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Starting with the work of Woodrow (1914), the abil-
ity to prepare temporally for upcoming events has been 
acknowledged as an important determinant for human 
performance. Traditionally, research on temporal prepa-
ration1 has employed the so-called foreperiod paradigm 
(for an overview, see Niemi & Näätänen, 1981). In this 
paradigm, a warning signal precedes a target stimulus by 
a certain amount of time (i.e., the foreperiod). The length 
of the foreperiod and the distribution of the foreperiods 
across trials influence the preparatory processes differen-
tially. For example, foreperiod duration can be kept con-
stant within a block of trials and be varied only across 
blocks of trials. In this constant foreperiod paradigm, re-
action time (RT) increases (except for very short foreperi-
ods) with increasing foreperiod duration (e.g., Klemmer, 
1956; Müller-Gethmann, Ulrich, & Rinkenauer, 2003). In 
contrast, when foreperiod duration is varied within blocks 
of trials (variable foreperiod paradigm), this pattern of re-
sults is reversed: RT decreases with increasing foreperiod 
duration (e.g., Drazin, 1961; Klemmer, 1956).

It has been assumed that these results are due to two 
different sources of uncertainty (see, e.g., Klemmer, 1956; 
Niemi & Näätänen, 1981). First, constant foreperiods en-
able participants to learn the foreperiod duration of the 
current block. Accordingly, participants can estimate the 
duration of this foreperiod, and thus prepare for the ex-
pected moment of target presentation. Importantly, it is 
well known that short durations can be estimated more 
accurately than long durations (Näätänen, Muranen, & 
Merisalo, 1974). Due to this time uncertainty (Klemmer, 
1956), preparatory activity can be timed more precisely 

on the moment of target presentation after short than after 
long foreperiods, thus yielding a shorter RT for short than 
for long foreperiods.

In the variable foreperiod paradigm, however, a second 
source of uncertainty contributes to the foreperiod effect: 
expectancy of the target stimulus. Since foreperiod dura-
tion varies randomly from trial to trial, at the beginning of 
each trial, targets might be presented after every possible 
foreperiod duration with equal probability. Consequently, 
during the time course of a single trial, the conditional 
probability of target delivery increases. For example, if the 
target has not been presented after the shortest foreperiod, 
the probability rises that it will be presented after one of 
the longer foreperiod durations. It has been suggested that 
participants utilize this increase to build up expectancies 
about the upcoming foreperiod duration, and prepare more 
for the moments with a higher probability of target pre-
sentation. Accordingly, in the variable foreperiod design, 
participants are better prepared for target presentation if 
foreperiod is long rather than short, and thus, RT decreases 
with increasing foreperiod duration. Evidence for this no-
tion stems from studies that employ so-called nonaging 
foreperiod distributions, in which the frequency of short 
foreperiods is increased in such a way that the conditional 
probability for target presentation remains rather constant 
throughout the trial. It has been repeatedly shown that the 
variable foreperiod effect can be strongly reduced or even 
eliminated by such foreperiod distributions (e.g., Näätänen, 
1970, 1971; Nickerson & Burnham, 1969).2

Whereas these accounts can explain quite well the 
quantitative pattern of results, the nature of the prepara-
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They found improved accuracy of spatial gap discrimina-
tion for short in comparison with long constant foreperi-
ods. This result strongly suggests that temporal prepara-
tion improves spatial resolution in visual perception, and 
thus influences perceptual processing.

On the basis of the results described above, one might 
ask whether this facilitating influence of temporal prepara-
tion is restricted to the processing of spatial stimulus prop-
erties, or whether other aspects of perception also benefit 
from temporal preparation. This question seems especially 
interesting in light of studies that have demonstrated that 
attentional influences on perception are not necessarily 
beneficial. For example, it has been shown that spatial 
attention enhances spatial resolution, but can impair pro-
cessing of temporal stimulus properties (e.g., Hein, Rolke, 
& Ulrich, 2006; Yeshurun & Levy, 2003). Therefore, in the 
present study, we addressed the question of whether tem-
poral preparation within a constant foreperiod paradigm 
enhances the processing of temporal stimulus properties. 
Specifically, we investigated whether temporal prepara-
tion enhances discrimination performance in a temporal 
order judgment (TOJ) task. In this task, participants have 
to judge the temporal order of two target stimuli, which 
are presented with a varying stimulus onset asynchrony 
(SOA). For example, in our Experiment 1, two dots were 
presented, and participants had to indicate which of the 
two dots (the one presented to the left or the one presented 
to the right of a fixation cross) was presented first.

