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Abstract

Having expectations about when and where relevant stimuli will appear engenders endogenous temporal and spatial orienting
and can provide vital benefits to visual processing. Although more is known about how each of these forms of orienting affects
spatial processing, comparatively little is understood about their influences on the temporal integration and segregation of rapid
sequential stimuli. A critical question is whether the influence of spatial cueing on temporal processing involves independent
spatial and temporal orienting effects or a synergistic spatiotemporal impact. Here we delineated between the temporal and spatial
orienting engendered by endogenous cues by using a paradigm with identical visual stimulation when the goal was to integrate or
segregate the stimuli, in separate blocks of trials. We found strong effects of spatial orienting on both integration and segregation
performance. In contrast, temporal orienting engendered only an invalid cueing cost, and for integration trials only. This clear
differentiation between spatial and temporal cueing effects provides constraints to inform arbitration between theories of how
attention biases the visual processing stream and influences the organization of visual perception in time.
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In complex and dynamic visual environments, processing can
be optimized by attending to where and when relevant infor-
mation will appear. Endogenous cues can prompt spatial or
temporal orienting independently, but often they elicit both at
the same time. Research has generally focused on how these
different types of orienting affect spatial processing. However,
an additional, critical challenge for the visual system is to parse
the incoming sensory input into coherent objects and events
over time, binding disparate sensory signals together
(integration) as well as distinguishing between subsequent sen-
sory inputs that reflect two unique objects/events (segregation).
Our understanding of the influence of spatial and temporal cues
on such temporal processing remains sparse.

In studies of spatial processing, there are similarities be-
tween how spatial and temporal orienting affect vision. For
example, Coull and Nobre (1998) demonstrated that valid
endogenous cues indicating either when or where a target
would appear had qualitatively similar benefits on target
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detection. Spatial orienting to a particular location after a valid
cue provided a larger performance benefit than temporal
orienting to a particular interval, but both had benefits.
Further investigations also using endogenous cues confirmed
this pattern of valid cueing effects on spatial discrimination,
for both spatial and temporal orienting (Griffin, Miniussi, &
Nobre, 2002; Olk, 2014). Similarly, in a oddball detection task
using auditory stimuli, both spatial and temporal orienting
were found to benefit spatial processing performance
(Lange, Kramer, & Rdder, 2006). Although there is evidence
of dissociations between the effects on performance of spatial
and temporal orienting following exogenous cueing (Ahrens,
Veniero, Gross, Harvey, & Thut, 2015; Jones, 2014), when
attentional shifts are endogenously driven, the evidence points
to similarities, and even interacting performance benefits,
from spatial and temporal orienting. Rohenkohl, Gould,
Pessoa, and Nobre (2014) reported that benefits to spatial
discrimination performance are afforded by both spatial and
temporal orienting, in addition to characterizing the interac-
tion between these two types of orienting. Whereas spatial
orienting benefits were boosted further by valid temporal ex-
pectations, in the case of temporal orienting, performance ben-
efits were extinguished if spatial expectations were mislead-
ing. There is also evidence that temporal expectations can
combine synergistically with other forms of expectations—

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.3758/s13414-018-1623-7&domain=pdf
http://orcid.org/0000-0002-1985-292X
mailto:poppy.sharp@unitn.it

434

Atten Percept Psychophys (2019) 81:433-441

for example, with event-specific information about stimulus
identity (Langner, Steinborn, Eickhoff, & Huestegge, 2018).

Shifting focus from studies of different types of orienting on
spatial processing to those pertaining to temporal processing, we
note that these studies have typically featured paradigms in
which stimuli appear after a fixed interval from the onset of
endogenous spatial cues. Because these cues implicitly provide
temporal information, this introduces some ambiguity of inter-
pretation: Is performance impacted purely by information about
the location of the target, or is it important that the cue also
provides information about timing? For example, Hein, Rolke,
and Ulrich (2006) demonstrated that a valid cue indicating the
spatial location of two rapid sequential stimuli facilitates segre-
gation of the stimuli, such that participants were able to discrim-
inate which of them appeared first. However, the onset of the
cue employed in this work also provided information about
when the stimuli would appear, opening the possibility that tem-
poral orienting mechanisms might also have been recruited to
facilitate performance. Similarly, we have demonstrated that
spatial cueing affects both the segregation and integration of
rapid sequential stimuli, depending on which of these opposing
temporal processes is required for successful target detection.
This was achieved using a paradigm with two forms, whereby
the visual stimulation remained the same while the task goals
were manipulated (Sharp, Melcher, & Hickey, 2018). Again, the
spatial cues in that paradigm could have engendered temporal
orienting, since the interval between cue and stimulus onset was
of a fixed duration. It therefore remains unclear whether the
spatial cueing effects on temporal processing are driven by spa-
tial orienting alone or via a combined, synergistic influence of
spatial and temporal orienting combined.

