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Abstract 

Time plays a central role in consciousness, at different levels and in 

different aspects of information processing. Subliminal perception 

experiments demonstrate that stimuli presented too briefly to enter 

conscious awareness are nevertheless processed to some extent. Implicit 

learning, implicit memory, and conditioning studies suggest that the 

extent to which memory traces are available for verbal report and for 

cognitive control is likewise dependent on the time available for 

processing during acquisition. Differences in the time available for 

processing also determine not only the extent to which one becomes 

conscious of action, but also provides the basis for making attributions of 

authorship to experienced acts. In this paper, we offer a brief overview of 

these different findings and suggest that they can all be understood based 

on the fact that consciousness takes time. From this perspective, the 

availability of representations to conscious awareness depends on the 

quality of these representations — the extent to which they are strong, 

stable in time, and distinctive. High-quality representations occur when 

processes of global competition have had sufficient time to operate so as 

to make the system settle into the best possible interpretation of the input. 

Such processes implement global constraint satisfaction and critically 

depend on reentrant processing, through which representations can be 

further enriched by high-level constraints. We discuss these ideas in light 

of current theories of consciousness, emphasizing the fact that 

consciousness should be viewed as a process rather than as a static 

property associated with some states and not with others. 
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1. Introduction 

When one thinks about consciousness, one often thinks about it as though it were a 

property associated either with entire organisms (e.g., humans are conscious, 

paramecia are not), with specific global states (e.g., I am conscious when awake, 

unconscious when asleep), or with particular regions of the brain (e.g., activity in 

primary visual cortex does not necessarily correlate with conscious awareness, but 

activity in some regions of frontal cortex do). The current focus on the “search for the 

neural correlates” of consciousness (Chalmers, 2000; Frith, Perry, & Lumer, 1999; 

Metzinger, 2000; Noë & Thompson, 2004), which relies heavily on imaging methods 

(e.g., fMRI) that have good spatial but rather poor temporal resolution, further 

emphasize localization over dynamics.  But this eschews the fact that consciousness is 

foremost a process—not a static property associated with some neural states and not 

with others. Processes, are, by definition, dynamical, and hence take time to unfold. 

Appreciating the dynamics of consciousness requires sophisticated methods such as 

electroencephalography or magnetoencephalography (MEG) and conceptual tools 

such as dynamical systems theory (Freeman, 1999), the integration of which were 

pioneered by the likes of the late Francisco Varela in his neurophenomenological 

approach (Varela & Thompson, 2003) and by other authors such as Tononi and 

Edelman (1998).  

 

We will not review these many exciting developments here, but instead simply 

focus on the notion that consciousness takes time and review available evidence in a 
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number of domains ranging from perception to action. As we will see in the rest of 

this article, numerous converging findings indeed suggest that time available for 

processing is a major determinant of whether one becomes conscious of some percept, 

memory trace, or even action. This important point also has significant implications 

for our very notion of how to best characterize conscious awareness. Indeed, as 

Dennett (1991) emphasized in his excellent “Consciousness Explained”, how the 

brain deals with the temporal relationships between different internal and external 

events offers one of the most compelling critiques against the notion that conscious 

awareness depends on activation in a single unified set of neuronal circuits—a global 

workspace. As Dennett puts it: “There is no single, definitive ‘stream of 

consciousness’, because there is no central Headquarters, no Cartesian Theater where 

‘it all comes together’ for the perusal of a Central Meaner. Instead of such a single 

stream (however wide), there are multiple channels  in which specialist circuits try, in 

parallel pandemoniums, to do their various things, creating Multiple Drafts as they 

go”. (Dennett, 1991, pp. 253-254).  

 

Before we begin this overview, however, it is worth reflecting upon the question of 

why consciousness takes time. Answering this question involves further questioning 

about the functions that consciousness plays in information processing. While there is 

continuing puzzlement insofar as the putative functions of conscious experience—so-

called phenomenal consciousness (Block, 1995)—are concerned, there is, in contrast, 

an emerging consensus about the function of so called access consciousness 

(A-consciousness), which refers to our ability to report and act on our experiences.  

For a person to be in an A-conscious state entails that there is a representation in that 

person’s brain whose content is available for verbal report and for high-level 
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processes such as conscious judgment, reasoning, and the planning and guiding of 

action. There is wide agreement around the idea that conscious representations differ 

from unconscious ones in terms of such global accessibility (Baars, 1988): Conscious 

representations are informationally available to multiple systems in a manner that 

unconscious representations are not. Accessibility is in turn viewed as serving the 

function of making it possible for an agent to exert flexible, adaptive control over 

action. Briefly put, thus (we will return to these ideas in the discussion section), 

consciousness takes time because it takes time for any dynamical system to settle 

upon a state that best satisfies the many constraints imposed by diverse sources of 

such constraints, such as the environment with which the agent interacts, the goals 

and intentions of the agent, the properties of the action systems that it can control, and 

so on. Many computational mechanisms have been proposed to account for 

differences between conscious and unconscious information processing. It would too 

long to provide a principled overview here (but see Cleeremans, 2005, forthcoming; 

Maia & Cleeremans, 2005 for such overviews), but a salient point of agreement 

shared by several of the most popular current theories is that all such models, 

regardless of whether they assume specialized or non-specialized mechanisms, and 

regardless of whether they focus primarily on representational vehicles or on 

processes, converge towards assuming the following: Conscious representations differ 

from unconscious representations in that the former are endowed with certain 

properties such as their stability in time, their strength, or their distinctiveness. 

Cleeremans (forthcoming; Cleeremans & Jiménez, 2002) proposes the following 

definitions for these properties: 
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Stability in time refers to how long a representation can be maintained active 

during processing. O’Brien and Opie (1999), as well as Mathis and Mozer (1995), 

both suggested that stable representations are associated with conscious experience. 

There are many indications that different neural systems involve representations that 

differ along this dimension. For instance, the prefrontral cortex, which plays a central 

role in working memory (Baddeley, 1986), is widely assumed to involve circuits 

specialized in the formation of the enduring representations needed for the active 

maintenance of task-relevant information (Frank, Loughry, & O'Reilly, 2001; Norman 

& O'Reilly, 2001). Stability of representation is clearly related to availability to 

consciousness. For instance, the brief stimuli associated with subliminal presentation 

will result in weaker representations than supraliminal presentation does. 

 

Strength of representation simply refers to how many processing units are involved 

in a given representation, and to how strongly activated these units are. Strength can 

also be used to characterize the efficiency of a an entire processing pathway, as in the 

Stroop model of Cohen, Dunbar & McClelland (1990). Strong activation patterns 

exert more influence on ongoing processing than weak patterns, and are most clearly 

associated with automaticity, to the extent that they dominate ongoing processing. 

