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Dynamic Protention: the architecture of real-time cognition 

for future events. 

 

Mark A. Elliott and Liam Coleman  

School of Psychology, National University of Ireland Galway, Galway, Republic of 

Ireland 

 

Abstract  

For over thirty years now a body of physiological evidence has been acquired 

which indicates that cognitive operations coordinate via the phase 

synchronization of neuronal firing. While usually ascribed to ‘binding’, i.e. the 

putting together of basic perceptual, features to form more complex perceptual 

units, this ascription is not without critics, who identify phase synchronization as 

a function of sensori-motor coordination. From the perspective of an experimental 

paradigm used to measure the effects of stimulus synchronization, we discuss 

what is ‘bound’, and attempt a reconciliation between perceptual and sensori-

motor accounts of oscillatory synchronization. Our evidence identifies a role for 

synchronization in protentive coding, this is to say, coding in anticipation of a 

future event, and hence describes the architecture of real-time cognition for future 

events.  

 

Keywords: synchronization; priming; protention; generalized phase angle 

hypothesis; return phase hypothesis; perception  
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Do synchronized assemblies bind? A physiological debate 

The synchronization of oscillatory neural activity at frequencies in the range 30–

70 Hz has been argued to relate to the organization of visual events, in particular 

the ‘binding together’ of visual features to form larger and more complex 

perceptual objects (the physiological ‘Binding Hypothesis’ summarized by Gray, 

1999; also Singer, 1999). This point of view, while supported by numerous studies, 

from several laboratories is not without it’s share of speculation and critique. 

Related to the current topic, a speculation and consequent disagreement revolved 

around the link made by Herrmann, Mecklinger and Pfeiffer (1999) between 

stimulus-‘evoked’ gamma activity [i.e. frequencies recorded in the 

electroencephalogram (EEG) at between 30-70 Hz] and visual grouping, 

suggesting that at least the onset of the gamma response is time locked to a 

stimulus event (see also Herrmann & Mecklinger, 2000; Herrmann & Bosch 2001; 

and Tallon-Baudry, 2009 and Martinovic & Busch, 2011 for reviews). Why this 

finding is controversial lies in the distinction between an evoked EEG response 

and an induced response. In the case of the former, the response is found to be 

reliably time locked to stimulus, and this is what Herrmann and colleagues 

reported. In the case of an induced response there is no reliable temporal 

relationship between stimulus events and the phase of the EEG response.  

Proponents of the physiological binding hypothesis did not find evidence to 

identify a particular temporal relationship between stimulus and the neuronal 

response to the stimulus at gamma-band frequencies. This lead, not only to the 

idea that the phase of oscillatory-gamma activity is unrelated to the timing of 

stimulus events, but also that it makes sense it is not, as this would avoid the 

gamma phase being reset by changes in stimulus event structure. Changes in the 
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gamma phase are considered equivalent to changes in perceptual structure, and 

so, if this idea holds, the independence of the oscillation from stimulus events 

helps preserve perceptual structure. (see Tallon-Baudry & Bertrand, 1999 as well 

as Pantev, 1995; Fries, Nikolić & Singer, 2001, for reviews).   

 

A recent, and similarly relevant focus has involved discussion of the relationship 

between small eye movements (microsaccades) and induced cortical gamma 

activity. It has been shown that recordings of cortical gamma-band activity, 

occurring in the time window between 200 and 350 milliseconds (ms) after 

stimulus onset, pick up a response matching the frequency of muscular 

movements in the eye (Yuval-Greenberg, Tomer, Keren, Nelken, & Deouell, 2008; 

Melloni, Schwiedrzik, Wibral, Rodriguez & Singer, 2009; Yuval-Greenberg, Keren, 

Tomer, Nelken, & Deouell, 2009; Bosman, Womelsdorf, Desimone & Fries, 2009; 

Melloni, Schwiedrzik, Rodriguez & Singer, 2009). This has lead to debate on the 

idea that, while induced gamma activity is related to perception, it is not dedicated 

to binding visual features. As a rejoinder to this debate, there are two EEG studies 

that report: first, that the morphology of the induced gamma-band activity, which 

is neither transiently evoked, nor evoked by electromyogenic activity linked to eye 

movements, is sensitive to object recognition in the 200-350 ms post stimulus-

onset time window  (Hassler, Trujillo-Barreto & Gruber, 2011). However second, 

and as reported by Hassler, Friese, Martens, Trujillo-Barreto and Gruber, (2013), 

microsaccade rates were modulated by object familiarity in a time window from 

100 to 300 ms after stimulus onset, while later object-coding processes that 

involve induced gamma-band activity seem independent of microsaccadic 
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activity. The early response in this second study is interpreted generally in terms 

of the deployment of early (but unknown) mechanisms in visual perception.  