Under normal circumstances, spatial and temporal
orienting often co-occur, since we often have access to com-
bined spatiotemporal expectations about the visual environ-
ment. Indeed, unique objects or events are defined by their
spatiotemporal conjunction. Perception of an object in motion
is an obvious example of this maxim. Doherty, Rao, Mesulam,
and Nobre (2005) tested whether implicit spatiotemporal ex-
pectations about the trajectory of a moving object that disap-
peared behind an occluder influenced participants’ speed in
detecting a dot on the object when it reappeared. Both spatial
and temporal expectations improved performance, as com-
pared to the control condition. Crucially, combined spatiotem-
poral expectations had a synergistic effect, leading to faster
reaction times than in either the purely spatial or the purely
temporal orienting condition. It is important to note that per-
ception of motion is a salient feature that, by definition, relies
on combined spatiotemporal information, raising a question
about the generality of this finding for other forms of temporal
processing, and leaving open the question of whether the fa-
cilitatory effects of valid spatial cues on temporal integration
and segregation are in part due to the combined influence of
spatial and temporal orienting.
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A secondary focus of the present study was on the remaining
uncertainty regarding how purely temporal orienting impacts
segregation and integration processes. A classical finding
concerning the effects of temporal orienting on spatial process-
ing was demonstrated by Los and Van Den Heuvel (2001). In
this study, a symbolic temporal cue indicated the delay after
which an “L” or “R” target would appear, requiring a binary
choice-response with the spatially congruent hand. The results
from this “foreperiod task” led the authors to conclude that
symbolic temporal cues can engender strategic temporal
orienting. This added to a literature demonstrating that valid
temporal expectations impact not only auditory perception, typ-
ically when using reaction time as a metric (Griffin & Nobre,
2005), but also the detection of targets in a rapid stream of
visual stimuli (Correa, Lupiafiez, Milliken, & Tudela, 2004;
Miller & Schréter, 2002). Looking rather at the effect of tem-
poral orienting on temporal processing, Correa, Sanabria,
Spence, Tudela, and Lupiafiez (2006) employed a temporal
order judgment paradigm to probe the influence of endogenous
temporal cueing on the perception of rapid sequential visual
stimuli. Temporal orienting engendered by the cue was found
to improve participants’ ability to report which stimulus ap-
peared first. A further consideration in this context is the rela-
tionship of temporal cues and hazard rates: stimuli that appear
earlier than was indicated by a cue are surprising, whereas those
that appear later than was cued are better expected (Correa et al.,
2004; Nobre & van Ede, 2018). Temporal orienting paradigms
therefore often employ catch trials in which no stimulus appears
after the cue, to modulate the function describing this increasing
probability that a stimulus will appear (Correa et al., 20006;
Steinborn, Rolke, Bratzke, & Ulrich, 2008).

Here we tested whether spatial cues impact temporal inte-
gration and segregation independent of any temporal expecta-
tions, and whether temporal cues impact temporal integration
and segregation when no spatial expectations are provided by
the cueing. Our paradigm features manipulation of the task
goal—either integration or segregation of visual events—
across blocks of experimental trials. Importantly, visual stim-
ulation remains constant, with endogenous cues predicting
either where or when the upcoming target will likely arrive.
For purely spatial orienting, we expected to find a perfor-
mance benefit of valid spatial cueing and a performance cost
of invalid cueing for both integration and segregation, consis-
tent with our earlier work (Sharp et al., 2018). In the case of
temporal orienting the outcome is less clear, and we did not
have strong predictions. One possible outcome would be tem-
poral orienting effects similar to those found with spatial
orienting. Alternatively, temporal orienting might be particu-
larly useful for rapid temporal segregation, allowing greater
precision in time. A third possibility is that any temporal inte-
gration might be more demanding in terms of temporal cod-
ing, and thus be more influenced by the temporal cue, given
the requirement to encode both of the stimuli across time.
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Method
Participants

Twenty-one healthy participants (17 female, four male; age =
22.14 +2.94 years, mean + SD) gave informed consent before
completing the experiment. All reported normal or corrected-
to-normal vision and right-handedness. Participants provided
informed consent in accordance with the Declaration of
Helsinki, and approval for the study was granted by the ethics
committee of the University of Trento.