 

Finally, distinctiveness of representation refers to the extent of overlap that exists 

between representations of similar instances. Distinctiveness, or discreteness, has 

been hypothesized as the main dimension through which cortical and hippocampal 

representations differ (McClelland, McNaughton, & O'Reilly, 1995; O'Reilly & 

Munakata, 2000), with the latter becoming active only when the specific conjunctions 

of features that they code for are active themselves. 
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Strong, stable, and distinctive representations are thus explicit representations, at 

least in the sense put forward by Koch (2004): They indicate what they stand for in 

such a manner that their reference can be retrieved directly through processes 

involving low computational complexity (see also Kirsh, 1991, 2003). Conscious 

representations, in this sense, are explicit representations that have come to play, 

through processes of learning, adaptation, and evolution, the functional role of 

denoting a particular content for a cognitive system. Importantly, quality of 

representation should be viewed as a graded dimension. 

 

Stability, strength, or distinctiveness can be achieved by different computational 

mechanisms. They can result, for instance, from the simultaneous top-down and 

bottom-up activation involved in so-called “reentrant processing” (Lamme, 2004), 

from processes of “adaptive resonance” (Grossberg, 1999), from processes of 

“integration and differentiation” (Edelman & Tononi, 2000), or from contact with the 

neural workspace, brought about by “dynamic mobilization” (Dehaene & Naccache, 

2001). It is important to realize that the ultimate effect of any of these putative 

mechanisms is to make the target representations stable, strong, and distinctive. Hence 

an important computational principle through which to distinguish between conscious 

and unconscious representations is the following: 

 

Availability to consciousness depends on quality of representation, where 

quality of representation is a graded dimension defined over stability in time, 

strength, and distinctiveness. 
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In the following, we overview empirical evidence for this principle in different 

domains. We will focus in particular on findings that suggest that the extent to which 

a representation is available to consciousness depends on time available for 

processing.  

2. Temporal effects in subliminal perception and priming 

The abundant literature dedicated to subliminal priming (Marcel, 1983) makes it clear 

that stimuli that are presented in such a way that they fail to be consciously perceived 

— for instance because they are presented for a very brief duration and subsequently 

masked — can nevertheless undergo substantial processing. The exact extent to which 

such stimuli can be processed semantically remains a significant area of debate 

(Hannula, Simons, & Cohen, 2005; Holender, 1986), but there is no question that 

such stimuli are indeed represented at some level. As a case in point, a recent study by 

Haynes and Rees (2005) suggests that sometimes, subjects’ brains seem to know more 

than they can tell. Haynes and Rees used sophisticated signal processing techniques to 

demonstrate that it is possible to predict (albeit not perfectly) what stimulus (gratings 

oriented to the left to the right) a subject has been exposed to based on a single fMRI 

image of activity in their visual cortex—a method they dubbed “mindreading”. 

Strikingly, this was the case regardless of whether or not subjects had actually 

consciously perceived the stimulus. Indeed, whereas a first experiment, Haynes and 

Rees used visible gratings, in a second they used subliminal gratings rendered 

invisible by masking. Subjects were shown unable to detect the orientation of the 

latter despite prolonged exposure lasting up to 15 seconds. Interestingly, Haynes and 

Rees found graded differences in V1, V2 and V3 activity between the two conditions. 
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V1’s activity, for instance, was predictive of the stimulus regardless of whether or not 

subjects had perceived it, but more so when they had then when they had not. V2 and 

V3, on the other hand, were only active when subjects had consciously perceived the 

stimulus. Haynes and Rees concluded by pointing out that “Whether to be represented 

in conscious experience information has to cross a threshold level of activity, or 

perhaps needs to be relayed to another region of the brain, is an interesting question 

for further research”. (p. 689).  

 

Earlier work by Naccache and collaborators (Dehaene et al., 2001) also indicated 

that while invisible words elicited activity in the left fusiform gyrus, visible words, in 

contrast, elicited activity in a much wider network of cortical areas that includes 

prefrontal and parietal regions. Hence in both cases, the differences between visible 

and invisible stimuli brought about by varying the duration of presentation (combined 

with masking) are (1) that the areas specialized for processing the stimulus tend to be 

more active when the stimulus has been consciously perceived, and (2) that 

consciously perceived stimuli result in widespread global processing that engage 

numerous areas distributed throughout the cortex. A further important point is that 

stimuli that completely fail to be perceived nevertheless undergo some processing. To 

summarize, the findings briefly reviewed above suggest the more time is available for 

processing, the deeper processing can be, and the more likely that the resulting 

representations are conscious. 
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3. Temporal effects in implicit learning 

Similar temporal effects are also found in the very different domain of implicit 

learning (Cleeremans, Destrebecqz, & Boyer, 1998). In implicit learning situations, 

participants are shown to learn about the regularities contained in a stimulus 

environment in a manner that is independent of intentions and that results in 

knowledge that is difficult or impossible to verbalize. Even though the domain is also 

contentious (Shanks & St. John, 1994), the debate concerns not so much the existence 

of implicit learning per se but rather how one how should interpret existing 

dissociation findings between ability to improve one’s performance through learning 

and ability to verbalize or otherwise express the relevant knowledge. This is a debate 

that we will not address in this article, for it is rather intricate (Cleeremans, 1997). 

Instead, we will rather focus on the differences that result, in typical implicit learning 

paradigms, from varying the duration between events during training. 

 

One of the most widely used paradigms through which to study implicit learning is 

sequence learning. In a typical sequence learning situation (see Clegg, DiGirolamo, & 

Keele, 1998), participants are asked to react to each element of a sequentially 

structured visual sequence of events in the context of a serial reaction time task. On 

each trial, subjects see a stimulus that appears at one of several locations on a 

computer screen and are asked to press as fast and as accurately as possible on the key 

corresponding to its current location. Nissen and Bullemer (1987) first demonstrated 

that subjects asked to respond as fast and as accurately as possible to a series of visual 

events progressively learned about the sequential structure of the stimulus sequence in 

spite of showing little evidence of being aware that the material contained structure. 
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Numerous subsequent studies of this effect have indicated that subjects can learn 

about complex sequential relationships despite remaining unable to fully elicit this 

knowledge in corresponding direct, explicit tasks (e.g. Cleeremans & McClelland, 

1991; Cohen, Ivry, & Keele, 1990; Curran & Keele, 1993; Reed & Johnson, 1994; 

Willingham, Nissen, & Bullemer, 1989), thus suggesting that learning can occur 

without corresponding changes in our ability to elicit the acquired knowledge 

explicitly.  

 

In a recent sequence learning study, Destrebecqz & Cleeremans (2001) aimed at 

manipulating the extent to which learning was explicit or implicit. To do so, they 

explored how changes in the response-to- stimulus interval (RSI; the amount of time 

that elapses between the response and the onset of the next stimulus) in the SRT task 

influenced the extent to which participants learned about the sequence. Their main 

hypothesis was that reducing the value of the RSI to 0 ms might selectively impair the 

development of conscious expectations about the location of the next stimulus. 

