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The environment continuously provides spatial and
temporal information, which can be used to generate ex-
pectancies about when and where a relevant event will
occur. Thus, expectancy helps us to develop a state of
preparation in advance of the occurrence of stimuli, so
that attention can be focused on the specific locations
and moments at which stimuli are expected to occur. In
this way, intelligent animals have some ability to predict
the future—that is, to anticipate where and when an event
will occur.

Attentional preparation based on expectancy generally
implies two processes. First, sensory receptors and at-
tention can be oriented to the expected place and mo-
ment, which improves stimulus perception. This improve-
ment consists of an increase in the speed and/or accuracy
of perceiving such stimuli. Moreover, preparation allows
the anticipation of reactions to stimuli, in order to trigger
a response as soon as they occur.

Concerning spatial attention, studies in which Posner’s
costs and benefits paradigm (Posner, Snyder, & David-
son, 1980) has been used have shown that spatial ex-
pectancy influences processing. This attentional modu-
lation can be deduced from faster and/or more accurate

responses and from amplification of visual evoked po-
tentials for targets appearing at expected locations (see
Mangun, 1995, for a review). Hence, such results are
often interpreted in terms of a perceptual preparation
based on spatial expectancy.

Concerning temporal attention, it has also been found
that response times (RTs) are shorter when there is a
match between the temporal expectancy for a target (early/
late) and the time interval (short /long) at which the tar-
get actually appears, than when they mismatch (see Nobre,
2001, for a review). This so-called temporal-orienting ef-
fect (Correa, Lupiáñez, Milliken, & Tudela, 2004) has re-
liably been found in detection tasks in which a temporal-
cuing paradigm has been used.

At present, however, it still remains unclear whether
temporal-orienting effects are produced by perceptual
preparation, motor preparation, or both. Indeed, this
question cannot be addressed appropriately with behav-
ioral data from classic RT experiments, since perceptual
and motor preparation have the same effect—that is, to
decrease RT. On the other hand, studies in which physi-
ological measures have been used with detection tasks
have supported the motor account of preparation (Coull,
Frith, Büchel, & Nobre, 2000; Coull & Nobre, 1998;
Griffin, Miniussi, & Nobre, 2002; Miniussi, Wilding,
Coull, & Nobre, 1999).

However, it could be argued that the cerebral activation
patterns observed in temporal-orienting studies might be
partially due to the specific demands of the task used.
Thus, motor areas may be involved mainly in detection
tasks, whereas perceptual areas may be more involved in
other tasks, such as discrimination. Discrimination tasks
demand a more detailed perceptual analysis than detec-
tion tasks do, since processing of idiosyncratic features
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Research that uses simple response time tasks and neuroimaging has emphasized that attentional
preparation based on temporal expectancy modulates processing at motor levels. A novel approach
was taken to study whether the temporal orienting of attention can also modulate perceptual process-
ing. A temporal-cuing paradigm was used together with a rapid serial visual presentation procedure, in
order to maximize the processing demands of perceptual analysis. Signal detection theory was applied
in order to examine whether temporal orienting affects processes related to perceptual sensitivity or
to response criterion (indexed by d′ and beta measures, respectively). If temporal orienting implies
perceptual preparation, we would expect to observe an increase in perceptual sensitivity (d′) when a
target appeared at expected, rather than unexpected, time intervals. Indeed, our behavioral results
opened the possibility that focusing attention on time intervals not only enhances motor processing,
as has been shown by previous research, but also might improve perceptual processing.
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of the target is required. In contrast, detection tasks de-
mand only a speeded response as soon as the target onset
is detected, regardless of its visual features.

Thus, some of us have conducted several RT experi-
ments in which a discrimination task was used instead of
a detection task (Correa et al., 2004; Milliken, Lupiáñez,
Roberts, & Stevanovski, 2003). However, the finding
that temporal expectancy facilitated stimulus discrimi-
nation is insufficient to support the hypothesis that tem-
poral orienting produces perceptual preparation, since it
could be argued that facilitation in discrimination tasks
is produced by motor preparation of the two possible re-
sponses (Nobre, 2001).

