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a b s t r a c t
Models of attention and context effects in naming performance should be able to account for the time
course of color–word Stroop interference revealed by manipulations of the stimulus onset asynchrony
(SOA) between color and word. Prominent models of Stroop task performance (Cohen, Dunbar, & McClelland, 1990; Cohen & Huston, 1994; Phaf, Van der Heijden, & Hudson, 1990) fail to account for the fact that
response time (RT) and Stroop interference peak at zero SOA and diminish with word preexposure. The
models may be saved by assuming that the time course of interference is determined by a strategic orienting of attention to color onsets when SOA is predictable. To test this temporal predictability hypothesis, SOA was blocked or randomly mixed in Experiment 1. In addition, the time interval between color
onsets was randomly variable in Experiment 2. Although RTs were affected, none of the randomization
manipulations inﬂuenced the typical shape of the time course of Stroop effects. These ﬁndings provide
evidence against the temporal predictability hypothesis and thereby against prominent models of the
Stroop task.
Ó 2009 Elsevier B.V. All rights reserved.

1. Introduction
Attention includes the ability to formulate goals and plans of action and to follow these while facing distraction (e.g., Posner & Raichle, 1994). A widely employed task in studying attention is the
color–word Stroop task (Stroop, 1935), which is sometimes called
the ‘‘gold standard of attentional measures” (MacLeod, 1992).
The task involves naming the ink color of incongruent or congruent
color words (e.g., the word GREEN or RED printed in red; say ‘‘red”)
or a nonverbal control stimulus (e.g., a series of Xs in red). Alternatively, participants name color patches with superimposed words
rather than their ink colors (e.g., Glaser & Glaser, 1982). Response
time (RT) is typically longer in the incongruent than the control
condition, descriptively called interference, and often shorter in
the congruent than the control condition, descriptively called facilitation (see MacLeod, 1991, for a review).
Several computationally implemented models of Stroop task
performance not only seek to account for the basic Stroop interfer-
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ence and facilitation effects, but also for the typical time course of
the effects, as assessed by manipulating the stimulus onset asynchrony (SOA) between color patch and word (Cohen et al., 1990;
Cohen & Huston, 1994; Phaf et al., 1990; Roelofs, 2003). RTs and
Stroop interference maximize when color patch and word are presented close to each other in time (i.e., around zero SOA), and interference falls off sharply when the word is presented earlier (at
preexposure SOAs) or later than the color (at postexposure SOAs).
Facilitation in RTs is obtained and remains constant at word preexposure SOAs (e.g., Glaser & Glaser, 1982). Elsewhere (Roelofs, 2003,
2005a), I argued that the time course of the Stroop effects challenges the models of Cohen et al. (1990), Cohen and Huston
(1994), and Phaf et al. (1990), whereas models like WEAVER++
(Roelofs, 2003) explain the time course ﬁndings.
In this article, I ﬁrst describe the characteristic time course of the
Stroop effects in more detail and make clear that the models of Cohen
et al. (1990), Cohen and Huston (1994), and Phaf et al. (1990) fail to
explain the time course ﬁndings. Cohen and colleagues (Cohen et al.,
1990; Cohen & Huston, 1994) suggest that their models fail to account for the time course ﬁndings because the models lack strategic
processes that could compensate for prior presentation of a distracting stimulus. It is possible that the models can be saved by assuming
that the time course of Stroop effects is determined by a strategic
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orienting of attention to color onsets when SOA is blocked (see
Wright & Ward, 2008, for a review of the literature on the orienting
of attention). Next, I present the results of two RT experiments that
tested whether a strategic orienting of attention determines the time
course of effects in Stroop task performance. Finally, theoretical
implications of the data are discussed.