 

To find out about how much participants consciously know about the sequence, 

one uses so-called direct tests such as free generation, which simply consists of asking 

participants to generate a sequence of stimuli after training is complete. To assess the 

relative contribution of implicit and explicit learning, Destrebecqz and Cleeremans 

adapted the process dissociation procedure (Debner & Jacoby, 1994; Jacoby, 1991) to 

such a generation task. The process dissociation procedure is based on comparing 

performance in two generation tasks—inclusion and exclusion—that differ only by 

the instructions given to participants. In the inclusion task, participants are told to try 

to reproduce the training sequence. Performance in this task can depend either on 
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explicit recollection or on guessing based on intuition or familiarity. Hence, both 

implicit and explicit knowledge can contribute to inclusion performance. By contrast, 

in the exclusion task, participants are told to produce a sequence of stimuli that differs 

as much as possible from the training sequence. Implicit and explicit influences are 

thus now set in opposition, for to successfully avoid reproducing the sequence, one 

has to consciously retrieve its regularities so as to be able to produce some other 

sequential transitions. Of course, one can also exclude based on a mere feeling of 

familiarity, which may not be associated with explicit recollection of the sequence. In 

other words, one may estimate that a given response would reproduce the training 

sequence without remembering that response explicitly, and, based on this (explicit) 

feeling of familiarity, conservatively decide to generate a different transition. This is 

precisely why applying the process dissociation procedure to a free generation task 

makes it possible to dissociate implicit and explicit knowledge acquisition: If 

participants keep generating the training sequence against exclusion instructions, one 

can safely assume that such performance only reflects the automatic influence of 

unconscious knowledge. 

 

Destrebecqz and Cleeremans’s hypothesis that reducing the RSI to zero during 

training would result in qualitative differences in the knowledge acquired was 

confirmed. Indeed, while all participants were able to learn about the sequential 

regularities contained in the material and to project this knowledge in the generation 

task performed under inclusion instructions, only participants trained with an RSI of 

250 ms were able to successfully exclude their knowledge when the generation task 

was performed under exclusion instructions. Participants trained with an RSI of 0ms 

instead tended to continue to preferentially reproduce the regularities of the training 
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sequence under such exclusion instructions. Destrebecqz and Cleeremans suggested 

that these participants lacked conscious control over their sequential knowledge. This 

impression was further strengthened by the results of a recognition task showing that 

these participants were unable to correctly discriminate between old and new 

sequence fragments. In contrast, participants trained with an RSI of 250 ms were 

perfectly capable of discriminating between novel and familiar sequence fragments.  

 

Based on these results, they therefore concluded (1) that direct tasks such as 

generation or recognition may indeed be influenced by implicit knowledge, (2) that 

their data offered clear evidence that learning can be unconscious to the extent that the 

relevant knowledge may influence performance yet remain outside conscious control 

and recollection, and (3) that time available for processing each stimulus during the 

SRT task is critical in determining the extent to which sequence knowledge is 

available to conscious awareness. This third conclusion,  — that explicit sequence 

learning depends on the time available to process each event over the course of the 

SRT task — was somewhat speculative since existing studies do not offer a coherent 

picture of the influence of temporal factors on sequence learning. 

 

 Indeed, the results of the Destrebecqz & Cleeremans (2001) study are consistent 

with some, but not with all of the previous studies that explored the importance of 

temporal factors on sequence learning (e.g., Hsiao & Reber, 2001). Such temporal 

factors were initially proposed as a way of understanding the effects of a secondary 

task on sequence learning performance. In the “dual-task” version of the SRT 

experiment, (Nissen & Bullemer, 1987) either a low- or a high-pitched tone is 

produced during the RSI. Instructions require participants not only to respond to each 
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stimulus location (the primary task) but also to keep a running count of how many 

low-pitched tones have occurred during each block (the secondary task). In their 

original study, Nissen & Bullemer (1987) argued that a secondary tone-counting task 

impairs sequence learning because it exhausts participants’ attentional resources. 

 

 Other authors have instead suggested that the detrimental effect of the tone- 

counting task is due to scheduling conflicts between performing the main and 

secondary tasks, rather than to attentional load. Stadler (1995), for instance, argued 

that a secondary tone-counting task impairs sequence learning, not because it divides 

attention, but because it introduces variability in the RSI. Stadler pointed out that the 

secondary task lengthens the RSI only for the target trials in which the tone count 

must be updated. This incidental lengthening of the RSI would then have effects 

similar to those resulting from actually inserting a pause between those trials and the 

next. The pauses would disrupt participants’ ability to parse the sequence into 

consistent chunks — a process which, according to Stadler, is essential to sequence 

learning. 

 

 Frensch & Miner (1994), in contrast, attribute the detrimental effects of the 

secondary task to short-term memory limitations: Secondary tasks impair sequence 

learning not so much because they make it hard for participants to chunk the sequence 

consistently, but simply because they lengthen the response-to-stimulus interval 

(RSI), and that this lengthening makes it more difficult for participants to link 

together the memory traces corresponding to successive elements of the sequence in 

short-term memory. Consistently, Frensch and Miner (1994) reported that sequence 

learning is impaired when the RSI is increased to the unusually high value of 1500 
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ms. 

 

 Another hypothesis about the effects of the RSI on sequence learning was put 

forward by Willingham et al. (1997), who argued that lengthening the RSI does not 

impair sequence learning per se, but only the expression of knowledge about the 

sequence. Willingham et al. reported that participants trained with a 1500ms RSI 

showed impaired sequence learning as compared to participants trained with a 500 ms 

RSI. However, when transferred to a shorter RSI, the former group showed the same 

level of sequence learning as the latter.  

 

 At first sight, the study of Destrebecqz and Cleeremans (2001) appears to 

contradict these results. Indeed, they found that a higher value of the RSI tends to 

improve explicit sequence learning. They argued that people trained with an RSI of 

250 ms are given more opportunities to link together high-quality memory traces and 

to develop stronger representations of the sequential constraints of the training 

material — an account that is totally inconsistent with the findings of Frensch and 

Miner (1994), for instance. 

 

 In this controversial context, to further explore and clarify the role of temporal 

factors on sequence learning, they therefore conducted a new experiment in which 

they manipulated the RSI over three different values (RSI = 0, 250, or 1500 ms), and 

in which performance was assessed through a wider array of objective and subjective 

measures (Destrebecqz & Cleeremans, 2003). In this experiment, the authors 

replicated the results of their previous study (Destrebecqz & Cleeremans, 2001): in 

the RSI 0 ms condition, participants who were denied preparation to the next stimulus 



 
 
 

Cleeremans & Sarrazin: Time, Action, and Consciousness 
16 

 
 

 
 
 

in the SRT task learned the sequence but were unable (1) to refrain from expressing 

their knowledge under exclusion instructions and (2) to project this knowledge in a 

recognition task. These findings confirm that sequence learning can occur 

unconsciously (but see Wilkinson & Shanks, 2004 for a failure to replicate and for a 

different intepretation). They also found new evidence suggestive of increasing 

degrees of explicitness as the RSI is lenghtened. When the RSI was set to a standard 

250 ms, participants acquired explicit sequence knowledge that they could both 

control in the exclusion task as well as recollect in the recognition task. Importantly, 

further increasing the RSI to 1500 ms further allowed participants to acquire meta-

knowledge about their knowledge—participants’s confidence ratings in their 

generation performance was now correlated with their actual performance. 