Experimental design and stimuli

The stimuli and task were generated with Psychophysics
Toolbox (Brainard, 1997) in MATLAB (MathWorks). The stim-
uli were presented on an LED-backlit monitor designed for psy-
chophysics stimulus presentation (VPixx Technologies) with a
100-Hz refresh rate. The experiment used a 3x2x2 fully within-
subjects design: three levels of cue validity (valid, neutral, inva-
lid) x two task versions (segregation, integration) X two types of
orienting (spatial, temporal). An overview of the design is shown
in panel B of Fig. 1. The experimental task was varied by block
(alternating between segregation and integration); the cue valid-
ity was varied fully randomly by trial, and the type of orienting
indicated by the cue varied across the two separate sessions
(counterbalanced such that half of the participants completed
the temporal orienting session first).

The basic trial structure is shown in Fig. 1. A small fixation
cross in the form of a red “X” was present throughout presen-
tation of the stimuli; this cross measured approximately 0.2° (of
visual angle). For the spatial orienting session, at the beginning
of each trial, one of the arms of the cross changed from red to
green, to provide the cue that the target for that trial would likely
appear in the indicated quadrant. For the temporal orienting
session, the cue indicated whether the displays featuring the
target would likely appear after a short or a long delay (350 or
850 ms). The form of the cue was a green cross with two
sections filled in, resembling an hourglass either upright or on
its side (see Fig. 1), with the pairing between cue and delay
counterbalanced across participants. Participants were
instructed that the cue was valid around 75% of the time; thus,
in approximately 22% of total trials the cue was invalid, in 53%
of trials the cue was valid, and in 25% of the trials a neutral cue
was shown. The neutral cue took the form of a color change of
the tips of all four arms of the cross, such that a similar number
of pixels changed from red to green in the neutral and in the
valid/invalid cueing conditions. In 10% of trials, the cross
turned blue after the maximum cue interval of 850 ms, and no
target or displays were presented. These catch trials were in-
cluded so as to mitigate the influence of a rising hazard rate as
time elapsed during the cue interval (Janssen & Shadlen, 2005;
Steinborn et al., 2008).

In the spatial orienting session, the duration of the cue inter-
val had a jitter from a square distribution between 350 and 850
ms, meaning that the cue did not give any information about the
timing of the stimulus onset. In the temporal orienting session,
the cue interval was either 350 or 850 ms and gave no infor-
mation about the spatial location of the target. After the cue
interval, the fixation cross became entirely red again, and the
first display appeared on screen for 10 ms. The two frames
comprised an odd-element (OE) or missing-dot (MD) task, as
had been used previously to measure both temporal integration
and segregation using the same stimulus (Sharp et al., 2018;
Wutz, Muschter, van Koningsbruggen, Weisz, & Melcher,
2016). This display comprised circles at seven locations out
of a possible 16 (in a 4x4 grid of locations), and each circle
was formed from two arc elements (see Fig. 1: “Display 17). At
one additional position in the display was a half circle (i.e., a
single arc). Each circle measured 1.2° (of visual angle) in di-
ameter, and the grid of possible locations measured 8.4° x 8.4°.
Each circle within the display had an irrelevant random orien-
tation of the breaks between the arc elements that formed it,
selected from the possible orientations of 45°—315°.

Following a fixed interstimulus interval (ISI) of 50 ms, a
second display appeared for 10 ms (see Fig. 1: “Display 27).
This display also comprised circles at seven locations and a
half circle at one location. Crucially, the half circle in Display
2 was the corresponding arc element at the same location as
the half circle location from Display 1, such that if the two
displays were superimposed, the two arc elements would form
a standard circle stimulus. The locations of the seven circles
for each display never overlapped, such that if the two dis-
plays were superimposed, only one of the 16 possible loca-
tions would remain empty. This hypothetical superimposition
is illustrated in Fig. 1 (top right image). After 500 ms, a re-
sponse probe screen appeared. This comprised a grid of
squares in which each square identified one of the 16 possible
target locations. Participants indicated, by mouse click, at
which location they had perceived the target.

