over time at ∼7 Hz. These results provide evidence for a non-
uniform spatiotemporal deployment of attention during difficult
search.
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Visual search tasks (e.g., to find a target embedded among
similar looking distracters) have long been used to investigate

the deployment of attention (1–6). Certain tasks are performed
“efficiently,” in which case the search time and accuracy are in-
dependent of the number of distracters. Other tasks are more dif-
ficult, or “inefficient,” characterized by an increase in reaction times
(RTs) and/or a decrease in accuracy with the number of distracting
elements, a result typically attributed to the need to allocate at-
tention (4–7). For more than 30 y now, since the pioneering study of
Treisman and Gelade in 1980 (4), two opposing theories of atten-
tion deployment during difficult search have persisted. Attention
could either be allocated nonuniformly to the stimuli, such that in
some cases it would switch sequentially from one stimulus (or group
of stimuli) to another (4, 5), or be divided uniformly to process all of
the stimuli in parallel, but with a drop in efficiency for increasing
distractor numbers (2, 8–10). To date, neither of these two theories
has been unequivocally disproved. Overall performance in the
search task itself is not directly informative, because both theories
predict an increase in RT with the number of distracters (11, 12).
One alternative is to use briefly flashed probes to test for the de-
ployment of attention at a specific location and time. With two
probes, it should be possible to differentiate parallel and sequential
processing strategies: The strict parallel theory predicts that both
probes should receive equal amounts of attention, whereas the se-
quential theory predicts that one of the probes will receive more
attention than the other. Of course, the most attended probe may
not be the same one on every trial, but a simple mathematical
manipulation, the solution of a quadratic equation, allows us to
access this information despite the need to average performance
over trials.
In recent years, a second, related, debate has arisen in the

literature concerning the temporal behavior of attention. It has
been proposed that attention samples visual stimuli periodically
rather than continuously (13–18). This question is connected to
the uniform vs. nonuniform debate in that the nonuniform (or
sequential) model of attention processing maps rather naturally
onto a periodic sampling of visual information (with the periodicity
reflecting the switching between stimuli). No such relation exists for
the parallel uniform model, making it more naturally compatible

with continuous processing (although, of course, not incompatible
with periodic sampling arising for independent reasons).
Consequently, in this study, we asked whether attention processing

during a difficult search task is uniform or nonuniform, both in space
and in time. We used a difficult (attention demanding) visual search
task consisting of finding a letter T among letter L’s (four stimuli).
After a varying delay, we probed two of the four stimulus locations
(Fig. 1) and computed performance in reporting both probes
correctly (PBOTH) or none of the probes correctly (PNONE).
Using the mathematical manipulation described in Methods, we
were able to determine that attention was not divided equally be-
tween the four search item positions, but focused on one stimulus
or subgroup of stimuli at a time. Moreover, we found that the
deployment of attention was modulated periodically at theta fre-
quency (∼7 Hz). We conclude that in this difficult search task,
attention was deployed nonuniformly both in space and in time.

Results
Each experimental trial comprised two tasks (Fig. 1): a difficult
search task (primary task) and a probe detection task (secondary
task). We reasoned that the amount of attention that is deployed
in the primary task should translate into correct probe report
probability in the secondary task. (This reasoning was indeed
supported by evidence of improved probe detection at the
location of the search target; SI Text and Fig. S1.) Observers
(n = 14) were asked to prioritize the search task to ensure
attentional deployment. However, the measure of interest was
the probe report probability.

Primary Task (L vs. T). In a preliminary experiment on the same
group of observers (n = 14), we verified that each observer used
an attention-dependent search strategy in this task by examining
search slopes (RT vs. number of search items). We presented the

Significance

Visual search is one of the primary tools to study attention in
experimental psychology, yet the spatiotemporal behavior of
attention during search remains controversial: Does attention
focus on one item at a time or several, or even all, items? We
used an innovative methodology that relies on simple yet el-
egant mathematical reasoning and only assumes (like most
other attentional studies) that attentional strength is reflected
in behavioral performance. We provide evidence against a
strict parallel model in space and for an attentional periodicity
in time: Attention during a difficult search task was non-
uniformly allocated both in space, focusing on one stimulus or
subgroup of stimuli at a time, and in time, with this deploy-
ment being periodically modulated at ∼7 Hz.

