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Temporal context modulates the recovery 
of the attentional blink
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Abstract 

Humans usually adjust their attentional mode to tackle the challenges posed by environmental inputs. Depending 
on the uncertainty level, different attentional strategies may be adopted. As people face increasingly complicated 
daily situations—e.g., driving a car or chatting online—where intervals between significant events do not necessar-
ily follow certain rules but are likely random, it appears important to understand how temporal contexts with dif-
ferent uncertainty levels affect temporal attention allocation when processing rapid serial inputs. We pursued this 
issue by employing a task examining the temporal limit of attention—the attentional blink (AB). The manipulation 
of temporal context was achieved by presenting trials with different inter-target intervals following either a “random-
walk” or a “random” sequence. The results suggest a facilitated recovery from the AB deficit in the “random” com-
pared to “random-walk” context, without a corresponding change in AB magnitude. Such effect is likely attributed 
to the higher perceived uncertainty in the former, and could be attenuated by a decrease in the temporal uncer-
tainty level. These observations suggest that observers likely adopted a more flexible temporal attention allocation 
in the more unpredictable “random” context; they also support non-overlapping mechanisms responsible for AB 
width/duration and amplitude or lag-1 sparing. The flexibility of temporal attentional control may provide an evo-
lutionary advantage for organisms to deal with unpredictable changes and is likely to be exploited for reference 
in the design of human–machine interacting platforms.
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Introduction
Temporal attention plays an important role in our daily 
life. For instance, the embedded temporal structure could 
be exploited to direct our attention to the most likely tar-
get moments to facilitate subsequent cognitive process-
ing (Nobre & van Ede, 2018). In that way, drivers can 
avoid a potential collision and can orient their attention 
to relevant information. However, when two targets (T1 

and T2) are embedded in a rapidly presented sequence of 
distractors, observers often miss T2 after correctly iden-
tifying T1 if T2 follows T1 within about half a second 
(Broadbent & Broadbent, 1987; Shapiro et al., 1997). This 
T2 deficit—known as the attentional blink (AB)—reflects 
the temporal limit of attending to two successive targets 
in close temporal vicinity (Raymond et  al., 1992; Sha-
piro et  al., 1997; Yao & Zhou, 2023), and thus provides 
an ideal platform to investigate the dynamics of temporal 
attention.

The AB is generally considered as a very robust phe-
nomenon and is assumed by some researchers to arise 
because of a central bottleneck due to limited attentional 
resources (Chun & Potter, 1995; Duncan et  al., 1994). 
However, pronounced individual differences and train-
ing effects (Nakatani et  al., 2009; Willems & Martens, 
2016) indicate that the AB is not so rigid as originally 
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thought but sensitive to various trait and contextual fac-
tors. Moreover, the strict view of central bottleneck has 
been challenged by a growing number of studies (Di 
Lollo et  al., 2005; Kawahara et  al., 2006; Nieuwenstein, 
2006; Nieuwenstein et al., 2005; Olivers & Nieuwenhuis, 
2005, 2006; Olivers et  al., 2007), which suggest that the 
dynamics of attentional allocation and its temporal con-
straint also play an important role in the generation of 
AB. Consistent with this, the AB effect has been posited 
as a multifaceted phenomenon with more than one locus 
of processing deficits (Willems & Martens, 2016; Zivony 
& Lamy, 2022) and being modulated by attentional con-
trol along the time dimension (Olivers, 2007; Wierda 
et al., 2012; Yao & Zhou, 2023). Oftentimes, the AB effect 
is mitigated by cognitive processes such as accurate 
temporal anticipation and proactive preparation for T2. 
For instance, knowing approximately at which lag (i.e., 
the time interval between targets) T2 will occur, either 
through statistical learning of lag probabilities, symbolic 
cueing of T2 lags, or even instantaneously processed lag 
information in a preceding trial, can alleviate the AB 
deficit (Choi et al., 2012; Hilkenmeier & Scharlau, 2010; 
Martens & Johnson, 2005; Visser et  al., 2014; Yao et  al., 
2022). However, both the learning and exploitation of 
temporal regularities are likely to depend on the configu-
ration of temporal context and the associated uncertainty 
level (Grabenhorst et  al., 2021; Nobre & van Ede, 2018; 
Jazayeri & Shadlen, 2010; Shdeour et al., 2024). A similar 
dependence on the temporal configuration and its corre-
sponding level of uncertainty can also be inferred in the 
AB task (Lasaponara et al., 2015). Somewhat counterin-
tuitive, more distributed and flexible attentional control 
induced by task-irrelevant contexts could reduce the 
AB effect (Olivers & Nieuwenhuis, 2005, 2006). It thus 
appears that various temporal contexts may lead observ-
ers to employ distinct processing modes, such as a more 
focused attentional state in a predictable condition and a 
more flexible state in a highly uncertain condition, which 
ultimately shapes their performances in the AB task in a 
complementary manner. Though appealing in elucidating 
the mechanisms underlying AB, the role of the temporal 
context and related uncertainty level in the AB paradigm 
has been rarely explored and the existing evidence gener-
ally remains inconclusive (Dellert et  al., 2022; Lasapon-
ara et  al., 2015). We therefore examined in the current 
study the role of temporal context, especially concerning 
the associated level of uncertainty/predictability, in the 
behavioral performance of the AB task.