 

In the following, we will describe the largely neglected experimental case for 

dynamic binding and how the evidence that forms the body of this case informs 

on this debate. In fact, we will go as far as to say that techniques such as those 

described in the following sections, and the results of the derivative studies offer 

one of the only ways in which frequency responses and the complex interactions 

between frequencies relate to the processes involved in perception. 

 

The experimental case for binding 

One question posed by debate on the physiological and electrophysiological 

literature concerns the role of an early stimulus-evoked oscillatory response in 

perception. In the experimental psychology literature there are a class of 

paradigms that have employed stimulus synchronizations presented below 

detection thresholds to prime or bring about the Gestalt organization of the 

synchronized stimulus elements (Elliott & Müller, 1998, Usher & Donnelly, 1998). 

These studies have a-priori addressed critiques that challenge the necessity and 

sufficiency of some stimulus synchronization paradigms (Farid, 2002; Elliott, Shi 

& Kelly, 2006),  and acknowledge a now large body of evidence indicating that 

elements of a visual scene are often bound ahead of attentional deployment and 

are very unlikely to be coded in the same mechanisms as those mediating direct 

conscious experience of the Gestalt (e.g. Duncan & Humphreys, 1989; Rensink & 

Enns, 1995; Driver, Davis, Russell, Turatto & Freeman, 2001).  
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Usher and Donnelly showed that synchronization of all elements at a given 

orientation at a frequency in the gamma band significantly biases subsequent 

orientation judgments even though observers cannot reliably report the 

synchronized orientation. In Elliott and Müller’s paradigm (Figure 1), embedding 

a figurally-relevant grouping as one phase of a multiphase premask that flickered 

at 40 Hz, lead to faster detection reaction times (RTs) to a subsequently presented 

target grouping, without prior attentional deployment to the location of the 

grouping in the premask. Observers could not detect the presence of the premask 

grouping and because presentation of this stimulus does not cue target 

presentation, it is referred to as a prime. 
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Figure 1: The premask-matrix presentation paradigm: In (a) upon termination the 

oscillating premask-matrix was immediately followed by presentation of a target 

display comprising 90°-corner junctions to which observers had to make a 

speeded target (i.e. Kanizsa square) present or absent 

response. In (b) are shown example sequences of four image frames that comprise 

the premask matrix. In the intraphase conditions (upper panels) one premask 

frame consists of four crosses in square arrangement; see the upper far left panel. 

In the intraphase condition (lower panels) these four crosses are distributed 

across frames.  

 

Prima facie, the results reported by Elliott and Müller (1998) make two 

contributions to the aforementioned debates: first, binding may be driven by 

stimulus activity: in fact, two lines of evidence support this directly: (1) Binding 

for form perception may be assumed on the basis of the results presented by Shi 

and Elliott (2007), who found that the magnitude of priming differed for different 

geometric forms, and was correlated positively and significantly with measures of 

subjective complexity; (2) Binding, as the term refers to neural mechanisms 

responsible for coding relations between object features, may be assumed on the 

basis of the findings presented by Elliott, Giersch and Seifert (2006). They  found 

that when the efficiency of GABAergic interneurons, responsible for modulating 

synchronized activity, are influenced by drug administration, priming effects are 

substantially different to control performance. However these effects were 

improved only when the premask crosses flickered around static lines that 

terminated adjacent to the unspecified continuance between the premask crosses. 

This shows clearly that the flickering premask had effects at the stage of 
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processing during which the continuance between the crosses was coded. 

