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Abstract

There are plenty of issues to be solved in order for researchers to agree on a neural model of consciousness. Here we
emphasize an often under-represented aspect in the debate: time consciousness. Consciousness and the present moment
both extend in time. Experience flows through a succession of moments and progresses from future predictions, to present
experiences, to past memories. However, a brief review finds that many dominant theories of consciousness only refer to
brief, static, and discrete “functional moments” of time. Very few refer to more extended, dynamic, and continuous time,
which is associated with conscious experience (cf. the “experienced moment”). This confusion between short and discrete
versus long and continuous is, we argue, one of the core issues in theories of consciousness. Given the lack of work dedi-
cated to time consciousness, its study could test novel predictions of rival theories of consciousness. It may be that different
theories of consciousness are compatible/complementary if the different aspects of time are taken into account. Or, if it
turns out that no existing theory can fully accommodate time consciousness, then perhaps it has something new to add.
Regardless of outcome, the crucial step is to make subjective time a central object of study.

Keywords: time consciousness; time passage; experienced present; consciousness theories

IntroductionAQ5

The recent ascent of theories of consciousness has undoubtedly
raised the stakes regarding fundamental aspects of experience
and reality. Within this high-stakes environment, where com-
peting or even adversarial perspectives are vying for ascen-
dancy, the fundamentals in questions have to be clear, concise,
and consistent. One prime example is time or, in its context-
specific form, time consciousness. While there is a prevailing
consensus in the field that consciousness is extended in time
(Northoff and Lamme 2020), in our opinion as dedicated time
researchers, it is not yet extended enough. Decades of timing re-
search supports a “minimally sufficient” duration for time con-
sciousness somewhere in the seconds’ range (Fraisse 1984;
Pöppel 1989, 1997; Varela 1999; Wittmann 2011; Kent 2019), but

most theories and methodologies in consciousness science only
focus on the hundreds-of-milliseconds’ range (Northoff and
Lamme 2020). As such, we claim that current theories do not ad-
equately address time as a fundamental aspect of conscious ex-
perience. The discrete “timing” of brief neural, perceptual, and
behavioral functioning cannot hope to explain time conscious-
ness when, from a prevailing phenomenological viewpoint, it is
neither discrete nor brief (Wittmann 2016; Dorato and
Wittmann 2020).

One possible misconception at the root of this problem is
that time consciousness is synonymous with the timing of be-
havior, perception, and other stimulus-based responses or
event-based experiences. Timing and other nonconscious
aspects of time perception should not be confused or conflated
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with time consciousness itself, which can be defined as the con-
scious experience of time, as opposed to events (e.g. a perceptual
stimulus) that merely happen at specific times (Kent 2019). This
distinction is about the general feeling we have of time passing
from the future to the past (sometimes as the impression of time
passing slowly or fast), on the one hand, and the sensorimotor
timing of behavior in relation to the duration of specific events,
on the other hand. The former is concerned with the phenomenal
impression of subjective passage of time, the latter with the com-
parison between subjective duration and objective clock time, i.e.
the accuracy of estimating the duration of an event.

Taking a neuroscientific approach as well, there are in fact
three separable but interdependent “times” at play in the study
of time consciousness—neural temporal dynamics, functional
timing of perception/thought/behavior, etc., and the phenome-
nal experience of time—all of which must be addressed in any
general neuroscientific theory of consciousness. The goal must
be to arrive at a theory that simultaneously explains how
underlying neural dynamics in time generate a conscious
experience of time, how the experience of time affects how
people perceive, think or act at specific times, and how those
perceptions, thoughts, and actions feedback to shape (or a com-
plementary to) the underlying neural (temporal) dynamics and
conscious experience. Neural, functional, and phenomenal
aspects of time need to be triangulated in order to understand
the key features of time consciousness, two of which we focus
on below—namely, extension/duration and continuity/flow.

