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a b s t r a c t
It is generally assumed that storing predictive relations between two events (E1 consistently
precedes E2) in memory as bi-directional associations does not require conscious awareness
of this relation, whereas the formation of unidirectional associations that capture the direction of the relation (priming e1 activates e2, but e2 not e1) does. This study reports a set of
experiments demonstrating that unidirectional associations can be formed even when
awareness of the relation is actively prevented, if attention is ‘‘tuned” to process predictive
relations. When participants engaged in predicting targets based on cues in an unrelated task
before the actual acquisition phase, unidirectional associations were formed during this
acquisition phase even though E1 was presented subliminally. This suggests that although
processing the relation between events may often be accompanied by awareness of this relation, awareness is not a prerequisite for the formation of unidirectional associations.
Ó 2010 Elsevier Inc. All rights reserved.

1. Introduction
In order to stay one step ahead of the world, humans and other animals use its regularities in order to anticipate events. It
is of crucial importance for survival to represent predictive relations between events accurately in memory, as erroneous
predictions may have detrimental consequences. For example, failing to note that a particular roaring sound predicts an
approaching car may turn out to be a fatal mistake. Not surprisingly, the fundamental ability to integrate related events
or stimuli in memory has received a lot of attention in various areas in psychology, such as classical conditioning (Pavlov,
1927; Rescorla & Wagner, 1972), operant conditioning (Dickinson & Balleine, 1995; Skinner, 1938), evaluative conditioning
(De Houwer, Thomas, & Baeyens, 2001), sequence learning (Nissen & Bullemer, 1987; Willingham, Nissen, & Bullemer, 1989),
propositional learning (Mitchell, De Houwer, & Lovibond, 2009), and causal learning (Waldmann, Hagmayer, & Blaisdell,
2006). Within these lines of research, the debate on the extent to which this process of integration is dependent on top-down
processes and requires awareness of the relation between events is still ongoing. Whereas on the one end models assume
that events can be tied together in memory by merely bottom-up processes outside awareness, other theories assume that
more sophisticated integration – that captures the order in which events occur – is dependent on top-down processes that
rely on consciousness (see Shanks & St. John, 1994).
In the present paper we focus on the question of whether capturing and storing the order of a predictive relation between
two events (event A precedes event B) in memory requires awareness of that relation. Echoing current distinctions between
attention and consciousness (Dijksterhuis & Aarts, 2010), we argue that the way in which predictive relations between
events are learned and stored in memory depends on whether attention is ‘‘tuned” to process predictive relations, which
does not necessarily require awareness of the relation itself. Speciﬁcally, we argue that bottom-up information processing
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can cause a bi-directional association between two events to be formed without awareness of their predictive relation. Such
an association would bring to mind either one of the two events if the other is perceived. However, we aim to show here that
if people’s attention system is tuned or prepared to process predictive relations, this is sufﬁcient for the formation of unidirectional (predictive) structures, even when awareness of the relation between the events is actively prevented. These structures would bring to mind the second event if the ﬁrst is perceived, but not the other way around.
2. Learning and awareness
Predictions of positive (rewarding) events or negative (punishing) events are highly important for any organism and
learning of such predictive relations has been extensively studied in the ﬁeld of classical conditioning. Numerous studies
have demonstrated that if a certain conditioned stimulus (CS; e.g., light) is paired with a speciﬁc unconditioned stimulus
(US; e.g., food), the CS starts to yield the same conditioned response (CR; e.g., salivating, Pavlov, 1927; Rescorla & Wagner,
1972). The processes that drive such conditioning effects have been described in many inﬂuential models (Hebb, 1949; Rescorla & Wagner, 1972), that vary on both the role that is assigned to awareness and on whether conditioning is regarded as a
bottom-up or a top-down process.
One of the initial bottom-up models is Hebbian learning (Hebb, 1949). According to this model, learning of the relation
between the CS and the US is a passive process: If two mental representations of events are activated simultaneously, an
association between the two develops in memory. Once such an association has been formed in memory, activating (i.e.,
priming) one representation activates the other and vice versa (Meyer & Schvaneveldt, 1971). Hence, the activation of the
mental representation of the CS should facilitate access to the mental representation of the US, as well as the other way
around. Research on implicit learning (see for a review Frensch & Rünger, 2003; Reber, 1989), and more speciﬁcally research
on implicit sequence learning (Curran & Keele, 1993; Willingham et al., 1989), does indeed suggest that associations between
succeeding events can be learned without awareness of their relation. Moreover, research on neural network models has
suggested that such learning can be adequately captured by models that rely on associations (Cleeremans & Dienes, 2008).
However, research on animal, as well as human contingency learning (see De Houwer and Beckers (2002) for a review),
suggests that learning of relations between events is also guided by top-down processes. The most pervasive evidence for
such processes is found in blocking effects: When animals have, for instance, learned that presentation of a light (CS) is always followed by the administration of food (US), and subsequently a second stimulus (e.g., a sound) is repeatedly presented
simultaneously with the original CS, no conditioning is observed for the new CS. That is, even though the US and the new CS
were co-activated, no learning is found to occur. Several explanations for such effects have been put forward, but these effects can perhaps be best explained in terms of causal learning (e.g., Waldmann et al., 2006): If the ﬁrst CS has been learned
to be the cause of the US during previous learning, this CS (and not the new CS) is perceived as a predictor for the occurrence
of the US. Such a causal rule would have to be represented as a unidirectional structure, in such a way that perceiving the CS
would trigger the representation of the US, but not the other way around. Learning of such causal relations is, however, assumed to rely on top-down processes that require awareness of the relation. Hence, awareness is regarded as a critical moderator that determines how relations between events are stored in memory.