Author contributions: L.D., D.M., and R.V. designed research; L.D. and M.L. performed
research; L.D., D.M., and R.V. analyzed data; and L.D., D.M., and R.V. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.
1L.D. and D.M. contributed equally to this work.
2To whom correspondence should be addressed. Email: laura.dugue@nyu.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1511331112/-/DCSupplemental.

15214–15219 | PNAS | December 8, 2015 | vol. 112 | no. 49 www.pnas.org/cgi/doi/10.1073/pnas.1511331112

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1511331112/-/DCSupplemental/pnas.201511331SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1511331112/-/DCSupplemental/pnas.201511331SI.pdf?targetid=nameddest=SF1
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1511331112&domain=pdf
mailto:laura.dugue@nyu.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1511331112/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1511331112/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1511331112


search stimuli (L vs. T) for unlimited durations at constant ec-
centricity. Set size was randomly drawn between four and eight
elements. We computed RT × set size slopes. As expected, search
slopes were significantly positive (target present: 21.3 ± 0.1 ms per
element, t(13) = 4.94, P < 0.001, confidence interval (ci) = [15.91
40.66]; target absent: 46.7 ± 0.1 ms per element, t(13) = 4.01, P =
0.0015, ci = [20.25 67.43]), generally accepted as an indication that
the task requires attentional processing (2, 4, 5).
In the main experiment (Fig. 1), each trial started with the

search task (looking for a T among L distractor letters; always four
elements). Observers performed well, but not perfectly, on the
primary task (average: 78.2% ± 3.7% correct). Thus, the task was
challenging enough to keep the observers focused on performing
the task and to engage attention, but not so challenging as to
demotivate observers.

Secondary Task (Probe Report). Following the search task, observers
performed a probe identification task: At various times after the
search array onset, two probes were presented randomly at two
of the four previous stimulus locations (Fig. 1). Performance in
reporting both probes correctly (PBOTH) or none of them correctly
(PNONE) was used to solve a second-degree equation (Methods)
aiming at determining the probability of probe report at the most
and least attended of our two probed locations on each trial (P1 and
P2, respectively). If P1 and P2 were equal, then we would conclude
that attention was divided uniformly between all stimuli. However, if
these values were not equal, we would then conclude that attention
was focused on one stimulus or subgroup of stimuli at a time, thus
definitely ruling out a parallel uniform model of attention processing
during the search task.
We first tried to identify any confounding, nonattention-dependent

biases in probe detection performance that might lead to an
erroneous conclusion of focused attention. We did observe a bias
due to the position of the probe in the visual field (Fig. 2), such
that probes presented in the lower part of the quadrant were, on
average, less likely to be reported than probes presented in the
upper part of the quadrant [one-way repeated measures ANOVA:
F(13,111) = 11.95, P < 0.0001, eta2 = 47.9%]. This effect was ob-
served in both hemifields. This type of visual field asymmetry has

been reported previously (19–22). As a result, two probe locations,
even adjacent, might present different report probabilities (i.e., P1 >
P2) due to a position bias, rather than the kind of attentional effect
under investigation here (one might speculate as to whether the
position bias is, in turn, due to an attentional effect or some other
spatially variable aspect of visual processing, but this question is
beyond the scope of this investigation). To avoid including this bias
in our analysis and to make sure that any difference in probe report
probability is genuinely due to the distribution of attention, for each
individual observer and each pair of probe locations, we performed
χ2 tests under the null hypothesis that the two probes have an equal
probability of being reported (P < 0.05, Bonferroni-corrected for
multiple comparisons across the two hemifields and the six possible
pairs of probe locations in each hemifield). We then only consid-
ered trials in which the probes were located at two positions not
significantly different in terms of probe report probability, reducing
the possibility of erroneously finding a nonuniformity in attention
deployment. As will be seen in the main results below, for some
stimulus–probe stimulus onset asynchrony (SOA) conditions, we
found performance to be equal across probe locations, so we are
confident that this approach has successfully removed any system-
atic bias in the results (because strictly spatial biases should be
present regardless of the stimulus–probe SOA). Finally, only correct
trials in which the target was absent were considered in the analysis
because the presence of the target could drive attention to its lo-
cation, artificially inflating P1 relative to P2; this behavior, however,
would not be representative of the search process itself.
Based on these selected data (of the target-absent, correct

