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Abstract The temporal loci of distractor processing were
assessed in a flanker task with mutating distractors. We intro-
duce the mutations paradigm, which allows for behavioral
assessments of the critical time window during which
distractors are processed. A central target was flanked by
two identical distractors. While the target remained un-
changed throughout the trial, the distractors’ identities mutat-
ed once per trial, at a random time during the initial 200 ms
following onset. There were three types of trials: incongruent
(i.e., disruptive) distractors that mutated to neutral distractors,
neutral distractors that mutated to incongruent ones, or
neutral distractors that mutated to different neutral distractors
(control). The results revealed that presentations of incon-
gruent distractors for a mere 17 ms were sufficient to sig-
nificantly delay responses. After 50 ms, perceptual informa-
tion ceased to be accumulated from distractors locations but
was still being collected from the target location. We sug-
gest that (a) extensive information about the target and
distractors was gathered as early as 17 ms after onset; (b)
attentional modulations of processing consummated later,
between 34 and 51 ms; and (c) once attentional mechanisms
had stepped in (~50 ms), selection achieved full and
sustained efficiency. These findings seem to challenge basic
assumptions held by early-selection, late-selection, and load
theories.

Keywords Selective attention . Visual attention . Visual
perception

Research on attention has mostly focused on the conditions
under which the perceptual system fails to filter out irrelevant
stimuli during the course of processing targeted stimuli (e.g.,
Stroop effects: MacLeod, 1991; Stroop, 1935; flanker effects:
Eriksen, 1995; Eriksen & Eriksen, 1974; Miller, 1991; global
precedence effects: Kimchi, 1992; Navon, 1977; or Simon
effects: Simon, 1990). We suggest that in order to explain
undesired processing of task-irrelevant distractors, theoretical
models have relied on specific assumptions regarding the tem-
poral window duringwhich distractors are processed. Inescap-
ably, the adoption of different assumptions about the time
course of attentional modulations of processing has led to
fundamentally disparate interpretations of how attention
operates. The main focus of the present study was to provide
behavioral assessments of the critical time window during
which information about distractors is accumulated.

Explicit and hidden assumptions about the temporal locus
during which disruptive information about distractors infil-
trates attentional selection have directly derived from theoret-
ical propositions regarding the temporal locus of attentional
operation. For instance, late-selection theories have suggested
that initial perceptual processing is unrestricted and that tar-
gets are discerned from nontargets during later, postperceptual
stages (Deutsch & Deutsch, 1963; Duncan, 1980; Schneider
& Shiffrin, 1977). Thus, according to this view, information
about distractors is continually accumulated for as long as the
distractors are presented.

Early-selection theories, on the other hand, propose that ini-
tial processing proceeds automatically and in parallel, but can
only retrieve coarse information. When necessary, resolution is
improved by the activation of attentional mechanisms that filter
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the very inflow of perceptual information (Broadbent, 1958,
1970, 1971, 1981, 1982; Johnston & Dark, 1982; Lachter, For-
ster, & Ruthruff, 2004). Alternatively, perceptual-load theory
(Lavie, 1995, 2005, 2010; Lavie & Tsal, 1994) proposes that if
target selection demands less than all available resources (low
load), then unused surplus resources end up processing neigh-
boring nontargets. If so, distractor processing can only begin
after targets have been selected.

Numerous studies have manipulated and assessed temporal
variables in selection tasks. However, the majority of these
studies have investigated the time courses of attentional cap-
ture (see Theeuwes, 2010, for a review), attentional shifting,
or attentional orienting (Eriksen & Webb, 1989; Eriksen &
Yeh, 1985; Jonides, 1981; Müller & Rabbitt, 1989; Posner,
1980; Remington, 1980; Taylor, 1977; Tsal, 1983; see Egeth
& Yantis, 1997, for a review). These studies have assessed the
time course of processing by manipulating presentation asyn-
chronies between targets and distractors or by means of cap-
turing cues or features. In the present experiments, on the
other hand, we presented simultaneous stimuli without
precues and specifically assessed the critical time window
during which a known-to-disrupt distractor must be presented
in order to impair responses to a target.

We introduce here the mutations paradigm, which allows
us to measure the level of disruption inflicted by a distractor at
different stages during the course of a trial. The specific time
during which the system gathers information about distractors
is inferred from the time window within which a disruptive
distractor must appear in order to delay responses. The task
comprises a flanker display (Eriksen & Eriksen, 1974), with a
central target flanked by two identical distractors, which can
be either incongruent (i.e., disruptive) or neutral. Yet, in the
mutations paradigm, the distractors change (or mutate) once
per trial, while the target remains unchanged throughout the
entire trial. Three types of trials are randomly intermixedwith-
in each experimental block: trials that begin with incongruent
distractors that mutate to neutral ones (incongruent-to-neu-
tral), trials that begin with neutral distractors that mutate to
incongruent ones (neutral-to-incongruent), and trials that be-
gin with neutral distractors that mutate to different neutral
distractors (neutral-to-neutral), which serve as the control tri-
als. On each trial, the mutation occurs at a random time within
the initial 200 ms after stimulus onset (Fig. 1).