Recently, this moderating role of awareness in learning of predictive representations was directly tested in an intriguing
study by Alonso, Fuentes, and Hommel (2006). In an acquisition phase, in which participants had to categorize target words
(e.g., dog, chair) as members of two categories (animal and furniture), each target was preceded by one of two additional
category labels (body and plant) that were to be ignored by the participant, but fully predicted the category of the target
word. Alonso and colleagues reasoned that the structure of the learned relation between primes and targets could be revealed by testing this relation in the reverse direction: If the learned relation was bi-directional, priming the target categories of the acquisition phase should facilitate members of the related category that served as primes (i.e., predictors) in the
acquisition phase. This should, however, not be the case for unidirectional structures.
In order to investigate the role of contingency awareness, such awareness was either measured (Experiment 1) or actively
prevented by presenting the predictors as masked primes in the acquisition phase (Experiment 2). It was found that when
participants were aware of the predictive relations in the acquisition phase, no facilitation in the reversed order was observed in the test phase (measured in a primed lexical decision task). When participants were unaware of the relation, or
awareness of the relation was actively prevented by using masked primes, such facilitation was found. Hence, these ﬁndings
seem to support the notion that the formation of bi-directional associations can occur without awareness of the relation, but
that awareness of learning and processing of predictive relations is necessary for the formation of unidirectional structures
that capture predictive relations.
The necessity of contingency awareness in learning has also been emphasized in other domains, such as that on evaluative conditioning. Pleyers, Corneille, Luminet, and Yzerbyt (2007) for instance, have found that such conditioning, in which
a CS takes over the value of the US with which it is paired, only occurs for a CS when participants are aware of the pairing of
that particular CS with a speciﬁc US (but see Ruys & Stapel, 2009). Because this obtained relation between awareness and the
evaluative conditioning effect is correlational in nature, the causal role of awareness here can be disputed if one assumes that
becoming aware of a relation between stimuli is not an event occurring randomly, but is the result of attentional processes. If
these processes would inﬂuence both conditioning and awareness, the relation between the latter two could be spurious,
with awareness being a mere correlate of the processes that inﬂuence conditioning.
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3. Learning and attention
Recently, it has been argued that although awareness and attention (especially top-down attention) are often correlated
in real-life experiences, people can process (relations between) stimuli in the absence of awareness if their attention system
is prepared to do so (Dehaene, Changeux, Naccache, Sackur, & Sergent, 2006; Dijksterhuis & Aarts, 2010; Moors & De Houwer,
2006). Such top-down attention has been demonstrated to affect the extent to which subliminal stimuli are processed and
affect cognition and behavior (Dehaene & Naccache, 2001; Van den Bussche & Reynvoet, 2008; Van den Bussche, Segers, &
Reynvoet, 2008). In a similar vein, research on implicit learning suggests that top-down attention can modulate structure
learning in the absence of awareness. Although implicit learning is often regarded to be an inherently bottom-up process,
recent ﬁndings suggest that even though learning may occur outside of awareness, it is sensitive to top-down attentional
guidance (Eitam, Schul, & Hassin, 2009; Jiménez & Méndez, 1999; Tanaka, Kiyokawa, Yamada, Dienes, & Shigemasu,
2008). As such, top-down attention may determine how relations between stimuli are processed, even though stimuli are
presented outside awareness.
Research on contextual cuing, however, suggests that top-down and bottom-up processes may work intricately together in implicit learning. In research on contextual cuing, participants have to look for target stimuli that are presented in the context of distracters. If speciﬁc contexts are always paired with the same target stimulus location,
people pick up on these regularities in an implicit manner: search speed goes up even though they are not aware of
these regularities (Chun & Jiang, 1998). Although this learning seems to be the result of bottom-up processes, recent
research suggests that top-down processes also play a role. If participants are in the visual search task immediately exposed to blocks in which there is a relation between context and target location, learning occurs. However, if such blocks
are preceded by blocks without such relations, no learning is found (Jungé, Scholl, & Chun, 2007). This suggests that implicit learning in contextual cuing is not only a bottom-up process in that learning is directly evoked by the perceived
information, but is also guided by top-down processes that can shut down learning if no relations are initially detected.
In this case, people may attend to the incoming information in a different manner. Hence, learning in a task may be
determined by top-down processes that interact with bottom-up processes.
Top-down attention effects on subsequent information processing may amongst others be affected by prior tasks. The literature on task-sets and task-switching suggests that top-down processes that direct attention in one task can have downstream consequences on a later task, even though people consciously intend to switch to a different procedure. This becomes
apparent in the deterioration in performance when people have to switch between tasks (Rogers & Monsell, 1995; Wylie &
Allport, 2000). Although this literature typically studies switches between tasks at trial level, some task-sets are so pervasive
that they even bias information processing in subsequent ostensibly unrelated tasks (see e.g., Smith, 1994). In studies on social comparisons – for instance – instructing people to attend to similarities or differences between non-social pictures in
one task tunes people’s attention to process more similarities or differences in a subsequent, allegedly unrelated task, in
which social pictures are presented (see Mussweiler, 2001, 2003).