response trials, 52% remained after selection based on the probe
location, corresponding to an average of 21 trials per SOA condition
per observer), we estimated the probabilities PBOTH (i.e., reporting
both probes correctly) and PNONE (i.e., reporting none of the
probes correctly) for each individual observer. These values allowed
us to solve a second-degree equation and estimate P1 and P2
(Methods), (i.e., probabilities of probe report at the most and least
attended of the two probed locations respectively, for each SOA)
(Fig. 3A). It appears from these results that the spatial distribution
of attention critically depends on the delay between search array
onset and probe onset. A two-way repeated measures ANOVA

Fig. 1. Experimental procedure. One second to 2 s after pressing the space bar, the search array appears for 30–200 ms depending on the randomly chosen SOA for this
trial. Observers report the presence or absence of the target stimulus T among distracting L letters. After the variable SOA (from 30–450 ms relative to search array onset),
two probe letters appear randomly for 80ms at two of the four search array locations. For probe onset SOAs greater than 200ms, an additional empty screen is presented
between the search task and the probe detection task (the fixation point is maintained). In other words, if the SOAwas shorter than 200ms, the interstimulus interval (ISI)
was zero; otherwise, the ISI was greater than zero. Masks follow probe stimuli for 200ms. After mask offset, observers first report the presence or absence of the T among
L’s, and then the identity of the two probe stimuli by selecting letters from a list, using the computer mouse. A trial ends when observers click on the end button.
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indicates a main effect of the delay on probe report probability
[F(14,182) = 4.52, P < 0.0001, eta2 = 25.8%], but also of the
attention allocated to the probes, (i.e., P1 was significantly higher
than P2 [F(1,13) = 22.70, P = 0.0004, eta2 = 63.6%]). We can
already conclude that there was a bias of attention for one probe
over the other. This finding indicates that attention was not
equally divided among the four stimulus positions, but instead
focused on one stimulus or subgroup of stimuli (the number of
stimuli in the attentional focus is estimated in Results).
At late delays, well after search array offset (∼300 ms), the dif-

ference between P1 and P2 seems to disappear, meaning that the
two locations received comparable amounts of attention. Specula-
tively, at these late delays, observers may have already resolved the
primary task and begun to attend to the secondary one. In this case,
because probe locations are unpredictable, observers may have di-
vided their attention over the entire area of the search array. It is
also conceivable that having resolved the primary task, spatial at-
tention was no longer required and lapsed, so the late performance
would reflect a nonattentive level of performance in the probe
detection task (i.e., not spatially restricted). The attention division
at late delays could thus reflect observers’ strategy in performing
both tasks efficiently, rather than a true visual search strategy.
Furthermore, we found a significant interaction between the

delay and attention (P1/P2) factors [F(14,182) = 2.22, P = 0.008],
meaning that P1 and P2 evolved differently over time. Indeed, it
seems that the difference between P1 and P2 was modulated
periodically [repeated measures one-way ANOVA: F(1,14) =
1.84, P = 0.036, eta2 = 12.4%], implying that attention oscillated
between more focused and more divided modes (Fig. 3B). To
determine the frequency of this modulation, we applied a fast
Fourier transform on the individual difference between P1 and
P2 for each observer, and averaged the subsequent amplitude
spectra (Fig. 3C). The Fourier analysis was carried out only on
the actual time points measured (i.e., without any zero-padding),
yielding a lower frequency limit (and frequency resolution) of
2.38 Hz (1/0.42 s, the total duration analyzed) and an upper