In order to overcome this problem, we designed the
present behavioral experiment, in which a good percep-
tual analysis of the target was essential to accomplishing
the task. We were interested in conditions that make per-
ception of the target difficult, in which accuracy is more
important than the speed of the participant’s responses,
in order to discard motor preparation influences (see also
Nobre, 2001). It was assumed that, if stimulus percep-
tion was improved by temporal expectancy in these dif-
ficult perceptual conditions without time pressure, this
would suggest that temporal attention enhances percep-
tual processing.

How can such conditions in which perception is diffi-
cult be achieved? One possibility is to mask the target, so
that its percept cannot be completely built by the visual
system. Consequently, a rapid serial visual presentation
(RSVP) procedure was used. This procedure consists of
a very quick succession of stimuli presented at the same
location on the screen. Given that stimuli occur very
quickly, they mask each other, and perception of the tar-
get becomes quite difficult.

However, it makes sense to expect that it is possible to
override some masking effects if attention is focused on
the target (Enns & Di Lollo, 1997). Specifically, this
strategy was encouraged through cuing the likely time of
occurrence. Given that the RSVP procedure does not
allow attention to be directed to each item individually,
a temporal cue would improve performance by indicat-
ing the best temporal window in which to search for the
target.

If temporal orienting exclusively implied motor prepa-
ration, we would not expect to observe temporal-orienting
effects in accuracy measures, since preparation for a
speeded response is not relevant for this task. However,
if temporal orienting implied perceptual preparation, we
would expect to observe temporal-orienting effects in
accuracy measures, since preparation for an enhanced
perception of the target is essential for this task.

Signal detection theory (SDT) was applied to analyze
the data. SDT provides two orthogonal indices that de-
termine the observer’s dichotomic decisions about a per-
ceptual event under conditions of high uncertainty. The
d′ index is related to perceptual sensitivity, whereas the
beta index is related to response criterion (Green & Swets,
1966). High values of d′ mean high perceptual sensitiv-
ity. High values of beta mean a strict criterion, whereas

low values of beta mean a lax criterion. Thus, the fol-
lowing predictions are based on the assumption that d′ is
a reliable index of perceptual sensitivity.

If temporal orienting enhances perceptual processing,
we should expect perceptual sensitivity (d′) to be af-
fected by temporal expectancies—in particular, higher
d′s for targets appearing at validly, rather than at invalidly,
cued time intervals.

Furthermore, an extra manipulation was incorporated.
One group of participants was instructed to identify the
letter X in the RSVP stream (single-target task), whereas
the participants in the other group were instructed to
identify either an X or an O (double-target task). Previ-
ous research carried out in our laboratory (Correa et al.,
2004) has shown that when temporal expectancy is ma-
nipulated on a trial-by-trial basis, as in the present ex-
periment, temporal-orienting effects were larger in simple-
RT (detection) than in choice-RT (discrimination) tasks.
Such differences were attributed to the difficulty of gen-
erating a temporal expectancy while maintaining in work-
ing memory the more complex task-set for the discrimi-
nation task (i.e., an arbitrary mapping between stimuli
and responses). Thereby, we have proposed that the on-
line generation of temporal expectancy requires con-
trolled processing, which can be impaired as other de-
mands on central resources increase.

In the present experiments, we further tested this hy-
pothesis by manipulating the task set demands while
holding constant the sensory input for both tasks. As-
suming that the identification task was less demanding
for a single target than for double targets, given that only
one versus two perceptual templates had to be main-
tained in working memory, we expected to observe larger
temporal-orienting effects in the former task.