These manipulations yield straightforward predictions: (a)
If distractors are processed only during early stages of a pre-
sentation, incongruent-to-neutral trials should render slower
response times (RT) than neutral-to-neutral trials. (b) If
distractors are continually processed throughout the entire pre-
sentation, we should observe a positive correlation between RT
and the overall presentation duration of incongruent distractors
(irrespective of their onset and offset times). (c) If distractors
are processed at later stages, we should expect slower RTs for
neutral-to-incongruent than for neutral-to-neutral trials.

Experiment 1

Method

Participants

Twenty undergraduate students from Tel Aviv University
participated in Experiments 1 and 2 for course credit.

Stimuli and procedure

Participants were instructed to respond to the target as quickly
as possible by pressing either the z key or the m key on a
standard keyboard. A central target (the letter X or Z) was
flanked by two identical distractors (either Xs, Zs, or Ps). The
distractors were either neutral (P), congruent (identical to the
target), or incongruent (i.e., incongruent to the trial’s target;
distractors Z for target X, or distractors X for target Z) (Fig. 1c).

On every trial, both distractors mutated once, while the target
remained unchanged. Distractors randomlymutated to one of the
two other alternatives (e.g., Zs could mutate to either Xs or Ps).
The mutation randomly occurred at one out of 11 alternative
times, between 17 and 187 ms after onset, in 17-ms time steps.

The stimuli were controlled by a standalone application1

created with the MATLAB Psychophysics Toolbox (Brainard,
1997), presented on a 19-in. CRTmonitor (60 Hz). All stimuli
were black on a white background, subtended 1° in height and
0.7° in width, and were separated by 1.2° (center to center).

Each observer participated in one session comprising two
training blocks of 30 trials, followed by eight experimental
blocks of 200 trials each (four blocks of Exp. 1 and four blocks
of Exp. 2, randomly ordered).2 On each trial, a fixation cross was
presented (400ms), followed by a blank screen (300ms) and the
stimuli, which remained on screen until response. A blank screen
appeared immediately after a response was input and remained
on screen for 100 ms, after which a new trial began.

Results and discussion

As is often observed in flanker tasks, neutral displays (PXP and
PZP) and congruent displays (XXX and ZZZ) produced nearly
identical responses for all trial types (see Fig. 2 and Table S8 and
S9)3 (see also Lavie, 1995). Accordingly, all patterns observed
remained unchanged, both when congruent trials were excluded
from analyses and when neutral trials were excluded. Thus, neu-
tral and congruent distractors were combined in all further
analyses, and both were labeled as neutral (i.e., nondisruptive).

1 The standalone application is available upon request from
the authors.
2 Both experiments were run on the same participants within
the same experimental session.
3 Tables S1–S13 and Figures S1 and S2 are available as sup-
plementary materials.
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Errors and responses deviating by two SDs from the mean
RT for each participant were discarded (a total of 1,376 errors
and 2,756 outliers). Error rates (M = 4.3 %, SD = 2) generally
mirrored the RT patterns for the three mutation types across all
mutation times (Fig. 3a and d, Tables S1 and S2).

For assessing the time window during which incongruent
distractors must be presented in order to impair responses, we
must first measure the level of congruency interference (CI) for
each mutation time. To evaluate incongruent-to-neutral interfer-
ence, we compared these trials to neutral-to-neutral (control)
trials for eachmutation time. Incongruent-to-neutral interferences
are represented in Fig. 3 by the distances between the
incongruent-to-neutral trials (blue function line) and the neutral-
to-neutral trials (black function line). Neutral-to-incongruent in-
terferences were computed in the same manner (depicted by
the distances between the red and the black functions in Fig. 3a).

Repeated measures analyses of variance (ANOVAs) were
conducted on the three mutation types for each mutation
time.4 Neutral-to-neutral (control) trials resulted in similar

RTs, irrespective of mutation times (M = 406 ms, SD = 13),
F(10, 19) = 0.73, p = .686, η2 = .04.

Incongruent-to-neutral trials significantly impaired perfor-
mance for all mutation times (see the blue asterisks in Fig. 3a;
see also Table S2). The leftmost blue dot in Fig. 3a represents all
trials on which incongruent distractors were presented during the
initial 17 ms, after which they mutated to neutral distractors that
remained on screen until response. These trials resulted in re-
sponses that were 9 ms slower than trials on which neutral
distractors were presented during the initial 17 ms and then mu-
tated to different neutral distractors (leftmost black dot). This
means that a mere 17-ms presentation of incongruent distractors
was enough to significantly impair performance: Incongruent-to-
neutral trials that mutated at 17 ms (M = 416 ms) resulted in
slower RTs than did neutral-to-neutral trials mutated at 17 ms
(M = 407 ms), F(1, 19) = 7.27, p = .014, η2 = .28. In sum, all
trials onwhich incongruent distractors were presented at stimulus
onset resulted in significant interference, irrespective of how long
those distractors remained on screen.