2. Theoretical importance of the time course of Stroop effects
Following a seminal study by Dyer (1971) using word preexposure SOAs only, Glaser and Glaser (1982) examined the time course
of Stroop effects in naming color patches by presenting incongruent and congruent words and neutral stimuli (i.e., a row of Is) with
a wide range of both word preexposure and postexposure SOAs.
The color was presented on a dark background as a colored rectangle and the word or control stimulus was superimposed in white
on the color. The onset of the presentation of the distractor word
or control stimulus could be 400, 300, 200, or 100 ms before the
onset of the presentation of the color patch, the onset of distractor
and color could coincide (zero SOA), or the distractor could follow
the color patch with a lag of 100, 200, 300 or 400 ms. Henceforth,
word preexposure SOAs are indicated by a minus sign (e.g.,
400 ms). Trials were blocked by SOA. Consistent with Dyer
(1971), Glaser and Glaser observed that RTs and interference in
the incongruent condition increased considerably as the preexposure time of the word became shorter. Interference at
SOA = 400 ms (i.e., 25 ms) was only about a third of that at zero
SOA (72 ms). The interference also decreased as the postexposure
time of the word became longer. Interference at SOA = 200 ms
(i.e., 24 ms) was only about a third of the interference at zero
SOA. Facilitation was constant at word preexposure SOAs.
These SOA patterns have been replicated with the Stroop task
by Glaser and Glaser (1989) and Long and Lyman (1987). The
SOA patterns are not only obtained using written words, but also
using auditory words (Roelofs, 2005a). Moreover, the patterns
are also obtained using the picture-word variant of the color–word
Stroop task (e.g., Glaser & Düngelhoff, 1984; Rayner & Springer,
1986; Roelofs, 1992, 2006; Starreveld & La Heij, 1996). Thus, the
ﬁndings are not restricted to context effects in the Stroop task,
but generalize to other types of naming performance. In all these
studies, trials were blocked by SOA. To summarize, when the color
and word information is presented sequentially, RTs and interference maximize when color and word are close to each other in
time, and interference falls off sharply when the word is presented
earlier or later than the color. Facilitation in RTs is obtained and remains constant at word preexposure SOAs.
The ﬁndings on the time course of context effects in naming
performance (Glaser & Düngelhoff, 1984; Glaser & Glaser, 1982,
1989; Long & Lyman, 1987; Rayner & Springer, 1986; Roelofs,
2003, 2005a, 2006; Starreveld & La Heij, 1996) are of great theoretical importance. I have argued that the time course of the Stroop
effects challenges a number of important models of the Stroop
phenomenon (Roelofs, 2003, 2005a). According to the prevailing
account in the literature, Stroop interference and facilitation effects
in RTs reﬂect the built-up of activation along color naming and
word reading pathways in associative memory (Cohen et al.,
1990; Cohen & Huston, 1994; Phaf et al., 1990). This predicts maximal impact of words at preexposure SOAs.
The model of Cohen et al. (1990) assumes that activation from
perceived colors and words accumulates at a response level. Computer simulations by Cohen and colleagues revealed that Stroop
interference and facilitation effects in this model are largest with
preexposure of the word (i.e., the effects are predicted to be much
larger at SOA = 400 ms than at zero SOA). Absolute RTs are much
larger at SOA = 400 ms than zero SOA in the incongruent condi-
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tion and much shorter at SOA = 400 ms than zero SOA in the congruent condition. Increasing the word preexposure time in the
model increases the amount of activation that will have been
built-up along the word pathway when the target color is presented. Consequently, increasing the word preexposure SOA leads
to an increase of RTs on incongruent trials and it leads to a decrease
of RTs on congruent trials. In the models of Cohen and Huston
(1994) and Phaf et al. (1990) network activation quickly settles
into a stable state corresponding to the word, so that making the
word preexposure SOA longer or shorter has no effect. Consequently, the increase of RTs on incongruent trials and decrease of
RTs on congruent trials remains constant at word preexposure
SOAs. Absolute RTs do not differ between SOA = 400 ms and zero
SOA in these models. Thus, none of these models in the literature
(i.e., Cohen et al., 1990; Cohen & Huston, 1994; Phaf et al., 1990)
accounts for the empirical fact that Stroop interference peaks
around zero SOA (Dyer, 1971; Glaser & Glaser, 1982, 1989; Long
& Lyman, 1987). Moreover, none of these models explains why
absolute RTs are much smaller at SOA = 400 ms than at zero
SOA. Thus, the empirically observed time course of the Stroop effect challenges these models (Roelofs, 2003, 2005a).
Elsewhere (Levelt, Roelofs, & Meyer, 1999; Roelofs, 1992, 1997,
2003, 2006, 2008a, 2008b, 2008c, 2008d; Roelofs & Hagoort, 2002),
I presented a computationally implemented model of naming performance and its attentional control, called WEAVER++, in which
maximal distractor impact occurs at short SOAs (for a related model,
see Starreveld & La Heij, 1996). In performing tasks requiring selective attention, such as the color–word Stroop task, WEAVER++ employs at least two kinds of selective attention, referred to as
‘‘stimulus set” and ‘‘response set” by Broadbent (1970, 1971), and
Broadbent and Gregory (1964). Stimulus set (input ﬁltering) indicates selection on the basis of a perceptual attribute or source, such
as spatial location, color, or shape. Response set indicates selection
on the basis of the vocabulary of allowable responses. In a typical
Stroop experiment, the irrelevant words correspond to the allowable
responses, so selection by response set is not possible. However,
some kind of input ﬁltering is possible in Stroop task performance.
WEAVER++ favors processing of the color attribute over the word
shape attribute by reactively blocking the latter. The model assumes
that colors and words activate corresponding information in an associative network. Because of distractor blocking and spontaneous decay of activation, there is little activation from preexposed words in
the network around color onset. Similarly, there is little network
activation from postexposed words around color onset. Because
word activation in the network is maximal when the word is presented around color onset, interference is maximal at short SOAs
in the model. Facilitation is constant at preexposure SOAs because
of a ﬂoor effect in speeding up responding. Computer simulations reported in Roelofs (2003) revealed that WEAVER++ not only successfully accounts for the time course of Stroop effects, but also for
several other classic data sets on RTs in Stroop task performance,
mostly taken from the review by MacLeod (1991). With only three
free parameters, the model accounts for 96% of the variance of 16
classic studies (250 data points).