Performance in TOJ can be described by two parameters 
(Figure 1): (A) the point of subjective simultaneity (PSS), 

tion process itself remains rather unclear. However, much 
empirical research has already been conducted to inves-
tigate which stages of information processing are influ-
enced by temporal preparation. For example, research 
employing foreperiod designs demonstrated a variety of 
motor-related variables that are affected by temporal prep-
aration—for example, RT (e.g., Karlin, 1959; Klemmer, 
1956; A. F. Sanders, 1980; see also Niemi & Näätänen, 
1981), response force (e.g., Mattes & Ulrich, 1997), re-
flex amplitudes (Brunia, Scheirs, & Haagh, 1982; Requin, 
Bonnet, & Semjen, 1977), motor-evoked potentials (Has-
broucq, Kaneko, Akamatsu, & Possamaï, 1997), and the 
contingent negative variation (Gaillard & Näätänen, 1973; 
Loveless & Sanford, 1974; Trillenberg, Verleger, Wascher, 
Wauschkuhn, & Wessel, 2000). More recent work in the 
field of temporal preparation addressed the question of 
whether, in addition to motor-related behavior, premotor 
processing might be enhanced by preparation. Studies em-
ploying the psychological refractory period (Bausenhart, 
Rolke, Hackley, & Ulrich, 2006) or psychophysiological 
measures (Hackley, Schankin, Wohlschlaeger, & Wascher, 
2007; Hackley & Valle-Inclán, 2003; Müller-Gethmann 
et al., 2003) have provided evidence for this notion. These 
results are further supported by studies demonstrating that 
temporal preparation facilitates perceptual processing of 
visual (Rolke, in press; Rolke & Hofmann, 2007) as well 
as auditory (Bausenhart, Rolke, & Ulrich, 2007) stimuli. 
For example, Rolke and Hofmann employed a masking 
procedure to investigate the effects of temporal prepara-
tion on performance in a perceptual discrimination task. 
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Figure 1. Observed probability for a “right dot presented first” response 
at different stimulus onset asynchronies (SOAs) and the corresponding fitted 
psychometric functions for two foreperiod durations. Negative SOAs indicate 
that the left dot was presented first; positive SOAs indicate that the right dot 
was presented first. From the psychometric functions, the point of subjective 
simultaneity (PSS) can be derived as the SOA duration that corresponds to 
50% “right dot first” responses. The just noticeable difference (JND) reflects 
the minimum SOA duration needed to judge the temporal order of the stimuli 
correctly (half the interquartile range of the psychometric function). For clar-
ity, PSS and JND are depicted only for the 800-msec foreperiod (FP) condition. 
The data shown in this figure are the results of 1 participant in Experiment 1.
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(Correa, Lupiáñez, Milliken, & Tudela, 2004), detection 
and discrimination performance is enhanced (Correa, 
Lupiáñez, & Tudela, 2005; Wright & Fitzgerald, 2004), 
and motor processing (Coull & Nobre, 1998; Miniussi 
et al., 1999) as well as early auditory (e.g., Lange et al., 
2003; Lange, Krämer, & Röder, 2006; L. D. Sanders & 
Astheimer, 2008) and visual potentials are enhanced (Cor-
rea, Lupiáñez, Madrid, & Tudela, 2006; for an overview, 
see also Nobre, Correa, & Coull, 2007). Temporal orient-
ing paradigms are very useful, because they allow simul-
taneous investigation of the effects of directing attention 
to certain points in time and of variable foreperiod effects 
(e.g., Los & Van den Heuvel, 2001).

In order to examine the influence of temporal orienting 
on the temporal resolution of visual perception, Correa, 
Sanabria, et al. (2006) combined such an explicit temporal 
cuing paradigm with a TOJ procedure. The results were 
clear-cut: When the explicit cue indicated the presentation 
time of the target stimuli validly, participants judged the 
order of the target stimuli more accurately than in invalid 
trials. In addition, when the foreperiod was short, JND 
was smaller for valid than for invalid trials. These results 
suggest that temporal orienting enhances the temporal 
resolution of visual perception. Independent of cue valid-
ity, the authors report that more correct responses were 
made after the long than after the short foreperiod. This 
result indicates that temporal resolution increases with 
foreperiod duration when foreperiod varies from trial to 
trial. Unfortunately, JND analyses for these conditions 
were not reported.

Given these results of a beneficial effect of temporal 
preparation in a temporal cuing context, one might ex-
pect a similar benefit of temporal preparation within a 
constant foreperiod design. However, there is some evi-
dence that constant foreperiods might be less effective 
in influencing performance in temporal tasks than vari-
able foreperiods. For example, within a variable fore-
period context, the duration of a stimulus is perceived as 
being longer following long than following short fore-
periods, and, at least under certain conditions, duration 
judgments are also more accurate (Bendixen, Grimm, 
& Schröger, 2006; Grondin & Rammsayer, 2003; Mo & 
George, 1977). In contrast, no such effects were found 
when constant foreperiods were employed (Grondin & 
Rammsayer, 2003; Mo & George, 1977). Thus, these 
studies indicate that constant foreperiods might be less 
effective in influencing performance in temporal tasks 
than variable foreperiods. As has been outlined above, 
different sources of uncertainty contribute to constant 
and variable foreperiod effects, and one might assume 
that these sources influence temporal perception differ-
entially. Accordingly, it might be premature to generalize 
the beneficial effect of temporal orienting on temporal 
resolution obtained within the explicit cuing paradigm 
(Correa, Sanabria, et al., 2006) to constant foreperiod 
manipulations, in which only time uncertainty, but not 
expectancy, influences the preparatory process. Since 
relatively little is yet known about the specific processes 
underlying temporal preparation, it seems especially im-
portant to investigate this issue empirically.