Neutral-to-incongruent trials, on the other hand, generated
interference only when incongruent distractors appeared at the
very beginning of the trial. Apart from trials on which neutral
distractors mutated to incongruent distractors at 170 ms —
when interference was marginally significant (ΔRT = 8 ms),
F(1, 19) = 4.45, p = .048, η2 = .19— all neutral-to-incongruent
mutations that occurred later than 50 ms resulted in RTs virtually
identical to those on neutral-to-neutral trials (see red and black
functions in Fig. 3a). When incongruent distractors appeared at
17 ms (M = 421 ms), responses were 14 ms slower than neutral-

4 Alpha adjustments for multiple comparisons were unneces-
sary here, because the comparisons within each mutation time
comprised different and independent sets of data. In addition,
our inferences were based on patterns of significant differ-
ences across mutation times. Alpha adjustments would be
necessary if, for instance, an inference were based on the
presence of one significant difference in any of the 11 muta-
tion times (because, theoretically, for every 20 nonsignificant
comparisons, we could expect one false-positive result).
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Fig. 1 Mutations paradigm. On every trial, the distractors mutate once,
whereas the target remains unchanged. Both distractors mutate together at
a random time during the initial 200 ms after stimulus onset. Both
examples above depict an incongruent-to-neutral trial mutated at 85 ms.

(a) Experiment 1. (b) Experiment 2, in which three hash marks appeared
for 17 ms between the pre- and postmutation stimuli. (c) Six sets of
stimuli (see the text)
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to-neutral trials, F(1, 19) = 8.85, p = .008, η2 = .32. When incon-
gruent distractors appeared at 34 ms, disruption approached
significance (ΔRT = 14 ms), F(1, 19) = 4.31, p = .052.

These results suggest that disruptive information about
distractors was accumulated during the initial 50 ms, after
which the distractors’ identities became inconsequential. The-
se conclusions are further supported by four additional pat-
terns. First, incongruent-to-neutral trials resulted in signifi-
cantly slower RTs than neutral-to-incongruent trials for all

mutation times later than 34 ms (Table S2). Second, ANOVA
comparisons of interferences between the conditions (Table 1)
revealed that incongruent-to-neutral interference was drasti-
cally larger than neutral-to-incongruent interference for all
mutations that occurred later than 34 ms.

Third, prolonged presentations of incongruent distractors
on incongruent-to-neutral trials increased interference only
within the initial 50 ms, after which interference plateaued:
Incongruent-to-neutral trials mutated between 51 and
187 ms resulted in similar interference (M = 18 ms), F(8,
19) = 0.84, p = .567, η2 = .04. Incongruent-to-neutral trials
mutated at 17 ms (mean interference = 9 ms) resulted in sig-
nificantly less interference than all trials mutated later than
34 ms (M = 18 ms), F(1, 19) = 4.93, p = .038, η2 = .21, as
did trials mutated at 34 ms (M = 12 ms), F(1, 19) = 1.98, p =
.017, η2 = .09. Together, incongruent-to-neutral mutations that
occurred earlier than 50 ms (M = 10 ms) resulted in signifi-
cantly less interference than did mutations later than 50 ms
(M = 18 ms), F(1, 19) = 5.07, p = .036, η2 = .21.

Fourth, neutral-to-incongruent trials on which distractors
mutated before 50 ms (M = 14 ms) resulted in significantly
greater interference than trials on which the mutation occurred
after 50 ms: difference in congruency interference (ΔCI) =
11 ms, F(1, 19) = 4.87, p = .039, η2 = .20. After 50 ms,
neutral-to-incongruent mutations generated similar interfer-
ence (M = 3 ms), F(8, 19) = 0.55, p = .817, η2 = .02.

On the other hand, two patterns reveal a small, yet statisti-
cally significant, amount of distractor processing that persisted
beyond 50 ms. First, although the ANOVA for incongruent-to-
neutral interference after 50 ms revealed no main effect (M =
18 ms), F(8, 19) = 0.84, p = .567, η2 = .04, Pearson’s linear
correlation coefficients indicated a possible gradual increase of
interference for incongruent-to-neutral mutations later than
50 ms (see Table 2). When interference was computed as
ΔRT, it was significantly correlated with mutation times (r =
.69, p = .038). Yet, when interference was computed as a per-
centage of the total RT (see the parentheses in Table 2), this
correlation only approached significance (r = .66, p = .052).