3. The temporal predictability hypothesis
Cohen and colleagues (Cohen et al., 1990; Cohen & Huston, 1994;
Cohen, Dunbar, Barch, & Braver, 1997) pointed out that their models
fail to account for the time course of the Stroop effects ‘‘most likely
because both models lack any adaptive mechanisms (e.g., habituation or strategic processes) that could compensate for prior presentation of a distracting stimulus” (Cohen & Huston, 1994, p. 467). In
Roelofs (2003), I presented evidence that habituation is not a critical
variable in determining the time course of Stroop effects. However, it
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is possible that the models can be saved by assuming strategic processes concerning temporal input modulation.
In previous studies, trials were blocked by SOA (e.g., Dyer, 1971;
Glaser & Glaser, 1982, 1989; Long & Lyman, 1987; Roelofs, 2003,
2005a, 2006). This raises the possibility that participants strategically exploit the advance knowledge of the timing of color and
word in a block of trials by employing an attentional ﬁlter that
selectively modulates the visual input over time. The temporal predictability of color and word allows for the strategic opening or
closing of a time window for incoming stimuli. In Broadbent’s
(1970, 1971) terms, the stimulus set may include instants of time
(cf. Nobre, 2001). Such strategic process may attenuate the impact
of the word at preexposure and postexposure SOAs compared to
zero SOA, giving rise to the characteristic time course of the Stroop
effects. Recently, Yu and Choe (2006) demonstrated the utility of
such an account through computer simulations of the time course
of the Stroop effects. However, direct empirical evidence for the
temporal predictability hypothesis of SOA effects is lacking.
In WEAVER++, distractor words are reactively blocked, so the
characteristic time course of the Stroop effects should be obtained
regardless of whether participants have advance knowledge about
the timing of color and word. In contrast, according to the temporal
predictability hypothesis, the characteristic time course of Stroop effects depends on prior knowledge about the timing of color and
word. Blocking of trials by SOA would allow for the strategic orienting of attention to the color onset, whereas mixing of SOAs would
not. I am aware of only one Stroop study that did not block trials
by SOA, namely an experiment by Schooler, Neumann, Caplan, and
Roberts (1997). Schooler et al. suggest that Goolkasian (1981) also
randomized SOAs, but this seems incorrect, because Goolkasian
claims to have counterbalanced the SOAs (p. 1250). The evidence
from Schooler et al. (1997) does not support the temporal predictability hypothesis, but also not the predictions by WEAVER++.
Different from what the temporal predictability hypothesis
would predict, Schooler et al. (1997) found maximal Stroop interference in RTs at short SOAs, even though SOAs were randomized.
Moreover, maximal interference was obtained at SOA = 100 ms
rather than zero SOA, which Schooler et al. took as evidence that
the time course of Stroop effects differs between mixed and
blocked SOAs. However, this claim was based on a comparison between separate studies, namely between Schooler et al. (1997) and
Glaser and Glaser (1982). Such a comparison is somewhat problematic, because the studies differed in many respects, including
language and participant population. Still, even with randomized
SOAs, the characteristic pattern of Stroop interference is obtained,
with the effect being much greater at SOA = 100 ms than SOA = 300
or 300 ms. This ﬁnding challenges the temporal predictability account and thereby several models of the Stroop phenomenon in the
literature (i.e., Cohen et al., 1990; Cohen & Huston, 1994; Phaf
et al., 1990). However, in the experiment of Schooler et al. (1997)
facilitation did not remain constant at word preexposure SOAs,
as is typically observed (e.g., Glaser & Glaser, 1982, 1989, Long &
Lyman, 1987), but facilitation was maximal at SOA = 200 ms. This
ﬁnding challenges the WEAVER++ model (Roelofs, 2003). To conclude, evidence from Schooler et al. (1997) on Stroop task performance with randomized SOAs challenges all models of the Stroop
phenomenon discussed above. However, the ﬁndings of Schooler
et al. (1997) have not been replicated and their study did not directly compare performance in blocked and mixed SOA conditions.

4. Plan of the present study
The present article reports two experiments that aimed to
examine to what extent temporal predictability of color and word
determines the time course of the Stroop effects by directly com-