which may indicate a bias in temporal stimulus process-
ing, and (B) the just noticeable difference (JND) as an 
index of the accuracy of temporal processing, and thus, 
temporal resolution (e.g., Sternberg & Knoll, 1973). Spe-
cifically, the PSS corresponds to the SOA at which both 
target stimuli are equally often reported as having been 
presented first (e.g., 50% “right stimulus presented first” 
responses). Thus, it marks the SOA at which both target 
stimuli subjectively appear simultaneously. For example, a 
PSS of 0 msec indicates that simultaneity is correctly per-
ceived, because with an SOA of 0 msec, both target stimuli 
actually occur simultaneously. However, a shift of the PSS 
away from 0 msec indicates a bias in perception—namely, 
that one of the target stimuli is processed faster than the 
other, and accordingly has to be presented later than the 
other in order to be perceived as simultaneous. Such shifts 
of the PSS have been repeatedly demonstrated; for exam-
ple, as a result of directing attention to one of the stimuli 
and away from the other stimulus (Hikosaka, Miyauchi, 
& Shimoyo, 1993; Schnei der & Bavelier, 2003; Shore, 
Spence, & Klein, 2001; Stelmach & Herdman, 1991). The 
JND, in contrast, reflects the smallest SOA between the 
two target stimuli that allows correct discrimination of 
temporal order. This time interval is located around the 
PSS and is usually defined as half the interquartile range 
of the psychometric function (see Sternberg & Knoll, 
1973). The steeper the psychometric function, the smaller 
is the JND. Therefore, high-discrimination performance, 
and thus, high temporal resolution, is associated with 
small values of JND.

Relevant evidence for the notion that temporal prepara-
tion influences temporal resolution was recently provided 
in a TOJ study by Correa, Sanabria, Spence, Tudela, and 
Lupiáñez (2006) within a temporal orienting paradigm. 
In contrast to the uninformative warning signal used to 
induce temporal preparation in standard foreperiod para-
digms, temporal orienting paradigms employ either infor-
mative symbolic cues (e.g., Correa, Lupiáñez, & Tudela, 
2006; Miniussi, Wilding, Coull, & Nobre, 1999) or block-
wise instructions (e.g., Lange, Rösler, & Röder, 2003) to 
induce expectancy of a certain foreperiod duration and, 
thus, direct participants’ attention to the end of this fore-
period duration. An explicit cue, for example, might con-
sist of the words early or late, indicating after which of 
two foreperiod durations (long or short) the target should 
be expected. Thus, the participant needs to interpret the 
symbolic cue in order to prepare for the expected moment 
of target occurrence and to direct attention to this mo-
ment. In addition, the validity of the temporal cue is ma-
nipulated. That is, foreperiods within each block of trials 
are mixed, so that in part of the trials, the cue corresponds 
to the actually presented foreperiod duration (valid cue), 
but in the remaining trials, the cue induces participants to 
expect the wrong foreperiod duration (invalid cue). It has 
been repeatedly shown that such explicit temporal cues 
enable participants to prepare endogenously for the pre-
sentation time of the target stimuli. For example, similar 
to preparation in standard foreperiod paradigms, motor 
as well as premotor variables are influenced by tempo-
ral orienting. Specifically, in valid trials, RT is reduced 
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Procedure and Design. The time course of a single experimental 
trial is depicted in Figure 2. At the beginning of each trial, the screen 
remained empty for a variable interval of a random duration that 
followed an exponential distribution with a mean of 2,000 msec. 
This random duration is assumed to increase the functional signifi-
cance of the warning signal (Müller-Gethmann et al., 2003). Then a 
fixation dot appeared at the center of the screen. It remained on the 
screen for 2,400 msec, in short foreperiod trials, or for 800 msec, 
in long foreperiod trials.3 Subsequently, the warning signal, a white 
frame, was added to the screen and stayed visible until the end of 
the trial. After a foreperiod duration of 800 or 2,400 msec, the fixa-
tion point disappeared, and one of the target dots appeared, equally 
likely on the left or on the right side of the center of the screen. The 
distance between the center and the dot position was 0.9º. After a 
variable SOA of 7, 13, 20, 27, or 33 msec, the second dot appeared 
on the opposite side of the screen center. The two dots remained 
on the screen for 100 msec and were then replaced by the random 
check-pattern mask, which filled the warning signal frame. This 
mask was present for 500 msec. After the offset of the mask, a ques-
tion mark appeared as a response signal in the center of the frame 
until there was a response or for a maximum duration of 2,000 msec. 
This temporally delayed response signal was introduced to discour-
age participants from speeded responding and, thus, to further mini-
mize possible influences of motor processing on TOJ performance 
(e.g., by speed–accuracy trade-offs; Wickelgren, 1977). Participants 
had to indicate whether the left or the right dot had appeared first, 
using the index finger of their left or right hand, respectively. They 
were asked to respond as correctly as possible after the appearance 
of the question mark and were informed that response speed did 
not matter.