4. The present research
In the present research, we aim to examine whether people process the relation between masked primes that predict targets in a different way by manipulating the mode of information processing in an earlier, seemingly unrelated task. Specifically, we tuned participants’ attention to process predictive relations or not in a task before the acquisition and test phase
that were closely modeled after the studies of Alonso et al. (2006). In this manipulation task, participants had to quickly differentiate between two targets (a circle or a triangle) that could be predicted from a subtle cue (henceforth, prediction condition) or not. We reasoned that participants in the prediction condition would be more inclined to process the predictive
relation in the subsequent acquisition phase as a predictive one and hence form unidirectional instead of bi-directional associations, even though they are not aware of the masked primes and hence not of the predictive relation between categories.
Such a result would demonstrate that top-down tuning of attention affects the way in which knowledge about relations is
established and stored in memory, and does not necessarily have to be accompanied by awareness of the predictive stimuli
or the relation between stimuli for unidirectional associations to be formed. Experiment 1 examines the basic idea by manipulating whether attention is tuned to process predictive relations, and employing the masked priming procedure used by
Alonso et al. (2006). Experiments 2 and 3 aim to rule out alternative explanations and take a closer look at the processes
that are induced by our attention-tuning manipulation.

5. Experiment 1
5.1. Method
5.1.1. Participants and design
Forty-four undergraduates participated in the experiment in exchange for a small monetary reward or extra course credit.
They were randomly assigned to either the prediction condition or the no prediction condition.
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5.1.2. Materials
Four categories of 16 Dutch words each were used. The categories ‘‘body parts”, ‘‘furniture”, and ‘‘animal” were taken
from Alonso et al. (2006). Because of low word frequency ratings in Dutch, their fourth category (‘‘plants”) was replaced
by the category ‘‘food”. Categories were matched on word length and frequency. Nonwords for the lexical decision task were
constructed by taking the existing words used in that task and for each word replacing one of the letters by a differ letter. For
example, for the word ‘‘tomaat” (tomato), the nonword ‘‘tolaat” was generated.
5.1.3. Procedure
Upon arrival at the laboratory, participants were told that they would take part in research conducted by different investigators which involved performing several tasks on a computer. The computer program provided the instructions, and participants worked individually. After some general instructions, participants started with the ﬁrst task of the session.
The ﬁrst task was presented as a study on perception of geometrical ﬁgures. Participants’ task was to respond as quickly
as possible to different geometrical ﬁgures by pressing a left or right key. In this task, two geometrical ﬁgures were preceded
by two slightly different ﬁxation points. In the prediction condition, each geometrical ﬁgure was always preceded by the
same ﬁxation point, and hence the ﬁgure could be predicted based on this cue. In the no prediction condition, the ﬁxation
points were not predictive of the ﬁgures. After this ﬁrst task, all participants continued with the acquisition phase in which
they had to categorize target words that were preceded by subliminal primes by means of a left or right key press. The target
words were exemplars of two different categories and each category of target words was always preceded by one of two
other category labels, in such a way that exemplars of the same target category were always preceded by the same category
label. Subsequently, participants started on the test phase that consisted of a primed lexical decision task in which participants had to indicate whether presented targets were words or nonwords. The target words were exemplars of the two categories that were presented as primes in the acquisition phase. Each target word was presented several times, either
preceded by the label of the category with which it was paired in the acquisition phase (related trials), or preceded by
the label of the other category (unrelated trials).
At the end of the session, participants were debriefed using a funneled debrieﬁng procedure based on that recommended
by Bargh and Chartrand (2000). This debrieﬁng indicated that participants were not aware of the true nature of the experiment. Furthermore, none of them indicated that the ﬁrst task (the attention-tuning manipulation) had inﬂuenced their responses to the subsequent tasks.
5.1.4. Attention-tuning manipulation
The geometrical ﬁgures task consisted of 40 trials. In each trial, participants had to indicate as quickly as possible whether
an object appearing on the screen was a triangle or a circle by pressing speciﬁc keys with their left or right index ﬁnger.
Twenty trials contained a triangle and 20 contained a circle. Trials were presented in random order. Each trial started with
a 500 ms ﬁxation point (‘‘x”), followed by a blank screen for 500 ms, after which the circle or triangle was presented until a
response was made. In the prediction condition, the occurrence of the two targets was subtly linked to two different ﬁxation
points. Speciﬁcally, a circle was always preceded by a ﬁxation point in ‘‘Arial” typeface, whereas the triangle was always preceded by a ﬁxation point in ‘‘Courier New”. In the no prediction condition, the appearance of the ﬁxation point did not predict the occurrence of a circle or a triangle. The inter-trial time was 1000 ms. Note that we did not explicitly instruct
participants to make predictions. The ability to predict the targets from the ﬁxation points is embedded in the task, which
should bias attention to process predictive relations (see e.g., Mussweiler, 2001, 2003; for a similar methodology to tune
attention).
5.1.5. Acquisition phase
In the acquisition phase, trials were presented in white letters on a grey background. The task consisted of 3 blocks of 64
trials. In each block, 16 exemplars (words) of the category ‘‘animal” were presented twice, always preceded by the category
label ‘‘body”. The 16 exemplars of the category ‘‘furniture” were also presented twice, but always preceded by the category
label ‘‘food”. Category labels were always presented in uppercase, whereas exemplars were always presented in lowercase.