Second, the differences in error rates between neutral-to-
incongruent and neutral-to-neutral trials on which distractors
mutated after 50 ms (represented by the distances between the
red and black functions in Fig. 3d) were negatively correlated
with mutation times (r = −.76, p = .017).5 In sum, it seems that
although the bulk of disruption by incongruent distractors
took place within the initial 50 ms, prolonged presentations

5 At 187 ms, neutral-to-neutral trials resulted in 4.4 % errors,
which, compared to the 2.2 % error rate in neutral-to-
incongruent trials, seems to be a conceptually illogical outlier,
rather than a genuine facilitation for neutral-to-incongruent
mutations. Its removal rendered the correlation less than sig-
nificant (r = −.64, p = .089).
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Fig. 2 Experiment 1: Mean reactions times (RTs) by mutation times,
showing comparisons between congruent and neutral distractors within
the three trial types. (a) Neutral-to-neutral trials. (b) Incongruent-to-
neutral trials. (c) Neutral-to-incongruent trials. Error bars represent one
standard error. At the bottom of each panel, bars and asterisks denote
effect size and p<.05, respectively. The dashed line illustrates η2 = .5
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of incongruent distractors may have continued to (marginally)
increase disruption.

It should be noted that the conclusion that most disruptive
information about distractors was accumulated during the ini-
tial 50 ms does not mean that the extracted information was
immediately processed, nor that the distractors’ identities were
recognized at 50 ms. It is quite possible that at this stage the
system just collected perceptual information, whereas the ac-
tual processing, identification, and selection occurred later,
during higher-level processing.

In summary, these results indicate that incongruent
distractors impaired performance only when presented within
the initial 50 ms. The onset time and presentation duration of

incongruent distractors presented later than 50 ms were virtu-
ally inconsequential. The gist of these patterns is the drastic
drop in RTs for neutral-to-incongruent trials on which the mu-
tation occurred later than 50 ms—depicted in Fig. 3a, where
the neutral-to-incongruent function suddenly plunges and sta-
bilizes within the same RT values as the neutral-to-neutral
(control) trials function.

Experiment 2

The chief purpose of Experiment 2 was to replicate the main
patterns observed in Experiment 1 and to reassess the
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b, c) Mean reaction times (RTs)
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conclusion that the accumulation of information about
distractors practically terminated around 50 ms after onset.
In Experiment 2 we followed the exact same procedures as
in Experiment 1, with the addition of a 17-ms interruption of
stimulus presentation at different times after onset. If the target
and the distractors are processed at different times, the inter-
ruption should affect responses differently depending onwhen
it occurred.

The interruption was effectuated by three hash marks (#)
presented for 17 ms between the premutation and postmutation
stimuli (see Fig. 1b). In this manner, Experiment 2 was identical
to Experiment 1, except for the 17-ms interruption entailed in
each mutation. This allowed us not only to assess interactions
between the interrupted mutations and times of mutation, but
also to directly compare corresponding trials in both experi-
ments (i.e., trials of the same type and same mutation time).6

Phenomenologically, participants could not discriminate be-
tween the equivalent trials of the two experiments.

The addition of an interruption at different times after onset
yielded the following predictions: (a) If not only the distractors,
but also the target ceases to be perceptually processed at 50 ms,
then all interruptions later than 50 ms should be inconsequen-
tial, and Experiment 2 mutations later than 50 ms should result
in the same RTs as their equivalents in Experiment 1. If, on the
other hand, targets continue to be processed after 50 ms, the
Experiment 2 mutations later than 50ms should result in slower
responses than their counterparts of Experiment 1. This delay
should be observed for as long as target processing persists. (b)
If interruptions occurring before 50ms disrupt the processing of

all three stimuli, whereas interruptions after 50 ms disrupt
only target processing, then neutral-to-neutral interrupted
mutations occurring before 50 ms should render slower RTs
than neutral-to-neutral interrupted mutations occurring later
than 50 ms.

Results and discussion

Errors and responses deviating by two SDs from the mean RT
of each participant were discarded (a total of 1,408 errors and
2,754 outliers). Error rates (M = 4.4 %, SD = 2.2) mirrored the
RT patterns for the three mutation types across all mutation
times (Fig. 3b and e). Repeatedmeasures ANOVAs conducted
across the three mutation types for each mutation time
(Tables S3 and S4) revealed patterns similar to those observed
in Experiment 1. They converged toward the conclusion that
the accumulation of information about distractors was restrict-
ed to the initial 50 ms after onset.

Regarding the interruption manipulation, had the
interrupted mutations, instead of temporarily interrupting ac-
cumulation, ended up masking the premutation stimuli or re-
setting processing anew, then we would observe a strong bias
toward the postmutation distractors for all mutation types.
This was clearly not the case.

In Fig. 3b, we can see that incongruent-to-neutral trials (blue
function line) consistently rendered longer RTs than neutral-to-
incongruent trials (red function line) for all mutations later than
34ms, and resulted in significant interference for most mutation
times. Neutral-to-incongruent mutations, on the other hand,
only caused interference when the incongruent distractors were
presented at 17 ms following onset.