One experimental session consisted of 32 blocks with 20 trials 
each. After each block, participants received feedback about their 
percentage of correct responses. Although SOA (7, 13, 20, 27, or 
33 msec) varied randomly between trials, each foreperiod duration 
(800 vs. 2,400 msec) was kept constant across the trials of 16 con-
secutive blocks. The order of the two foreperiod conditions was bal-
anced across participants. The first block of each foreperiod condi-
tion was considered practice and was therefore discarded from data 
analysis. Trials in which no response key had been pressed within 
2,000 msec following the appearance of the question mark were 
discarded from data analysis (1.6%).

Results and Discussion
The data of 3 participants with performance close to 

chance level were discarded from data analysis, because 
for these participants, the fitted psychometric func-

EXPERIMENT 1

We conducted a TOJ experiment to examine the in-
fluence of temporal preparation on temporal resolution 
within a constant foreperiod paradigm. In this paradigm, 
the two target stimuli for which the TOJ has to be per-
formed are presented either after a short (800-msec) or 
after a long (2,400-msec) foreperiod. Thus, if the fore-
period is short, participants should be able to tempo-
rally prepare for the occurrence of the targets, whereas 
if the foreperiod is long, because of the increased time 
uncertainty, temporal preparation for the targets should 
be worse. Accordingly, if temporal preparation increases 
temporal resolution, TOJ performance should be better 
in the short foreperiod condition, and as a consequence, 
smaller JNDs should be obtained. However, unlike in spa-
tial attention studies, in which attention usually is directed 
to one of the target stimuli and away from the other (Hiko-
saka et al., 1993; Schneider & Bavelier, 2003; Shore et al., 
2001; Stelmach & Herdman, 1991; but see Hein et al., 
2006), the two target stimuli are presented within a short 
time interval after a given foreperiod duration in the pres-
ent experiment. Thus, within each foreperiod condition, 
participants should be equally temporally prepared for 
both target stimuli. Accordingly, neither of the two target 
stimuli should be perceived earlier than the other, and thus 
no influence of foreperiod duration on PSS is expected.

Method
Participants. Fourteen participants were recruited (6 male, mean 

age  28.1 years). They received either course credit or payment for 
their participation. All had normal or corrected-to-normal vision.

Stimuli and Apparatus. All stimuli were presented in white 
(90 cd/m2) on a black background ( 1 cd/m2). Stimulus presenta-
tion was controlled via MATLAB, using the Psychophysics Toolbox 
extension (Brainard, 1997; Pelli, 1997). Participants were seated in 
a dimly lit room at a viewing distance of approximately 50 cm from 
the computer screen. The stimuli consisted of a fixation point (0.1º 
visual angle), a square frame (5.9º), the target dots (0.5º), a square 
mask consisting of a random black-and-white-check pattern (5.3º), 
and a question mark (0.6º  1.1º). Responses were collected using 
the “y” and “-” keys of a standard keyboard.

?
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(variable duration)

Warning Signal
(foreperiod 800 vs. 2,400 msec)

First Target 
(SOA 7, 13, 20, 27, 33 msec)

Second Target
(100 msec)
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(500 msec)

Response Signal
(until response)

Fixation
(2,400 vs. 800 msec)

Figure 2. Time course of a single experimental trial in Experiment 1.
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The higher percentage of correct responses as well as 
the smaller JND associated with short foreperiods clearly 
indicate improved TOJ when participants were able to pre-
dict the moment of stimulus occurrence accurately. This 
effect suggests that temporal preparation within a constant 
foreperiod paradigm improves the temporal resolution of 
visual perception.

These results are consistent with those of Correa, Sana-
bria, et al. (2006), who found evidence for improved tem-
poral resolution within an explicit temporal cuing para-
digm. Thus, there is no evidence for a dissociation between 
temporal preparation within a constant foreperiod and 
within a temporal orienting paradigm. Despite the possi-
bility that different sources of uncertainty—namely, time 
uncertainty and expectancy—contribute to the effects of 
constant foreperiods and temporal orienting, a similar pre-
paratory mechanism might underlie those effects.

The present experiment assessed TOJ performance in 
a task that required processing of the stimulus location to 
enable judgments about stimulus order. This might con-
strain the interpretation of the results as being solely due 
to enhanced temporal resolution. In particular, Doherty, 
Rao, Mesulam, and Nobre (2005) have shown that tem-
poral preparation can also enhance processing of spatial 
stimulus location. These authors presented a ball that 
moved from left to right across a computer screen. This 
ball disappeared behind a vertical bar on the screen, and 
reappeared again on the other side of the bar. When the 
ball reappeared, participants had to detect whether it con-
tained a black dot or not, and to respond as fast as possible 
if the dot was present. Importantly, in one condition, the 
ball moved in a linear trajectory over the screen, enabling 
participants to build up spatial expectations about the lo-
cation at which the ball would reappear. In another condi-
tion, the ball “jumped” across the screen, thus prevent-
ing spatial expectations. In addition, the ball could either 
move at regular or irregular temporal intervals, enabling 
participants to build up, or hindering them from building 
up, temporal expectancies about when the ball would re-
appear. The authors found some evidence for a synergistic 
effect of spatial and temporal expectations. Although tem-
poral expectations alone had no effect on the amplitude 
of the P1 (an ERP component reflecting early perceptual 
processing), combined spatial and temporal expectations 
yielded a higher P1 amplitude than did spatial expecta-
tions alone. A similar tendency was present in their RT 
results. In trials with combined spatial and temporal ex-
pectations, RT was slightly reduced in comparison with 
spatial expectation alone, and significantly reduced com-
pared with temporal expectations alone. Thus, enabling 
temporal expectations about a stimulus might enhance the 
efficiency of building up expectations about the spatial 
location of this stimulus, or it might facilitate directing 
visual attention to the expected stimulus location. Against 
the background of this study, the present results might be 
interpreted in a different way. Accordingly, rather than 
mirroring enhanced temporal resolution in the good tem-
poral preparation condition, the results might be partly 
due to an enhanced effect of temporal preparation on the 
processing of spatial stimulus location. In other words, 