Words were presented in white on a grey background and trials started with an asterisk () as ﬁxation point for 500 ms.
Subsequently, a category label was presented in capitals for 30 ms, followed by a mask for 120 ms. The mask consisted of
three random letter strings superimposed on each other (see Alonso et al., 2006). After a blank screen for 700 ms, the target
word was presented. Participants had to categorize the target as animal or furniture as quickly and accurately as possible, by
hitting the ‘‘q” or ‘‘p” button as soon as possible. The target word remained on the screen until a response was made, or until
3000 ms had past, after which the next trial started. The inter-trial time was always 500 ms.
5.1.6. Test phase
The test phase consisted of a lexical decision task of 128 trials. The 16 exemplars of the category ‘‘body” and the 16 exemplars of the category ‘‘food” were each presented twice: once preceded by the category label ‘‘animal” and once preceded by
the category label ‘‘furniture”. Furthermore, 32 nonwords were presented twice, once with each category label. Trials were
constructed in a similar manner as those in the acquisition phase. The trials started with an asterisk () as ﬁxation point for
500 ms, followed by a category label that was presented for 150 ms in capitals. After a blank screen for 700 ms, the target
word was presented (see Alonso et al., 2006). Participants had to decide as quickly and accurately as possible, whether
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the target word was an existing word or a nonword, by pressing the ‘‘/” or ‘‘z” key on the keyboard. The target word remained
on the screen until a response was made, or until 3000 ms had past, after which the next trial started. The inter-trial interval
was always 500 ms.
5.2. Results and discussion
For the responses on the target words in the lexical decision task, reaction times of incorrect responses (5.08%) and reaction times greater than three standard deviations above the mean for the particular target word (1.79%) were considered as
outliers and excluded from the analysis (Fazio, 1990). Subsequently, mean RT’s for related trials (i.e., trials featuring categories that were presented together in the acquisition phase) and unrelated trials (i.e., trials featuring categories that were not
presented together in the acquisition phase) were subjected to a 2 (relatedness: unrelated vs. related)  2 (attention-tuning:
prediction vs. no prediction) ANOVA, with relatedness as a within and attention-tuning as a between subjects factor. Main
effects for relatedness, F < 1, and attention-tuning, F(1, 42) = 1.79, p = .19, were not signiﬁcant. However, as predicted, a statistically signiﬁcant interaction emerged, F(1, 42) = 4.53, p = .04, g2 = .10. In the no prediction condition, participants were
faster on related, M = 591 ms, SD = 65 ms, than unrelated trials, M = 603 ms, SD = 71 ms, F(1, 42) = 4.19, p < .05, whereas
no difference between related, M = 577 ms, SD = 46 ms, and unrelated trials, M = 571 ms, SD = 54 ms was found in the prediction condition, F < 1 (see Fig. 1). The interaction could not be explained by a speed accuracy tradeoff, as no interaction
effect was found on error rates, F < 1.
First of all, the results in the no prediction condition replicate the ﬁnding of Alonso and colleagues (2006). That is, bidirectional associations were formed when awareness of the relation was actively prevented by using their masked priming
procedure. Second, as expected this effect was absent in the prediction condition. As the learned relation was tested in the
reverse direction, the absence of facilitation supports the idea that unidirectional structures were formed. This suggests that
whether or not attention is tuned to process predictive relations during learning determines how relations between predictive events are stored in memory, even when people are unaware that such predictive relations exists.
6. Experiment 2
Experiment 2 served to rule out two important alternative explanations for the ﬁndings of Experiment 1. First, it could be
the case that our attention-tuning manipulation affected the visibility of the primes. Although the results in the no prediction condition reveal the same pattern obtained by Alonso and colleagues (2006) for participants who were unaware of the
predictive relations, it could be the case that the attention-tuning manipulation in the prediction condition may have caused
participants to become aware of the primes (and as a consequence, of the predictive relation between the prime and target).
To ensure that the primes were presented subliminally, we changed the masked priming procedure by adding a pre-mask.
Using a pre-mask is common in research on subliminal priming (see e.g., Greenwald, Draine, & Abrams, 1996) and research
on forward masking suggests that it further reduces the visibility of the primes (Breitmeyer, 1984). To check that our manipulation indeed does not increase conscious visibility of the primes when the pre-mask is added to the presentation of the
primes, an extra test study was conducted.
The second aim of Experiment 2 was to distinguish between two possible explanations for the effect of our manipulation.
Although we argue that the effect occurs because attention is tuned to process predictive relations by our manipulations – an
effect that carries over to the acquisition phase – it could be that it leads participants to consciously set the goal to predict
relations between two stimulus events in the acquisition phase. In order to test whether this could be the case, we told half
of the participants that targets in the acquisition phase could be predicted based on subliminal primes that preceded them,
and explicitly instructed them to set the goal to predict the targets based on the primes. If our attention-tuning manipulation
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Fig. 1. Mean reaction times as a function of relatedness and attention-tuning (Experiment 1). Displayed are within-subjects 95% conﬁdence intervals
(calculated according to Masson and Loftus (2003)).