Task

Participants completed two sessions for the experiment (sep-
arated by a minimum of one day and a maximum of ten days).
On separate days, the cue provided information either about
the location of the target, in one session (spatial session), or
about when the displays featuring the target would appear, in
the other session (temporal session). The order of sessions was
counterbalanced across participants. There were two versions
of the task goal, such that the stimulus presentation was the
same, and only the task instruction differed blockwise. In one
version of the task, the target was the half circle. Successful
identification of the half circle required temporal parsing of
the two displays, and therefore this is referred to as the segre-
gation task. Integration of the two displays would result in a
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Fig. 1 Paradigm and design. (A) Trial structure. In the spatial-orienting
session, the cue indicated where the target would likely appear. In this
example, the spatial cue indicates that the target will likely appear in the
top right quadrant of the display. In the temporal orienting session, the cue
indicated when the target would likely appear, after either a short or a long
delay. In neutral cue trials, all four tips of the cross turned green. If this trial
were in a segregation block, the target would be the location second-down
on the far right (the half-circle). If this trial were in an integration block, the

combined percept (see Fig. 1) in which the half circle location
was indistinguishable from the other locations.

In the other version, the target was the location that
contained no circle in either display. Successful identification
of this location required a combined percept of the two dis-
plays; therefore, this was referred to as the integration task.
Participants were explicitly instructed to fixate the cross in the
center of the screen throughout stimulus presentation.

In the first session, prior the main experimental blocks,
participants completed a version of the paradigm with no cue-
ing and multiple ISIs, to identify baseline performance. In this
screening task, participants completed five practice trials for
each of the two versions of the task, followed by two blocks of
80 trials for analysis (one block for each task version, each
block comprising ten trials for each of the eight ISIs). The
screening results were used to exclude participants whose
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target would be the location in the near-left column where no stimulus
appeared in either display. In the spatial orienting session, the cue interval
was jittered between 350 and 850 ms; in the temporal orienting session,
this interval was either 350 or 850 ms. In a preexperiment, the ISI varied
(see the Method section), whereas in the main experimental blocks it was
fixed at 50 ms. (B) Overview of the full within-subjects design (see the
Method section). The segregation target was the half circle, and the
integration target was the missing circle

difference in performance for the different versions of the
uncued task constituted an outlier (described below).

Each experimental session began with 25 practice trials
with cueing for each task version (50 total), which were re-
peated if accuracy on either task version was low (< 25%); one
participant was excluded for not being able to attain this level
of performance for the segregation task after four attempts.
For each of the two sessions, participants completed ten
blocks of the main experiment, in which each block comprised
60 full trials plus seven catch trials. Practice trials and catch
trials were excluded from the main analysis.

Behavioral data analysis

The behavioral data were analyzed using Matlab2013a
(MathWorks, Natick, MA) and R (R Core Team, 2017). To
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identify outliers, we used data from the screening task, which
featured multiple ISIs and no cueing. We calculated a least square
fit for the results from the screening task for each participant,
estimating the intersect between tasks (i.e., the ISI at which per-
formance on the segregation and integration tasks was equal). We
excluded participants when this intersection was more than two
standard deviations from the group mean. This, along with the
exclusion of a participant who could not achieve reasonably per-
formance on the practice for the segregation version, resulted in
the exclusion of two participants (10% exclusion rate).

For data from the main blocks of the spatial-orienting ses-
sion, the trials were binned by duration of the cue interval, and
only data from the short-interval (350-500 ms) and long-
interval (600—850 ms) bins were used for the main analysis
(in the temporal-orienting session, the cue interval was always
either 350 or 850 ms).

As was recommended by Lakens (2013), two estimates of
effect size are provided: partial eta-squared and generalized
eta-squared. The former is better suited to power analyses and
comparisons within a study, whereas the latter is a metric more
suited to comparisons across experiments (Bakeman, 2005).
Post hoc testing was conducted by Bonferroni-corrected
pairwise comparisons. For these tests, we report Cohen’s d,,,
which is a measure of effect size for repeated measures tests.

Results

Figure 2A shows that in the preexperiment with no cueing,
participants performed better at integration when the ISI was
shorter, and better at segregation when the ISI was longer, as
expected (Sharp et al., 2018; Wutz et al., 2016). The mean
intersection at which performance was matched for integration
and segregation was close to the fixed ISI of 50 ms used for
the main experimental blocks.