tions revealed estimations of JND values clearly above 
100 msec, a value far beyond the range of the actually 
presented SOAs.

Percent correct. A repeated measures ANOVA with 
the factors SOA and foreperiod duration was conducted 
on mean percentage of correct responses (PC). When 
appropriate, p values were adjusted for violations of the 
sphericity assumption using the Greenhouse–Geisser 
correction. This analysis revealed a main effect of SOA 
[F(4,40)  60.33, p  .001, 2  .86], indicating more 
correct responses as the interval between the two target 
dots increased. Crucially, the manipulation of temporal 
preparation also influenced PC, with shorter foreperiods 
yielding more correct responses [F(1,10)  10.13, p  
.01, 2  .50]. This effect was not influenced by SOA 
[F(4,40)  0.67, p  .599] (see Figure 3).

JND and PSS. To estimate JND and PSS for each par-
ticipant and foreperiod duration, we computed the propor-
tion of “right dot presented first” responses at each SOA 
level, whereas SOA levels now were defined as ranging 
from 33 msec (left dot preceded right dot) to 33 msec 
(right dot preceded left dot). Then, we employed a maxi-
mum likelihood procedure to estimate the PSS and the 
JND, which maximized the likelihood for the following 
logistic psychometric function (Bush, 1963):
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A paired-samples t test on the JND estimations clearly 
revealed better performance for short than for long fore-
periods [t(10)  2.58, p  .05, 2  .40; JND  20.1 vs. 
32.0 msec, respectively]. Thus, participants in the short 
foreperiod condition needed a shorter SOA duration to 
obtain a 75% correct level of temporal order discrimina-
tion. As expected, PSS in the short foreperiod condition 
(2.1 msec) did not differ from PSS in the long foreperiod 
condition (4.4 msec) [t(10)  0.95, p  .366].
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Figure 3. Mean percentages of correct responses in Experi-
ment 1 depicted as a function of stimulus onset asynchrony (SOA) 
and foreperiod duration. The error bar provides the standard 
error of the mean, which was computed from the pooled error 
terms of the corresponding ANOVA according to a suggestion 
made by Loftus (2002).
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two target stimuli was presented in the center of the screen. After a 
variable SOA, this stimulus was superimposed by the second target 
stimulus, thus forming the image of a star, which remained on the 
screen for 100 msec before being masked. Second, SOA durations 
were prolonged to 27, 33, 40, 47, and 53 msec, because pretesting 
indicated that TOJ for this stimulus arrangement was more difficult 
than in Experiment 1. Third, for the same reason, maximum RT was 
increased to 3,000 msec. Participants had to indicate whether the 
plus or the multiplication sign had appeared first, using the index 
finger of their left or right hand, respectively. As in Experiment 1, 
trials in which no response key had been pressed were discarded 
from data analysis (0.9%).

Results and Discussion
Percent correct. An ANOVA on PC revealed a main 

effect of SOA [F(4,52)  48.32, p  .001, 2  .79], indi-
cating more correct responses as the interval between the 
two target stimuli increased. The manipulation of temporal 
preparation also influenced PC, with shorter fore periods 
yielding more correct responses [F(1,13)  17.98, p  
.001, 2  .58]. This effect was not influenced by SOA 
[F(4,52)  0.64, p  .578] (see Figure 5).

JND and PSS. JND and PSS for each participant and 
foreperiod duration were computed as in Experiment 1. 
First, we collected the proportion of “multiplication sign 
presented first” responses at each SOA level, now defined 
as ranging from 53 msec (plus sign preceded multiplica-
tion sign) to 53 msec (multiplication sign preceded plus 
sign). Then, we again employed a maximum likelihood 
procedure to estimate PSS and JND. A paired- samples 
t test for JND showed better performance for short fore-
periods than for long foreperiods [t(13)  4.11, p  
.001, 2  .57] (JND  17.8 vs. 22.4 msec, respectively). 
Again, PSS did not differ between the short and long fore-
period conditions [t(13)  1.29, p  .219] (PSS  2.0 
vs. 1.4 msec, respectively).

These results argue strongly for a higher temporal reso-
lution of visual perception when participants can precisely 
prepare for the moment of target presentation within a 
constant foreperiod design. This improvement, however, 
seems not to be due to a facilitation of location processing 

temporal preparation might have merely facilitated local-
ization of the target stimuli and thus improved judgments 
of the location of the stimulus presented first. Accord-
ingly, improved TOJ performance associated with good 
temporal preparation might not be the result of enhanced 
temporal resolution per se, but might reflect improved lo-
cation processing. Experiment 2 was designed to rule out 
this alternative explanation.