 

 To summarize, the results of the Destrebecqz & Cleeremans (2001, 2003) 

experiments show that manipulating the RSI influences the extent to which sequence 

learning is explicit. Beyond the striking fact that such a small change in the pacing of 

the stimulus material can result in large qualitative changes in the extent to which the 

acquired knowledge is available to conscious awareness, these results also suggest 

that the differences between implicit and explicit learning might in fact be best 

viewed as resulting from continuous, gradual changes along a single dimension—

“quality of representation”. According to this perspective, representations that are 

more stable, stronger, and more distinctive are more available to conscious control.  

 

These ideas were confirmed by a recent imaging study (Peigneux et al., 2005) 

using essentially the same design as Destrebecqz and Cleeremans (2001). Participants 

were scanned using PET during exclusion after training on an SRT task using either 
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and RSI of 0 or 250 msec. Results showed that activity in the striatum subtends the 

implicit component of performance during recollection of the sequence, whereas the 

anterior cingulate/mesial prefrontal cortex (ACC/MPFC) supports the explicit 

component. Importantly, it was found that the ACC/MPFC exerts control on the 

activity of the striatum during retrieval of the sequence after explicit learning, that is, 

when the RSI had been set to 250 msec, whereas the activity of these regions was 

uncoupled when learning had been essentially implicit (RSI = 0 msec). These data 

thus suggest that implicit learning processes can be successfully controlled by 

conscious knowledge when learning is essentially explicit. They also supply further 

evidence for a partial dissociation between the neural substrates supporting conscious 

and nonconscious components of performance during recollection of a learned 

sequence, and suggest that increasing the RSI makes it for possible for richer 

representations of the sequential material to be developed. Developing such high-

quality representations, crucially, takes time. Interestingly, similar effects of temporal 

delays are found in the conditioning literature, which we review in the next section. 

4. Temporal effects in conditioning 

The SRT findings described above find an interesting echo in conditioning research. 

Classical conditioning is a simple form of associative learning that has been studied 

extensively in vertebrate and invertebrate animals (Carew & Sahley, 1986; Rescorla 

& Wagner, 1972; Squire & Kandel, 1999). The best understood example of classical 

conditioning in vertebrates is conditioning of the eyeblink response (Gormezano, 

Schneiderman, & Fuentes, 1962; J. Kim & Thompson, 1997). In eyebling classical 

conditioning a neutral conditioned stimulus (CS), such as a tone, is presented just 
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before an unconditioned stimulus (US), such as a mild puff of air to the eye. After 

repeated pairings of the CS and the US, the CS elicits a learned or conditioned 

eyeblink response (CR) in advance of the US. In this view, the two most commonly 

studied forms of eyeblink conditioning are delay and trace conditioning. In delay 

conditioning, the CS is presented and remains on until the US is presented. The two 

stimuli then overlap and co-terminate. In trace conditioning, an empty interval 

separates the CS and the US. 

 

This review of classical conditioning and awareness focuses on delay and 

trace eyeblink classical conditioning essentially because the neural substrates 

sustaining eyeblink conditioning are better understood than any other form of 

conditioning in the vertebrate. Indeed, work with rabbits first demonstrated a clear 

distinction between delay and trace eyeblink conditioning (Thompson & Krupa, 

1994). In this study, authors found that the acquisition and retention of delay eyeblink 

conditioning require the cerebellum and associated brainstem structures; no forebrain 

structures, as the hippocampus, are required. Further, rabbits made decerebrate after 

removal of the forebrain tissue (including cerebral cortex, basal ganglia, limbic 

system, thalamus, and hypothalamus) exhibited normal retention of delay eyeblink 

conditioning (Mauk & Thompson, 1987). Findings in humans are consistent with the 

animal work. Thus delay eyeblink conditioning was impaired in patients with 

cerebellar (Daum et al., 1993; Lye et al., 1988; Topka et al., 1993) or brainstem 

lesions (Solomon, Stowe, & Pendlebury, 1989), but was intact in amnesic patients 

with damage that includes the hippocampus (Daum, Channon, & Canavan, 1989; 

Gabrieli et al., 1995). In this context, because delay conditioning is independent of the 

forebrain, and intact in amnesia, it appears to be a typical example of nondeclarative 
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memory (Squire, 1992). As delay conditioning, trace eyeblink conditioning requires 

the cerebellum (Woodruff-Pak, Lavond, & Thompson, 1985). However, since 

acquisition and retention of trace conditioning were severely disrupted in mammalians 

when the hippocampus and neocortex were damaged (J. J. Kim, Clark, & Thompson, 

1995; Powell et al., 2001; Weible, McEchron, & Disterhoft, 2000), they differ in that 

trace conditioning also requires these structures. Here again, findings in human are 

consistent. In amnesic patients with damage that include the hippocampus, trace 

eyeblink conditioning was severely impaired (McGlinchey-Berroth et al., 1997). 

 

 Some studies that have explored the importance of awareness in eyeblink 

classical conditioning have used both delay and trace conditioning in differential 

conditioning or single-cue conditioning. More precisely, one CS (designated CS+) is 

paired with the US and a second CS (designated CS-) is paired with the absence of the 

US. In a large series of studies Clark, Squire and collaborators (Clark, Manns, & 

Squire, 2001; Clark, Manns, & Squire, 2002; Clark & Squire, 1998, 1999, 2000; 

Manns, Clark, & Squire, 2000a, 2000b, 2001, 2002) have argued that delay and trace 

eyeblink conditioning involve fundamentally different kinds of learning. In these 

findings, trace conditioning is related to awareness (or declarative knowledge) about 

the stimulus contingencies, while delay conditioning is not. Participants who develop 

awareness of the stimulus contingencies (i.e., the awareness of the relationship 

between the CS and the US) are successful at trace conditioning because they have 

acquired conscious representations that allow them to expect the US when the CS is 

presented. 
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One of the most convincing demonstrations of dissociations between conscious 

knowledge and behaviour was obtained in a eye-blink delay conditioning situation 

(Perruchet, 1985). In this experiment, people were exposed to a series of identical 

tones (the CS), 50% of which could be followed after a short interval by an air puff 

directed to the left cornea (the US). Immediately after each tone was presented (and 

before the puff occurred in reinforced trials), people were asked to indicate the extent 

to which they expected the tone to be followed by an air puff on a 0-7 points scale. A 

trial-by-trial analysis of the results indicated that eye blink responses were 

increasingly more likely to occur after presentation of a tone if the corresponding trial 

had been preceded by a series of reinforced trials (i.e., trials during which the tone had 

indeed been followed by an air puff). In stark contrast, however, people’s subjective 

expectancy of the occurrence of an air puff tended to decrease with the number of 

reinforced trials that preceded the trial under consideration. In other words, people’s 

eye blink responses were completely dissociated from their conscious expectations 

about when each tone would be followed by an air puff! People’s expectations 

followed the gambler’s fallacy (Anderson, 1960; Burns & Corpus, 2004; Jarvik, 1951; 

Keren & Lewis, 1994), whereas their blink responses simply reflected the strength of 

the CS-US association.  