For the data from the main experiment, a repeated measures
analysis of variance (RANOVA) was conducted, with the

factors task (segregation, integration), cue validity (valid, inva-
lid), and type of orienting (spatial, temporal). As in previous
experiments, significant main effects were found for task [F(1,
18) = 57.12, p < .001, 13,” = .760, 1> = .502] and cue validity
[F(2, 36) = 137.25, p < .001, n,> = .884, 1" = .547], and a
significant interaction was found between task and cue validity
[F(2,36)=61.17, p<.001,n,” = .773, 116> = .137]. The type of
orienting (spatial vs. temporal) had a significant main effect on
performance [F(1, 18) =7.17, p = .015, 1,> = .285, ng” = .018],
and both interactions of task and type of orienting [F(1, 18) =
50.67, p < .001, n,> = 738, 1G> = .116] and cue validity and
type of orienting [F(2, 36) = 48.23, p < .001, ,” = .728, 15" =
.255] were observed, as well as a significant three-way interac-
tion [F(2, 36) = 11.30, p = .001, 1,> = .386, 116" = .024].

As can be seen in Fig. 2B, strong spatial cueing effects
emerged in both tasks, as confirmed by the results of a
follow-up RANOVA confined to results from the spatial cue-
ing conditions, which revealed significant main effects of task
[F(1, 18) = 18.88, p < .001, 1,> = .512, 116> = .244] and cue
validity [F(2, 36) = 97.27, p<.001, 1,> = .844, 1" = .688], as
well as a significant interaction [F(2, 36) = 18.84, p <.001, npz
= 511, ng”> = .091]. Post hoc testing revealed that spatial
cueing effects were driven by benefits of valid cueing for both
segregation [#(18) =4.17, p < .001, d, = 0.93] and integration
[#(18) = 9.06, p < .001, d, = 2.03], as well as costs of invalid
cueing for both segregation [#18) = 5.76, p < .001, d, = 1.29]
and integration [#(18) = 12.41, p < .001, 4, = 2.78].

The pattern of effects for temporal cueing was remarkably
different. A follow-up RANOVA confined to results from the
temporal cueing conditions revealed main effects of task [F(1,
18) = 10032, p < .001, 7,> = .848, 16" = .722] and cue validity
[F(2, 36) = 10040, p < .001, ,” = .848, "> = .83], as well as a
significant interaction [F(2, 36) = 85.71, p <.001, ,> = .826, 15
=.251]. However, as can be seen in Fig. 2C, the pattern of results
in the temporal cueing condition was quite different from that
observed in the spatial cueing condition. Post hoc testing revealed
a significant cost of invalid cueing to performance in the

a =~ Integration - Segregation b Spatial orienting c Temporal orienting
Invalid Invalid
Neutral I I Neutral I I :[

75 Valid 75 Valid

75 . _

R X I X

Iy 3 50 & 50 I I

g o g

< + < 25 < o5 I

25 : *
Mean intersect 0 I 0
20 40 60 80
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Fig. 2 Main findings. (A) Results of the preexperiment task. The dotted
vertical line indicates the fixed ISI used for the main blocks. The error
bars here and in all panels indicate within-subjects 95% confidence
intervals (Morey, 2008). The mean intersect error bars indicate the

Task Version

SEM. (B) Results of the main experiment for spatial orienting:
Accuracy as a function of task and validity of the cue. (C) Results of
the main experiment for temporal orienting: Accuracy as a function of
task and validity of the cue
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integration task only [#(18) = 11.49, p < .001, d, = 2.57], with no
effect of invalid cueing for segregation [¢(18)=1.13,p=.14,d, =
0.25], and no valid cueing effect for either segregation [#(18) = .61,
p=.73,d,=0.14] or integration [#18) = 1.35, p = .10, d, = 0.30].

Given that the primary research question of the study was
whether the effects of spatial cueing on temporal processing
would be found not only when spatiotemporal cues were used
(as in previous work), but also when purely spatial cues were used
(as in the present study), we compared the present results with
previous findings. Following Verhagen and Wagenmakers
(2014), we conducted a Bayes factor replication test, taking as
the input ¢ and n values, to quantify the evidence in favor of a
successful replication of the spatial cueing effects from our earlier
study (Sharp et al., 2018). By comparing cueing effects between
two experiments with near-identical methodologies that differed
in terms of whether the cues were spatiotemporal or purely spatial
in nature, we found extreme evidence in favor of a successful
replication of cueing effects on temporal processing for all com-
parisons: valid cueing on segregation (BF > 100), invalid cueing
on segregation (BF > 100), valid cueing on integration (BF >
100), and invalid cueing on segregation (BF > 100).