Foremost, ANOVA comparisons between interference pat-
terns (Table 1) revealed that incongruent-to-neutral

6 Both experiments were run on the same participants within
the same experimental session.

Table 1 Experiments 1 and 2: Congruency interference (CI, in milliseconds) and pairwise comparisons at each mutation time

Mutation Time (ms) Experiment 1 Experiment 2 Experiments 1 + 2

ΔCIa F(1, 19) p η2 ΔCIa F(1, 19) p η2 ΔCIa F(1, 19) p η2

17 −5 0.97 .336 .05 −7 1.86 .189 .09 −7 3.15 .092 .14

34 −2 0.15 .703 .01 6 1.48 .239 .07 0 0.01 .914 .00

51 16 8.17 .010 .30 17 25.70 <.001 .57 16 25.42 <.001 .57

68 12 5.11 .036 .21 24 7.09 .015 .27 19 18.83 <.001 .50

85 11 5.40 .031 .22 19 11.41 .003 .38 15 12.33 .002 .39

102 18 21.78 <.001 .53 16 7.02 .016 .27 18 21.67 <.001 .53

119 10 5.46 .031 .22 20 19.49 <.001 .51 14 22.12 <.001 .54

136 20 9.62 .006 .34 9 2.75 .113 .13 14 11.50 .003 .38

153 13 14.76 .001 .44 22 16.82 .001 .47 17 30.44 <.001 .62

170 13 5.75 .027 .23 17 8.85 .008 .32 15 9.41 .006 .33

187 19 10.01 .005 .35 23 24.98 <.001 .57 22 29.81 <.001 .61

Means 11 15 13

aΔCI = [(incongruent-to-neutral) – (neutral-to-neutral)] – [(neutral-to-incongruent) – (neutral-to-neutral)]. Bold numbers denote p < .05
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interference was drastically greater than neutral-to-
incongruent interference for all mutations that occurred later
than 34 ms, apart from mutations at 136 ms.7

Beyond the Experiment 1 replications described above, the
main focus of Experiment 2 was to assess the effects of the 17-
ms interruption entailed in each mutation. Interruptions (i.e.,
mutations) within the initial 50 ms were expected to disrupt
the perceptual processing of all three stimuli, whereas interrup-
tions later than 50 ms were expected to disrupt only target pro-
cessing. Two convergent patterns substantiate this hypothesis.

First, contrary to Experiment 1, in which neutral-to-neutral
trials resulted in similar RTs for all mutation times, in Exper-
iment 2, neutral-to-neutral mutations that occurred before
50 ms resulted in much slower RTs than mutations later than
50 ms (black function in Fig. 3b). Whereas we observed no
RT differences between neutral-to-neutral mutations that oc-
curred later than 50 ms (M = 419 ms), F(8, 19) = 1.04, p =
.408, η2 = .05, mutations that occurred at 17 ms (M = 440 ms)
caused RTs to be 21 ms slower than all mutations later than
50ms, F(1, 19) = 20.40, p < .001, η2 = .52.Mutations at 34ms
(M = 433 ms) led to RTs 14 ms slower than all mutations later
than 50 ms, F(1, 19) = 7.05, p = .015, η2 = .27.

Second, Fig. 4 shows that the interrupted mutations of
Experiment 2 indeed interrupted processing and significantly
delayed responses in comparison to the equivalent trials of
Experiment 1 for most mutation times and types (see also

Table S7). This RT cost was observed as late as 187 ms after
onset (Fig. 4c). More importantly, in accord with our predic-
tions, interruptions that occurred within the initial 50 ms
disrupted responses twice as much as interruptions that took
place later than 50 ms. Experiment 2 trials on which
the mutation occurred before 50 ms led to significantly slower
responses than their equivalents in Experiment 1, by an aver-
age of 26 ms, F(1, 19) = 30.93, p < .001, η2 = .62. Experiment
2 trials on which the mutation occurred later than 50 ms de-
layed responses by an average of only 13 ms, F(1, 19) =
14.79, p = .001, η2 = .43. The mean response delay observed
before 50ms (ΔRT = 26ms) was significantly greater than the
delay observed later than 50 ms (ΔRT = 13 ms), F(1, 19) =
29.01, p < .001, η2 = .60.

We have attributed the slow responses in interrupted
mutations that occurred later than 50 ms to disruptions
of perceptual processing of the targets. Yet the fact that
target processing could have been disrupted as late as
187 ms does not mean that the information accumulated
at that time was still insufficient for identifying the target.
It is possible that the system had gathered sufficient in-
formation for a response much earlier, maybe as early as
30 ms, but then still continued to monitor the target for
another 200 ms or more. This could reflect confidence
thresholds for a sure decision rather than an ongoing ac-
cumulation of perceptual information necessary for
reaching a decision about the target’s identity.

To our understanding, the main conclusion to be drawn
from the comparisons between Experiments 1 and 2 is
that the events observed around 50 ms reflect top-down
attentional modulation of distractor processing, and not a
spontaneous dwindling of perceptual activity in general.

7 The lack of statistical significance at 136ms does not suggest
any kind of distractor processing at this stage, since we can see
in Fig. 3b that it stems from an RT drop on incongruent-to-
neutral trials and not from increased interference on neutral-
to-incongruent trials.