GENERAL METHOD

Participants
One hundred twenty students of psychology from the University

of Granada participated voluntarily. They were divided into two
groups (Experiment 1) and four groups (Experiment 2) of 20 partic-
ipants each.1 The participants were randomly assigned to the groups
and performed the task in a room equipped with 15 computers.

Stimuli
MEL software (Schneider, 1988) controlled the experiment. All

the stimuli appeared in the center of a 15-in. monitor. They were a
temporal cue, a set of distractors, and a target. The temporal cue
was a red rectangle, 4 mm in height (0.38º of visual angle). Its width
was either 10 or 22 mm (0.95º or 2.1º). The distractors were a set of
24 letters of a standard keyboard, excluding the targets. The target
was the letter X for the single-target group and either the letter O or
the letter X for the double-target group. The distractors and the tar-
get were 24 � 24 pixels (0.95º � 0.95º) in size. In the single-target
group, the participants pressed one key (Z or M) if the target (X)
was presented and the other if the target was absent. In the double-
target group, the participants pressed one of the same two keys, de-
pending on whether the X target or the O target was presented. The
assignments were counterbalanced across participants.

Procedure
The participants sat approximately 60 cm in front of the screen.

They were informed that the temporal cue would help them to pre-
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dict when the target would appear and were encouraged to respond
as accurately as possible. However, they were not asked to make
speeded responses.

The temporal cue appeared for 750 msec and was followed by a
fast stream of 43 letters (see Figure 1). Items were presented for
14 msec each, and there was an interstimuli interval (ISI) of 28 msec
between them. In the first 9 positions of the stream, only distractors
were presented. The target could appear, only once, in either Posi-
tion 10 or 34, depending on stimulus onset asynchrony (SOA). Af-
terward, 9 extra distractors were presented. Distractors were ran-
domly selected from the set of 24.

Given that there was no time pressure, the participants responded
after the stream had disappeared. The next trial started after a 
response.

There were six blocks of 60 trials (the first one considered to be
practice) with a rest between them. Each set of 30 target trials con-
sisted of 20 valid trials and 10 invalid trials (validity proportion of
.66). The cue indicated that the target was likely to appear early on
one half of trials and late on the remaining half. With early cues, the
target appeared 414 msec after cue onset (Position 10; short SOA)
on two thirds of the trials (valid trials) and 1,057 msec after cue
onset (Position 34; long SOA) on one third of the trials (invalid tri-
als). With late cues, instead, the target appeared 1,057 msec after
cue onset on two thirds of the trials and 414 msec after cue onset on
one third of the trials.

Importantly, the same procedure and sensory stimulation were used
for the single-target and the double-target groups. The only differ-
ence was that the single-target group was given instructions to iden-
tify the X target (they were not informed about the O, which ap-
peared anytime the X was not presented), whereas the double-target
group was instructed to identify the presence of either the X target
or the O target.

Design
Experiments 1 and 2 had a 2 (task: single-target or double-target) �

2 (cue validity: valid or invalid) � 2 (SOA: 414 or 1,057 msec) mixed
factor design. Task was manipulated between subjects. Cue valid-
ity and SOA were manipulated within subjects and were randomly
intermixed within blocks. Indices of perceptual sensitivity (d′) and
response criterion (beta) were the dependent variables. For com-
puting d′ and beta similarly for the single-target and the double-target
groups, the target was defined as X for the two groups. Thus, a yes
(or X ) response to an X-present trial was considered a hit, whereas
a yes (or X ) response to an X-absent trial (i.e., O present) was con-
sidered a false alarm.

RESULTS

Experiment 1
Mean d′s, betas, hit rates, and false alarm rates for

each experimental condition in Experiments 1 and 2 are
presented in Table 1.