 

Using the same method, Clark et al. (2001) observed that the dissociation between 

subjective expectancy and eyeblink responses disappeared and even turned into an 

association when the performance of the participants was no more measured in a 

delay but in a trace paradigm. That is, CR probability was high when expectancy of 

the US was high whereas the CR probability was low when expectancy of the US was 

low. These findings were interpreted as supporting the idea that delay conditioning 
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and trace conditioning are fundamentally different in their dependence on awareness. 

Further, the authors suggested, “in the case of trace conditioning, the cerebellum is 

responsible for the acquisition, storage, and generation of the CR, and the 

hippocampal formation provides input to the cerebellum that is essential for the 

acquisition process. One possibility is that the hippocampus provides temporally 

shifted information to the cerebellum so that the CS and US arrive at the cerebellum 

in the temporally overlapping fashion that the cerebellum can use.” (p. 530). This 

pattern of data was taken as indicative that consciousness is required for conditioning 

to occur under trace conditions but not under delays conditions.  

 

It is important to note that these findings—in particular the notion that associative 

conditioning can occur without consciousness in humans — are contentious. In fact, 

evidence for a separate conditioning mechanism that is independent of higher 

cognitive processes has been remarkably difficult to obtain (Brewer, 1974; Dawson & 

Schell, 1985; Lovibond & Shanks, 2002). Conditioning in humans does appear to be 

closely tied to attention, consciousness, and language. Nevertheless, the findings of 

Perruchet (1985) provide strong evidence for the possibility that conditioned 

responses can dissociate from subjective expectancy, and the findings of Squire and 

colleagues are at least suggestive that the pattern of relationships between subjective 

expectancy and behavior may be dependent on the presence of a delay between the 

CS and the US. An intriguing question remains, however, for the data do not indicate 

whether it is the case that conscious awareness is required so as to make it possible for 

subjects to bridge the temporal gap that separates the CS from the US, or whether it is 

the case that the presence of the delay is responsible for the onset of conscious 

awareness of the relationship under trace conditions. Congruently with the SRT 
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findings reviewed above, we would suggest that the latter holds, that is, that the 

presence of delays, during which processing of the stimuli can be enriched, result in 

higher-quality representations of the association between the CS and the US. 

 

In the preceding sections, we reviewed several studies emphasizing the role that 

time plays in making the results of information processing available to consciousness 

in different domains—subliminal perception, implicit learning, and conditioning. 

Considered together, these studies all suggest that time available for processing is a 

central determinant of the extent to which the relevant representations are conscious.  

We suggest that this is so because (1) the degree to which a given representation is 

conscious depends on its quality (stability, strength, distinctiveness), and (2) that 

increasing time available for processing increases a representation’s quality. In the 

remainder of this review, we ask whether such temporal effects are also at play in the 

rather different domain of action. Under which conditions are we aware of our own 

actions? Is our sense of self and agency—central aspects of conscious experience—

dependent on temporal correlations between our intentions, our actions, and their 

consequences? We examine these issues in the following sections. 

5. Temporal effects and awareness of action 

Many studies have now demonstrated that motor control can be achieved 

independently of conscious awareness, even for intentional actions. For example, 

Goodale et al. (1986) report on a pointing experiment in which the target occasionally 

jumped several degrees, unnoticed by the subjects. Nevertheless, subjects were able to 

adjust the trajectory of their moving hand to the target position. In this case subjects 
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were aware neither of the sensory information that elicited the movement correction 

nor of the change of the motor program that resulted.  

 

In another experiment, Castiello et al. (1991) found that awareness of an 

unexpected target jump occurred more that 200 ms after the motor system had 

initiated an appropriate movement correction. A third example is provided by a study 

by Fourneret and Jeannerod (1998). By giving false visual feedback about the 

trajectory of hand movements, Fourneret and Jeannerod demonstrated that subjects 

(who could not see their hand) were nevertheless able to voluntary achieve the desired 

result of drawing a straight line on a computer screen. The necessary corrective 

movements were produced in spite of the fact that subjects remained unaware of 

having produced them, at least so long as the corrections remained under a certain 

(but surprisingly large) threshold.  

 

Intending to provide further insight in these processes, Varraine et al. (2002) 

studied the on-line dialogue between high level controlled processing and low level 

automatic processing in motor control. This was studied in locomotion because it is 

an automatic behaviour that can be intentionally modulated. Subjects walked 

continuously on a treadmill with the instruction to maintain either a constant walking 

speed (compensation condition) or constant propulsive forces (no-intervention 

condition); they were sometimes faced with slow variations in resistance that they had 

to detect. This experiment produced two main results. First, subjects remained 

unaware of their force increase (in compensation) or of their walking velocity 

decreases (in no-intervention) for a long time, although these modifications went 

largely beyond the variability range in which they were able to intentionally control 
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their force (in no-intervention) or their velocity (in compensation). Second, detection 

of the increase in resistance occurred at the same time in both conditions. The authors 

concluded that the sudden awareness of a movement pattern produced at a low level 

was found to emerge from the interaction between a top down mechanism where 

intentional control of goal feedback delays the conscious perception of the other 

sensory sources, and a bottom up mechanism where high-level mechanisms of 

sensorimotor integration come into play beyond a discrepancy threshold between 

different sources of sensory information.  

 

These and other studies suggest that many aspects of motor control take place 

unconsciously: We are not aware of the precise details of the motor commands that 

generate our actions, nor of the way in which immediate sensory information is used 

to fine-tune these commands. As Haggard (2005) puts it: “Much of the information 

processing underlying our conscious actions is ‘automatic’. We are aware only of the 

tip of the action iceberg.” (p. 290).  What we know about our own movements may 

thus be a filtered, delayed version of the rapid operation of the action circuits 

embodied by the dorsal stream (Milner & Goodale, 1998), and may partly be a 

representation of what we thought we would do (rather than what we actually did). In 

other words, awareness of action might be influenced both by reconstructive and by 

preconstructive processes rather than simply consisting in a faithful, transparent 

appraisal of our actions. 

 

These ideas about the relationships between motor control and awareness of action 

have recently been embodied in computational models called “forward models”. 