Table 2 Experiments 1 and 2: Congruency interference, in milliseconds and as percentages of neutral-to-neutral mean reaction time (RT)

Mutation Time (ms) Incongruent-to-Neutral (−)
Neutral-to-Neutral

Neutral-to-Incongruent (−)
Neutral-to-Neutral

Exp. 1 Exp. 2 Exps. 1+2 Exp. 1 Exp. 2 Exps. 1+2

17 9 (2.3 %) 6 (1.3 %) 8 (1.8 %) 14 (3.6 %) 12 (2.8 %) 14 (3.4 %)

34 12 (2.9 %) 8 (2.0 %) 10 (2.3 %) 14 (3.5 %) 2 (0.5 %) 9 (2.3 %)

51 16 (4.0 %) 18 (4.4 %) 18 (4.3 %) 1 (0.1 %) 2 (0.4 %) 2 (0.4 %)

68 13 (3.2 %) 17 (3.9 %) 16 (3.8 %) 1 (0.3 %) −7 (−1.7 %) −3 (−0.8 %)

85 17 (4.2 %) 15 (3.6 %) 15 (3.6 %) 5 (1.3 %) −4 (−0.9 %) 0 (0.1 %)

102 19 (4.7 %) 13 (3.0 %) 16 (4.0 %) 1 (0.2 %) −3 (−0.7 %) −1 (−0.3 %)

119 13 (3.1 %) 23 (5.5 %) 18 (4.3 %) 3 (0.7 %) 3 (0.7 %) 4 (1.0 %)

136 19 (4.6 %) 9 (2.2 %) 13 (3.2 %) −1 (−0.3 %) 0 (0.0 %) −1 (−0.3 %)

153 16 (3.9 %) 21 (5.0 %) 18 (4.3 %) 3 (0.8 %) −1 (−0.2 %) 0 (0.1 %)

170 21 (5.1 %) 18 (4.2 %) 20 (4.8 %) 8 (1.9 %) 1 (0.2 %) 5 (1.1 %)

187 27 (6.7 %) 31 (7.6 %) 30 (7.3 %) 7 (1.9 %) 8 (1.9 %) 8 (1.9 %)

Means 17 (4.1 %) 16 (3.9 %) 17 (4.0 %) 5 (1.3 %) 1 (0.3 %) 3 (0.8 %)

Bold numbers denote p < .05 (see Table 1 and Fig. 3)
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These comparisons show that the changes in processing
patterns observed before and after 50 ms were different
for targets and nontargets. Even if we assume that the
system ceased to actively amass critical information after
50 ms, it is still clear that the system continued to monitor
eventual changes onscreen until (at least) 187 ms, but this
monitoring was confined exclusively to the targeted
object.

General discussion

The results of both experiments (Fig. 3c and f, Tables S5 and
S6) revealed two main patterns: First, a mere 17-ms presenta-
tion of incongruent distractors sufficed to significantly delay
responses. Second, incongruent (i.e., disruptive) distractors
impaired performance only if they were presented within the
initial ~50 ms.8

These patterns suggest that the system gathered extensive
information about all presented stimuli during the initial 50ms
following onset. At some point between 34 and 51 ms, the
accumulation of information from the distractors’ locations
abruptly halted, whereas the collection of information from
the target’s location persisted (at least to some extent). We
concluded that the changes observed around 50 ms reflect
attentional modulations of perceptual processing that deliber-
ately and effectively discriminated the target from nontargets
(see the BResults and discussion^ section of Exp. 2).

If indeed the events observed at ~50 ms reflect attentional
activity, this means that flanker interference stemmed from
perceptual processing that occurred before attentional opera-
tion, and not as a consequence of an incapacity of attentional
mechanisms. In fact, once attentional modulations consum-
mated (at ~50 ms), selection became fully and steadily effi-
cient. This order of events seems to challenge early-selection
claims that attentional operation precedes distractor interfer-
ence, and that the latter stems from inherently flawed selection
mechanisms. Late selection, on the other hand, is based on the
assumption that attentional activity is strictly postperceptual,
whereas here we observed strong attentional modulations of
perception within the initial 50 ms of processing.

The early-selection approach (Broadbent, 1958, 1970, 1971,
1981, 1982; Treisman, 1969) assumes a critically limited ca-
pacity for initial perceptual processing, which begins in an au-
tomatic and parallel mode but remains restricted to rudimentary
resolution, insufficient to attain stimulus identification. If the
system becomes overloaded or fails to reach the demanded
levels of resolution, attentional mechanisms step in and allow
only selected stimuli to reach further processing. Attentional
selection can be accomplished by different strategies, such as
filtering, pigeon-holing, or categorizing (Broadbent, 1971),
which are determined by the current task demands and differ
between individuals (Broadbent, 1981). Identifications can only
be accomplished at later stages that include access to memory
buffers (for reviews, see Broadbent, 1982; Johnston & Dark,
1982; Kahneman & Treisman, 1984; Lachter et al., 2004).