Under natural situations, events usually develop in 
accord with a random-walk (Brownian) process, which 
is characterized by changes in an undetermined direc-
tion but with small steps, giving us a sense of continu-
ity and stability. This is distinct from most laboratory 

settings (Glasauer & Shi, 2021; Narain et  al., 2013), 
where stimuli are presented in a more unpredictable 
manner, with both changing size and changing direc-
tion randomly selected, leading to higher levels of 
perceived uncertainty. The differences between these 
two contexts could encourage individuals to differ-
ently exploit the available information and even adopt 
discrepant processing strategies, as would be impli-
cated by views emphasizing the adaptive nature and 
performance-optimization properties of the neural 
system in coping with trial-to-trial variability (Jazayeri 
& Shadlen, 2010; Mamassian & Landy, 2010). We thus 
compared the AB effect between two temporal condi-
tions where trials with different inter-target intervals 
(i.e., lags) unfolded following a random-walk and a ran-
dom sequence.

Often demonstrated as a laboratory phenomenon, the 
AB has nevertheless a close link with some real-life sce-
narios, such as driving a car. Whereas our attention is 
continuously monitoring the road situation, a significant 
event (e.g., the changing behavior of the front car) may 
attract our attentional resources thus leading to tempo-
rary impairment of our ability to identify other poten-
tially important events (e.g., a pedestrian rushes into the 
road). Critically, intervals between these events do not 
necessarily follow certain rules but are likely random, 
creating a context of high temporal uncertainty for us to 
cope with. Also relevant, in real-life face-to-face inter-
actions, individuals may learn that their partner’s facial 
expression changes follow certain rules, both in terms of 
content and temporal intervals. However, with the devel-
opment of online social media, the asynchrony of infor-
mation transmission has been exaggerated (Ferguson 
et  al., 2024), resulting in much higher temporal uncer-
tainty (vs. live face-to-face communication), even when 
the interaction is aided by audiovisual technology. In 
this sense, a comparison of the AB effect under different 
temporal contexts could help to clarify how individuals 
regulate their attentional control along the time dimen-
sion when challenged by temporally uncertain inputs, 
thus providing potential insights into the design of plat-
forms for human–machine interaction. In addition, con-
sidering that T2 performance gradually recovers toward 
long lags and is relatively spared at lag1 (i.e., the lag-1 
sparing effect) (MacLean & Arnell, 2012) and that non-
overlapping mechanisms are assumed to underlie these 
AB-related parameters (Cousineau et  al., 2006; Livesey 
& Harris, 2011), we also examined whether the chang-
ing temporal context differently modulates AB ampli-
tude, width/duration, minimum performance, and lag-1 
sparing. Focusing on the factors modulating these effects 
can also help shed light on the underlying unresolved AB 
cognitive mechanisms.
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Experiment 1
The aim of Experiment 1 was to investigate the role of 
temporal context with different uncertainty levels in the 
behavioral performance of the AB task, focusing on AB 
amplitude, width/duration, minimum performance, and 
lag-1 sparing properties.

Method
Participants
Thirty healthy young adults, naïve to the study, 
participated in Experiment 1 (18 females, Mean 
age ± SD = 20.4 ± 1.5 years). The sample size, based on an 
a priori power analysis using G*Power 3.1 software (Faul 
et  al., 2007) with a medium-to-large effect size (f = 0.3) 
found in previous studies concerning the effect of task-
irrelevant context on the AB effect (Arend et  al., 2006; 
Olivers & Nieuwenhuis, 2005), was chosen to be larger 
than the recommended value (N = 24) that would result 
in sufficient power (≥ 0.8). All participants had normal 
or corrected-to-normal vision and were naïve to the 
purpose of the experiment. They gave informed consent 
before the experiment and were paid for their participa-
tion after the experiment. The procedure was approved 
by the Ethics Committee in Shanghai University of Sport 
(102772023RT041). Data were collected in 2023 and were 
statistically analyzed using JASP 0.17.1.0. The data that 
support the findings of this study are available in https://​
osf.​io/​ybrp5/. This study’s design and its analyses were 
not pre-registered.

Procedure
Visual stimuli were presented on a 24-inch LED moni-
tor (60  Hz refresh rate, 1920 × 1080 pixel resolution) 
using the MATLAB R2016b software (®MathWorks) and 
the Psychophysics Toolbox extension (Brainard, 1997). 

Participants’ responses were collected by a standard 
keyboard. On each trial, a rapid serial visual presenta-
tion (RSVP) stream consisting of non-repeated letters 
was displayed in the center of the black screen. The let-
ters were randomly selected from the English alphabet, 
except for E, O, I, and L, and were presented in Courier 
New Bold. Targets were presented in green while dis-
tractors were presented in white. Each item in the RSVP 
stream spanned a visual angle of ∼1.5° when viewed with 
a distance of 60 cm from the monitor.

Each trial began with a white fixation cross in the 
center of the screen, and after a duration of 1000 ms, an 
RSVP stream of 18 letters was presented. Each item in 
the stream was presented for 50 ms, followed by a 50 ms 
blank interval, yielding an item presentation rate of 10 Hz 
(Fig. 1A). The first target (T1) was randomly presented at 
the fourth, fifth, or sixth position in the stream to avoid 
anticipation. The second target (T2) was presented at 
the first to eighth position after T1, referred to as lag1 to 
lag8, respectively. At the end of the RSVP stream, partici-
pants were required to report (or guess when not sure) 
the identity of both targets in the order of T1 then T2 
by selecting from a 3 × 3 letter matrix presented in the 
center of the screen containing both targets and sur-
rounding distractors which were most likely mis-selected 
as targets (Vul, Nieuwenstein, et  al., ). Participants reg-
istered their responses with their right hand by pressing 
corresponding keys on the numeric keypad that spatially 
matched the selected letters in the letter matrix. Such a 
response mode simplified the procedure and made the 
responding process more straightforward. A new trial 
was initiated approximately 800–1000  ms after the reg-
istration of both responses. Participants practiced 24 
trials in a random order before the experiment to famil-
iarize themselves with the task. They then completed 