Interestingly, and whilst this process might be expected to occur during very early 

visual processing, Elliott and Müller (1998) had already found the same priming 

effects across durations in the range 300-4800 ms, priming would 

not appear specific to any particular processing time. 

 

Protention or memory? A review of the frequency-specific effects of priming 

The second contribution concerns the precision of timing: the effects described 

above were specific to premask frames presented at 40 Hz. This has two 

implications:  first, one is obliged to consider the effects as ‘evoked’ 

by stimulus timing, using the moniker adopted by the physiology literature; 

second, it is not sufficient to consider just any old frequency as enough to 

promote binding: Elliott and Müller (1998), had examined 25, 33, 40, 50, 66 and 

100 Hz, and only found effects at 40 Hz. 

 

 

 

Figure 2: Illustrates the GPAH model of oscillatory priming in which the priming 

frequencies (33 Hz, 39-40 Hz and 46-47 Hz – black functions) align phases at 148 

ms and are thus also phase aligned with a stimulus-evoked rhythm of 6.75 Hz (red 

function). 

Commented [TH3]: Something not right about this 
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The 40 Hz specificity of the original effect was discussed by Elliott and Müller 

(2004) with the contributing methods and data then described in full by Elliott 

(2014). Elliott and Müller (2004) referred to a set of experiments in which 

premask matrices were presented at frequencies in singe Hertz steps over the 

range 30 – 50 Hz. These experiments extended upon the original finding reported 

by Elliott and Müller, (1998) in that they showed priming effects not to be confined 

to 40 Hz. Instead, priming was found when premask matrices flickered at 33 Hz, 

39-40 Hz and at 46-47 Hz. Described in terms of a ‘Generalized Phase Angle 

Hypothesis’ (GPAH), Elliott and Müller (2004) observed that priming occurs for 

primes presented within premask rhythms that would all be in phase alignment 

at regular 148 ms intervals, implicating modulation of the premask-presentation 

rhythm by a slower (EEG theta) rhythm of approximately 6.75 Hz with which they 

would share a common phase angle (see Figure 2). The GPAH predicts that, for a 

given priming frequency f and corresponding period duration  = 1/ƒ, facilitation 

reoccurs at every time point 

 

J( ) = (n  + ½)·  -  

 

where n  is a frequency-specific integer multiplier and  denotes a constant 

quantal time delay. The term + ½ accounts for the observation that, for ƒ = 40 Hz, 

maximal facilitation occurs at phase angles of 180º relative to the rhythm of 

premask-matrix presentation (Elliott & Müller, 2000). 
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Prime generation given regularly ordered stimulus frequencies in phase with a 

slower, presumably endogenous rhythm are only one part of the story. An analysis 

of the same dataset, published earlier by Kompass and Elliott (2001) reported 

priming to vary in magnitude (or priming was or was-not present) for frequencies 

according to the time of target presentation expressed in terms of the phase of the 

premask-matrix presentation frequency (referred to in terms of a ‘Return Phase 

Hypothesis’ or RPH for oscillatory priming). In fact priming was maximal for 

targets presented at a time slightly ahead of the phase at which the priming-

stimulus would have been presented if a target matrix had not interrupted the 

premask-matrix presentation. This indicates the prime to be a cognitive response 

that can develop in advance of the priming stimulus, most likely as a function of 

the rhythmic nature of premask-matrix presentation.  

 

The GPAH and RPH are not mutually exclusive: Elliott (2014) described the 

outcome of a broader examination of the effects of variation in priming-stimulus 

presentation frequency as well as target-presentation times. In this study, the 

GPAH was generally reproduced in so far as, for all frequencies in the range 27-67 

Hz, which would if presented concurrently, align in phase at 149 ms, or 

alternatively, at a matching phase with an hypothetical 6.69 Hz rhythm.  The RPH 

was also reproduced in that that the maximum differences between intra- and 

interphase premask RTs (Figure 1) occur for targets presented at times that peak 

midway through the frame 4 phase and so are slightly ahead in phase relative to 

frame 1. In this respect, the data presented by Elliott (2014) is overall consistent 

with the RPH described by Kompass and Elliott (2001) and indicates that a 

protentive prime comes to develop in advance of priming-stimulus presentation. 
Commented [TH4]: As with abstract maybe worth 
defining briefly in parentheses what you mean here by a 
“protentive prime” 
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Protention refers here to coding that is carried out in anticipation of a future event. 