Mean d′s and betas were submitted to separate mixed
factor analyses of variance (ANOVAs) with cue validity
and SOA as within-subjects variables and task as a 
between-subjects variable (this same analysis was used
in Experiment 2).

d′ analysis. The main effect of task [F(1,38) � 11.61,
p � .002] showed that d′s were higher in the single-target
task than in the double-target task. More interesting,
there was a main effect of cue validity [F(1,38) � 7.33,
p � .01], so that d′s were higher for validly than for in-
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Figure 1. Sequence of events on a trial.
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validly cued targets. Moreover, as can be seen in Fig-
ure 2, this validity effect did not depend on a specific
SOA, since the interaction between cue validity and SOA
was far from significance ( p � .27).

Beta analysis. The main effect of task [F(1,38) �
10.85, p � .002] revealed that betas were higher in the
single-target task than in the double-target task. This ef-
fect was modulated by cue validity [F(1,38) � 5.61, p �
.02], so that the higher betas in the single-target task
were observed for valid cues. Such an effect could also
reflect a modulation of temporal attention on late pro-
cessing stages (Miniussi et al., 1999), such as decision
processes. Nevertheless, the main effect of cue validity
was far from significance (F � 1).

Experiment 2
The primary aim of Experiment 2 was to replicate the

most important finding in Experiment 1—that is, an in-
crease of perceptual sensitivity, presumably produced by
the temporal orienting of attention. Moreover, we further
explored the predicted interaction between task and cue
validity, which was not observed in Experiment 1. Also,
we focused on the unexpected main effect of task on d′,
since we did not have any predictions concerning the ob-
served decrement in performance produced by the knowl-
edge of the alternative category (i.e., the O target).

d′ analysis. The main effects of task and SOA were
significant [F(1,78) � 13.98, p � .001, and F(1,78) �
5.38, p � .03, respectively], so that d′s were higher in the

Table 1
Mean d ′s, Betas, Hit Rates, and False Alarm Rates for Each Experimental Condition in Experiments 1 and 2 

Stimulus Onset Asynchrony

Short (414 msec) Long (1,057 msec)

Experiment Task Cue d′ Beta Hits False Alarms d′ Beta Hits False Alarms

1 Single target Early 0.63 1.24 .53 .31 0.44 1.16 .51 .35
Late 0.52 1.16 .47 .29 0.82 1.38 .57 .28

Double target Early 0.44 0.97 .59 .43 0.22 1.06 .56 .48
Late 0.25 0.93 .56 .47 0.42 0.89 .61 .45

2 Single target Early 0.91 1.51 .58 .28 0.58 2.41 .44 .28
Late 0.45 2.05 .37 .25 1.05 2.04 .56 .22

Double target Early 0.50 0.98 .63 .44 0.44 1.02 .61 .46
Late 0.31 1.34 .60 .51 0.62 0.92 .65 .45

Note—Hits and false alarms do not match to d′ and beta in this table, since these are means computed over participants.
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Figure 2. Mean d′s in Experiments 1 and 2, as a function of cue validity and stimulus onset
synchrony (SOA). Note the validity effects for both short and long SOAs.
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single-target task than in the double-target task and d′s
were higher at the long SOA than at the short SOA. The
task effect replicated the results in Experiment 1—that
is, having more information about the potential targets
produced a decrease in performance. The SOA effect
might be due to perceptual preparation processes not
being completed by the time the target appeared at the
shorter SOA.

Crucially, as was found in Experiment 1, there was a
main effect of cue validity [F(1,78) � 21.10, p � .001].
As is shown in Figure 2, significant validity effects were
observed at both the short SOA [F(1,78) � 12.80, p �
.001] and the long SOA [F(1,78) � 13.56, p � .001].

This effect tended to be modulated by task [F(1,78) �
3.83, p � .054]. As was predicted, the temporal-orienting
effect tended to be larger in the single-target task than in
the double-target task.

Beta analysis. The only significant effect was the
main effect of task [F(1,78) � 9.65, p � .003], which re-
vealed that betas were higher in the single-target task
than in the double-target task. This might be a conse-
quence of different ways of responding to uncertainty
about target occurrence. Uncertainty would trigger more
no responses in the single-target task, whereas the yes
and the no (i.e., X and O) responses would be equal in
the double-target task. Then, the X responses would be
more frequent in the latter task, thus producing lower
betas.