Time Consciousness Is Grounded in
Phenomenology

William James’ (1890) “stream of consciousness” and Edmund
Husserl’s (1928/1991) “inner time consciousness” attempt to ex-
plicate phenomenologically that all experience happens within
an extended present, a unified temporal and spatial whole of
experience, within which the unfolding of events, time passage,
happens. The experienced present is extended as it carries an
event’s history and possible future within the implicit temporal
structure of consciousness (Lloyd 2012). Edmund Husserl (1928/
1991, 32) writes about the duration of the temporal field, “which
is manifestly limited, precisely as in perception’s case. Indeed,
on the whole, one might dare to assert that the temporal field
always has the same extensions.” As empirical researchers we
may ask what the extension of this field of consciousness is,
e.g. in units of clock time. Some contemporary theorists deny
that consciousness extends over a relatively fixed “specious
present” on either empirical (White 2017) or philosophical
(Arstila 2018) grounds. It is by no means a settled question, but
the early phenomenological and experimental studies of
Husserl (1928/1991) and James (1890) are supported by contem-
porary theory and research (Zahavi 2005; Lloyd 2012; Berkovich-
Ohana and Glicksohn 2014; Northoff 2016). If consciousness is
extended in time and possesses the experiential quality of time
passage, we have to probe neural and functional theories of
consciousness concerning their answers to this issue.

Building on Husserl’s and others’ phenomenological concep-
tion, three temporal aspects of conscious experience can be dis-
cerned, two of which we will address in our article, namely the
extended present, time passage or flow, and one which we will
not address in detail, namely the tripartite structure concerning
past, present, and future. These aspects have been related to
neuronal and psychological properties in empirical science.
First, an experienced present has been operationalized to

account for the feeling of an extended now and sensorimotor
integration with perception and behavior (Pöppel 1997;
Wittmann 2011; Tschacher et al. 2013; Kent 2019). As Edelman
(1991, 92) argues, the constant flux and variation of incoming
sensory signals necessitate a temporal organization, a
“cohesion in a given period of time” potentially afforded
through reentrant processing, for primary consciousness to
arise. Second, experimental paradigms have been set up to ac-
count for the feeling of time passage in healthy individuals and
the corresponding experiential and functional breakdown in
patients with schizophrenia (Lalanne et al. 2010; Martin et al.
2014). Unconscious processes may enable us to follow informa-
tion over time with high temporal accuracy and at the same
time contribute to our feeling of time passage (Elliott and
Giersch 2016). Third, human experience can be categorized into
the temporal domains of past, present, and future which on a
sensorimotor-processing level correspond to the cognitive func-
tions of working memory, interference control, and preparatory
set, respectively (Fuster 2003), and arguably to Husserl’s phe-
nomenological notion of retention, impression, and protention
(Vogeley and Kupke 2006).

Duration: Time Consciousness Is Extended

The orthodox view in the cognitive neurosciences is that time
consciousness extends over a duration between a few hundred
milliseconds and a few seconds over what is otherwise called
the “experienced moment” or “subjective present” (Pöppel 1997;
Wittmann 2011; Kent 2019). Experimental findings discussed in
the above reviews indicate that the perception of external
events is automatically segmented into units with a duration of
a few seconds such as when listening to sequences of beats,
when viewing ambiguous figures, or when viewing distorted
naturalistic visual sequences (Nakajima et al. 1980; Fairhall et al.
2014; Wang et al. 2016; Kornmeier et al. 2019). These special
stimulations are supposed to be limit cases of general process-
ing mechanisms which temporally structure all of our percep-
tion and action (Pöppel 1997). Sensorimotor synchronization to
external events is effortless and most accurate when one has to
time movements to regular events with intervals not exceeding
three seconds (Mates et al. 1994; McAuley et al. 2006). There is a
debate concerning the question whether several independent
mechanisms with variable duration underlie all these different
experimental paradigms (White 2017), they nevertheless point
to a similar time range and could be related to what Husserl
termed the “temporal field” of an experienced present.
Humphrey (1992) similarly advocates the idea of present mo-
ment-ness. According to him, repeated feedback processes of
neural sensory-motor loops induce perceptual content, which is
extended over time. Consciousness thereafter is “thick,” i.e. an
extended perception of what is out there.