Both RPH and GPAH describe the pattern of priming over frequency when targets 

are presented with 0 ms inter-stimulus interval after 600m ms of premask matrix 

presentation, which is also very close to the 4th multiple of 149 ms. Elliott (2014) 

then tested the RPH, using similar frequencies but varying premask-matrix 

presentation time. In this he examined the hypotheses that if the target is 

presented at a time inconsistent with the regular phase alignment of frequencies 

as described by the GPAH, priming effects would be reduced, and perhaps the RPH 

would no longer be found.  

 

In a first follow-up experiment, frequencies in the range 28-51 Hz and premask-

matrix presentation time of 700 ms. This presentation time does not harmonically 

relate to the time equivalent to the GPAH rhythm and so allows examination of the 

hypothesis that it is the matching phase relation that exists between priming 

frequencies and 6.69 Hz at 149 ms that brings about the protentive priming effects 

described previously. Elliott still found frequency-specific priming and within 

similar frequency bands to those found earlier, but these bands appear to be 

rightward shifted by around 1Hz in the frequency domain, with priming occurring 

at slightly faster frequencies than found previously. Importantly, protentive 

priming was no longer evident, with slightly reduced priming effects maximal 

precisely phase aligned with target presentation. A second follow up tested the 

RPH directly by using a small set of frequencies (35-40 Hz) and by setting 

premask-matrix presentation times at the return phase for each frequency (which 

is also the return phase of 6.69 Hz), as well as at other phases for which no priming 

effects would be expected. Accordingly, this experiment also questioned the 
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frequency-specificity of oscillatory priming. Consistent with expectations, this 

experiment found that if premask-matrix presentation times vary and are not in 

phase with the slow rhythm of 6.69 Hz, prime maxima will be aligned with, or 

follow the frame phase at which target presentation aligns with frame 1 or 

priming-stimulus presentation. In other words and as expected, priming is not 

protentive when target presentation does not align with the common phase of 

priming stimulus and slow rhythm. When this alignment occurs priming was 

found to be protentive with priming found at a slightly different set of frequencies 

than found in any previous experiment, but not found at 40 Hz. This experiment 

indicates that it is return phase and not frequency alone that determines which 

premask-matrix presentation frequencies prime target detection.  

 

Putting the evidence together: the what and when of primes and 

brain  

The prime 

Previous speculations on what this form of oscillatory priming brings about were 

confined to the idea that the prime synchronized across basic feature coding 

mechanisms (Elliott & Müller, 1998; Elliott, et al., 2006), contributing to a low level 

Gestalt coding (Shi & Elliott, 2007) that was neither sensitive to motion signals 

(Elliott & Müller, 2001), while the priming stimulus, of itself, did not encourage 

deployment of focal attentional mechanisms (Elliott & Müller, 1998. Although this 

may be a matter of debate based upon the study carried out by Bauer, Cheadle, 

Parton, Müller, & Usher, 2009), certainly and unlike much of the thinking related 

to neural synchronization, binding does not occur post attentional selection. 

Commented [TH5]: See comment above 
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In terms of it's temporal characteristics, oscillatory priming has been shown to 

exhibit a temporal modulation that matches the frequency of premask-matrix 

presentation (Elliott & Müller, 2000). This is likely attributable to local GABAA 

interneuron mechanisms which are known to modulate the firing pattern of  

excitatory neurons (Elliott, Becker, Boucart & Müller, 2000; Elliott et al., 2006).  

 

Considering the data reported by Elliott (2014) the picture develops to include the 

idea of a pre-activation of neurons coding the priming stimulus as a function of the 

interaction between one or more phases of the premask-presentation rhythm and 

an inferred, but not directly observed rhythm of around 6.69 Hz. 