paring blocked and mixed SOA conditions. Participants named color patches while ignoring color words. The SOAs between word
and color were 400, 200, 0, and 200 ms. Trials were blocked
by SOA or they were randomly mixed (in both experiments) and
the time interval between target colors was constant (Experiment
1) or randomly variable (Experiment 2). Blocking of trials by SOA
would allow for the strategic orienting of attention to the color onset, whereas mixing of SOAs would not. Moreover, a constant timing of color targets between trials (i.e., a constant inter-stimulus
interval, ISI) would allow for a temporal orienting of attention to
color onsets (cf. Naccache, Blandin, & Dehaene, 2002), whereas a
mixing of the timing of color targets (i.e., variable ISIs) would not.
If the Stroop accounts of Cohen et al. (1990), Cohen and Huston
(1994), and Phaf et al. (1990) hold true and temporal predictability
is a critical variable in determining the time course of the Stroop
effects, then the following predictions are made. With mixed SOAs
and ISIs, maximal RTs and interference should be obtained at
SOA = 400 ms (Cohen et al.) or RTs and interference should be
constant at preexposure SOAs (Cohen and Huston; Phaf et al.).
However, with constant SOAs and ISIs, RTs should be largest and
interference should peak at zero SOA (Cohen et al.; Cohen and Huston; Phaf et al.). These predictions are made because with constant
SOAs and ISIs, orienting of attention to the color onset is possible,
whereas with mixed SOAs and ISIs it is not. The strategic orienting
of attention to the color onset should attenuate the impact of the
word at nonzero SOAs with constant SOAs and ISIs. In contrast, if
the temporal predictability of color and word is not responsible
for the characteristic time course of the Stroop effects (Roelofs,
2003, 2005a), RTs and interference should peak at zero SOA and
facilitation should be constant at preexposure SOAs regardless of
whether SOAs and ISIs are constant or variable. Thus, observing
maximal absolute RTs and Stroop interference at zero SOA with
mixed SOAs and ISIs would disconﬁrm the temporal predictability
hypothesis.
5. Experiment 1
In the ﬁrst experiment, participants named color patches while
trying to ignore color words. Trials were blocked by SOA or SOAs
were randomly mixed. The ISI between target colors was constant.
Blocking of trials by SOA allows for the orienting of attention to the
color onset time-locked to the beginning of a trial, whereas mixing
of SOAs does not.
5.1. Method
5.1.1. Participants
The experiment was carried out with 16 paid students of Radboud University Nijmegen. All were young adults and native
speakers of Dutch.
5.1.2. Materials and design
The stimuli consisted of red, green, and blue color patches and
the corresponding Dutch color words ROOD, GROEN, and BLAUW.
The colors were presented as colored rectangles of 1.5 cm high
and 4.5 cm wide. The written words were presented in 36-points
lowercase Arial font. A row of 5 Xs served as stimulus in the control
condition. This control stimulus was chosen to be similar to the
row of Vs used by Dyer (1971) and the row of Is used by Glaser
and Glaser (1982).
There were three independent variables, which were varied
within participants. The ﬁrst independent variable was Stroop condition. There were three congruent pairings (ROOD–red, GROEN–
green, BLAUW–blue), three incongruent pairings (ROOD–blue,
GROEN–red, BLAUW–green), and three control stimuli (the color
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patches combined with the row of Xs). With three color patches,
three color words, and a series of Xs, there are six possible color–
word combinations in the incongruent condition, but only three
combinations in the congruent condition and three in the control
condition. In order to have an equal number of stimuli in each of
the Stroop conditions, incongruent trials were, therefore, constructed by repeatedly pairing one color word with one color patch
(i.e., ROOD–blue, GROEN–red, BLAUW–green). Roelofs (in press)
observed that this does not affect the time course of Stroop effects
compared with fully crossing colors and words. The second independent variable was SOA with four levels: 400, 200, 0, and
200 ms. The third independent variable was block type. In a block
of trials, SOA was constant or randomly variable. Half the participants ﬁrst received the constant-SOA trials and then the variable-SOA trials, and vice versa for the other half of the
participants. The order of the constant-SOA blocks was counterbalanced across participants using a Latin square. Each of the congruent, incongruent, and control stimuli occurred four times within an
SOA block. The stimuli were presented in a random order.
5.1.3. Procedure and apparatus
The participants were tested individually. They were seated in
front of a CRT monitor (NEC Multisync) and a Sennheiser microphone connected to an electronic voice key. The distance between
participant and screen was approximately 50 cm. The participants
were asked to name the color patches as quickly as possible while
trying to make no mistakes.
A trial started with the presentation of the color–word stimulus
with the appropriate SOA. The stimuli remained visible for 1.5 s
after color onset. Following stimulus presentation, the screen was
blank for 1 s, after which the next trial began. An IBM compatible
computer controlled the stimulus presentation and data collection.
5.1.4. Analysis
Five types of incorrect responses were distinguished: wrong response word, wrong pronunciation of the word, a disﬂuency, triggering of the voice key by a non-speech sound, and failure to
respond within 1.5 s after target presentation. Incorrect responses
were excluded from the statistical analyses of the RTs. The RTs and
errors were submitted to analyses of variance with the crossed
variables Stroop condition, SOA, and block type. All variables were
tested within participants. Interactions between variables were
statistically explored through paired t-tests. Planned comparisons
tested for Stroop facilitation (i.e., congruent vs. control) and interference (i.e., incongruent vs. control) at each SOA.
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The statistical analysis of the errors yielded a main effect of
Stroop condition, F(2, 30) = 7.21, p < .003, but not of SOA and block
type, ps > .88. There was an interaction of Stroop condition and
SOA, F(6, 90) = 2.75, p < .02, but not of any other combination of
factors, ps > .28. The analysis conﬁrms that the error rate was highest for the incongruent condition depending on the SOA, for both
the constant- and variable-SOA blocks. Most errors were made
in the slowest condition, excluding a speed-accuracy trade-off in
the data.
The statistical analysis of the RTs yielded effects of Stroop condition, F(2, 30) = 47.97, p < .001, and SOA, F(3, 45) = 22.00, p < .001,
but not of block type, F(1, 15) < 1, p > .70. As expected, Stroop condition and SOA interacted, F(6, 90) = 8.28, p < .001. Stroop condition did not interact with block type, F(2, 30) < 1, p > .53, but
there was an interaction of SOA and block type, F(3, 45) = 4.86,
p < .005. There was no interaction of Stroop condition, SOA, and
block type, F(6, 90) < 1, p > .92, indicating that the Stroop effects
and their time course did not depend on SOA blocking. Planned
comparisons revealed that Stroop interference was present at all
SOAs, all ps < .01. The magnitude of interference was larger at zero
SOA than at the other SOAs, all ps < .001. Stroop facilitation was obtained at the SOAs of 400 and 200 ms, ps < .01, but not at the
other ones, ps > .23. The magnitude of Stroop facilitation with word
preexposure did not depend on the SOA, F(1, 15) < 1, p = .70. Absolute RTs were much longer at zero SOA than at SOA = 400 ms,
F(1, 15) = 38.56, p < .001, independent of SOA blocking,
F(1, 15) = 1.19, p > .29. Exploration of the interaction of SOA and
block type through pairwise comparisons revealed that responding
at SOA = 400 ms was overall faster in the variable-SOA than in the
constant-SOA condition (i.e., means, respectively, 573 and 597 ms),
p < .03. The overall RTs did not differ between the block types at
SOA = 200 ms and zero SOA, ps > .65. However, responding at
SOA = 200 ms was overall slower in the variable- than in the constant-SOA condition (i.e., means, respectively, 674 and 649 ms),
p < .04.
To summarize the interaction of SOA and block type in the RTs
suggests that temporal predictability has an effect in the Stroop
task. However, the characteristic time course of Stroop interference
and facilitation is independent of the blocking versus mixing of
SOAs. Stroop interference was larger and the absolute RTs were
longer at zero SOA than at SOA = 400 ms in both the constant
and variable SOA conditions. Facilitation was constant at preexposure SOAs with both constant and variable SOAs. These ﬁndings
challenge the temporal predictability hypothesis.