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would simply install a conscious goal to predict, rather than tuning people’s information processing to predictive relations,
then this should yield similar effects. This is a particularly interesting case as there are ﬁndings suggesting that an explicit
learning goal may, under certain conditions, inhibit learning mechanisms (Lieberman, Chang, Chiao, Bookheimer, & Knowlton, 2004; Reber, 1976; Reber, Kassin, Lewis, & Cantor, 1980).
6.1. Testing the subliminality of the primes
We ﬁrst tested whether the attention-tuning manipulation affects prime visibility for the prime procedure with premasking (see Section 6.2). For sake of completeness, we also tested prime visibility for the prime procedure without the
pre-masking (modeled after Alonso et al. (2006), and used in Experiment 1). Accordingly, 72 different participants from
the same population as the other experiments were randomly assigned to the cells of a 2 (attention-tuning: prediction
vs. no prediction)  2 (pre-mask: no vs. yes) between participants design. Trials in the no pre-mask condition were exactly
the same as in the acquisition phases of Experiment 1. In the pre-mask condition, however, a pre-mask of 120 ms was displayed for 120 ms before the presentation of the category label. The pre-mask consisted of 3 random letter strings superimposed on each other that were different from the letter strings used in the post-mask. A further difference with Experiment 1
was that participants were asked to indicate after each trial whether the prime was a word or a nonword. A nonword was
generated for the category label body (AMICHILA) and the category food (DOSVELE) by scrambling the letters of each label
(LICHAAM and VOEDSEL). Within 64 trials, 16 words belonging to the category ‘‘animal” were presented twice as targets,
either preceded by the category label ‘‘body” or the corresponding nonword as primes. The 16 words related to the category
‘‘furniture” were also presented twice as targets, preceded by the category label ‘‘food” or the corresponding nonword as
primes. Before this test, participants engaged in the attention-tuning manipulation.
In order to investigate differences in discriminability of the category primes d0 was computed. An ANOVA revealed only a
main effect of pre-mask on discriminability F(1, 68) = 30.45, p < .001. Without pre-mask discriminability was signiﬁcantly
different from zero, d0 = 0.68, SD = 0.70, t(35) = 5.83, p < .001. With pre-mask, discriminability was not signiﬁcantly different
from zero, d0 = 0.03, SD = 0.31, t(35) < 1. Overall accuracy in determining the primes was 63% without pre-mask and 49%
with pre-mask, whereas accuracy in responses to the targets was 95% and unaffected by the manipulations (p’s > .10). In
short, even though accuracy in detecting the primes was still fairly low in the no pre-mask condition, participants could discriminate between words and nonwords above chance level. This was not the case in the pre-mask condition, which demonstrates that with pre-mask, primes are presented subliminally. Furthermore, prime visibility turned out not to be affected
by the attention-tuning manipulation.
The ﬁndings of this subliminality test provide a few noteworthy implications. First, participants in our experimental set-up
in Experiment 1 might have been aware of the primes in the acquisition phase. This does, however, not mean that they were also
aware of the predictive relations. In the experiment by Alonso and colleagues (2006) only about half of the participants became
aware of the predictive relation when primes where clearly visible, whereas masked priming without a pre-mask yielded the
same bi-directional learning that was found in unaware participants. Hence, although primes may have been consciously visible in Experiment 1, the masked priming may still have prevented awareness of the predictive relation: a conclusion that is
corroborated by the evidence for bi-directional learning in the no prediction condition. Secondly, and more importantly, the
subliminality test revealed that participants were not aware of the primes when these primes were pre-masked, even after
the attention-tuning manipulation. Using pre-masks in the learning phase would therefore offer an even more solid basis
and compelling test for the idea that attention-tuning can facilitate the learning of predictive relations in the absence of awareness. We now turn to the second experiment aimed at testing this intriguing possibility. Furthermore, in this second experiment
we also compared the attention-tuning manipulation with an explicit (conscious) goal manipulation to process the predictive
relations in the acquisition phase to examine the differential role of awareness and attention in predictive learning.
6.2. Method
6.2.1. Participants and design
One-hundred-and-eighteen undergraduates participated in the experiment in exchange for a small fee or extra course
credit. They were randomly assigned to a cell of the 2 (attention-tuning: prediction vs. no prediction)  2 (instruction: explicit learning goal vs. no learning goal) between participants design.
6.2.2. Procedure
The instructions and procedure of Experiment 2 were similar to those of Experiment 1, with two exceptions. First, after
the attention-tuning manipulation,1 half of the participants were told that the targets in the acquisition phase could be pre-

1
Response times during the attention-tuning manipulation were recorded and analyzed to investigate whether people in the prediction condition did indeed
predict the targets based on the features of the ﬁxation point. Analysis indeed revealed that participants’ correct responses were signiﬁcantly faster in the
prediction condition (M = 337 ms, SD = 89) compared to the no prediction condition, M = 371 ms, SD = 59; t(116) = 2.49, p = .01. Similar effects were obtained in
Experiment 3 (Mprediction = 336 ms, SD = 83; Mno prediction = 375 ms, SD = 46; t(54) = 2.13, p = .04). Although due to a technical error these response times were not
properly recorded in Experiment 1, the current analysis suggest that the manipulation used in the three experiments was successful, in that people indeed
engaged in predicting targets based on cues.
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dicted by subliminal primes that preceded them. Accordingly, these participants were instructed to try and predict the targets
based on the primes (explicit learning goal). The other half of the participants did not receive this instruction (no learning goal).