This picture is however complicated by the absence of a corresponding EEG 

response matching the 40-Hz rhythm of premask presentation (Elliott, Herrmann, 

Mecklinger & Müller, 2001), but the presence nevertheless of a 33-34 Hz response 

(a rhythm predicted by the GPAH to encourage prime formation, see Elliott, Conci 

& Müller, 2003). Given that prime formation is very likely to occur preattentively 

and is based upon a stimulus that is not detected (Elliott & Müller, 1998; Shi & 

Elliott, 2007), and while it is not possible to refer prime generation as strictly 

‘protentive’ after Husserl’s (1928) definition (which directly concerns an 

‘experienced’ future state), it seems that the prime can, under some 

circumstances, represent the temporal advancement (or pre-activation) of visual 

cognition.  

 

The brain Commented [TH7]: See comment about heading above 
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Oscillatory priming doesn’t correspond with the idea of post-attentional binding 

and is more consistent with an early rather than a later binding process. Although 

the correlation between variation in the magnitude of priming with estimates of 

subjective complexity, as reported buy Shi and Elliott (2007) does suggest that the 

outcomes of early processes are not easily differentiable for those that must occur 

later. Importantly, oscillatory priming cannot be identified with the idea that 

perceptual binding is mediated by an induced gamma response. There is no 

question that oscillatory priming relates to binding, while the study reported by 

Elliott et al., (2006) even identifies an important neurophysiological locus in the 

GABAergic interneuron system, so psychophysiological evidence supports the 

relevance of the oscillatory priming paradigm to measures of binding reported in 

the physiology literature. However, a fundamental aspect of the paradigm is the 

regular temporal relationship between stimulus and response. Consequently, the 

outcomes of the paradigm would be more consistent with the effects of evoked 

gamma. But what could this effect actually be? 

 

Recall the findings of Hassler et al., (2011, 2013): in these there is a late, induced 

gamma response in the 200-350 ms post stimulus-onset time window that is 

sensitive to object recognition. In addition, there is an effect relating the frequency 

of microsaccades, which varied with object familiarity in a time window from 100 

to 300 ms after stimulus onset. The effects of oscillatory priming are inconsistent 

with the former, but are not inconsistent with the latter response. One possible 

inconsistency concerns the absence of an effect of repetition priming in the early 

time window, however Hassler et al., did not test very fast frequency repetitions 

of the sort used in the oscillatory priming paradigm, to test for the effects of these 
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in aligning the phase of the gamma-band response to that of the stimulus: in other 

words, examining whether under some circumstances the effects of an early 

induced gamma band response can be the same as the effects of an evoked 

response.  

 

Thus it is possible that the early, object-related response measured in the EEG by 

Hassler et al, (2013) is the same mechanism as that bringing about oscillatory 

priming, but what is this mechanism doing? Under conditions in which there is a 

phase relationship between the low (EEG theta, also recorded by Hassler et al., 

2013) and stimulus gamma rhythms, the prime starts to form ahead of priming-

stimulus presentation, and perhaps this is a successful strategy to guide motor, as 

well as other cognitive systems to respond appropriately. Considering the 

situation in which a rugby ball is suddenly passed to you during a match, in order 

to respond appropriately you need to a-priori compute the position in space at a 

certain time to be able to deploy yourself to successfully catch the ball. However, 

you will also need to quickly identify the event as involving the ball, and articulate 

your response to be able to catch the irregularly shaped ball. Not only does this 

process require precognition – or a form of protentive processing – but also this 

processing needs to have taken into account shape and perhaps also form for the 

response to be successful. This early, protentive process is sensitive to the identity 

of that which is predicted to occur. 

 

Oscillatory priming may thus be a form of evoked gamma response, which encodes 

the shape of the prime using mechanisms otherwise engaged in our ‘precognitive’ 

interaction with the form-related structures of the environment. The mechanisms 
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mediating this interaction are essentially concerned with the formulation of 

correct responses to immediately future events (an idea not inconsistent with the 

Deutsch & Deutsch’s 1963 late attentional model). However, this mechanism is 

also sensitive to shape-based attributes of events, it is likely to be sensitive to the 

spatial reference system of the body and may also be capable of formulating a 

response based upon more complex, form-based attributes. Using the oscillatory 

priming paradigm, not only have we information on the stimulus characteristics 

to which priming is sensitive, we also have very precise information on the 

dynamics of the mechanism, information that could prove extremely useful for the 

disambiguation of electrophysiological and other physiological data related to 

early perceptual processing. 
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