Fig. 1  Experimental paradigm and stimuli. A Schematic representation of a single trial in the AB task. Participants were asked to report both targets 
which were separated by a given time interval in terms of lag. B An example of blocks of different temporal contexts (“random-walk” vs. “random”, 
144 trials per block, only the first 60 trials are presented here), where the number of lag conditions was the same, but the order of trial sequences 
differed. C Schematic representation of the properties of the AB effect that were calculated in the current study

https://osf.io/ybrp5/
https://osf.io/ybrp5/
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four randomly shuffled experimental blocks each con-
taining 144 trials, with a break of at least three minutes 
long in between. Two blocks were “random-walk” blocks, 
in which trials with different lags, ranging from lag1 to 
lag8, were presented in a random-walk order. For exam-
ple, the trial following lag3 was either lag4 (one step 
longer) or lag2 (one step shorter). The other two blocks 
were “random” blocks, where trials with different lags 
were randomly shuffled, but the trial number of each lag 
condition was kept identical to that in the correspond-
ing “random-walk” block (Fig. 1B). Participants were not 
informed about the structure of trial sequences in differ-
ent temporal contexts. Nevertheless, they could learn the 
structure (though likely implicitly) during the AB task. In 
each block, we ensured that the number of trials in each 
lag condition was at least 15.

Data analysis
Following the convention of AB studies, T1 and T2 accu-
racies were calculated as the percentage of correct T1 
identifications and the percentage of correct T2 iden-
tifications given T1 being correctly reported, respec-
tively. We first performed separate repeated-measures 
ANOVAs on T1 and T2 accuracies, with lag (lag1-8) 
and temporal context (“random-walk” vs. “random”) as 
within-subject factors. The Greenhouse–Geisser cor-
rection of the degrees of freedom was used whenever 
the sphericity assumption was violated. Because the AB 
effect is nonlinear and difficult to characterize (MacLean 
& Arnell, 2012), we also adopted the method of fitting our 
empirical data to the AB curve (mean R2 ≥ 0.88) to quan-
tify its different aspects: lag-1 sparing,1 width, minimum 
performance, and amplitude (Cousineau et al., 2006). For 
the significant results observed in the AB recovery pro-
cess, we additionally estimated the recovery amplitude by 
subtracting T2 accuracy at lag2 from the average at lag3-
5, and the recovery slope by linearly fitting T2 accuracies 
across lag2-5 (Fig. 1C). We then compared these param-
eters across different temporal contexts in paired-sample 
t-tests.

Results and discussion
We first separately compared T1 and T2 accuracies 
between the “random-walk” and “random” conditions. As 
shown in Fig. 2A–B, the pattern of T1 and T2 accuracies 
changing with T1–T2 lags is in accord with observations 
of standard AB tasks. A repeated-measures ANOVA 
was performed on T1 accuracy, with lag and temporal 

context as within-subject factors. There was a main 
effect of lag (F(4.84, 140.40) = 34.36, p < 0.001, ηp

2 = 0.54), 
primarily driven by a significantly lower T1 accuracy at 
lag1 compared with other lags. For T2 performance, a 
similar 8 (lag) × 2 (temporal context) repeated-measures 
ANOVA was conducted. As expected, T2 accuracy var-
ied significantly across lags (main effect of lag: F(3.30, 
95.57) = 117.75, p < 0.001, ηp

2 = 0.80), exhibiting an AB 
effect together with lag-1 sparing. More interestingly, we 
found a significant main effect of temporal context (F(1, 
29) = 4.59, p = 0.041, ηp

2 = 0.14), with a better perfor-
mance in the “random” than “random-walk” condition. 
Such a contextual effect appeared restricted to several 
lags which lie within the AB recovery phase (lag × tempo-
ral context interaction: F(4.11, 119.05) = 3.51, p = 0.009, 
ηp

2 = 0.11; see lag3-5 from Fig. 2B).
To better quantify the properties of the AB effect, we 

estimated four parameters – the lag-1 sparing, width, 
minimum performance, and amplitude. Paired-sample 
t-tests were then conducted on these parameters to com-
pare across temporal contexts. It turned out that only 
the AB width (t(29) = 4.32, p < 0.001, Cohen’s d = 0.79; 
Fig.  2C), but not the other characteristics (ps ≥ 0.26; 
Fig.  2F–H) of the AB curve, was modulated by tempo-
ral context. Since the AB width reflects the approximate 
duration of the AB window, this result suggests a signifi-
cantly faster AB recovery in the “random” compared with 
“random-walk” temporal context. To confirm this effect, 
we calculated the recovery amplitude and recovery slope 
and then compared them in paired-sample t-tests. The 
results corroborated the observation that the “random” 
relative to “random-walk” temporal context facilitated 
the AB recovery (t(29) = 3.03, p = 0.005, Cohen’s d = 0.55 
for the recovery amplitude; t(29) =  2.51, p = 0.018, 
Cohen’s d = 0.46 for the recovery slope; Fig. 2D–E).

In short, we observed a modulatory effect of tempo-
ral context on the AB effect at intermediate/long lags, 
although the most severe deficit lags remained unaf-
fected. Such a facilitatory effect in the “random” relative 
to “random-walk” temporal context—appears to imply a 
faster AB recovery process—suggests that the sequential 
pattern of T1-T2 interval variation across trials, though 
largely task-irrelevant, alters the dynamics of resource 
allocation along the time dimension.