5.2. Results and discussion

6. Experiment 2

Fig. 1 gives the mean color naming RTs and error rates for
Stroop condition, SOA, and block type. The ﬁgure shows that
responding was slowest in the incongruent condition and fastest
in the congruent condition. This held for both the constant- and
variable-SOA conditions. The time course of the Stroop interference
and facilitation effects did not depend much on whether SOA was
constant or variable. At the SOAs of 400, 200, 0, and 200 ms, the
interference was, respectively, 33 ms, 39 ms, 115 ms, and 46 ms in
the constant-SOA condition, and 41 ms, 45 ms, 108 ms, and 31 ms
in the variable-SOA condition. Thus, the interference was about
twice as large at zero SOA than at the other SOAs, regardless of
block type. At the preexposure SOAs of 400 and 200 ms, the
facilitation was, respectively, 39 ms and 28 ms in the constantSOA condition, and 25 ms and 31 ms in the variable-SOA condition.
Thus, facilitation was present at preexposure SOAs, regardless of
block type. Error rates were highest for the incongruent condition
at all SOAs except SOA = 400 ms in both the constant- and variable-SOA blocks.

In the ﬁrst experiment, the SOAs were blocked or mixed. Mixing
of SOAs should make it impossible to open and close a window for
color targets that is time-locked to the beginning of a trial. Still, it is
possible that participants utilize another orienting strategy. Perhaps attentional templates are used that are time-locked to the
estimated onset of the target color patch rather than the onset of
the beginning of a trial (cf. Naccache et al., 2002). Schooler et al.
(1997) did not randomize ISIs, so their ﬁndings obtained with randomized SOAs are compatible with the temporal predictability
hypothesis provided that participants estimated the onset of the
color target on each trial. If participants oriented attention depending on the estimated onset of the target, this should attenuate the
inﬂuence of the word regardless of the constancy of SOAs, as observed in the ﬁrst experiment. To prevent such attentional strategy, the size of the time intervals between the color onsets was
made randomly variable in Experiment 2. In the constant-SOA condition, participants may still exploit the advance knowledge about
the sequential order of word and color. For example, if the word
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STROOP CONDITION

ERROR (%)

MEAN RESPONSE TIME (ms)

800

incongruent
control
congruent

BLOCK TYPE
constant SOAs

750

variable SOAs

700
650
600
550
500
20
10
0

-400

-200

0

200

-400

-200

0

200

SOA (ms)
Fig. 1. Mean response times and error percentages per SOA and Stroop condition for the constant- and variable-SOA blocks at constant intertrial-intervals in Experiment 1.
The error bars indicate the standard error of the mean. SOA = stimulus onset asynchrony.

always appears before the color in a block of trials, processing of
the ﬁrst stimulus that appears on the screen (the word) may be
suppressed. However, in the variable SOA condition, such strategy
is not possible. Thus, if the RTs are longest and interference is maximal at zero SOA in the variable SOA condition, then the temporal
predictability hypothesis is disconﬁrmed.
6.1. Method
The design of the experiment was the same as that of Experiment 1 except that the time interval between the target color
patches was now randomly variable. The experiment was carried
out with 16 new participants. A trial started with the presentation
of the color–word stimulus with the appropriate SOA. The stimuli
remained visible for 1.5 s after color onset. Before the start of the
next trial there was a blank interval of 1 s plus a random delay of
0, 400, 800, or 1200 ms (in Naccache et al., 2002, the targets appeared randomly after 810, 1094, or 1449 ms). Each delay occurred
equally often for each condition (SOA, Stroop condition, and block
type).
6.2. Results and discussion
Fig. 2 gives the mean color naming RTs and error rates for
Stroop condition, SOA, and block type. The ﬁgure shows that
responding was slowest in the incongruent condition and fastest
in the congruent condition. This held for both the constant and variable SOA conditions. The time course of the Stroop interference
and facilitation effects did not depend much on whether SOA
was constant or variable. At the SOAs of 400, 200, 0, and
200 ms, the interference was, respectively, 50 ms, 48 ms, 104 ms,
and 50 ms in the constant-SOA condition, and 48 ms, 67 ms,
108 ms, and 42 ms in the variable-SOA condition. Thus, the interference was about twice as large at zero SOA than at the other
SOAs, regardless of block type. At the preexposure SOAs of 400
and 200 ms, the facilitation was, respectively, 42 ms and 40 ms
in the constant-SOA condition, and 34 ms and 40 ms in the variable-SOA condition. Thus, facilitation was present at preexposure
SOAs, regardless of block type. The error rates were slightly higher