To investigate more closely the nature of the temporal cueing
effect, we analyzed the data as a function of the delay between
cue and stimulus onset (Fig. 3). To test whether the main findings
showed any interaction with the delay between cue and stimulus
onset, an additional ANOVA was conducted with the factors task
(segregation/integration), cue (valid/neutral/invalid), orienting
(spatial/temporal), and delay between cue and stimulus onset
(short/long). In addition to the effects identified above, this anal-
ysis revealed a main effect of delay [F(1, 18) = 19.90, p < .001,
np2 = .525, 77G2 = .006], with a small but reliable benefit to
performance at longer cue intervals. An interaction between task
and delay [F(1, 18)=28.98, p <.001, 7,> =.726, 116> = .013] was
driven by better integration performance at the long delay, and an
interaction between cue validity and delay [F(2, 36) = 6.64, p =
.003, npz = 014, ng* = .005] reflected slightly stronger cueing
effects at a short delay (see Fig. 3). Importantly, however, the
four-way interaction was not significant [F(2, 36) = 1.00, p = .3,
Ny < 0001, nG> = .0006], indicating that the critical three-way
interaction observed in the main analysis was not influenced by
delay. No other effects emerged [task by orienting by delay: F{(1,
18)=3.12,p=.1,7," =.020, n5° = .0007; all other F values < 1].

Discussion

The present results provide evidence for a strong dissociation
between spatial and temporal cueing effects in a task that
involves combining or segmenting stimuli over time.
Consistent with our prior work, endogenous cues providing
spatial information benefited performance when they were
valid, and created a cost when invalid, for both integration
and segregation tasks (Sharp et al., 2018). In sharp contrast,
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temporal cueing provided a quite different and specific effect.
Invalid temporal cues created a performance cost in the inte-
gration task, but not in segregation, and valid temporal cueing
had no impact on either task (relative to neutral cues).

This study provides support for the idea that performance ben-
efits following valid spatial cueing are driven by the action of
spatial orienting mechanisms, rather than by confounded effects
of temporal cueing or synergistic effects of combined spatiotem-
poral cues (Hein et al., 2006; Sharp et al., 2018). This finding
provides an important clarification, since in previous work on the
effect of spatial orienting on temporal processing, spatial cues had
often also implicitly provided temporal expectations about stimu-
lus onset. Even in the absence of temporal expectations about
stimulus onset, the spatial cueing benefits to both temporal inte-
gration and segregation performance were quite large and of effect
sizes similar to those in our previous work (Sharp et al., 2018).
These results provide further evidence that allocation of endoge-
nous attention is able to act in a flexible, spatially specific manner
to aid both of these opposing temporal processes.

Striking differences emerged here between the influences of
spatial and temporal orienting on temporal processing, ostensi-
bly in contrast to evidence of cueing benefits for both spatial
and temporal orienting in the case of spatial processing (Coull
& Nobre, 1998; Griffin et al., 2002). Whereas spatial and tem-
poral orienting have both been shown to aid spatial processing,
leading to better and faster target detection (Griffin et al., 2002;
Lange et al., 2006), here performance benefits were found only
for spatial orienting. One possibility is that spatially specific
gain modulations facilitate target detection—for example,
whereas evidence suggests that spatial attention can enhance
the spiking responses of cells with relevant receptive fields
(Bosman & Womelsdorf, 2009), attending to a point in time
would not allow this selective gain modulation of a specific
group of cells. Another interpretation is that any benefits of
temporal orienting may principally act on decision- and
motor-related processing (Vangkilde, Coull, & Bundesen,
2012; Volberg & Thomaschke, 2017), particularly benefiting
speeded responses through a temporal alignment of readiness,
allowing efficient and attentive information processing at the
expected time point (Steinborn, Langner, & Huestegge, 2017).