Experiment 2
In Experiment 1, we observed a modulatory effect of tem-
poral context (“random-walk” vs. “random”) on the AB 
curve, which could be attributed to differently perceived 
temporal uncertainties concerning lag intervals across 
trials and likely dissimilar ensuing processing strategies 
in these two temporal contexts. However, it remains to 
be determined whether participants were sensitive to 

1  We also calculated the lag-1 sparing in a traditional way by the perfor-
mance difference between lag1 and lag2 (Livesey & Harris, 2011). None of 
the lag-1 sparing effects were significantly different between “random-walk” 
and “random” conditions across three experiments (ps ≥ .13).
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the temporal information in these contexts, given that 
the identification of T2 was significantly affected when 
it appeared within the AB window. To address this issue, 
we conducted Experiment 2 and asked participants to 
estimate the perceived interval between two targets, in 
addition to the AB task, in each trial under both “ran-
dom-walk” and “random” contexts. A secondary aim of 
Experiment 2 was to examine whether we could replicate 
the result pattern of Experiment 1 in a further group of 
participants with additional task demands.

Method
Participants
We recruited another 30 participants (20 females, 
20.6 ± 2.4 years) in Experiment 2. They were naïve to the 
purpose of the experiment and none of them participated 
in Experiment 1. All participants had normal or cor-
rected-to-normal vision. All participants gave informed 
consent before the experiment and were paid for their 
participation after the experiment.

Procedure
The procedure of Experiment 2 was identical to that of 
Experiment 1, except that after reporting T1 and T2 in 
each trial, participants were additionally asked the ques-
tion “How long do you think the interval between the two 
green targets was in the current trial”. They could choose 
from the following alternatives displayed below the ques-
tion by pressing corresponding keys on the numeric key-
pad: “see only one target”, “relatively short”, “medium”, 
and “relatively long”, with their values ranging from 1 to 
4.

Data analysis
We estimated a temporal sensitivity index (i.e., the slope) 
by linearly fitting the averaged ratings of the lag inter-
vals across the lag1-8 conditions per participant. This 
index was then analyzed in one-sample t-tests (vs. 0) and 
paired-sample t-tests (“random-walk” vs. “random”). In 
addition, we also analyzed target accuracies (T1 and T2), 
model-estimated AB properties (lag-1 sparing, width, 

Fig. 2  Behavioral results of the AB task in Experiment 1. A–B Accuracies in reporting T1 (A) and T2 (B) across lags in the “random-walk” and “random” 
conditions. C–E AB width and the recovery indices across temporal contexts. F–H The other AB properties across temporal contexts. Error bars 
represent standard errors (Barclay, 1979). * p < .05; ** p < .01; *** p < .001 in paired-sample t-tests
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minimum performance, and amplitude), and another 
two AB recovery indices (recovery amplitude and recov-
ery slope), in the same manner as in Experiment 1. To 
examine the difference between Experiments 1 and 2, we 
further performed separate mixed ANOVAs for T1 and 
T2 accuracies, with lag and temporal context as within-
subject factors and experiment as the between-subject 
factor. We also analyzed all the AB-related properties 
with temporal context as the within-subject factor and 
experiment as the between-subject factor. Significant 
interactions between temporal context and experiment 
were further analyzed with simple main effects tests. The 
Greenhouse–Geisser correction of the degree of free-
dom was used whenever the sphericity assumption was 
violated.

Results and discussion
Following our primary purpose of the experiment, we 
examined the ratings of the lag interval between T1 and 
T2 in conditions of “random-walk” and “random” tem-
poral contexts. As shown in Fig.  3A, the rating score 
increased with the increase of the lag interval, indicating 
that participants could generally discriminate the lag con-
ditions in terms of T1–T2 interval duration. In support 
of this, the temporal sensitivity index (i.e., the slope) was 
significantly greater than 0 in all conditions (one-sample 
t-tests, ps < 0.001, Cohen’s ds ≥ 2.29, Fig.  3B). However, 
the temporal sensitivity index did not differ across tem-
poral contexts (t(29) = 0.54, p = 0.59), suggesting that par-
ticipants could perceive T1–T2 intervals comparably well 
in these two contextual conditions. These results indicate 
that participants were able to form the temporal gradi-
ent of different lag conditions in both temporal contexts 
despite their significantly impaired identification of T2 
during AB, consistent with previous observations (Yao 
et al., 2022).

We then examined the pattern of T1 and T2 perfor-
mances (Fig.  3C–D) and conducted repeated-measures 
ANOVAs with lag and temporal context as within-sub-
ject factors. For both T1 and T2 accuracies, the main 
effect of lag was significant (T1: F(3.99, 115.60) = 21.68, 
p < 0.001, ηp

2 = 0.43; T2: F(4.10, 118.86) = 124.87, 
p < 0.001, ηp

2 = 0.81), again indicating a typical observa-
tion of AB tasks. The result pattern of Experiment 1 was 
almost replicated, as there was also a significant interac-
tion between lag and temporal context for T2 accuracy 
(F(5.14, 149.04) = 2.38, p = 0.039, ηp

2 = 0.08; also see 
lag3-5 from Fig. 3D). We then examined the lag-1 spar-
ing, width, minimum performance, and amplitude of the 
AB effect, as well as the other two AB recovery indices 
(i.e., recovery amplitude and recovery slope) in paired-
sample t-tests. Although the differences did not reach 
significance, both AB width (t(29) = −  1.87, p = 0.071, 

Cohen’s d = −  0.34; Fig.  3E) and recovery amplitude 
(t(29) = 1.75, p = 0.091, Cohen’s d = 0.32; Fig. 3F) showed 
a tendency of better recovery of performance in the “ran-
dom” condition, similar to the result pattern in Experi-
ment 1.