frequency limit established by the Nyquist frequency at half of
the sampling rate [16.67 Hz (i.e., half of 1/0.030 s)]. Bootstrapping
assessed the significance of each frequency component: The simu-
lations were obtained by shuffling the labels of the SOAs, following
the null hypothesis that P1 and P2 were independent of the delay
between search array onset and probe onset (105 iterations). The
100,000 surrogate amplitude spectra were ranked in ascending order,
separately for each delay. The 95,001th value was considered as the
limit of the 95% ci [we used a similar procedure before (14)]. An
experimentally observed spectral amplitude value was considered
significantly different from the corresponding null distribution with
P < 0.05 if it exceeded the 95% confidence threshold (and with
P < 0.01 above the 99% confidence threshold, and so on). Significant
modulation was apparent at three different frequencies (Fig. 3C). A
primary oscillatory peak was present at 7.14 Hz [P < 0.01, main-
tained after false discovery rate correction for multiple compari-
sons with a P value threshold of 0.014]. A second peak at 14.28 Hz
(P < 0.05) was found, which may simply represent a harmonic of the
7.14 Hz activity. Finally, significant modulation occurred at 2.38 Hz
(P < 0.01). This last effect, however, must be treated with caution:
Because 2.38 Hz is the lower limit of frequencies that we can test, it
is impossible to tell whether it reflects a true peak in the spectrum
(and thus genuinely periodic activity) or might rather be due to a
slow (nonperiodic) trend in performance over the different SOAs,
such as the gradual reduction of the P1/P2 difference up to ∼300 ms
after search array onset (Fig. 3B). Therefore, we conclude that the
P1/P2 report probability difference was modulated periodically at the
specific frequency of 7.14 Hz (theta band) in this search task.

How Many Stimuli Are in the Attentional Focus? Although attention
clearly did not encompass all four stimuli simultaneously, how
many did it process at any time? Our results only allow us to
speculate on this question. At the first peak in attentional focus
(Fig. 3B), 60 ms after search array onset, P1 performance was
66% and P2 performance was 32% (Fig. 3A). We already know
that attention did not focus on all four stimuli. Consider now the
possibility that attention could have encapsulated three stimuli
simultaneously (and thus one of the four search items would be
unattended on each trial). With only one unattended location,
P1 (the most attended among the two probe positions) must
directly reflect the performance at an attended location (i.e.,
P1 = 66% = attended location performance). The unattended
location, if probed, would, by definition, be P2, but it would, in
fact, only be probed 50% of the time (there were six possible
pairs of probe location, three of which would probe a pair of
attended locations, with the other three probing one attended
location and one unattended location). Thus, the measured
performance of 32% for P2 would actually reflect the average of
performance at attended and unattended locations; because the
attended performance is 66%, the unattended performance
would have to be around −2%, well below chance level. It is
consequently very unlikely that attention captured three stimuli
simultaneously inside its focus. Next, let us consider the possi-
bility that attention could have processed two stimuli simulta-
neously. Now, for the six possible probe pair combinations, one
pair would probe both attended locations, one pair would probe
both unattended locations, and the remaining four pairs would
probe one attended location and one unattended location.
Therefore, P1 would actually be attended in five of six trials,
whereas P2 would be unattended in five of six trials. To reach net
values of P1 = 66% and P2 = 32%, one would need to assume an
attended performance of 74.5% correct and an unattended
performance of 23.5% correct, which is perfectly plausible. Fi-
nally, is it possible that attention was focused on only one
stimulus at a time? In that case, P2 (the least attended among the
two probe positions) would directly measure the unattended
performance (32%) and P1 would measure an equal mix of
attended and unattended performance. To yield the net P1 of