Second, the trials in the acquisition phase differed from those in Experiment 1 in that the 120 ms pre-mask was added
before the presentation of the category label in the way described above. As demonstrated by the subliminality test, this
pre-masking procedure further reduces the likelihood that participants are able to consciously see the primes.
6.3. Results and discussion
For the responses on the target words in the primed lexical decision task reaction times of incorrect responses (6.54%) and
reaction times greater than three standard deviations above the mean for the particular target word (1.88%) were excluded
from the analysis. Subsequently, mean RTs for related trials and unrelated trials were subjected to a 2 (relatedness: unrelated
vs. related)  2 (attention-tuning: prediction vs. no prediction)  2 (instruction: explicit learning goal vs. no learning goal)
ANOVA, with relatedness as a within and the attention-tuning manipulation and instruction as between subjects factors. No
signiﬁcant main effects for relatedness, F(1, 114) = 2.00, p = .16, attention-tuning, F < 1, and instruction, F < 1, emerged. The
Attention-tuning  Instruction interaction was also not signiﬁcant, F < 1, nor was the Relatedness  Instruction interaction,
F(1, 114) = 2.73, p = .10. However, a signiﬁcant Relatedness  Attention-tuning interaction, F(1, 114) = 5.66, p = .02, and – as
predicted – a signiﬁcant three-way interaction emerged, F(1, 114) = 4.31, p = .04, g2 = .04 (see Fig. 2). This interaction could
not be explained by a speed accuracy tradeoff, as no such interaction effect was found on error rates, F < 1.
Unpacking the 3-way interaction showed that within the no learning goal condition, the Relatedness  Attention-tuning
interaction was signiﬁcant, F(1, 114) = 9.45, p < .01, g2 = .08. Replicating the results of Experiment 1 participants in the no
prediction condition were faster on related, M = 563 ms, SD = 80 ms, than on unrelated trials, M = 578 ms, SD = 92 ms,
F(1, 114) = 4.10, p = .04, but faster on unrelated, M = 587 ms, SD = 67 ms, than related trials, M = 604 ms, SD = 72 ms, in the
prediction condition, F(1, 114) = 5.26, p = .02. Within the explicit learning goal condition participants were overall faster
on related, Mno prediction = 589 ms, SD = 92 ms, Mprediction = 593 ms, SD = 94 ms, than unrelated trials, Mno prediction = 601 ms,
SD = 88 ms, Mprediction = 601 ms, SD = 93 ms, F(1, 114) = 5.14, p = .02, echoing the RT pattern of the participants who were
not exposed to predictive relations in the attention-tuning manipulation. Thus, in the explicit learning goal condition, the
Relatedness  Attention-tuning interaction was not signiﬁcant, F < 1.
To recap, the results of Experiment 2 ﬁrst of all replicate the ﬁndings of Experiment 1, in that participants who did not set
an explicit learning goal displayed the same pattern as obtained in Experiment 1, even with the more stringent masking that
ensured subliminality. For participants who were not exposed to predictive relations during the manipulation, signiﬁcant
facilitation was obtained which suggests that bi-directional associations were formed during learning. In the prediction condition, however, no such facilitation was observed. In fact, participants were slower on related than unrelated trials.
Although this ﬁnding could be ﬂuke, it may also hint to the nature of the unidirectional relations that are formed. Alonso
and colleagues (2006) already argued that unidirectional relations may start out as bi-directional associations, but that this
structure is updated or replaced by a different structure in which the link from the second to the ﬁrst event is destroyed or
even actively suppressed. Although further research would be needed to test this idea, at least the absence of facilitation
demonstrates that no bi-directional associations were formed.
Furthermore, the results in the explicit learning goal condition demonstrate that our attention-tuning manipulation not
simply installs a conscious task goal to predict targets from primes. Having such a conscious task goal in mind was found to
facilitate the formation of bi-directional associations, rather than unidirectional memory structures, regardless of whether
people implicitly engaged in an attention-tuning procedure in an earlier task. This ﬁnding bares similarities to the observation in implicit learning research that explicitly searching for more complex rules can wipe out learning if those rules cannot
be found (Howard & Ballas, 1980; Reber, 1976; Reber et al., 1980). Recent imaging studies have supplied some evidence that
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Fig. 2. Mean reaction times as a function of relatedness, attention-tuning and instruction (Experiment 2). Displayed are within-subjects 95% conﬁdence
intervals (calculated according to Masson and Loftus (2003)).

R. Custers, H. Aarts / Consciousness and Cognition 20 (2011) 368–378

375

an intentional effort to learn (i.e. pursuing an explicit learning goal) may inhibit striatal regions that are implicated in unintentional learning of relations (Lieberman et al., 2004). The same regions may be also involved in unintentional learning of
predictive (unidirectional) relations in the environment. Another explanation for the disruption of the creation of unidirectional relations is that the conscious task goal led to generation of faulty hypotheses. Under these conditions, top-down
hypothesis testing may affect attentional processes, which overrule the effect of the attention-tuning manipulation.