for the incongruent condition than the other conditions in both the
constant- and variable-SOA blocks.
The statistical analysis of the errors yielded a main effect of
Stroop condition, F(2, 30) = 5.97, p < .007, but not of any other factor
or combination of factors. Most errors were made in the slowest condition, which excludes a speed-accuracy trade-off in the data.
The statistical analysis of the RTs yielded effects of Stroop condition, F(2, 30) = 95.84, p < .001, and SOA, F(3, 45) = 44.48, p < .001,
but not of block type, F(1, 15) < 1, p > .55. Stroop condition and SOA
interacted, F(6, 90) = 11.81, p < .001. Stroop condition did not interact with block type, F(2, 30) < 1, p > .94, but there was an interaction of SOA and block type, F(3, 45) = 5.39, p < .003. There was no
interaction of Stroop condition, SOA, and block type, F(6, 90) < 1,
p > .84, indicating that the Stroop effects and their time course
did not depend on SOA blocking. Planned comparisons revealed
that Stroop interference was present at all SOAs, all ps < .001. The
magnitude of interference was larger at zero SOA than at the other
SOAs, all ps < .001. Stroop facilitation was obtained at the SOAs of
400 and 200 ms, ps < .001, but not at the other ones, ps > .20.
The magnitude of Stroop facilitation with word preexposure did
not depend on the SOA, F(1, 15) < 1, p = .70. Absolute RTs were
much longer at zero SOA than at SOA = 400 ms, F(1, 15) = 54.96,
p < .001, independent of SOA blocking, F(1, 15) = 2.51, p > .13.
Exploration of the interaction of SOA and block type through pairwise comparisons revealed that the overall RTs did not differ between the block types, ps > .15, except at SOA = 200 ms, p < .05.
At this SOA, responding was overall slower in the variable-SOA
than in the constant-SOA blocks (i.e., means, respectively, 623
and 587 ms), as in Experiment 1. Although at SOA = 400 ms, the
RTs were shorter in the variable-SOA than the constant-SOA condition (i.e., 529 vs. 545 ms) as in Experiment 1, this difference now
did not reach signiﬁcance (p = .15, two-tailed).
The interaction of SOA and block type in the RTs suggests that
temporal predictability has an effect in the Stroop task. Again,
however, the speciﬁc Stroop effects and their time course remain
unaffected. Stroop interference was larger and the absolute RTs
were longer at zero SOA than at SOA = 400 ms in both the constant and variable SOA conditions. Facilitation was constant at preexposure SOAs. These ﬁndings disconﬁrm the temporal
predictability hypothesis.
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Fig. 2. Mean response times and error percentages per SOA and Stroop condition for the constant- and variable-SOA blocks at variable intertrial-intervals in Experiment 2.
The error bars indicate the standard error of the mean. SOA = stimulus onset asynchrony.

7. Combined analysis of Experiments 1 and 2
To examine whether there were any differences between experiments (constant vs. variable ISIs), the RTs and errors were submitted to a joint analysis of variance with experiment as a betweenparticipant factor. There was no effect of experiment on the RTs,
F(1, 30) = 2.15, p > .15, and experiment did not interact with the
factors Stroop condition, SOA, and block type, or any combination
of factors, all ps > .38. There was also no effect of experiment on the
errors, F(1, 30) < 1, p > .64, and there were also no interactions, all
ps > .08. Thus, whether the ISIs were constant or variable did not
affect the Stroop effects and their time course.

8. General discussion
Attention and context effects in naming performance have been
extensively investigated using the color–word Stroop task. Past research (e.g., Dyer, 1971; Glaser & Glaser, 1982, 1989; Long & Lyman, 1987) demonstrated that when the SOA between color and
word is manipulated, less Stroop interference is obtained when
participants know that the irrelevant word is presented earlier or
later than the target color compared with a simultaneous presentation. Facilitation is constant at word preexposure SOAs. The time
course of effects challenges important models of attention in naming performance (i.e., Cohen et al., 1990; Cohen & Huston, 1994;
Phaf et al., 1990). Cohen and colleagues (Cohen et al., 1990,
1997; Cohen & Huston, 1994) suggested that their models fail to
account for the time course ﬁndings because the models lack strategic processes that could compensate for prior presentation of a
word when SOAs are blocked: the temporal predictability
hypothesis.
In the present article, two experiments were reported that
examined to what extent temporal predictability determines the
time course of context effects in Stroop task performance. In both
experiments, participants named color patches while trying to
ignore color words. SOA was blocked or mixed in Experiment 1.
In addition, the ISI between color onsets was randomly variable
in Experiment 2. Although RTs were affected, none of these manip-