Fig. 2. Report probability according to probe position. Curves of performance
in probe report for each individual observer as a function of probe position
(position numbers 1–4 increase from the horizontal to the vertical meridian),
averaged across all SOAs, are shown in black. The curve of the average prob-
abilities over all observers (n = 14) is shown in red. The performance in probe
report varies significantly as a function of probe position.
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66% would require an attended value of 100%, (i.e., perfect
performance). In summary, we surmise that at this particular
moment in time (60 ms after search array onset), attention was
probably focused on only one or two of the four search elements,
but not on three (otherwise, P2 would have been much higher
than observed) or four (otherwise, P2 would have been equal to
P1). Of course, the preceding section reflects a good deal of
speculation, and further experiments would be necessary to in-
vestigate the capacity of the focus of attention more directly.

Discussion
In this experiment, observers performed a difficult visual search
task (four stimuli). After varying delays, two of the four search
locations were briefly probed. Based on the probabilities of
reporting both probes and neither probe, we estimated the in-
dependent probabilities of reporting the individual probes
(without being able to identify which probe is which, we could
nonetheless designate a more attended probe and a less attended
probe). These probabilities reflect the amount of spatial atten-
tion at each of these locations during the visual search. Critically,
the results show that the individual probe probabilities were
significantly different, ruling out a parallel uniform model of
spatial attention deployment during this difficult search task.
In addition, we demonstrated that attentional deployment

between the most and least attended locations is modulated
periodically in time, with attention switching between more
“focused” and more “divided” states at a frequency of ∼7 Hz.
Although this temporal alternation is not a direct demonstration
of sequential attention sampling (because we do not have a
specific tag for each individual item, we cannot ensure that each
“focusing” episode is targeted at a distinct item), it is certainly
compatible with the idea of sequential search. Note also that we
found another significant frequency component at 2.4 Hz (Fig.
3C). With this frequency being the lowest of the range that we
could test, however, we cannot tell whether it reflects a true
spectral peak (and thus an oscillatory pattern) or rather simply
power at low frequencies arising because of a slow monotonic
trend in the data. Indeed, we observed a decreasing trend of the
attention focus across the different SOAs (Fig. 3C) that could
account for the significant modulation at 2.4 Hz.
Previous findings have already demonstrated periodic sampling

of visual information, linked to attention. In an electroencepha-
lography experiment, the phase of ongoing oscillations at ∼7 Hz
modulated visual perception, but only in the presence of attention
(13). More recently, psychophysical studies provided evidence of a
periodic and even sequential sampling of visual stimuli by attention
at ∼8 Hz (16–18, 23). However, there is little or no experimental
evidence from humans supporting the presence of such processing
during visual search, or a link between this periodicity and the

Fig. 3. Dynamics of attentional deployment. (A) P1 (blue curve) and P2 (tur-
quoise curve) are plotted as a function of the delay between search array onset
and probe onset. P1 and P2 represent the two solutions of a second-degree
equation as given by the equation Σ ±√Δ, with Δ being the discriminant of the
equation and Σ = 1 + PBOTH − PNONE (Methods). The dashed line represents
the chance level (0.1667). A two-way repeated measures ANOVA indicates a
significant difference between P1 (probability of probe report at the most
attended location) and P2 (probability of probe report at the least attended
location) [i.e., attention was not divided equally between positions; the probe