EXPERIMENT 2

This experiment aimed at decoupling the effect of tem-
poral preparation on temporal resolution from potential 
effects of temporal preparation on location processing 
(Doherty et al., 2005). Thus, in contrast to Experiment 1, 
which required participants to indicate the temporal order 
of the presented stimuli by identifying the location of the 
stimulus presented first, in Experiment 2 participants were 
asked about the identity of the stimulus presented first. 
Both target stimuli were now presented spatially overlap-
ping at the center of the screen. Thus, because the location 
of both target stimuli was identical, this stimulus arrange-
ment ensured that location processing was irrelevant for 
performing the TOJ task.

Method
Participants. Fourteen participants were recruited (2 male, mean 

age  25.2 years). They participated for course credit or payment. 
All had normal or corrected-to-normal vision.

Stimuli and Apparatus. Again, all stimuli were presented in 
white (90 cd/m2) on a black background ( 1 cd/m2) and participants 
were seated in a dimly lit room at a viewing distance of approxi-
mately 50 cm from the computer screen. A plus sign and a multipli-
cation sign (both 1.3º visual angle) served as target stimuli. Thus, 
the two different target stimuli were identical except for their spatial 
orientation (specifically, the multiplication sign was the plus sign 
tilted by 45º). All other stimuli were identical with those employed 
in Experiment 1. Responses were collected via the right and left shift 
keys of a standard keyboard.

Procedure and Design. The course of a single trial is depicted 
in Figure 4. It was identical to trials in Experiment 1, except for 
the following changes. First, following the foreperiod, one of the 

?
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Warning Signal
(foreperiod 800 vs. 2,400 msec)

First Target
(SOA 27, 33, 40, 47, 53 msec)

Second Target
(100 msec)

Mask
(500 msec)

Response Signal
(until response)

Intertrial Interval
(variable duration)

Fixation
(2,400 vs. 800 msec)

Figure 4. Time course of a single experimental trial in Experiment 2.
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readiness potential (S-LRP), a component that is thought 
to index the duration of premotor processes. It is unclear, 
however, whether this characteristic time course of tem-
poral preparation generalizes to accuracy measures, such 
as the JND in a TOJ task.

Method
Participants. Thirty participants were recruited (8 male, mean 

age  26.07 years). All had normal or corrected-to-normal vision.
Stimuli and Apparatus. All stimuli were identical to those em-

ployed in Experiment 1.
Procedure and Design. The course of each trial was similar 

to trials in Experiment 1, with the following exceptions. First, we 
employed six different foreperiod durations (150, 300, 600, 1,200, 
2,400, and 4,800 msec). Second, following the intertrial interval, 
the fixation dot was presented for 4,950 msec minus the foreperiod 
duration of the current block. Thus, overall trial duration was again 
kept constant, irrespective of the foreperiod duration of the cur-
rent block. Third, the method of constant stimuli was replaced by 
an adaptive, weighted up–down procedure (Kaernbach, 1991). In 
more detail, within each foreperiod block, two randomly interleaved 
runs with 60 trials each were presented to estimate the 25th (lower 
run) and the 75th (upper run) percentiles of the psychometric func-
tion (see also Lapid, Ulrich, & Rammsayer, 2008). In the first trial 
of the lower run, the left target dot was presented 40 msec before 
the right dot (SOA  40 msec), and in the first trial of the upper 
run, the right target dot was presented 40 msec before the left dot 
(SOA  40 msec). In the following trials, this SOA value was 
changed according to an adaptive rule (see Kaernbach, 1991). After 
a “right dot presented first” response, SOA duration for the next 
trial of the respective run was decreased by either 20 msec (lower 
run) or by 6.6 msec (upper run). After a “left dot presented first” 
response, SOA duration was increased by 6.6 msec (lower run) or 
by 20 msec (upper run). If no key was pressed within the maximum 
RT of 2,000 msec, the trial was excluded from later data analysis, 
and the present SOA duration was repeated in the next trial of the 
respective run.

Each participant completed 120 trials within each of the six fore-
period conditions. The order of these foreperiod blocks was balanced 
across participants according to an even Latin square. No perfor-
mance feedback was provided, but after every 30 trials a break al-
lowed participants to rest. The first 30 trials in each foreperiod block 
were considered practice and were discarded from further analysis.

Results and Discussion
The adaptive, weighted up–down procedure employed 

here tracks the SOA durations down to the 25th and 75th 
percentiles of each participant’s underlying psychometric 
function. Accordingly, independent of individual differ-
ences and experimental conditions, performance always 
approximately corresponds to 75% correct responses. 
Thus, in the following, only the results for JND and PSS 
are reported. These two variables were computed for each 
participant and foreperiod duration as in Experiment 1. A 
repeated measures ANOVA with factor foreperiod dura-
tion was conducted on JND and PSS.