ulations inﬂuenced the typical shape of the time course of Stroop
effects. Interference was about twice as large at zero SOA than at
the other SOAs, and facilitation was present at preexposure SOAs,
regardless of the constancy or variability of SOAs and ISIs. These
ﬁndings provide evidence against the temporal predictability
hypothesis and thereby against prominent models of the Stroop
task.
8.1. Comparison with earlier ﬁndings
Schooler et al. (1997) argued that the time course of Stroop effects is different with mixed and blocked SOAs based on a comparison between their own study with mixed SOAs and the study of
Glaser and Glaser (1982) with constant SOAs. The present Experiments 1 and 2 directly compared mixed and constant SOAs, and
found no effect of SOA blocking or mixing on the speciﬁc Stroop
interference and facilitation effects. Stroop interference peaked at
zero SOA and facilitation was constant at preexposure SOAs. In
contrast, Schooler et al. (1997) observed that interference peaked
at SOA = 100 ms and facilitation at SOA = 200 ms. Different from
what Schooler et al. (1997) observed, facilitation was constant at
preexposure SOAs in the studies of Glaser and Glaser (1982,
1989) and Long and Lyman (1987). The present experiments do
not replicate the peak of facilitation at SOA = 200 ms obtained by
Schooler et al. (1997), but replicate the ﬁndings of Glaser and Glaser (1982, 1989) and Long and Lyman (1987). This suggests that
the peak of facilitation at SOA = 200 ms obtained by Schooler
et al. (1997) is an unusual ﬁnding. Whereas the pattern of facilitation obtained by Schooler et al. (1997) challenges the Stroop account by the WEAVER++ model of Roelofs (2003), the patterns
obtained by Glaser and Glaser (1982, 1989), Long and Lyman
(1987), and in the present Experiments 1 and 2 fully agree with
WEAVER++.
8.2. Inﬂuence of temporal predictability
In Experiments 1 and 2, there was an interaction of SOA and
block type, which suggests that temporal predictability plays a role
in the Stroop task. However, the interaction between block type
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and SOA was independent of the Stroop condition. The blocking
versus mixing of SOAs had a general non-speciﬁc effect. Similarly,
Fan and colleagues (Fan, McCandliss, Sommer, Raz, & Posner, 2002;
Fan, McCandliss, Fossella, Flombaum, & Posner, 2005) and Shalev
and Algom (2000) observed that presenting temporal cues and spatial cues before the targets in the Eriksen ﬂanker and Stroop tasks
affects RTs, but there were no interactions with the effects of target
condition (i.e., incongruent vs. congruent). The preexposed temporal cues and spatial cues reduced the RTs in the studies of Fan et al.
(2002, 2005) and Shalev and Algom (2000). In the present study,
RTs were shorter in the variable- than the constant-SOA condition
at SOA = 400 ms. It is possible that when the preexposure SOA of
the word is sufﬁciently long, the appearance of the word has an
alerting effect, just like temporal cues have. The present results
would then suggest that such an alerting effect is more effective
when the SOAs are variable than when they are constant.
However, such an alerting effect cannot explain why RTs were
shorter rather than longer in the constant than the variable SOA
condition at SOA = 200 ms. As discussed by Cohen and Huston
(1994), it is likely that bottom-up effects of attentional capture
play a role in the Stroop task. It may be that postexposure of the
word on some trials (variable-SOA condition) captures attention
more strongly than a postexposure on all trials within a block (constant-SOA condition). When the word unpredictably appears
shortly after the color onset, its appearance may temporarily distract the participant, drawing attention away from the color and
slowing the response. This would explain the slower responding
in the variable- than the constant-SOA blocks at the postexposure
SOA in the present experiments.
The reported experiments clearly show that temporal orienting
of attention does not determine the time course of the speciﬁc
Stroop interference and facilitation effects. The results leave open
the possibility that the temporal separation of color and word is
used by the participants to select the imperative stimulus (cf. La
Heij, Van der Heijden, & Plooij, 2001). Glaser and Glaser (1989) instructed participants to respond to the ﬁrst stimulus component
that appeared on the screen, which could be either a color patch
(requiring color naming) or a word (requiring reading). Glaser
and Glaser demonstrated that participants are able to use the temporal separation of stimulus components as selection cue even at
SOAs as short as 50 ms (see Roelofs, 2003, for simulations of these
experiments using WEAVER++). In Broadbent’s (1970, 1971) terms,
the stimulus set may include temporal order. However, the present
results indicate that if temporal separation of color and word is
used by the participants to select the imperative stimulus, this is
done regardless of the blocking condition, because the time course
of the Stroop effects does not differ between constant and mixed
SOAs and ISIs.
Moreover, previous research showed that stimulus offset asynchrony reduces Stroop interference, just as SOA does. When the
color and word have the same presentation onset but the color is
removed after 120 or 160 ms, this reduces interference (La Heij
et al., 2001). Removing both color and word simultaneously reduces interference less than removing the color only (La Heij
et al., 2001). If a color patch is not removed but only repositioned
(<2°) after 100 ms, interference is also reduced (Lamers & Roelofs,
2007). And if the distractor is repositioned while the target remains stationary, interference is again reduced. These results indicate a role for Gestalt grouping in the Stroop task (Lamers &
Roelofs, 2007). It is possible that a temporal proximity of color
and word also yields such a Gestalt grouping. The present results
do not rule out this possibility. However, the results indicate that
if such temporal Gestalt grouping occurs, this should hold regardless of the blocking condition, because the time course of the
Stroop effects does not differ between constant and mixed SOA
and ISI conditions.