Early selection theories have interpreted distractor interference
as ineffective attentional deployment, because Bif the person
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Fig. 4 Mean reaction times (RTs) by mutation times, and pairwise com-
parisons between the equivalent trials of Experiments 1 and 2. (a)
Neutral-to-neutral trials. (b) Incongruent-to-neutral trials. (c) Neutral-to-
incongruent trials. Error bars represent one standard error of the mean. At
the bottom of each panel, bars and asterisks denote effect size and p<.05,
respectively. The dashed line illustrates η2 = .5

8 Yet see the results of Experiment 1, in which ancillary anal-
yses suggest that prolonged presentations of incongruent
distractors beyond 50 ms may have (marginally) increased
disruption.
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knows what part of the stimulus field to select, the interference
disappears. The interference must therefore be before the
choice of response, and the selection must be earlier still^
(Broadbent, 1982, p. 281). That is, if the system ended up
resorting to attentional selection, it must have preceded stim-
ulus identification (see also Driver, 2001; Johnston & Dark,
1986; Paquet, 2001; Yantis & Johnston, 1990). Yet, as we
have described above, the present results show that the
distractors were identified as early as 17ms after onset, where-
as attentional selection took at least twice that amount of time
to consummate (between 34 and 51 ms following onset).

Specifically regarding flanker effects, early-selection theo-
ries and their present-day corollaries have described flanker
interference as an undesired leakage or slippage of perceptual
processing toward flanking distractors (Baylis & Driver,
1992; Broadbent, 1982; Driver, 2001; Lachter et al., 2004;
Lavie & Tsal, 1994; Miller, 1991; Yantis & Johnston, 1990).
Attentional mechanisms have been considered unable to con-
centrate resources exclusively within the target, maybe as a
consequence of Gestalt-like tendencies to chunk adjacent letters
into one object (Baylis & Driver, 1992; Driver & Baylis, 1989;
Prinzmetal, 1981), or possibly because the target’s area in a
flanker task is usually too small— it has been generally sug-
gested that distractors located less than 1° away from the target
are inevitably processed (Broadbent, 1982; Eriksen & Eriksen,
1974; Miller, 1991; Paquet, 2001; Paquet & Craig, 1997).9

Accordingly, attentional performance in flanker tasks has
often been described as a colander with holes that are too
large, through which not only the target, but also distractors
pass unhindered (also described as Battentional leakage^;
Yantis & Johnston, 1990). This means that even after re-
sources have been concentrated (which should bring the atten-
tional apparatus to its very best), the attentional filter remains
structurally unable to filter out distractors. This description is
incompatible with our results, because if the filter is structur-
ally flawed, it should remain irrevocably flawed at all times,
allowing distractors to be continually processed throughout
their presentation. If so, in our experiments, incongruent
distractors should have consistently delayed responses at all
times, including when they were presented in later portions of
a trial (i.e., the red functions in Fig. 3 should have remained
above the black functions for all mutation times).

Lachter et al. (2004) presented strong and comprehensive
arguments in favor of Broadbent’s core claim that identifica-
tion cannot be achieved without attentional deployment, and
concluded that flanker effects are a result of attentional slip-
page, but not leakage. The latter is defined as semantic
processing of distractors despite attentional allocation of

resources upon targets. That is, the attentional allocation itself
is in accord with the task, but the deployed resources end up
leaking toward distractors. Slippage, on the other hand, is
defined as unintentional allocation of resources toward
distractors, despite the task instructions.

Although slippage describes flanker interference as a cir-
cumstantial inefficiency, instead of an intrinsic deficiency (as
leakage does), both slippage and leakage predict the same
order of events: After attentional resources have slipped or
leaked, distractor processing begins and persists. Here, the
opposite was observed: Distractors were processed until atten-
tional deployment consummated (within the initial 50 ms),
after which distractors were completely ignored.

Also assuming early limited capacity, the feature integra-
tion theory (Treisman & Gelade, 1980; Treisman &
Gormican, 1988) proposes that during early, preattentive
stages, most physical features are processed automatically
and in parallel. The percepts of these features remain floating
and unconnected until attentional mechanisms have anchored
them onto a map of locations; only then can the features be
bound together into specific and discriminable objects. That
is, the system amasses extensive perceptual information about
all stimuli, but objects can only be assembled after a map of
locations has been formed. If so, the targeted object can only
be discriminated from irrelevant objects after attentional
mechanisms have discerned between the relevant and irrele-
vant locations.

Assuming that representations of floating features are able
to disrupt responses, the description above can accommodate
the sequence of events observed in our results. The early in-
terferences indicates that the (floating) features of all objects
had already been extracted as early as 17 ms. Floating features
remained unbound to geographic coordinates for an additional
~20–30 ms, until the system could discern the targeted object
from nontargets and terminate distractor processing accord-
ingly (between 34 and 51 ms).