Empirical evidence stemming from behavior analysis and
using brain imaging technology has identified neural integra-
tion processes on different time scales. These temporal integra-
tion processes define how long a given event proactively
influences moment-to-moment neural activity stimulated by
continuous visual and acoustic input (Hasson et al. 2008; Lerner
et al. 2011). However, one has to be careful in identifying subjec-
tive experience with neural integration processes, as the latter
might represent functional properties of the brain unrelated to
the experienced present (Lockwood 2005). This principle applies
at all timescales of human experience, too. We have (conscious)
experiences that span hours, days, and even decades, but this
should not be identified solely with temporal integration
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processes given that there are memory and other higher-order
processes involved (Kent et al. 2019). This is the decisive goal for
forthcoming research: if possible, to identify the exact neural
correlates of present moment experience. Importantly, the neu-
ral mechanisms underlying consciousness are not stimulus
bound but act in a top-down anticipatory fashion. “When in a
conscious state, experience will unfold regardless of specific
stimulation, because stimulation is no strict requirement for
conscious experience given the predictive inferential
machinery” (Fekete et al. 2018).AQ6

Notwithstanding recent neuro-phenomenal work in time con-
sciousness that seeks to explain the “width of present” in terms
of the continuous, singular nature of conscious experience
(Northoff 2016), we argue in this article that all other theories of
consciousness are generally confined to the functional moment
because they are derived from methods that restrict activity
within that short timescale range. In their review article on eight
different neural theories of consciousness, Northoff and Lamme
(2020) show that only Northoff’s (2016, Northoff and Huang 2017)
Temporo-spatial theory of consciousness (TTC) explicitly incorpo-
rates temporal integration mechanisms on longer time scales of
seconds to minutes duration. The other theories only address
short temporal integration on the millisecond level, i.e. between
100 and 300 ms. We argue that this confinement leads to intracta-
ble problems within and between theories of consciousness, cit-
ing the recent controversy surrounding the “unfolding argument”
as a prime example (Kleiner 2019; Doerig et al. 2019b; Ganesh
2020; Negro 2020; Tsuchiya et al. 2020).

Flow: Time Consciousness Is Continuous

Whatever the actual extent of the experienced moment and its
underlying neural mechanisms, the original and principal distinc-
tion captured in the concept of time consciousness is between
punctate, point-like present moments (plural) on the one hand,
and the integration of those moments into an extended, field-like
present moment (singular) on the other hand (Montemayor and
Wittmann 2014). Perception and action evolve as discontinuous
processing of discrete momentary units (Pöppel et al. 1990;
Dehaene 1993; VanRullen and Koch 2003). These moments are
characterized by the idea of co-temporality, events within such a
time unit have no before–after relation (Ruhnau 1995). Speech
recognition, e.g. is enabled through the 3–6 Hz segmentation of
the continuous speech stream into temporal units for perceptual
and linguistic analyses (Teng et al. 2019). Neural microstates as
recorded by electroencephalogram of around 125 ms duration
have, e.g. been discussed as potential critical time windows, as
“atoms of thought” which functionally integrate neural events
across the cortex (Lehmann et al. 1998; Milz et al. 2016). These non-
conscious, discrete “functional moments” are ascribed by their
dynamic range over a few hundred milliseconds, as opposed to
the latter conscious and continuous “experienced moment” that
ranges over a few seconds (Stern 1897; Fraisse 1984; Pöppel 1997;
Varela 1999).

In short, continuity entails temporal flow between discrete
temporal units. Discrete time refers only to a minimally extended
present that can be thought of as a basic temporal “unit” (cf. a
functional moment). Discreteness does not apply to a maximally
extended present that requires passage or flow between discrete
time units. Such maximal extension is continuous by definition,
in that it could not possibly be otherwise because it entails the
co-consciousness of percepts that are not simultaneous (cf. co-
temporal, as above). That is, extended experiences exhibit tem-
porally ordered structure but are nevertheless perceived as a

unified whole (Kiverstein and Arstila 2013; Dorato and
Wittmann 2020). An example often cited is how people hear the
musical phrase “Hey Jude” within a separable but unified per-
ceptual whole that holds both discrete units, “Hey” and “Jude,”
within the same continuous experience of the full “Hey Jude”
phrase (Lloyd 2012).