8.3. Theoretical Implications
The characteristic time course of the Stroop effects (e.g., Dyer,
1971; Glaser & Glaser, 1982, 1989; Long & Lyman, 1987; replicated
by the present Experiments 1 and 2) and the pattern of absolute
RTs challenge a number of important models of the Stroop phenomenon, namely the models of Cohen et al. (1990), Cohen and
Huston (1994), and Phaf et al. (1990). The present experiments
show that the typical time course of effects is obtained regardless
of whether color and word are temporally predictable or not. This
suggests that the models cannot be saved by assuming temporal
input-modulation mechanisms. Note that this conclusion does
not depend on acceptance of the null hypothesis (i.e., no effect of
blocking or randomization of SOA and ISI on Stroop effects). Given
that the models predict that absolute RTs and Stroop interference
should be maximal at SOA = 400 ms (Cohen et al., 1990) or constant at preexposure SOAs (Cohen & Huston, 1994; Phaf et al.,
1990) if there is no temporal predictability, then the observation
of maximal RTs and interference at zero SOA with no predictability
is sufﬁcient to disconﬁrm the models. Elsewhere, I demonstrated
that the WEAVER++ model of Stroop task performance accounts
for the time course of Stroop interference and facilitation effects
(Roelofs, 2003). In the model, distractor words are only processed
for a limited period of time before they are actively blocked. Distractor impact will decrease with increasing SOA because activation decays over time. Stroop interference occurs when the
activation of the target and distractor temporally overlaps, which
happens when target and distractor are presented close together
in time. Facilitation is constant at preexposure SOAs in the model,
due to a ﬂoor effect in speeding up responses, which also makes
the magnitude of the effect less dependent on the decay. This holds
for both color–word Stroop and picture-word interference tasks
(Roelofs, 2003).
The model of Starreveld and La Heij (1996) also accounts for the
time course of picture-word interference effects by assuming that
distractor words provide perceptual input for a limited period of
time and that distractor activation decays, although the model assumes no active blocking. However, the active blocking in WEAVER++ explains a number of ﬁndings that remain unexplained in
the model of Starreveld and La Heij (1996). The ﬁndings include
the effect of ﬁxed versus variable stimulus locations (Roelofs,
2003), the observation of Miozzo and Caramazza (2003) that
high-frequency distractor words cause less interference in object
naming than low-frequency distractor words (Roelofs, 2005b),
and the negative relation between the magnitude of Stroop interference and reading ability (Protopapas, Archonti, & Skaloumbakas,
2007).
It is possible that other models will be able to account for the
time course of the Stroop effects by making assumptions about distractor processing and activation decay that are similar to those
implemented in WEAVER++ and the model of Starreveld and La
Heij (1996). For example, Phaf et al. (1990) assume that distractor
processing continues throughout a trial. Consequently, build-up of
distractor activation is maximal at preexposure SOAs. It is possible
that by limiting the duration of distractor processing in the model
of Phaf et al., distractor activation will be much less at long preexposure SOAs, as in WEAVER++. However, this raises the question
what mechanism in the model of Phaf et al. might cause that distractor words are only processed for a limited duration. This issue
is also not addressed by the model of Starreveld and La Heij (1996).
The model of Phaf et al. has implemented a mechanism for input
ﬁltering (stimulus set) based on lateral inhibition, but it apparently
does not reduce the impact of preexposed distractors in the way
suggested by the empirical data (Glaser and Glaser, 1982, 1989;
Long and Lyman, 1987; the present Experiments 1 and 2). Moreover, it seems unlikely that limiting the distractor processing
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duration in the model is sufﬁcient to account for the empirically
observed increase of Stroop interference with decreasing SOA. In
the model of Phaf et al., the amount of interference does not differ
much between SOA = 400 ms and zero SOA. However, the distractor is processed 400 ms longer at SOA = 400 ms than at zero SOA.
This suggests that the magnitude of Stroop interference in the
model of Phaf et al. does not depend much on distractor processing
duration, so that implementing a mechanism that limits the distractor processing in the model is unlikely to save the model.
9. Conclusion
The reported experiments demonstrate that although the constancy or variability of SOAs inﬂuences RTs, the magnitude of speciﬁc Stroop interference and facilitation effects remains unaffected.
These results disconﬁrm the temporal predictability hypothesis of
the time course of the Stroop phenomenon. Thus, the characteristic
time course of Stroop effects remains a challenge for prominent
models of attention and context effects in naming performance
(i.e., Cohen et al., 1990; Cohen and Huston, 1994; Phaf et al., 1990).
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