report probability fluctuates over time, and there is a significant interaction
between the delay and attention (P1/P2) factors]. (B) Difference between P1
and P2 averaged over all observers (n = 14) is represented. When this dif-
ference is zero, attention may be divided among all search locations. As
this difference increases, attention must be increasingly focused on one or a
subset of the search elements. This difference fluctuates significantly over
time. (C) Amplitude spectrum obtained with a fast Fourier transform per-
formed on the individual difference between P1 and P2 for each observer,
and subsequently averaged, is represented. Background colors represent the
significance of a bootstrap statistical test performed under the null hy-
pothesis that the delay between search array onset and probe onset has no
effect on P1 and P2. The plain horizontal black line represents the average
amplitude spectrum of all the surrogate data obtained with bootstrapping.
The dashed lines represent P value boundaries. The significant peaks at
2.4 Hz and 7.1 Hz indicate that the curve in B is periodically modulated at
these specific frequencies (note that there is also a peak at 14.3 Hz, which we
interpret as a harmonic frequency). au, arbitrary units.
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attentional strategy (i.e., sequential or parallel search). A study in
the macaque monkey showed that neurons in the frontal eye field
respond sequentially to the items of a difficult search task, at a
frequency of 18–25 Hz (24). This finding was the first strong evi-
dence of a link between attentional periodicity and sequential
processing in visual search. However, the frequency of such pro-
cessing is much higher than expected from previous experiments on
humans, or indeed the present study. More recently, using human
observers, we showed (14, 15) that visual search tasks might be
processed periodically by attention at low frequencies (5–10 Hz).
This discrepancy between our results and Buschman and Miller’s
results (24) might be due to different factors, such as the use of
nonhuman primates, the recording of single neurons, or the intrinsic
difficulty of the search task. Further work will be necessary to
investigate this difference and unequivocally determine the link
between the periodic sampling of attention and the sequential
processing of visual search tasks.
In this study, by estimating the probabilities of correct probe

report at the most and least attended locations, we were able to
determine that attention was not divided equally between all stim-
ulus locations, but focused on one stimulus or a subgroup of stimuli.
This result rules out a parallel uniform model of attentional pro-
cessing during this difficult search task, favoring instead a sequential
model. Indeed, any spatially nonuniform model of attention de-
ployment will benefit from attentional resources sequentially scanning
the environment, lest the search target be stuck in a nonoptimally
attended location. Moreover, we have shown that this deployment
was periodically modulated at ∼7 Hz, consistent with previous
experiments showing periodicity in the sampling of visual stimuli by
attention and suggestive of a link between sequential and periodic
processing during attentive visual search.

Methods
Observers. Fourteen observers (eight female) participated in this study. The
sample size was determined based on studies in which the same type of task
was used to investigate the temporal dynamics of attention [n= 15 (25) and n= 14
(14)]. The age rangewas 21–35 y. All observers had normal or corrected-to-normal
vision. All participants gave written informed consent before the experiment. The
study was approved by the local ethics committee “Sud-Ouest et Outre-Mer I”
with the protocol number 2009-A01087-50, and was carried out in accordance
with the provisions of the World Medical Association Declaration of Helsinki.

Apparatus and Stimuli.Observers sat 57 cm from a computer screen (600 × 800
pixels, 100-Hz refresh rate) in a dark room. The experiment was programmed
using the Psychophysics Toolbox extensions (26) in MATLAB (MathWorks). Each
experimental trial comprised two tasks: a difficult search task and a probe de-
tection task. Observers had to respond to both tasks. For the search task, ob-
servers had to report the presence or absence of a target shape T embedded
among distracting L shapes. For consistency with another series of transcranial
magnetic stimulation-EEG experiments suggesting that attentional difficult
search is modulated periodically in time (15), the four shapes were presented at
constant eccentricity (8.2° of visual angle) in either the bottom-right or bottom-
left quadrant of the screen. Having all search items within a single hemifield also
prevented the possible use of “independent” attentional resources for each
hemifield (27). Each shape (1.8° of visual angle) was randomly presented at one
of four orientations (cardinal orientations). The target was present in half of
trials, pseudorandomly determined (i.e., the order of target present and target
absent trials is random, but the overall number of each trial type is the same).
This task was the primary task for observers and served to set the context, a
difficult (attentive) visual search. However, our analysis actually concerned the
secondary task, whereby observers had to report the identity of two black probe
letters (upright orientation; 1.6° of visual angle) flashed randomly at two of the
four search-array positions. Probe pairs were randomly chosen from 12 pre-
determined letters (B, C, D, G, J, K, M, N, P, Q, R, and S; always two different
letters on a given trial).