Any theory of consciousness that aims to include time con-
sciousness must therefore explain how the brain achieves this
feat at a neural level. Our analysis below suggests that, with only
one or two exceptions (Northoff and Lamme 2020), many of the
leading candidate theories cannot explain continuity or flow
because they are methodologically (and thus theoretically) con-
strained to short, discrete, nonconscious functional moments.

Consciousness, Time, and Self: The
Importance of No-Stimulus Paradigms

Theories of consciousness have been constrained methodologi-
cally. Prevailing research methods almost exclusively use stim-
ulus-based paradigms when searching for the neural correlates
of consciousness (NCCs; Koch 2004) but time itself is not consis-
tently controlled in the vast majority of experiments and not in-
keeping with current notions regarding the actual extension (cf.
duration) of conscious experience. Temporal processing of stim-
uli can be probed in specific tests (i.e. gap detection, temporal
order judgements, stimulus duration perception), typically in
the order of milliseconds to a few seconds, but “no-stimulus”
paradigms can be devised to judge empty intervals of much lon-
ger duration (Thönes and Stocker 2019). Such experimental set-
ups, e.g. are those where one has to wait through a period of
time for something to happen or to end. Temporal judgments
and prediction in these studies can range from the sub-second
(Martin et al. 2017), to the multiple second (Röhricht et al. 2018),
and several minutes’ range (Pfeifer and Wittmann 2020).

It is therefore possible to close the gap between theories of
consciousness and time consciousness by using “no-stimulus”
paradigms which strike at the common heart of time, self, and
conscious experience. “No-stimulus” paradigms are central to
the study of time consciousness because research has demon-
strated that time perception, especially of longer duration, is in-
timately linked to the perception of self as unfolding over time,
such that an increased awareness of self corresponds to an in-
creased awareness of time, and vice versa (Wittmann 2015).
Whether this is tied to the basic, immediate, embodied sense of
self-hood akin to interoceptive cues over short timescales from
a few-hundred milliseconds up to several seconds (Craig 2009a,
b; van Wassenhove et al. 2011), or the narrative, autobiographi-
cal sense of self-hood spanning longer timescales of months,
years, and decades (Conway et al. 2004; Bird and Reese 2006),
both types of self-awareness are central, if not necessary, to any
definition of consciousness as “what it is like to be something”
(Nagel 1974). A disturbed sense of self is typically associated
with a disturbed sense of time (Fuchs 2013; Martin et al. 2014).

Summary of Time Consciousness

Time is a complex topic, especially for the uninitiated who spe-
cialize in general theories of consciousness. Before discussing
time in theories of consciousness, it may help to review the key
aspects of time consciousness:

• Time consciousness should not be: (i) confused with timing of

cognitive functions; or (ii) identified with all timescales of tempo-

ral integration.

Time consciousnessAQ1 | 3
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• Time consciousness extends over multiple seconds, not just a

few-hundred milliseconds.
• Time consciousness is not discrete or point-like (i.e. it does not

“happen” at a particular time) but rather field-like (i.e. it contains

multiple points that happen at different times but are neverthe-

less experienced together).
• Short and discrete “functional moments” that are nonconscious

are integrated into longer and continuous “experienced

moments” that are conscious.
• This continuous integration results in the phenomenal sense of

temporal flow in conscious experience.
• Neuroscientific approaches to consciousness do not apply these

established principles of time consciousness consistently and so

theories of consciousness and time consciousness are poten-

tially incommensurate.