(Wolpert, 1997; Wolpert, Ghahramani, & Jordan, 1995). Such models (see also 
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Grush, 2004; Jordan & Rumelhart, 1992; Theofilou, Destrebecqz, & Cleeremans, 

2004) aim at addressing the fact that many control problems (and acting adaptively is 

the best example of such problems) are difficult because they require solving two 

separate sub-problems: (1) learning about the effects of particular actions on the 

environment, which involves developing a model of the system one is attempting to 

control (the so-called “forward” model), and (2) learning which particular actions are 

most appropriate to achieve a desired goal, that is, learning how to control the system 

(the “inverse” problem). Forward models make it possible to solve both problems 

simultaneously. To do so, they generally consist of two interconnected networks. The 

first (“inverse” model) takes as input a goal and a description of the current state, and 

produces actions. The second, “forward”, model takes the response of the first 

network  (an action) and a description of the current state as input, and produces a 

prediction of how the to-be-controlled system (the “plant”, in control theory parlance) 

would change if the produced action were carried out.  

 

Crucially, such models provide a mechanism through which fast, accurate control 

of action can be achieved. Indeed, such control would in fact be all but impossible if 

one were to wait for the results of sensory feedback about the consequences of our 

actions to be computed whenever a motor command is issued. The forward, predictive 

model bypasses these delays by anticipating the sensory consequences of our actions 

even before the latter are carried out, based on a copy of the efference signal sent by 

the motor system to the muscles, so making it possible to achieve the open-loop 

control characteristic of skilled action. 
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As Haggard (2005) points out, while such models were not initially developed to 

explain conscious experience, they provide a useful framework to think about which 

aspects of action control are associated with conscious experience and which are not. 

Based on our hypothesis that consciousness takes time, it makes sense that motor 

control, as mediated by the interaction between the inverse and forward components 

of the model, is not associated with conscious experience. This forms the basis for the 

dissociations between action and perception described above and makes sense from 

an evolutionary point of view. As Frith et al. (2000) note “The changes in 

representation that result from our own movements are entirely predictable on the 

basis of those movements and do not require any attention. It seems plausible that to 

be aware of representations which change every time we moved our body, or even our 

eyes, would be a positive disadvantage. (p. 1775). Unlike the motor system, which 

has to provide fast and efficient adjustments to our intended movements, the 

mechanisms that underlie conscious perception appear to have evolved so as to 

maintain stability and to bring focus on unexpected events.  

 

We can now ask what happens when more time lapses between the time a stimulus 

is shown and the time an action is directed towards it? A recent study by Hu & 

Goodale (2000) is particularly illustrative in this context.  

 

Hu and Goodale compared, in a series of three experiments, the effect of relative 

and absolute size on manual prehension and manual conscious estimates of perceived 

size. In each experiment, right-handed subjects were presented with two different 

sized 3-D objects in a virtual display, and were instructed to pick-up or estimate the 

size of one of them.  
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In the first experiment, subjects were requested to pick up the smaller of two 

virtual objects in one condition,  and the larger one in the other condition. In reality, 

the target objects were identical on all trials; they were simply paired with a smaller 

object on some trials and with a larger one on other trials, so producing a size-contrast 

illusion. 

 

In the second experiment, one of the virtual objects was marked with a red dot on 

its top surface. From trial to trial, the marked object was paired with a larger, smaller, 

or same-sized object. Subjects were instructed to always pick up the marked object on 

each trial. In both the first and the second experiments, half the subjects were tested in 

delayed grasping, which involved a 5 seconds delay between viewing the objects and 

initiating the grasp, and half were tested in real-time grasping, that is, without a delay.  

 

In the third experiment, using the same display of virtual objects as in the second 

experiment, subjects were requested to estimate the size of the marked object using 

their index finger and thumb (i.e., they showed how big the object looked to them). 

After estimating the target object’s size, they picked it up. All subjects gave their 

estimates either immediately or after a delay.  

 

Recording of hand movements revealed that when subjects in the first and the 

second experiments picked up the target object in real time, their grip aperture in 

flight was not significantly affected, regardless of whether the object was 

accompanied by a larger object or a smaller one. However, when subjects picked up 

the target object after a delay, their grip aperture in flight was larger when the target 
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object was accompanied by a smaller object than when it was accompanied by a 

larger object.  

 

A similar size-contrast effect was also observed in the third experiment in which 

subjects gave manual estimates of the perceived size of the target object. The effect of 

conscious perception was observed both when the estimates were given immediately 

or after a 5 seconds delay. The authors suggested that real-time visuomotor control 

relies on absolute metrics, whereas delayed grasping operates the relative metrics 

produced by conscious perception. Thus, with respect to the metrics and frame of 

reference that each system uses and with respect to the time-scale over which each 

system operate, there is strong evidence that control of action and conscious 

perception can be dissociated.  

 

Crucially, whether action and conscious perception are congruent with each other 

again appears to depend on the presence of a delay. This is interestingly confirmed by 

the observation that the presence of a temporal delay between perception and action 

completely reverses the dissociation patterns exhibited by patients suffering from 

visual agnosia.  Thus, patient DF, who has been extensively studied by Milner and 

Goodale (Milner & Goodale, 1998), typically exhibits a striking dissociation between 

between her (preserved) ability to accurately perform grasping movements and her 

(impaired) ability to report on the size and orientation of objects. This and other 

findings formed the basis for the suggestion that the visual system is organized in 

functionally and anatomically separate ventral and dorsal pathways corresponding  

roughly to “vision for perception” and to “vision for action”. Now, Goodale et al. 
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(1994) found that inserting a 2 seconds delay between stimulus presentation and 

initation of action resulted in a complete breakdown of grasping performance by DF.  

 

This suggests that accurate delayed action requires active maintenance of 

conscious perceptual representations, which in normal participants results in 

increasing congruence between action and conscious perception, and is simply 

impossible in the case of DF for she has no conscious perception of visual objects. 

There is an interesting parallel between these findings and the conditioning findings 

we reviewed above. In both cases indeed, the presence of a delay results in increased 

congruence between responses and reportable subjective experience, so that responses 

are influenced by conscious representations as long as sufficient time is available for 

the latter to emerge, but not otherwise. 

6. Temporality of conscious experience and the sense of agency 

Strikingly, temporal factors also appear to play a crucial role in our sense of 

agency, but in a different manner than the studies we have reviewed so far suggest.  In 

a nutshell, the central notion is that we derive a sense of authorship for our own 

actions by (unconsciously) comparing the predicted consequences of our own actions 

and the actual consequences of these actions, as forward models suggest. In most 

situations, especially those that are routine, the actual state of the motor system will 

closely correspond to the state predicted before the action was completed. In such 

highly automatized cases, one would thus expect attenuated conscious awareness of 

action based on the fact that the underlying representations have become, through 
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prior training, very strong, and can thus occur without necessarily resulting in strong 

associated phenomenal experience.   

 

Relevant evidence comes from studies on tickling. It is well known that the 

intensity of the tactile conscious experience is greatly reduced in comparison with the 

sensation when someone else tickles us (Weiskrantz, Elliott, & Darlington, 1971). 