Experimental Procedure. Each trial was composed of two types of task (Fig. 1).
Observers initiated the trial by pressing the space bar on the keyboard, and
after a variable delay (1–2 s), the search array appeared randomly at either
the bottom-right or bottom-left quadrant of the screen. Observers were
asked to search for a T among L’s while maintaining fixation of the central

blue dot (target present on 50% of the trials). The search array remained on
the screen for 200 ms or until the onset of probe stimuli, whichever occurred
first. At variable delays after array onset (15 SOAs from 30 to 450 ms at
30-ms increments), probe stimuli appeared at two positions, randomly cho-
sen from the four search array locations. Probes were replaced after 80 ms
by masks (# symbol) of 200-ms duration. Note that interruption of the search
array with the probe array was necessary to probe search behavior down to
very short delays. We set an upper limit of 200 ms on the search array
presentation to somewhat limit the variation in task difficulty across con-
ditions (and therefore optimize observer motivation), as well as to restrict
the possibility of ocular exploration of the displays. We did not monitor eye
position in this experiment. However, the fixation dot was always present on
the screen, the search array was displayed for only a brief duration (always
less than 200 ms), the task instructions stressed the importance of main-
taining fixation, and all of the observers were well trained in psychophysics ex-
periments. Therefore, we do not believe that eye movements are likely to explain
the effects described in this paper. In addition, many of the effects reported
above (e.g., nonuniform spatial distribution of attention) are visible at post-
stimulus times much earlier than normal saccadic latencies (before 120–150 ms).

Observers were instructed to prioritize the search task (primary task) and
received auditory feedback in the case of awrong answer. Subsequently, they
had to report which probe letters they had perceived (secondary task). They
were instructed to report two probes and to guess if unsure. There was no
feedback for this task to ensure that the observers prioritized the first task.
The trial ended when observers clicked on the “END” button with the
computer mouse. Each observer carried out 1,440 trials in total.

Probability Estimates. The aim of this experiment was to determine the
spatiotemporal behavior of attention during a difficult search task. We
adapted an analysis originally developed by Dubois et al. (25) to estimate the
probability of probe report at the most and least attended of two locations,
through the solution of a second-degree equation.

Models of attention processing propose that the twoprobe locations receive
either equal amounts of attention (parallel model) or different amounts of
attention (sequential model). In this study, we assumed that the amount of
attention translates into correct probe report probability. In the following, we
defined P1 as the probability of reporting the probe at the most attended
location and P2 as the probability of reporting the probe at the least attended
location (note that this definition refers to the most and least attended lo-
cations between the two randomly probed locations, which are not necessarily
the most and least attended between the four search locations). We assumed
that these probabilities only depend on the amount of attention these loca-
tions receive, considering the two events as independent (and constant across
trials of comparable conditions). We defined PBOTH as the fraction of trials in
which both probes were reported and PNONE as the fraction of trials when
neither of the probes was reported.

On any given trial, we do not have access to the identity of the most and
least attended locations, even for trials with just one of the two probes
correctly reported (a probe can sometimes be detected accurately in the
absence of attention, and vice versa, a probe could be missed in the presence
of attention); however, we can estimate their probabilities via the solution of
a quadratic equation, as detailed below. We were thus able to determine
whether attention was equally distributed at both locations (P1 = P2; nat-
urally predicted by the parallel model of attention processing during diffi-
cult search tasks) or focused on one location (P1 > P2; naturally predicted by
the sequential model of attention). Note that this method, originally de-
veloped by Dubois et al. (25), successfully demonstrated that in a situation in
which attention is known to be allocated in parallel to multiple locations
(28), P1 was indeed equal to P2 (25). This earlier result provides confidence
that the method itself does not artificially introduce a difference between
P1 and P2.