The zoom-lens metaphor (Eriksen & St. James, 1986;
Eriksen & Yeh, 1985) is rooted in the early-selection claim
that initial dispersion of resources can only attain coarse res-
olution, which can be improved by attentional reallocation of
resources upon the targeted area (Broadbent, 1982; Eriksen &
Yeh, 1985; Murphy & Eriksen, 1987; Tsal, Meiran, & Lamy,
1995). This model ascribes the mechanic attributes of zoom
lenses to the attentional modulation of processing. If we as-
sume that, in our experiments, (a) every trial began with a
wide-open window, (b) that it took ~50 ms to gradually zoom
in from a wide window to a narrow one that encompassed
only the target, and (c) that during the zooming process there
was sufficient perceptual resolution, then at least some infor-
mation about distractors was accumulated during the initial
~50 ms. Once the window closed in on the target, distractors
remained outside the attentional window until response. That
could explain why incongruent distractors delayed responses

9 But see Humphreys (1981) for efficient filtering out of
distractors located 0.5° from the target when the target was
presented immediately following the fixation sign, without a
blank interval between them.
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only when they were presented within the initial 50 ms, and
were completely inconsequential afterward.10

Nevertheless, even if the zoom lensmetaphor is in line with
the present patterns, it should not be taken as a full model of
attention, because it can only describe selection within a con-
tiguous visual field region (as in our experiments) but cannot
account for attentional deployment to simultaneous stimuli
selected through a shared feature, such as movement or color
(Baylis & Driver, 1992, 1993; Driver & Baylis, 1989;
Prinzmetal, 1981).

While early-selection theories have attributed flanker inter-
ference to inherent failures of the attentional apparatus, the
late-selection approach has interpreted it as evidence
reflecting unrestricted parallel processing and full identifica-
tion of unattended stimuli. The late-selection approach
(Deutsch & Deutsch, 1963; Duncan, 1980; Schneider &
Shiffrin, 1977) has claimed that perceptual capacity is not
critically limited, such that extensive information is indiscrim-
inately extracted from all stimuli. The attentional mechanisms
responsible for selecting the target operate only later, upon
postperceptual representations of the already analyzed and
identified stimuli. Our results indicate that extensive informa-
tion about distractors (sufficient for impairing responses) was
accumulated within the initial 17 ms, approximately 30 ms
before attentional mechanisms succeeded in filtering the
distractors out.

On the one hand, these patterns support the claim that ex-
tensive information is extracted from all stimuli before atten-
tional activity. On the other hand, the late-selection approach
is based on the assumption that there is no perceptual bottle-
neck and that the discrimination of targets from distractors
takes place after perceptual processing, when attentional
mechanisms work on postperceptual representations. Yet the
clear-cut termination of distractor processing at ~50 ms sug-
gests that attention does indeed modulate perceptual process-
ing and is not strictly extraperceptual (Johnston & Dark,
1982; see also Broadbent, 1982, for a review of late-
selection claims and shortcomings).

Perceptual load theory (Lavie, 1995, 2005, 2010; Lavie &
Tsal, 1994) has proposed a resolution for the early versus
late selection debate. When a task imposes low perceptual
load, target selection is easy, surplus resources remain unused,
and neighboring distractors end up being processed (late se-
lection). Alternatively, high-load tasks exhaust all available
resources, and distractors remain unprocessed (early selec-
tion). According to this description, distractors are processed
by surplus resources, which can only happen after targets have
already been selected. This order of events is the very opposite
from the one observed here. Nevertheless, assuming that
our two experiments imposed a low perceptual load, the

interferences observed at 17ms corroborate the prediction that
low load leads to late selection.11

Finally, the patterns observed here may stem from unlim-
ited perceptual processing, in which all pertinent information
about all presented stimuli was gathered within the first 50 ms,
followed by active inhibition of the nontarget representations
and suppression of additional processing of recognized
distractors (Tipper, 1985). Dual-process models of attention
(Anderson & Spellman, 1995; Desimone & Duncan, 1995;
Driver & Tipper, 1989; Houghton & Tipper, 1994, 1996) pro-
pose that target selection is accomplished by enhancements of
target processing, accompanied by inhibition of distractor pro-
cessing.12 That is, extensive information about distractors is
accumulated from stimulus onset until attentional modulations
inhibit nontargets. Our manipulations could not reveal when
or whether perceptual processing of targets was amplified, but
the suppressions observed at ~50 ms were enforced exclusive-
ly on distractors, which means that they were first recognized
as to-be-ignored objects—or at least that their locations were
tagged as such, which boils down to the same idea.

In conclusion, our results indicate that distractors affected
performance exclusively within the initial ~50 ms following
onset, after which attentional mechanisms modulated percep-
tual processing by suppressing the inflow of information from
distractors’ locations and sustaining processing within an
overall window narrower than 1.7° of visual field. We suggest
that flanker interference stems from the collection of percep-
tual information that precedes attentional modulations, and
not from inherently flawed attentional mechanisms.
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