Short, Discrete, and Static: The Current Status
of Time in Theories of Consciousness

After a proliferation of alternative theories of consciousness in
recent decades, the current trend is toward parsimony through
synthesis (Waade et al. 2020), standardization (Graziano et al.
2020), or direct competition (Reardon 2019). In this vein,
Northoff and Lamme (2020) reviewed the convergence between
eight theories of consciousness (i.e. integrated information the-
ory [IIT], global neuronal workspace theory [GNWT], predictive
coding theory [PCT], recurrent processing theory [RPT], embod-
ied theory [ET], synchrony theory [ST], higher-order thought
theory [HOT], and temporospatial theory [TTC]) and included
details about the “timing of consciousness”. While TTC, ET,
PCT, and HOT were less constrained, their review found that
major theories such as IIT, GNWT, RPT, and ST were concerned
only with narrow timescales between approximately 100 and
300 ms. They noted that GNWT deals with comparatively “late”
processing that is beyond 300 ms but, as discussed below, in re-
ality, this late processing does not extend sufficiently far be-
yond 300 ms into the seconds’ range.

Their analysis further hints at the possibility that GNWT,
RPT, and ST may be methodologically constrained by a shared
reliance on stimulus-based paradigms such as masking, binocu-
lar rivalry, change/inattentional blindness, attentional blink,
and so on (Northoff and Lamme 2020). The reason why IIT is
limited to particular timescales under 100 ms is less clear but,
regardless of the reasons why, the fact remains that several of
the most prominent theories of consciousness do not currently
allow enough time for extended and continuous time con-
sciousness to occur. On the plus side, some theories seem com-
patible with time consciousness (i.e. ET, PCT, and HOT) and TTC
(Northoff and Huang 2017) is firmly dedicated to more expan-
sive timescales of consciousness, including infra-slow (0.0001–
0.1 Hz) and slow (0.1–1 Hz) neural oscillations. But there is still
scope for improvement, especially for prominent theories like
IIT and GNWT. These two theories will now be explored in de-
tail in relation to controversies surrounding the “unfolding
argument” and discrete versus continuous perception (Doerig
et al. 2019a,b; Drissi-Daoudi et al. 2019).

Time Consciousness in IIT and GNWT

IIT posits a mathematical framework for the quality and quan-
tity of consciousness from a phenomenological starting point
that details properties of conscious experience (cf. intrinsicality,
composition, information, integration, and exclusion; Tononi

et al. 2016). The last of these properties, exclusion (cf. experience
is definite in its content and spatiotemporal grain), grapples
with phenomenal aspects of time consciousness in terms of du-
ration and flow. In recent formulations of the theory, Tononi
and Koch (2015, 6) state clearly that “experience flows at a par-
ticular speed—each experience encompassing a hundred milli-
seconds or so—but I am not having experience that
encompasses just a few milliseconds or instead minutes or
hours.” This particular estimate of a hundred milliseconds is
shorter than most estimates from time consciousness research
(Kent 2019; Dorato and Wittmann 2020) and so we would ques-
tion whether time as operationalized in IIT is indeed a phenom-
enologically extended present (cf. experienced moment).
Tononi et al. (2016) later expanded this estimate to state that the
“duration of the instant of consciousness is also definite, rang-
ing from a few tens of milliseconds to a few hundred millisec-
onds, rather than lasting a few microseconds or a few minutes”
(p. 452), but even this timescale remains within only the lower
proposed ranges of the experienced moment (Kent 2019) and is
still framed as a discrete, duration-less “instant” of time. IIT
falls short of the standard operational definition of time
consciousness ranging between durations of a few hundred
milliseconds up to a few seconds.

Interestingly, this constraint was not as evident in earlier for-
mulations of IIT. Tononi (2004) was fully aware of the need to
specify “the time requirements on neural interactions that sup-
port consciousness” if, according to the theory, “each particular
conscious experience is specified by the value, at any given time, of
the variables mediating informational interactions among the
elements of a complex” (cf. the value of U or “phi”, p. 1, emphasis
added). Tononi (2004, 3) acknowledged the difference in duration
between functional moments and the experienced moment, and
also the issue of discrete versus continuous experience:

Studies of how a percept is progressively specified and stabilized –
a process called microgenesis – indicate that it takes up to 100–200
milliseconds to develop a fully formed sensory experience, and
that the surfacing of a conscious thought may take even longer. . .

Other evidence indicates that a single conscious moment does not
extend beyond 2–3 seconds. . .While it is arguable whether con-
scious experience unfolds more akin to a series of discrete snap-
shots or to a continuous flow, its time scale is certainly comprised
between these lower and upper limits. Thus, a phenomenological
analysis indicates that consciousness has to do with the ability to
integrate a large amount of information, and that such integration
occurs at a characteristic spatio-temporal scale.