To confirm that the temporal contextual effects 
between Experiments 1 and 2 were comparable, we addi-
tionally performed separate mixed ANOVAs on T1 and 
T2 accuracies, with lag and temporal context as within-
subject factors and experiment as the between-subject 
factor. No significant effects involving temporal context 
were ever found for T1 accuracy (ps ≥ 0.17) but there 
was a significant main effect of temporal context for T2 
accuracy (F(1, 58) = 4.83, p = 0.032, ηp

2 = 0.08). There was 
also  a significant interaction between lag and tempo-
ral context (F(5.29, 307.00) = 5.67, p < 0.001, ηp

2 = 0.09) 
for T2 accuracy, suggesting a better T2 performance in 
the "random" condition  in both experiments, especially 
at those lags of the AB recovery period. Crucially, no 
significant interactions between temporal context and 
experiment were observed for both T1 and T2 accuracies 
(ps ≥ 0.45), indicating that the temporal contextual effects 
did not differ in the two experiments. Similar mixed 
ANOVA analyses with temporal context as the within-
subject factor and experiment as the between-subject 
factor were also conducted on lag-1 sparing, width, mini-
mum performance, amplitude, recovery amplitude, and 
recovery slope. Again, there were only significant main 
effects of temporal context for AB width (F(1, 58) = 16.63, 
p < 0.001, ηp

2 = 0.22), recovery amplitude (F(1, 58) = 10.91, 
p = 0.002, ηp

2 = 0.16), and recovery slope (F(1, 58) = 5.04, 
p = 0.029, ηp

2 = 0.08), but no significant interactions 
between temporal context and experiment for any of the 
parameters (ps ≥ 0.28), corroborating the evidence of 
comparable contextual effects between experiments. We 
have found in a previous study that explicitly estimating 
the T1–T2 interval might facilitate observers to exploit 
the local temporal information (e.g., the interval of an 
immediately preceding trial), which would benefit more 
for the “random-walk” compared to “random” condition 
(Yao et  al., 2022). However, the results here suggested 
that the global temporal context with its associated 
uncertainty level likely played a more dominant role and 
regulated the dynamics of overall resource allocation 
along the time dimension, resulting in a likely facilitated 
recovery process in the “random” relative to “random-
walk” temporal context.

Experiment 3
The temporal uncertainty in the current study primarily 
arises from the changing direction and changing size of 
T1–T2 lags between successive trials. While the chang-
ing direction was uncertain in both “random-walk” and 
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“random” conditions, the changing size was constant 
(one lag) in the former but varied substantially (from 0 
to 7 lags) in the latter. Given that the perceptual uncer-
tainty is highly related to the stimulus variation range and 
the probability of event occurrence (Spence et al., 2018; 
Trillenberg et al., 2000), it is conceivable that restricting 
the lag variation in the “random” condition would reduce 
the temporal uncertainty associated with the chang-
ing size and thus decrease the difference in temporal 

uncertainty between the above two conditions. Moreo-
ver, the timing uncertainty of T2 targets outside the AB 
window could profoundly affect the T2 performance 
within the AB window (Lasaponara et  al., 2015). Given 
that Experiment 2 essentially replicated the result pat-
tern of Experiment 1, we reduced the range of lags to 5 in 
Experiment 3 to examine whether such a manipulation, 
with the other aspects of the experimental design identi-
cal to Experiment 1, would result in a reduced temporal 

Fig. 3  Subjective ratings and behavioral results of the AB task in Experiment 2. A Subjective ratings of the lag intervals across different 
temporal contexts. B Linear fit results of the rating scores across temporal contexts. C–D Accuracies in reporting T1 (C) and T2 (D) across lags 
in the “random-walk” and “random” conditions. E–G AB width and the recovery indices across temporal contexts. H–J The other AB properties 
across temporal contexts. Error bars represent standard errors
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contextual effect supposedly associated with the level of 
temporal uncertainty.

Method
Participants
In Experiment 3, we recruited 30 more participants (15 
females, 20.5 ± 2.1 years, five of them also participated in 
Experiment 1). All participants had normal or corrected-
to-normal vision. They were naïve to the purpose of the 
experiment. All participants gave informed consent 
before the experiment and were paid for their participa-
tion after the experiment.

Procedure
In Experiment 3, the range of inter-target lags was 
reduced to 5 (i.e., lag1-5), while the rest of the procedure 
was the same as in Experiment 1.

Data analysis
Similar to Experiments 1 and 2, we performed separate 
repeated-measures ANOVAs on T1 and T2 accuracies, 
with lag and temporal context as within-subject factors, 
and paired-sample t-tests on all AB-related properties 
(lag-1 sparing, width, minimum performance, amplitude, 
recovery amplitude, and recovery slope). To compare the 
difference between Experiments 1 and 3  and between 
Experiments 2 and 3, mixed ANOVAs were conducted 
for T1 and T2 accuracies with lag (only using data from 
lag1 to lag5) and temporal context as within-subject fac-
tors and experiment as the between-subject factor. We 
also analyzed the aforementioned AB parameters in 
mixed ANOVAs with temporal context as the within-
subject factor and experiment as the between-subject 
factor. Significant interactions between temporal context 
and experiment were further analyzed with simple main 
effects tests. The Greenhouse–Geisser correction of the 
degrees of freedom was used whenever the sphericity 
assumption was violated.