The ANOVA on JND revealed a small but significant 
main effect of foreperiod duration [F(5,145)  2.90, 
p  .05, 2  0.09]. As can be seen in Figure 6, JND 
values show a U-shaped dependency on foreperiod du-
ration similar to that typically observed for RT data. In 
contrast to JND, PSS did not depend on foreperiod dura-
tion [F(5,145)  0.87, p  .451]. These results replicate 
the beneficial effect of temporal preparation on temporal 
resolution within a constant foreperiod paradigm found in 

by temporal preparation (cf. Doherty et al., 2005), since 
in Experiment 2 the spatial location of both target stimuli 
was identical and irrelevant for the selection of the correct 
response.

EXPERIMENT 3

The results of Experiments 1 and 2 in combination with 
the results of Correa, Sanabria, et al. (2006) provide con-
verging evidence for an enhancement of temporal process-
ing when participants can temporally prepare for target 
presentation. The present experiments, and also the study 
of Correa, Sanabria, et al. (2006), however, employed only 
two different foreperiod durations. In order to investigate 
the time course of temporal preparation, Experiment 3 
aimed at generalizing these results to a wide range of 
foreperiod durations.4 To this end, we basically replicated 
Experiment 1 but employed foreperiod durations ranging 
from 150 to 4,800 msec. As outlined in the introduction, 
RTs usually increase with increasing foreperiod duration 
in a constant foreperiod design, reflecting the increasing 
time uncertainty about the moment of target occurrence. 
This pattern can be found over a rather broad range of 
foreperiods, with the exception of very short foreperiods. 
Specifically, at short foreperiods up to approximately 
200 msec, RT usually decreases with increasing fore-
period duration, and when a wide range of foreperiods 
is employed, RTs follow a U-shaped function (e.g., Ber-
telson & Tisseyre, 1969; Müller-Gethmann et al., 2003). 
This time course has been interpreted as evidence that the 
buildup of temporal preparation takes some time, and it 
has been suggested that foreperiod effects of very short 
fore periods might instead be due to the arousing properties 
of the warning signal (e.g., Hackley & Valle-Inclán, 2003; 
Ulrich & Mattes, 1996). Importantly, Müller-Gethmann 
et al. found this U-shaped pattern of foreperiod effects 
not only in RT but also in the stimulus-locked lateralized 
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up temporal preparation is time-consuming. Since TOJ 
performance depends mainly on perceptual processing 
and not on motor processes, our results argue strongly for 
a perceptual locus of temporal preparation. The results 
therefore corroborate the facilitating influence of tempo-
ral preparation on perceptual processing found in previ-
ous studies employing either constant foreperiod designs 
(Bausenhart et al., 2007; Rolke, in press; Rolke & Hof-
mann, 2007) or temporal orienting studies (e.g., Correa 
et al., 2005; Lange et al., 2003).

Moreover, the present results show that within a con-
stant foreperiod design, TOJ is enhanced by temporal 
preparation. This result is consistent with a similar effect 
obtained by Correa, Sanabria, et al. (2006) within an ex-
plicit temporal cuing paradigm. However, the results of 
Experiment 1 and also those obtained by Correa, Sana-
bria, et al. might be due to improved location processing 
rather than to enhanced temporal resolution. Therefore, 
we conducted Experiment 2, in which the judgment of 
temporal order did not require location processing, but de-
pended solely on the processing of stimulus identity. Since 
this second experiment replicated the beneficial effect of 
temporal preparation, the alternative interpretation—that 
processing of stimulus location is enhanced when partici-
pants are temporally prepared—seems less plausible.

Given this enhancement in temporal resolution, one 
might ask why no effects of constant foreperiods on dura-
tion judgments were found by Mo and George (1977) or 
by Grondin and Rammsayer (2003). For example, accord-
ing to countermodels of time perception, one might expect 
that enhanced temporal resolution is the result of a higher 
neural pulse rate, and thus, comes along with longer dura-
tion judgments (e.g., Rammsayer & Ulrich, 2001). The 
fact that no such effects were reported, however, might 
be well explained by methodological characteristics of 
the single stimulus presentation procedure employed to 
investigate duration judgments. For example, Mo and 
George presented in each trial a visual stimulus of either 
500-msec or 550-msec duration, and participants then had 
to decide whether the long or the short stimulus had been 
presented. In the constant-foreperiod condition, this pro-
cedure might have masked a potential foreperiod effect 
on perceived duration. Specifically, as a result of good 
temporal preparation, the stimuli in the short foreperiod 
block might have been perceived as being longer than in 
the long foreperiod block. However, within each of the 
foreperiod blocks, the 550-msec stimulus would still be 
perceived as being longer than the 500-msec stimulus. Ac-
cordingly, the required “shorter/longer” decision would 
be unaffected by foreperiod duration. In the experiments 
of Grondin and Rammsayer, several modifications might 
have made this explanation less valid. First, participants 
had to memorize a given standard duration at the begin-
ning of the experiment. Then, in each trial, one of several 
different comparison stimulus durations was presented, 
and participants had to judge whether the comparison was 
longer or shorter than the memorized standard duration. 
Even this procedure might be problematic, however, since 
it has been recently proposed that internalized standard 
durations might also be influenced by the duration of the 

the previous experiments, and extend it to a wider range 
of foreperiod durations. The observed pattern of results 
is highly consistent with those previously found for RT 
(Bertelson & Tisseyre, 1969) and for the S-LRP data 
(Müller-Gethmann et al., 2003). To our knowledge, this is 
the first demonstration of this typical U-shaped pattern for 
an accuracy measure in a perceptual task. The pattern in-
dicates that temporal preparation in a constant foreperiod 
paradigm needs some time to develop fully. Specifically, 
the optimal state of preparation in our experiment seems 
to be reached after 300 msec of preparatory processing. 
This remarkable similarity between the effects of constant 
foreperiods on RT and JND points to a common prepara-
tory mechanism that applies to both latency and accuracy 
measures of performance.