Interestingly, a recent study by Blakemore et al. (1999) suggests that temporal factors 

play a central role in explaining why it is impossible to tickle oneself.  In their 

experiment, a tactile stimulus on the palm of the right hand was either externally 

produced by a robot, or self-produced by the subject. In the conditions in which the 

tactile stimulus was self-produced, subjects moved the arm of a robot with their left 

hand to produce the tactile stimulus on their right hand via a second robot. Subjects 

were asked to rate the intensity of the tactile sensation,  and they consistently rated 

self-produced tactile stimuli as less tickly, less intense, and less pleasant than 

externally produced tactile stimuli.  

 

Crucially, using their robotic setup, Blakemore et al. were able to manipulate the 

correspondence between the action of the subjects’ left hand and the tactile stimulus 

on the right hand, by varying both the temporal and the spatial relationships between 

the movements of the left hand and the resulting effects on the right hand. Results 

showed that perceived ticklishness increased as a function of the extent of temporal 

and spatial decorrelation between action and sensation. The authors suggested that in 

the case of self-produced movements, the resultant tactile sensation is attenuated 

because of the correspondence in space and time between the tactile stimulus and its 

causal motor command — just as forward models would predict. Conscious 
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experience of being tickled is tightly dependent on the error between the predicted 

sensory feedback of the motor system and the actual sensory feedback produced by 

the movement. It is tempting to suggest that ongoing assessment of such (time-

dependent) discrepancies between actions and their effects forms the basis for 

representations of the acting self.  

 

Thus, (1) it takes some time to become aware of an action that we have just carried 

out, as the phenomenology of reflex action illustrates particularly well (“I pulled my 

hand out of the fire before realizing what was happening”), and (2) our brain uses the 

(lack of) time that lapses between the occurrence of specific neural states (e.g. SMA 

activation) and subsequent action to attribute the action to itself or not.  

 

If this is the case, one would thus expect to be able to influence the perceived 

temporal relationships between events by manipulating the extent to which people 

think they caused the event or not. It is well known that if an event B systematically 

follows an event A in close temporal proximity, one will conclude, given other 

appropriate conditions, that A caused B (Michotte, 1954). But is it the case that 

manipulating our sense of authorship (i.e., did my actions cause this effect?) also 

changes our perception of the temporal relationships between our actions and their 

consequences? A particularly illustrative study of this relationship has been carried 

out by Haggard, Clark and Kalogeras (2002) on the judgment of the perceived time of 

either a voluntary action or an involuntary movement.  

 

Haggard et al.’s study indicates that when we believe our actions to have caused an 

event, the event is perceived to occur earlier than if we think we did not cause it. In 
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one condition, subjects judged the timing of an auditory tone by reporting on the 

corresponding position of a rapidly moving clock hand. In the second, crucial 

condition, subjects pressed a key that caused a tone to follow 250 ms later. Again, 

subjects judged the time of the tone. Comparing the data across conditions, the 

perceived times of the tone when keypress and tone were causally linked were 

compared with the conditions in which the tone occurred by itself. Remarkably, when 

the tone was causally linked to the subjects’ keypress, subjects judged the tone to 

have occurred 46 ms earlier than if these events had occurred alone. In a second 

experiment with different subjects, the delay between the keypress and subsequent 

tone was varied (it was set to be 250, 450, or 650 ms), and subjects judged the time of 

the tone. Haggard et al. found that the further apart the keypress and tone, the less the 

“temporal attraction” of the tone to the keypress. Interestingly, comparable 

involuntary movements caused by TMS reversed this “temporal attraction” effect. 

 

Haggard et al. concluded that intentional actions and their effects are bound 

together through a process they dubbed “intentional binding”, and whose function 

would be to make it possible for agents to attribute to themselves the authorship of 

events their own actions caused. 

 

Thus, it seems that temporality of the conscious experience of an action and our 

sense of agency are reciprocally linked. One the one hand, temporal factors impinge 

on our sense of agency: Whether we attribute an action to ourselves or not depends in 

part on whether the actual consequences of a movement can be matched against its 

internally predicted effects, and whether such consequences occur in close temporal 

proximity to relevant neural states. On the other hand, “intentional binding” illustrates 
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the effect that our sense of agency has on conscious experience of temporal 

relationships, and again that the phenomenology of intentional action requires an 

appropriate predictive link between intentions and effects (Haggard & Clark, 2003; 

p. 695): Occurrence of intentions causes binding when the intention produces a 

voluntary action, but not when the intention is interrupted by TMS (Haggard & Clark, 

2003).  

 

Finally, the work of Libet is of course also highly relevant in this context.  In a 

well-known and highly puzzling study, Libet et al. (1983) explored the relationships 

between conscious intention and its neural correlates by asking subjects to perform a 

voluntary movement while simultaneously recording EMG activity as well as the 

readiness potential (RP) — the EEG signal that indicates preparation of a movement. 

Subjects also had to indicate the moment at which they first experienced the urge to 

move their finger by noting the position of a rapidly rotating hand on the face of a 

clock. This protocol thus yields three types of data that Libet was able to align with 

each other in time: (1) the moment subjects had actually lifted their finger, (2) the 

moment they had reported first experiencing the urge to move (Libet’s “W” 

judgment) and (3) the moment that the readiness potential began to rise.  Libet found 

that while subject’s self-reported moment of first experiencing the urge to move 

preceded actual movement by about 200 ms, RP onset itself preceded conscious 

experience of the urge to move by about 350 ms. This strikingly  reverses our folk-

psychological notion of what it means to perform a voluntary action. Libet’s data 

suggest that intention to act does not precede the brain activity that causes movement, 

but rather that unconscious brain activity produces both conscious experience of the 

intention to act as well as the action itself. Wegner (2002) interestingly elaborated on 
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these ideas to frame his “theory of apparent mental causation”, according to which 

both our actions and our experience of intention to act are caused by the same 

unconscious neural processes, so that conscious will turns out to be nothing more than 

an entirely illusory attribution of causality through which conscious experience of 

intention to act is linked to action.  

 

Beyond the challenging philosophical issues involved (which we will not address 

in this article), Libet’s work is particularly relevant in suggesting that conscious 

experience of willing an action is delayed with respect to the onset of the neural 

activity that caused it.  This is again congruent with our hypothesis that consciousness 

takes time, and is also consistent with our experience (or rather, lack thereof) of 

automaticity, as we briefly discuss in the next section. 