Interestingly, but not surprisingly, conscious task goals only seem to interfere with the learning of unidirectional associations. That is, when having an explicit goal to predict targets from subliminal primes, people still seem to form bi-directional associations, which supports the idea that the formation of these associations relies on bottom-up processes that
are not affected by the conscious task goal. This difference between implicit tuning of attention and explicit learning goals
may, however, be limited to situations in which predictive relations cannot be consciously detected. In situations in which
stimuli and their relation can be consciously detected, a conscious goal to predict may actually facilitate the formation of
unidirectional associations (see Waldmann et al., 2006).
7. Experiment 3
The previous two experiments revealed that without attention-tuning, a facilitation effect was obtained in the test phase,
whereas this effect was absent in the prediction condition. Although we regard this latter effect as evidence for unidirectional associations, one could argue that the null-effect in the attention-tuning prediction condition indicates that nothing
was learned at all, for example because for some reason the processing of primes and targets was disrupted in this condition.
To rule out this alternative explanation we ran a ﬁnal experiment in which the relation between categories was tested in the
learned direction in the test phase. If the attention-tuning manipulation indeed leads to the formation of unidirectional
memory structures, as we would like to argue, testing for facilitation in the learned direction should yield facilitation for both
the no prediction and the prediction condition. However, if nothing is learned in the prediction condition, the facilitation
effect should only be obtained in the no prediction condition.
7.1. Method
7.1.1. Participants and design
Fifty-six undergraduates participated in the experiment in exchange for a small fee or extra course credit. They were randomly assigned to a cell of the 2 (relatedness: unrelated vs. related)  2 (attention-tuning: prediction vs. no prediction) design, with the last factor as a between participants factor.
7.1.2. Procedure
The procedure was the same as that of Experiment 2 with one important modiﬁcation. In the test phase, the categories
were presented in the same direction as in the acquisition phase. Thus, the exact primes and targets used in the learning
phase were used as primes and targets in the test phase.
7.2. Results and discussion
For the responses on the target words in the lexical decision task, reaction times of incorrect responses (6.92%) and reaction times greater than three standard deviations above the mean for the particular target word (2.18 %) were excluded from
the analysis. Subsequently, mean RT’s for related trials and unrelated trials were subjected to a 2 (relatedness: unrelated vs.
related)  2 (attention-tuning: prediction vs. no prediction) ANOVA. Only a signiﬁcant main effect for relatedness,
F(1, 54) = 11.25, p < .01, g2 = .17 but no effect of attention-tuning and no interaction effect were found, F’s < 1 (see Fig. 3). This
pattern cannot be explained by a speed accuracy tradeoff, as no effect of attention-tuning was found on error rates, F < 1.
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Fig. 3. Mean reaction times as a function of relatedness and attention-tuning (Experiment 3). Displayed are within-subjects 95% conﬁdence intervals
(calculated according to Masson and Loftus (2003)).
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Even though no signiﬁcant interaction was obtained, we tested whether the effect of relatedness was signiﬁcant in the
prediction condition, as establishing this effect was the main reason for conducting Experiment 3. In the prediction condition, participants were faster on related, M = 574 ms, SD = 71 ms, than unrelated trials, M = 589 ms, SD = 71 ms,
F(1, 54) = 8.66, p < .01. The effect in the no prediction condition F(1, 54) = 3.25, p = .08 did not fully reach the conventional
level of signiﬁcance, Mrelated = 563 ms, SD = 76 ms, Munrelated = 572 ms, SD = 77 ms). As no interaction effect emerged, we cannot conclude that the effect of relatedness was stronger in the prediction condition. However, the signiﬁcant effect in the
prediction condition demonstrates that learning did occur after the attention-tuning manipulation. Together with the results
of the ﬁrst two experiments, the results of this experiment demonstrate that the attention-tuning manipulation does not
disrupt learning or processing of primes and targets, but leads to the formation of unidirectional memory structures, as facilitation is found in the learned, but not in the opposite direction.
8. General discussion
The present research tested the hypothesis that capturing the direction of a predictive relation does not necessarily require awareness, but is dependent on the way the attention system is tuned or prepared to process such relations. In Experiment 1 we found that tuning attention to process predictive relations by means of an earlier task caused unidirectional
instead of bi-directional relations to be formed in a subsequent acquisition phase. Crucially, unidirectional relations were
formed although awareness of the predictive relation between primes and targets was prevented by masking the primes.
Experiment 2 replicated these effects with even more stringent and solid masking of the primes, which ensured that the
primes were not consciously visible, and participants could not become aware of their relation with the targets. Moreover,
it was found that installing an explicit learning goal to predict the targets based on the primes in the acquisition phase lead
to the formation of bi-directional, instead of unidirectional structures. Finally, the results of Experiment 3 demonstrated that
the attention-tuning manipulation does not merely disrupt learning or general processing of information, as facilitation was
obtained when the relation was tested in the learned (predictive) direction.
The current ﬁndings replicate the results obtained by Alonso et al. (2006), in that they show that merely perceiving
subliminal primes that predict consciously visible targets leads to a rather unsophisticated integration of the events in
memory, in the form of bi-directional associations. Although our subliminality test revealed that, at least within our
experimental set-up in Experiment 1, the primes were to some extent consciously visible, this does not mean that participants were necessarily conscious of the relation between primes and targets. Indeed, the bi-directional associations
that were formed with these masked primes in the no prediction condition suggest that participants did not learn
and store the predictive relation between the primes and targets, and hence their attention was not tuned to process
this relation. Overall, our ﬁndings indicate that masked priming not only reduces awareness of the primes, but also
diminishes the probability that this information is used to tune top-down attention to predictive relations. This is consistent with the assumption that it is not possible to strategically use nonconscious information to tune higher-level cognitive processes (see Dehaene & Naccache, 2001). The current experiments show, however, that tuning attention to
predictive relations promotes the formation of unidirectional structures in the absence of an intention to learn, and
without awareness of the predictors. Hence, we have to conclude that not awareness, but top-down attention during
acquisition determines how predictive relations are stored in memory.