GENERAL DISCUSSION

The present experiments were designed to investigate 
the influence of temporal preparation within a constant 
foreperiod paradigm on the temporal resolution of visual 
perception. To this end, we conducted three experiments 
measuring TOJ performance. In Experiments 1 and 2, two 
different foreperiod durations were employed. Both ex-
periments clearly showed improved performance when 
the foreperiod was short and participants thus were able 
to prepare for the exact time of target presentation. Spe-
cifically, more correct responses and lower JND were ob-
served in the short than in the long foreperiod condition. 
Experiment 3 employed a wide range of foreperiod dura-
tions. Interestingly enough, the pattern of results that was 
found for JND resembles the one that is usually observed 
for latency measures such as RT. For short foreperiods 
( 300 msec), performance increases as the foreperiod 
duration increases. For longer foreperiods, however, per-
formance becomes worse as the foreperiod duration is 
lengthened. This U-shaped pattern indicates that building 
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So far, research on temporal preparation does not provide 
any evidence concerning the question of whether the early 
onset hypothesis by Rolke and Hofmann (2007) or the in-
creased rate of information sampling contribute to the ef-
fects of temporal preparation. Further research should aim 
at disentangling those distinct but not mutually exclusive 
mechanisms and at uncovering their respective contribu-
tions to the effect of temporal preparation on perceptual 
processing.

To summarize, the present experiments show enhanced 
temporal resolution for the perception of visual stimuli 
within a constant foreperiod design. This effect seems to 
be independent of specific task requirements, since it was 
observed when decisions about the temporal order of two 
successively appearing stimuli had to be based on either 
stimulus location or stimulus identity. In addition, the time 
course of preparation in this perceptual task closely fol-
lows the typically U-shaped function previously observed 
for latency measures. These facilitating effects of tempo-
ral preparation might be due to a higher rate of informa-
tion sampling in the perceptual system associated with 
temporal preparation.
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ever, a short foreperiod is presented, activation is rather low, and thus, RT 
in this trial will be high. This conditioning view of temporal preparation 
readily explains RT performance and the presence of sequential effects 
in conventional foreperiod paradigms without reference to theoretical 
concepts such as expectancy. However, since this account assumes that 
the learned response corresponds to response-related (and thus, motor) 
activation, it is unclear whether this model can account for influences 
of temporal preparation on perceptual processing. Therefore, we will 
refrain from this view in this article, although the trace conditioning 
view provides a highly plausible account of how temporal preparation 
may affect nonperceptual processes.

3. This interval was introduced to keep overall trial duration con-
stant regardless of whether the foreperiod of the present trial was short 
(800 msec) or long (2,400 msec). Otherwise, trial duration and fore period 
duration would be confounded, and one might argue that observed fore-
period effects might be better explained by differences in trial duration 
(cf. Bausenhart et al., 2007). For example, within a given amount of 
time, the targets would be presented more often in the short foreperiod 
condition than in the long foreperiod condition, and thus memory repre-
sentations of the target stimuli might be especially strong, or participants 
might be more alert because they have to respond more often.

4. We thank Simon Grondin for suggesting this experiment.

(Manuscript received December 20, 2007; 
revision accepted for publication June 19, 2008.)

NOTES

1. Throughout this article, the term temporal preparation will be used 
to describe preparatory activity that is directed at the moment of target 
presentation, in order to facilitate processing of the target. This prepara-
tory activity, however, is unspecific regarding specific task requirements 
or stimulus properties. Accordingly, temporal preparation refers to the 
temporal precision of preparatory processes, and should not be inter-
preted as specific preparation for performing temporal tasks (as, e.g., 
temporal order judgments).

2. A competing theoretical account of the preparation process is based 
on a mechanism of trace conditioning (Los, Knol, & Boers, 2001; Los 
& Van den Heuvel, 2001). This account assumes that a warning sig-
nal serves as a conditioned stimulus, which automatically triggers the 
development of response-related activation during the foreperiod. In a 
constant foreperiod design, after a few trials of learning, this activation is 
assumed to peak at the moment of the presentation of the target stimulus. 
In addition, these authors assume that the asymptote of this activation 
peak decreases with increasing foreperiod, thereby reflecting a decre-
ment in the preparatory state. In variable foreperiod designs, in a given 
trial, the strength of the conditioned activation for each of the possible 
moments of target presentation changes according to the foreperiod that 
was presented in the previous trial. If, for example, the foreperiod in trial 
n 1 is long, the activation in the next trial (n) would be high at the end of 
the long foreperiod according to this conditioning view. If in trial n, how-
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