Results and discussion
We first analyzed T1 and T2 accuracies in a repeated-
measures ANOVA, respectively, with lag and temporal 
context as within-subject factors (Fig.  4A–B). For both 
targets, the main effects of lag (T1: F(3.12, 90.37) = 40.67, 
p < 0.001, ηp

2 = 0.58; T2: F(2.63, 76.20) = 50.22, p < 0.001, 
ηp

2 = 0.63) were significant. Importantly, we found no sig-
nificant interaction between lag and temporal context for 
T2 performance (F(3.46, 110.36) = 0.55, p = 0.67). Paired-
sample t-tests were conducted on AB-related parameters 
and no significant difference across temporal context was 
ever found (ps ≥ 0.19), suggesting that the pattern of the 
AB effect was largely identical between the two temporal 

contexts, either in terms of AB recovery or the other 
indices (Fig. 4C–H).

We then conducted mixed ANOVAs for T1 and T2 
accuracies (lag × temporal context × experiment) and 
AB-related parameters (temporal context × experiment) 
to compare the temporal contextual effects between 
Experiments 1 and 3.2 The analysis on T1 did not show 
significant interaction between temporal context and 
experiment (F(1, 58) = 1.31, p = 0.26). In contrast, there 
was a significant temporal context × experiment inter-
action (F(1, 58) = 4.14, p = 0.047, ηp

2 = 0.07) and a sig-
nificant three-way interaction (F(3.07, 178.26) = 2.65, 
p = 0.049, ηp

2 = 0.04) for T2 accuracy, although the main 
effect of experiment was not significant (F(1, 58) = 0.66, 
p = 0.42). The follow-up simple main effects analysis 
indicates a significant main effect of temporal context 
(i.e., higher T2 accuracy in the “random” relative to “ran-
dom-walk” condition) in Experiment 1 (F(1, 29) = 11.45, 
p = 0.002, ηp

2 = 0.28) but not in Experiment 3 (F(1, 
29) = 0.01, p = 0.91). We also observed a significant tem-
poral context × experiment interaction for AB width (F(1, 
58) = 10.39, p = 0.002, ηp

2 = 0.15), recovery amplitude 
(F(1, 58) = 9.23, p = 0.004, ηp

2 = 0.14), and a similar trend 
for recovery slope (F(1, 58) = 3.97, p = 0.051, ηp

2 = 0.06) 
but not for the other parameters (ps ≥ 0.24), indicating 
a significant temporal contextual effect in Experiment 1 
but not in Experiment 3. In addition, this result pattern 
was not altered even when the five participants who par-
ticipated in both experiments were excluded from the 
analysis. Together, the results of Experiment 3 suggest 
that the temporal contextual effect of AB is lag-range 
dependent and the associated temporal uncertainty is 
likely a substantial factor, if not the only one, modulating 
the AB recovery course observed in Experiments 1 and 2.

General discussion
In this study, we manipulated the relationship of T1-T2 
target intervals (i.e., lags) across successive trials accord-
ing to either a random-walk (Brownian) or a random 
sequence and examined the consequent AB effect. 
The results primarily showed higher T2 performances 
at intermediate/long lags in the “random” compared 
with “random-walk” temporal context (Experiments 
1 and 2), although the AB magnitude remained unaf-
fected. Such results suggest a likely faster recovery of 

2  Similar mixed ANOVAs were performed to compare the temporal con-
textual effects on T1 and T2 accuracies as well as AB-related parameters 
across Experiment 2 and Experiment 3. Although the interaction between 
temporal context and experiment was not significant for T1 and T2 accu-
racies (ps ≥ 0.13), a significant interaction was observed for AB width (F(1, 
58) = 4.80, p = 0.032, ηp

2 = 0.08) and recovery amplitude (F(1, 58) = 4.29, 
p = 0.043, ηp

2 = 0.07), suggesting a different pattern of AB recovery in Exper-
iment 2 relative to Experiment 3.
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the AB deficit—as could be inferred from the smaller 
AB width, larger recovery amplitude, and steeper recov-
ery slope—in the “random” temporal context. However, 
other processes leading to higher T2 performances at 
intermediate/long lags in the “random” condition are 
also possible  (e.g., the dynamic balance between neural 
suppression and facilitation which may be not associ-
ated with attentional resource allocation) and cannot 
be definitely ruled out, which needs further clarification 
in future research. When the difference in the tempo-
ral uncertainty level was reduced, the contextual effect 
was abolished (Experiment 3). Given that the AB width 
(or duration, mainly reflecting the recovery process) is 
closely associated with the temporal dynamics of atten-
tional control along the time dimension (MacLean & 
Arnell, 2012; Yao & Zhou, 2023), these results suggest 
that the overall temporal uncertainty context likely alters 
the cognitive strategy governing the temporal flexibility 
of allocating attentional resources.

As is common in the fields of physics, economics, and 
biology, the change—e.g., in particle movements, asset 

prices, and animal foraging patterns—is usually gradual 
and follows the random-walk procedure (Shi, 2024). As 
each movement or state transition depends on the previ-
ous one, this logical relationship of changes provides an 
ostensibly continuous sequential context and stability, 
seldom with abrupt changes of large steps or rules. Our 
neural system may exploit such a sequential property to 
simply follow its operation used in the preceding trial 
(i.e., local priors in terms of Bayesian inference) to opti-
mize subsequent attentional deployment, as suggested 
by the probabilistic and computational view of neu-
ral functions (Ma & Jazayeri, 2014; Pouget et  al., 2013). 
However, we also frequently encounter situations where 
the temporal change differences are large (e.g., following 
random sequences); this is particularly so in dynamic and 
complex situations. For instance, in driving scenarios, the 
intervals between successive critical events—e.g., a car in 
front brakes and a pedestrian rushes into the lane—are 
often unpredictable and vary largely from time to time. 
Similarly, in digital communication, messages from dif-
ferent partners are usually asynchronous with delays 