7. Consciousness as global constraint satisfaction 

The findings we have reviewed so far all converge to suggesting that time available 

for processing is a central determinant of the extent to which a representation is 

conscious. While this does not explain conscious experience—it could be the case that 

consciousness is just “fame in the brain”, as Dennett (2001) would have it, or it could 

be that further explanation is needed (see Block, 2005, for further discussion)—it 

helps identify putative neural mechanisms and computational principles associated 

with its onset. Here, our suggestion, in line with other proposals, is conscious states 

are associated with the existence of what we have called high-quality representations, 

and that such high-quality representations take some time to emerge out of the 

recurrent processing so characteristic of cortical computation. In this context, many 
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authors have recently emphasized that prefrontal cortex (PFC) play a specific role not 

only in integrating information from different regions of the brain, but also in being 

specifically involved in tasks that require active maintenance of information over 

temporal delays (Funahashi, Chafee, & Goldman-Rakic, 1993; Rao, Rainer, & Miller, 

1998). As Koch (2004) puts it, “Prefrontal regions are (…) in an eminent position to 

integrate information from all sensory and motor modalities.” (p. 130). According to 

Hu and Goodale (2000), “the ventrolateral and dorsolateral prefrontal regions not only 

have rich connections with the ventral and dorsal visual pathways, respectively 

(Baizer, Ungerleider, & Desimone, 1991; Cavada & Goldman-Rakic, 1998), but they 

are also reciprocally connected with each other and with other cortical areas that 

receive input from both regions (Barbas & Pandya, 1989; Watanabe-Sawagushi, 

Kubota, & Arikuni, 1991).” (p. 865).  

 

O’Reilly and collaborators (Frank, Loughry, & O'Reilly, 2001; Norman & 

O'Reilly, 2001) have further suggested, in their “tripartite” theory, that prefrontal 

cortex has evolved specialized recurrent circuits dedicated to the active maintenance 

of the enduring representations characteristic of working memory tasks—a 

computational objective that is incompatible with those that posterior cortex and 

hippocampus address.  

 

It therefore seems reasonable to speculate that PFC neurons could be part of a 

recurrent cortical network that biases organized perceptual information for the 

production of actions, and that operates at a larger time-scale compared to the motor 

control feedforward pathways. In fact, as soon as feedforward activation has reached a 

particular area, horizontal connections start to connect distant cells within that area, 
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and feedback connections start sending information from higher level areas back to 

lower levels. Together, these connections provide what is called recurrent processing. 

 

The importance of recurrent connections for conscious experience has recently 

been emphasized by several authors (Dehaene, Sergent, & Changeux, 2003; Edelman, 

2003; Lamme, 2004). From this perspective, recurrent processing is necessary for 

conscious experience (Lamme & Roelfsema, 2000), whereas purely feedforward 

processing would not be associated with conscious awareness. The notion that 

recurrent interactions at a nearly global scale sustain the emergence of conscious 

experience makes sense in light of the idea that dynamical neural networks implement 

global constraint satisfaction. The idea is that a network with recurrent connexions 

arrives at an interpretation of a given input by settling into a stable state (Mathis & 

Mozer, 1996; Rumelhart et al., 1986). In a recent review, Maia and Cleeremans 

(2005) have provided an integrated view of attention, working memory, cognitive 

control, and consciousness based on a single mechanism, namely global competition 

between representations, biased by prefrontal cortex. They suggested that these 

functions are not distinct functions implemented by separate brain systems, but that 

they should instead be understood emerging out of the dynamics of global 

competition. Thus, instead of arguing whether a particular brain area or group of 

neurons contributes to consciousness or not, this approach aims at characterizing the 

kinds of computational principles that might account for key properties of conscious 

experience, and suggests that one focuses on the mechanisms that drive change, either 

during processing of individual stimuli or over the longer periods that characterize 

skill acquisition. 
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Congruently, changes in specific aspects of conscious experience correlate with 

changes in activity in specific brain areas widely distributed over both posterior 

(occipital and temporal) and anterior or frontal regions. Changes in the degree to 

which neural activity is distributed within the brain also accompany the transition 

between unconscious, conscious and controlled performance, and automatic 

performance (Poldrack et al., 2005). When tasks are novel, brain activation related to 

the task is widely distributed; when the task has become automatic, activation is more 

localized and may shift to a different set of areas (Petersen et al., 1998). In animal 

studies, neural activity related to sensory stimuli can be recorded in many brain 

regions before habituation. After habituation sets in (a time when humans report that 

stimuli tend to disappear gradually from consciousness), the same stimuli evoke 

neural activity exclusively along their specific sensory pathways (Horel et al., 1967). 

These observations suggest that when tasks are automatic and require little or no 

conscious control, the spread of signals that influence performance involves a more 

restricted and dedicated set of circuits that become “functionally insulated” (Tononi 

& Edelman, 1998, p. 1847). This, in turn produces a gain in speed and precision, but a 

loss in context-sensitivity, accessibility, and flexibility (Baars, 1988). 

7. Conclusions 

In this paper we have explored a simple idea—the idea that consciousness takes 

time. We have suggested that the reason this is so is that the extent to which 

representations become available to conscious awareness depends on their quality, by 

which we mean their stability, their strength, and their distinctiveness. High-quality 

representations emerge as the result of global competition biased by top-down 
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modulation, which implements global constraint satisfaction. The contents of 

conscious experience at some point in time thus reflect the application of the brain’s 

knowledge on the current situation so as to yield the most adapted representations in 

the service of action. Such processes in turn critically depend on recurrent, or 

reentrant processing, by which high-level, global knowledge can come to influence 

and modulate the processing conducted in the lower areas of a hierarchy of modular 

processors. Such modulatory influences, however, cannot occur if there isn’t 

sufficient time to fully process the input, nor if action is quick enough. 

 

To support these ideas, we have reviewed converging evidence that even relatively 

small temporal delays between (1) the onset of two stimuli,  (2) between a stimulus 

and a response or (3) between an action and its effects, all profoundly modify 

subjective experience, reportability, and awareness of action. The findings we have 

reviewed suggest (1) that aspects of information processing—from perception to 

action—can occur without conscious awareness, thus resulting in dissociations 

between subjective reports and actual behavior, (2) that allowing more time for 

processing to take place tends to reduce or eliminate such dissociations, so that 

subjective reports and behavior become congruent with each other. Strikingly, this 

applies to very different domains, from subliminal perception and subliminal priming 

to implicit learning and conditioning, from the influence of perception on action to 

our sense of agency.  

 

This suggests that common factors are at play in all these cases. Our suggestion is 

that all such findings can be understood based on (1) the notion that consciousness 

depends on high-quality representations, and on (2) the notion that developing such 
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high-quality representations takes time—time for mechanisms of global constraint 

satisfaction to operate through recurrent processing so as to make it possible for the 

brain to integrate current input, prior knowledge and expectations about future states 

into unified, rich representations. 

 

One might of course quarrel with the conclusion that the dissociations we have 

reviewed reflect a genuine distinction between conscious and unconscious 

representations. Perruchet and Vinter (2002), for instance, propose instead that the 

very notion of “unconscious representation” should simply be abandoned, and that 

information processing would be best characterized as involving unconscious 

associative processes acting on (necessarily) conscious representations—however 

fleeting and weak the latter might be. We note that this characterization of conscious 

information processing is in fact not inconsistent with our main claim, namely that 

time available for processing determines the extent (the degree) to which the relevant 

representations are conscious, and that the differences are brought about through 

processes of global constraint satisfaction. Whether one can actually distinguish 

between very weak conscious representations and genuinely unconscious 

representations remains a very, very tough empirical issue. Since the two might be 

functionally equivalent, perhaps the dispute is simply terminological… 
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