The pattern of behavioral results for temporal orienting dem-
onstrated here is novel, and initially it appears inconsistent with
previous findings on temporal cueing. Correa et al. (2006)
showed a small cueing benefit to performance when participants
reported the order in which two rapid sequential stimuli were
presented. Here we found no corresponding benefit of valid
temporal cues. One interpretation is that this apparent disparity
arises due to task differences: Making a judgment about the
temporal order of stimuli arguably relies more heavily on
higher-level decision processes than did the target-search task
employed here. Since temporal-orienting effects usually emerge
when the primary measure is a metric, like reaction times, that
reflects differences in processing stages further up the hierarchy,
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Fig.3 Results of the main experiment, split by the delay between cue and stimulus onset. (A) Spatial orienting: left, short delay; right, long delay. Error bars here
and in panel B indicate within-subjects 95% confidence intervals (Morey, 2008). (B) Temporal orienting: left, short delay; right, long delay

such as decision or motor processing (Langner et al., 2018;
Thomaschke & Dreisbach, 2015; Vangkilde et al., 2012;
Volberg & Thomaschke, 2017), this is a pertinent difference
between the present study and previous work. Reaction time data
were unsuitable for the analysis in the present study, due to the
response collection method: unspeeded mouse clicks on a probe
grid of 16 locations after a fixed delay from stimulus offset.
Consideration of details of the paradigm may also provide an
explanation for the cost to integration performance from an
invalid cue in the temporal orienting condition. Missing one
of the rapidly presented displays is more detrimental to perfor-
mance when the goal is integration than when the goal is seg-
regation, since locating the integration target (e.g., a missing
circle) requires perception of both displays. Invalid temporal
cues may sometimes have caused participants to miss one of
the displays. Indeed, when comparing the types of errors par-
ticipants made, we saw that in the segregation task, participants

clicked roughly equally often on an element of the first as of the
second display, whereas in the integration task, their responses
indicated a bias to click on missing elements from one display.
Crucially, the pattern of whether their bias was toward the first
or the second display was reversed for invalid as compared to
the neutral and valid temporal cueing conditions.

Despite the inclusion of catch trials in an attempt to mitigate
the influence of a growing urgency rate or hazard signal to act
(Janssen & Shadlen, 2005), performance was found to improve
at longer delays between cue and stimulus onset. This is consis-
tent with work indicating that the inclusion of catch trials does
not obviate the need to consider results in terms of a rising ur-
gency to act (Steinborn et al., 2008). The small but reliable effect
of delay was slightly more evident for integration than for segre-
gation, indicating that the readiness of the system is of particular
importance for temporal integration. This delay effect was slight-
ly more pronounced in neutral than in valid cue trials, indicating
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that the allocation of selective attention likely compensated for
the delay effect at shorter cue intervals. Critically, the three-way
interaction between orienting, cue validity, and task was not in-
fluenced by these delay effects.

The present findings were not consistent with our hypothesis
that temporal cueing would be particularly helpful for the ability
to rapidly segment the two stimuli in time. The odd-element task
(finding the half circle) required the ability to isolate the two
sequential displays, such that a lack of temporal precision might
be expected to reduce performance. Instead, performance in that
task was particularly good for all temporal cueing conditions. One
possibility is that the mere presence of a temporal cue helped
participants to be diligent. Alternatively, the fact that the targets
appeared at only two discrete times may have provided the op-
portunity for participants to effectively focus their temporal atten-
tion to both of these times. Consistent with this idea, the previous
studies demonstrating an effect of temporal cueing have also
tended to employ two temporal delays (Coull & Nobre, 1998;
Griffin et al., 2002). However, our results demonstrated an invalid
cue cost for integration trials. This is difficult to reconcile with a
general diligence or split-attention interpretation. Thus, an ability
of participants to focus attention at both temporal delays seems
unlikely, but it cannot be completely ruled out. Future work will
be needed to differentiate between these possibilities—for exam-
ple, by using an adapted version of the paradigm with speeded
responses (e.g., whether the target was on the left or the right), so
as to be better suited to detecting temporal orienting effects.

To conclude, the pattern of results from the present study iden-
tifies a clear distinction between the effects of spatial and temporal
orienting in a task involving the parsing of rapidly presented
stimuli over time. Parsing the incoming sensory flow into mean-
ingful objects and events is a key challenge for visual perception.
The present findings suggest that spatial attention may increase
the efficiency of this process in a task-relevant way, whereas
temporal attention has, surprisingly, a comparably weaker influ-
ence on the temporal organization of visual processing.
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