Fig. 4  Behavioral results of the AB task in Experiment 3. A–B Accuracies in reporting T1 and T2 across lags in the “random-walk” and “random” 
conditions. C–E AB width and the recovery indices across temporal contexts. F–H The other AB properties across temporal contexts. Error bars 
represent standard errors
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changing substantially from moment to moment. This 
can lead to significant temporal uncertainty. A strategy 
with flexible cognitive processes (e.g., flexible attentional 
allocation over time) appears more efficient to cope with 
such a stochastic situation. Indeed, flexibly changing the 
cognitive strategy according to the environmental state is 
common in the animal kingdom (Billard et al., 2020; Piet 
et  al., 2018). Humans also adopt strategies with a simi-
lar, high degree of flexibility, whether it involves learning 
sensorimotor relationships (Narain et al., 2013), anticipa-
tory hand movements (Bruhn et al., 2014), or social inter-
action (van den Berg & Wenseleers, 2018). The benefits 
of temporal uncertainty for error monitoring and adap-
tation to temporal structures have been demonstrated in 
previous studies (Korolczuk et  al., 2024; Shdeour et  al., 
2024). Specifically, temporal unpredictability has been 
shown to slow impulsive go actions in a “go/no-go” task 
and foster the development of new temporal expectations 
during perceptual learning of temporal information.

In our study, the experienced higher temporal uncer-
tainty of across-trial lag intervals in the “random” (vs. 
“random-walk”) context is more analogous to perceived 
volatility (vs. expected uncertainty) which may lead to 
enhanced change detection, frequent rule updating, and 
flexible decision-making (Bland & Schaefer, 2012; Mono-
sov, 2020; Soltani & Izquierdo, 2019). It could signal par-
ticipants to adopt a strategy to allocate attention along 
the time dimension more readily or flexibly. According 
to the two-stage model of the AB (Chun & Potter, 1995), 
the blinked T2 receives normal perceptual processing but 
is prevented from accessing a second capacity-limited 
stage that is already occupied by T1 processing. As T1 
processing requires time, the flexible attentional alloca-
tion will benefit T2 performance most at intermediate/
long lags residing on the AB recovery phase when T1 is 
finished or nearly finished. In addition, the more flexible 
temporal attention allocation in the “random” condition 
appears more globally structured. That is, the attentional 
resources in this condition may be distributed along a 
broader time range in a given trial, considering that T2 
will occur at any possible lag. By comparison, the atten-
tional resources in the “random-walk” condition can be 
allocated on the lag(s) similar to that of the preceding 
trial, thus more locally distributed. The globally struc-
tured attentional strategy (along the time dimension) 
may also contribute to the facilitated recovery of the AB 
deficit (or equally speaking, enhanced T2 performances 
at intermediate/long lags) in the “random” relative to 
“random-walk” condition.

It is worthy of noting that previous research has also 
indicated a facilitatory effect of temporal expecta-
tion on the performance of T2 in the AB task (Shen & 
Alain, 2012; Tang et  al., 2014; Visser et  al., 2015). More 

specifically, a delayed attentional engagement for T2 is 
assumed to be associated with the generation of the AB 
deficit (Nieuwenstein, 2006; Nieuwenstein et  al., 2005), 
and pre-cueing the occurrence of T2 could improve the 
performance on T2 and thus ameliorate the AB effect 
(Martens & Johnson, 2005; Visser et al., 2014). Even unre-
lated immediately preceding temporal information (e.g., 
T1–T2 interval in the preceding trial) can be exploited to 
aid the report of T2 (Yao et  al., 2022). As a result, one 
could expect that the AB effect would be reduced in the 
“random-walk” relative to “random” condition, given 
that the inter-target lag was more predictable under the 
“random-walk” context. However, we observed the oppo-
site pattern of the AB effect, i.e., faster recovery of T2 
performance in the “random” compared with “random-
walk” condition. Such results might be accounted for by 
the different attentional strategies employed by partici-
pants in these two temporal contexts. Due to the lower 
level of temporal uncertainty in the “random-walk” con-
dition, participants were more likely to adopt a focused 
attention strategy to use information of local preced-
ing T1-T2 intervals to guide—to a certain extent—their 
temporal attention to a potential time point anticipating 
the occurrence of T2. This could facilitate the identifica-
tion of T2 if it occurred at the expected time point, but 
make the control of attention less flexible to either dis-
engage from the processing of T1 or reorient to T2 if it 
does not occur at the expected time point (Denison, 
2024; Duyar et  al., 2024; Yao & Zhou, 2023). The latter 
case would be frequent even in the “random-walk” con-
text. In a sense, the disadvantage of focusing attention 
too much on a specific time point might override the 
benefit of temporal expectancy in certain temporal con-
texts. Consistent with this speculation, there was a trend 
suggesting that participants performed worse on trial 
N when the lag of trial N-2 was more deviant (lag devi-
ant = 2 vs. lag deviant = 0; t(28) = -1.99, p = 0.056, Cohen’s 
d = 0.37) in the “random-walk” condition of Experiment 
1. No such trend was observed in Experiments 2 and 3 
(ps ≥ 0.55), nor in the “random” condition of all three 
experiments (ps ≥ 0.31). The lack of a trend in the “ran-
dom-walk” condition in Experiment 2 was likely due to 
the additional timing demand for estimating the T1-T2 
interval in each trial which attenuated the effect from 
trials beyond the immediately preceding one. Indeed, 
there appears a trade-off between focused and flexible 
attentional allocations in time, with the adoption of each 
strategy depending on the uncertainty/predictability of 
the temporal context. When the temporal uncertainty 
of the situation is high, as in the “random” condition 
of Experiment 1, individuals may tend to adopt a more 
flexible attentional control strategy over a broader time 
range. However, when the uncertainty in the “random” 