Thus, in contrast to d′, beta was independent of the ef-
fect of cue validity in both experiments (except for the
single-target group, Experiment 1). Therefore, the ma-
nipulation of cue validity produced changes mainly in
perceptual sensitivity, but not in response criterion.

The effect of task on temporal orienting when the
levels of performance are equated. It can be argued
that the differential validity effects observed in the single-
and the double-target groups could be due simply to dif-
ferences in performance levels between the two tasks,
rather than to differences in task set demands. According
to this, we would expect similar validity effects for both
tasks if performance levels are equated. In order to in-
vestigate this baseline confound, Experiment 2 was re-
analyzed with performance included as a factor, so that
we could explore its influence on validity effects and
compare both tasks more reliably, once they had compa-
rable levels of performance. Thus, each group of partic-
ipants was divided into two subgroups, high versus low
performance, by use of a median-split procedure on the
participants’ average d′ across the four within-subjects
conditions. Mean d′s were then submitted to a mixed fac-
tor ANOVA with cue validity and SOA as within-subjects
variables and performance (high/low) and task (single-
target /double-target) as between-subjects variables.

The analyses revealed significant main effects of per-
formance, task, SOA, and cue validity [F(1,76) � 81.48,
p � .001, F(1,76) � 25.16, p � .001, F(1,76) � 5.11,
p � .03, F(1,76) � 20.72, p � .001, respectively]. It
could not be otherwise: The low-performance group had

a lower d′ (0.38), than the high-performance group (0.85).
The other main effects were as explained above.

Importantly, once the noise due to the between-subjects
differences was reduced in this analysis (by including
performance as a factor), the interaction between task
and cue validity was significant [F(1,76) � 4.06, p �
.05], showing larger validity effects for the single-target
task than for the double-target task, as we had predicted
in accord with previous findings in our laboratory (Cor-
rea et al., 2004). And more relevant, this interaction was
not modulated by performance (F � 1). As can be seen
in Figure 3, the larger effects for the single-target task
relative to the double target task are still present for both
the low- and the high-performance groups. No other in-
teractions were significant (all p � .05).

This result suggests that the effects of task on tempo-
ral orienting cannot be explained just in terms of differ-
ences in global performance. Although it is possible that
dividing the participants ad hoc could have introduced
other confounding selection effects, it is clear (see Fig-
ure 3) that the validity effect was greater for the single-
target task (low-performance group; mean d′ � 0.46)
than for the double-target task (high-performance group;
mean d′ � 0.67), despite the former having a worse over-
all performance.

GENERAL DISCUSSION

The present research provides new findings concern-
ing the traditional debate about the specific influences
of attention on processing. Such influences are better
known in the space domain than in the time domain.
Thus, it could be interesting to elucidate whether atten-
tional preparation based on temporal expectancy modu-
lates processing at the perceptual level or the motor level.
Neuroimaging research is one approach by which to ad-
dress this issue. However, the methodology used in the
experiments reported here represents a novel approach
based on behavioral measures, which has also provided
useful information.

The following are the major results concerning our
main measure (d′). First, our central hypothesis has been
consistently supported by robust cue validity effects ob-
served in d′ in Experiments 1 and 2, so that valid tempo-
ral cues produced increments in the participants’ per-
ceptual sensitivity.

In relation to the effect of task, it was found in both ex-
periments that performance in the single-target task was
better than that in the double-target task. This finding
could be surprising, considering that both tasks were
identical in perceptual and motor terms. However, in the
double-target group, more information was provided to
find the target, as compared with the single-target group,
so that the former knew that the target could be either an
X or an O, whereas the latter could search only for the X
target. At first, one might expect that, the more infor-
mation we have about what is being searched for, the
higher the likelihood of finding it. However, this apparent
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paradox is easily explained from the memory search find-
ings (Sternberg, 1966), since the search set size is higher
for the double-target than for the single-target group.