The current ﬁndings demonstrate that it is important to treat awareness and top-down attention as two separate facilities. As others have argued, the two do not necessarily go together (Baars, 1997; Dehaene et al., 2006; Koch & Tsuchiya,
2007; Lamme, 2003; Wegner & Smart, 1997) and may therefore play separate roles in learning. Although information that
does not reach consciousness can be processed in a top-down manner – that is, when the attention system in tuned to process information is a speciﬁc way – and top-down processes can be instigated by related cues that are presented subliminally
(Lau & Passingham, 2007; van Gaal, Ridderinkhof, Fahrenfort, Scholte, & Lamme, 2008), strategic tuning of top-down processes based on properties of the stimuli that are encountered seems to require conscious awareness (Baars, 1997; Dehaene
et al., 2006). For instance, Van den Bussche et al. (2008) demonstrated that people can bias information processing based on
the proportion of two types of consciously visible stimuli, but not based on the proportion of subliminally presented stimuli.
Hence, if a certain learning task requires strategic tuning of top-down attention based on the properties of the stimuli presented in the task, researchers may ﬁnd that awareness is a critical moderator. Preventing awareness will in this case also
prevent the tuning of top-down attention, which could lead researchers to conclude that a particular type of learning requires awareness of the stimuli and their relation.
This notion may explain inconsistent ﬁndings on the role of awareness in various forms of learning. In the ﬁeld of evaluative conditioning, for instance, some have argued that contingency awareness is necessary for conditioning to occur (e.g.,
Pleyers et al., 2007), whereas others have found such conditioning to be unaffected by awareness and even to occur with
subliminal stimuli (Aarts, Custers, & Holland, 2007; Aarts, Custers, & Marien, 2008, 2009; Custers & Aarts, 2005; Dijksterhuis,
2004). These differences could be due to the extent to which the task context evokes tuning of attention. For instance, in
order to keep people focused on the subliminal stimuli during conditioning, Custers and Aarts (2005) gave participants
the task to detect dots that appeared in the vicinity of the primes. Although this task was meant to keep attention focused
on the required location of the screen, it may be the case that it induced participants to predict the appearance of the dots
and thus tune attention and information processing to predictive relations, rendering awareness of the relation redundant
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for conditioning. Although this line of reasoning is speculative, the effects of task characteristics on top-down attention in
conditioning are worth investigating more closely.
The current results may have important implications for research on implicit learning (see e.g., Frensch & Rünger, 2003).
Depending on how attention is tuned during a learning task, relations between two stimuli may be formed (S–S learning) as
either unidirectional or bi-directional without awareness. Depending on the direction in which learned knowledge is tested,
this could lead to different conclusions as to whether or not learning has occurred. It remains to be seen though, whether the
present ﬁndings also generalize to other forms of learning than S–S learning that are regarded to at least start out on an implicit level, such as learning of the relation between actions and effects. According to the theory of event coding (Hommel,
Muesseler, Aschersleben, & Prinz, 2001) people associate effects with the actions that cause them, which allows them to use
the learned relation in the reverse direction, generating action by thinking of its effect. Although action-effect learning is different from S–S learning many ways, investigating the role of attention and awareness in this process may yield important
results, as bi-directionality of associations is crucial in this special case of learning.
In the present research, we drew upon the literature on task-sets and carry over effects between tasks to tune attention to
process predictive relations. However, these procedures may also be instigated in a different way, as they normally operate
in the service of goals. A growing line of research suggests that people’s goals are mentally represented as outcomes of actions and skills and that activating these goal representations by means of priming may tune perceptual (Aarts, Custers, &
Veltkamp, 2008; Veltkamp, Aarts, & Custers, 2008), cognitive (Aarts et al., 2008; Bargh, Gollwitzer, Lee-Chai, Barndollar, &
Trötschel, 2001; Eitam et al., 2009) and behavioral processes in the service of goal attainment (Aarts & Dijksterhuis,
2000; Aarts et al., 2007, 2008; Bargh et al., 2001; Custers & Aarts, 2007; Custers, Maas, Wildenbeest, & Aarts, 2008) outside
people’s awareness. Eitam, Hassin, and Schul (2008) demonstrated that exposing people to achievement related words improved implicit learning in the classic sugar factory paradigm, in which participants have to set parameters in order to maximize the output of a simulated factory. Although participants were not aware of the rules that governed the production, the
primed goal – together with the task – may have biased attentional processes, which improved learning. This further demonstrates that the top-down attention that operates during task performance may inﬂuence learning, even when people are
not aware of what has been learned or what guides their attention.
To conclude, the present ﬁndings demonstrate that although attention to process – and awareness of – predictive relations often go together, it is top-down attention that facilitates more complex forms of learning. We believe that experimentally dissociating awareness from other constructs such as attention by means of subliminal presentation of stimuli could
open a fruitful new direction in the debate on the role of awareness in learning in general.
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