Page 11 of 13Yao and Zhou ﻿Cognitive Research: Principles and Implications           (2025) 10:14 	

condition decreases or when the predictability of the 
“random-walk” condition increases—through a reduc-
tion in the variation range of the “random” condition or a 
slowing down of the changing pace in the “random-walk” 
condition—participants may shift to more focused atten-
tion on a certain lag to better perform the T2 report. As 
a result, the effect observed in Experiment 1 was either 
eliminated (in Experiment 3) or may even be reversed. 
It is currently unclear how precise the temporal predict-
ability should be to outperform the facilitatory effect of 
flexible attentional allocation in AB performance or what 
is the optimal level of temporal uncertainty/predictabil-
ity. This is an important factor and should be clarified in 
future research. Parametrically slowing down the ran-
dom-walk pace (e.g., change once every 10 rather than 1 
trials) appears a promising avenue.

Although no consensus has been reached concern-
ing the exact mechanisms for the AB phenomenon, it 
is increasingly accepted that temporal attentional con-
trol plays an important role (Olivers, 2007; Yao & Zhou, 
2023; Zivony & Lamy, 2022). A striking and counterintui-
tive observation reported in the literature indicates that 
the AB deficit is alleviated if less attention is focused on 
the processing of the target sequence (Olivers & Nieu-
wenhuis, 2005, 2006). It is argued that the AB deficit 
may result, at least partly, from the overinvestment of 
attentional resources in T1 and/or following distractors, 
which reduces the flexibility of attentional allocation on 
T2. The behaviors of temporal attention involved in the 
AB also contain suppressed selection and diffusion over 
time (Goodbourn et  al., 2016; Vul, Hanus, et  al., 2008a; 
Vul, Nieuwenstein, et al., 2008b), as well as a temporary 
loss then regaining control of an input filter configured 
by the endogenous attentional set (Di Lollo et  al., 2005; 
Kawahara et  al., 2006). Despite taking various forms, 
these empirical observations and theoretical accounts 
all suggest that it is the dynamics of temporal attentional 
control that form the core of mechanisms responsible for 
the AB deficit. Our observation is well in line with these 
hypothesized mechanisms.

Unlike most AB studies which observed modulations 
primarily on the minimum performance and amplitude 
of the AB effect (MacLean & Arnell, 2012), we found here 
that the duration/width of the AB effect can be indepen-
dently modulated by the temporal uncertainty context, 
while the other characteristics of the AB effect remain 
unchanged. It is well in line with previous findings that 
the AB width/duration and the AB amplitude may reflect 
different components of the AB effect and can be modu-
lated by different factors (Eich & Beck, 2023; Rizzo et al., 
2001). Our findings further suggest that the temporal 
uncertainty may primarily affect the temporal dynam-
ics of attentional allocation, rather than the amount of 

attentional resources which is likely associated with AB 
magnitude. These observations also add evidence to the 
view that the AB phenomenon is a multifaceted phe-
nomenon that presumably arises from a combination 
of factors, including the attentional control along the 
temporal dimension, the details of which await further 
investigation.

Equally important yet unexplored are the distinct neu-
ral mechanisms underlying temporal contexts with vary-
ing levels of uncertainty. The perception of different types 
of uncertainty is hierarchically encoded by the human 
cortex (Diaconescu et al., 2017; Iglesias et al., 2013) and 
involves widespread brain areas, particularly the fron-
toparietal network. Research on primates has shown 
that higher levels of contextual uncertainty selectively 
enhance the information transmission from the parietal 
to the frontal lobe while suppressing the transmission in 
the opposite direction (Taghizadeh et al., 2020). This is in 
line with the Bayesian learning principle, which suggests 
that bottom-up sensory inputs (as opposed to top-down 
priors) are prioritized when the level of prior uncertainty 
is high (Mathys et al., 2011). Such cortical circuits oppo-
sitely regulating the bottom-up and top-down signals 
may provide a promising neural candidate underlying 
the temporal contextual effect observed in our study. 
We speculate that the “random-walk” condition set the 
immediate priors (i.e., the lag interval in the preceding 
trial; via frontal-to-parietal transmission) dominant in 
determining the temporal attention allocation in the cur-
rent trial, whereas the “random” condition relied more on 
new sensory inputs to generate posteriors (via parietal-
to-frontal transmission) and drove temporal attention 
allocation in a more bottom-up and flexible manner. 
Nevertheless, further research is needed to delineate the 
involved neural mechanisms underlying our observation 
here.

In sum, our result suggests a likely accelerated AB 
recovery process when participants were confronted with 
a more unpredictable environment. In such a situation, 
participants were unable to use local temporal informa-
tion to anticipate the upcoming events and thus adopted 
a cognitive strategy with more flexible temporal atten-
tional control, which led to a less pronounced AB deficit 
at intermediate/long lags. These results suggest that the 
temporal limitations in our attentional resource alloca-
tion can be modulated by the perceived level of temporal 
uncertainty/predictability. They may be also informative 
in developing better human–machine interfaces such as 
those utilized for driving and online communication. In 
these scenarios, information may be delivered in forms 
of continuous streams on the display platforms, with suc-
cessive critical messages (e.g., social signals from differ-
ent communicating partners) sometimes presented in 
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the time range consistent with intermediate/long lags in 
the AB task. To reduce the impact of consciously detect-
ing one target on the detection of subsequent targets, 
one may manipulate the temporal context of inter-target 
intervals to find the optimal level of cognitive strategy.

Significance statement
Modern life has many occasions with uncertain temporal information—e.g., 
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