In addition, such a feature that made harder the double-
target task was also reflected in the interaction between
task and cue validity. We assume that the double-target
task was more demanding than the single-target task and,
so, the generation of temporal expectancy was partly
hindered by the former task. The present findings appear
to be consistent with the conclusions drawn from previ-
ous research (Correa et al., 2004). In this sense, we sug-
gest that on-line generation of temporal expectancy 
involves controlled processing (e.g., time estimation
processes underlying temporal orienting). Hence, the
ability to dynamically focus attention on time with suc-
cess depends largely on other, simultaneous cognitive
demands.

In summary, temporal-orienting effects have been con-
sistently observed only in the measure related to percep-
tual sensitivity, which suggests that temporal attention
can enhance early perceptual processing. However, there
exists the possibility that our accuracy effects were pro-
duced by postperceptual factors instead. For example, an
increase in sensitivity might be due to participants’ en-
coding strategies of sampling more evidence (or prefer-
entially rehearsing information) from the cued versus the
uncued time interval. It is also possible, then, that sen-
sory processes are equivalent at both cued and uncued

intervals, whereas the attended information could have
an earlier and privileged access to late decision pro-
cesses (Hawkins et al., 1990).

Nevertheless, there is also important evidence sug-
gesting that such effects can be reasonably related to per-
ceptual processing. In particular, several visual attention
studies have linked variations in d′ both to modulations
of sensory-evoked processing in the extrastriate visual
cortex, as measured by ERPs (Luck et al., 1994), and to
modulations of early visual cortex activity (V1, V2, and
V3), as measured by event-related fMRI (Ress, Backus,
& Heeger, 2000). Furthermore, the paradigm used by
Luck et al. was designed to prevent some of the con-
founds mentioned above.

Therefore, the findings obtained with this novel ap-
proach would challenge the notion that temporal orienting
implies motor processes exclusively, rather than percep-
tual preparation, as has been reported by physiological
studies (Griffin et al., 2002; Miniussi et al., 1999; but see
Griffin et al., 2002, Experiment 1, for some evidence sup-
porting perceptual enhancement). Previous studies have
shown that directing attention to time intervals enhanced
the speeded responses that are habitually demanded in
simple RT tasks. Presumably, such results reflect mainly
the contribution of temporal-orienting processes to motor
preparation. Furthermore, we have found that focusing
attention on a time interval could also enhance processes
presumably related to perceptual sensitivity, which are

1.4

1.2

1

0.8

0.6

0.4

0.2

0

Valid

Invalid

Single Target

Low Performance

M
ea

n 
d

′

Double Target Single Target Double Target

High Performance

Figure 3. Mean d′s in Experiment 2, as a function of cue validity, task, and performance
(low performance [left panel] vs. high performance [right panel]). Note that the validity ef-
fects in the single-target task are larger than those in the double-target task.
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essential to accomplishing the task used in this experi-
ment. This finding is in line with a recent study that re-
ported attentional modulations of sensory neurons from
area V4 of the visual cortex in monkeys, as a conse-
quence of an anticipation of the timing of relevant events
(Ghose & Maunsell, 2002). It makes sense, then, to ex-
pect that temporal attention, analogously to spatial atten-
tion, can flexibly enhance processing at different stages,
according to the most relevant demands of the task at
hand.
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NOTES

1. The four groups in Experiment 2 were collapsed into two: single-
target and double-target tasks. Originally, the X target frequency was
manipulated in order to explore changes in response criterion as fol-
lows: two groups of .50 in Experiment 1 and two groups of .25 and .75,
respectively, in Experiment 2. However, the detailed results are not re-
ported here, since this manipulation was a secondary aim of the study
and no clear results were obtained.
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