The probabilities PBOTH and PNONE can be formulated by the following
equations:

PBOTH= P1∩ ​ 2 = P1 *P2 [1]

PNONE= P∼ 1∩ ​∼2

= ð1−P1Þ*ð1− P2Þ

=  1+ P1*P2− ðP1+ P2Þ

=  1+ PBOTH− ðP1+ P2Þ. [2]

Eqs. 1 and 2 can be easily rearranged to the following Eq. 3 and Eq. 4
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P1*P2= PBOTH [3]

P1+ P2 =1+ PBOTH− PNONE. [4]

Basic quadratic theory tells us how to find a pair of unknowns, x and y, given
that we know their sum (x + y) and product (x * y). More explicitly in this
case, knowing that PBOTH and PNONE can be estimated directly from the
experimental data, we define Eq. 5 and Eq. 6:

∏= PBOTH [5]

Σ= 1+ PBOTH− PNONE. [6]

From quadratic theory, our two unknowns, P1 and P2, are the roots of the
quadratic Eq. 7:

X2 −   Σ *X +  ∏= 0. [7]

To solve this equation, we need to calculate its discriminant (Eq. 8):

Δ=Σ2 −   4 *∏. [8]

Finally, Eq. 7 has two solutions:

P1=
Σ+

ffiffiffiffi
Δ

p

2
  and  P2=

Σ−
ffiffiffiffi
Δ

p

2
.

We can see that the difference between P1 and P2 is given in Eq. 9 as follows:

P1− P2=
ffiffiffiffi
Δ

p
. [9]

In a nutshell, for each individual observer, based on his/her experimentally
measured PBOTH and PNONE, we were able to estimate the difference in
attention at two locations, directly related to Δ. We tested the null hy-
pothesis that attention is equally divided; that is, Δ is not different from
zero. Theoretically, because probabilities are real numbers, Δ should be
nonnegative. However, with noise and the finite number of experimental
measures taken, negative values of Δ could sometimes be obtained. This fact
presents no problem as regards our measure of Δ, and, indeed, helpfully
enables valid statistical comparison of Δ and zero (i.e., there was no sys-
tematic positive bias in the measure of Δ). On the other hand, it does present
a problem when recovering the probability values P1 and P2, because the √Δ
term yields a nonreal value when Δ is negative. For presentation purposes only,

we were obliged to resolve this issue to obtain valid values for P1 and P2. To
reflect the full (signed) distribution of Δ values (and because the difference
between P1 and P2 is directly related to Δ), we chose to treat the square root of
a negative Δ value as a negative number, such that P2 would be greater than
P1. This approach reflects the intuitive notion that negative Δ values reinforce
the null hypothesis by making Δ closer to zero (i.e., cancelling positiveΔ values);
similarly, having P2 greater than P1 reinforces the null hypothesis by making
the difference between P1 and P2 closer to zero. Explicitly, in Fig. 3 and Fig. S2,
we actually present:

P1=
Σ+ signðΔÞ× ffiffiffiffiffiffiffijΔjp

2
  and  P2=

Σ− signðΔÞ× ffiffiffiffiffiffiffijΔjp

2
.

Note that to ensure that any potential effect was not due to the detection of
the target per se (i.e., when a target was present and detected, it might have
attracted attention, and P1 would thus be significantly different from P2),
we restricted the analysis to the half of the total trials in which the target
was absent and the observers responded correctly.

Dissociating Probe Detection from Chance Performance. The probability of
correct probe report as defined above actually conflates two factors, the
probability of accurately perceiving the probe plus the chance of guessing
correctly. As a result, the analysis actually includes a slight approximation, in
that the assumption of independence between the two probes (which is
evident for the example in Eq. 1) does not hold strictly, given the nature of
the task (for “choose two from 12 without replacement,” the chance level of
reporting the second probe changes very slightly depending on whether the
first probe was correctly identified or not). It is possible to resolve this ap-
proximation issue by modifying the analysis to dissociate chance detection
from correct perception; we present this approach in SI Text. However, that
analysis has the disadvantage of being more difficult for the reader, at least
initially, although it can be seen that exactly the same reasoning steps are
followed. Given that the results from both analyses are not different, to
make the findings more accessible, we present the simpler version.
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