The question, then, is why there has been a shift in empha-
sis between earlier and later versions of IIT. Consistent with
Tononi et al. (2016), the review by Northoff and Lamme (2020)
concluded that IIT concerned only early processing after stimu-
lus onset (100–300 ms). The key is “after stimulus onset,” mean-
ing that the methodological application of IIT has constrained
the theory due to the reliance on stimulus-based paradigms. It
is not within the scope of this article to explore the temporal
characteristics of these methodologies in detail, and so we take
it on face value (i.e. the authors’ words and reviewers’ findings)
that IIT deals almost exclusively with short, discrete functional
moments, despite Tononi (2004) acknowledging that a “single
conscious moment” can extend up to a few seconds. As Fekete
et al. (2016) point out, IIT needs to show how the property of ex-
clusion is dynamic and continuous over a typical spatiotempo-
ral grain of experience across spatial and temporal scales.

The impact of this issue for IIT may extend beyond mere
methodology, too. In order to calculate a value of U and the
quantity of consciousness “at any given time,” IIT relies on a
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synchronic, summative approach that assumes a point-like value
at time t. This can then be compared with another time t’ and a
conclusion can be made about the amount of consciousness
based on comparison between the two timepoints. This is a
problem for time consciousness that is field-like as opposed to
point-like, because a temporal field contains multiple points,
and so multiple U’s, meaning that the value of U “at any given
time” is not a single value that can be compared veridically.
Using an alternative non-synchronic (i.e. diachronic), nonsumma-
tive approach to calculating U requires a notion of dynamic
change or spread of values. In TTC, Northoff and Huang (2017)
use a measure of intrinsic temporal autocorrelation of neural
activity spanning across multiple timescales from milliseconds,
to seconds, to minutes to describe a “repertoire” of “scale-free
dynamics” that is not bound to the onset of a paradigmatic
stimulus. This approach has already been applied to explain the
breakdown of consciousness in general anesthesia (Zhang et al.
2018), and isolated studies have examined resting-state func-
tional temporal dynamics during sleep in relation to IIT and
GNWT (Tagliazucchi et al. 2013). Perhaps IIT (and GNWT and
other theories of consciousness) could better utilize this kind of
temporal scale-free approach to calculating U and, in doing so,
return to the expanded timescales of conscious experience cited
in early formulations of the theory (Tononi 2004). The important
feature is that dynamics need to be construed over a continuous
range of hierarchically nested timescales with a particular spa-
tiotemporal grain (Fekete et al. 2016; Kent et al. 2019).

Such an approach could also help to clarify or resolve contro-
versies such as the recent “unfolding argument” proposed by
Doerig et al. (2019b), which criticized IIT and other causal structure
theories of consciousness on the grounds that recurrent feedback
neural networks could be “unfolded” (i.e. either partly or wholly
replaced) by nonrecursive feedforward neural networks, under-
mining the central claim of IIT that recurrent networks are a nec-
essary feature of consciousness. It is important to note that the
authors use “unfolding” in a spatial sense, rather than temporal.
A system is unfolded into nþm layers if it functions the same as
a recurrent system with only n layers. So the unfolding only adds
spatial layers to the configuration. Temporally, this unfolding still
happens within discrete moments of time such that the system
receives an input (I) at time t and then later gives an output (O) at
time t’. Both recurrent and feedforward systems can do this (for
every I and O), so the difference is in how they do it (cf. internal
spatial organization), not when.

While not a major theme within the many responses to the
unfolding argument to-date (Kleiner 2019; Ganesh 2020; Negro
2020; Tsuchiya et al. 2020), we believe that discrete time
(i.e. time t and t’) is at the core of this controversy. Doerig et al.,
the authors of the unfolding argument, are also proponents
of discrete over continuous perception (Doerig et al. 2019a;
Drissi-Daoudi et al. 2019; Herzog et al. 2020), a position which
seems to align with their views on consciousness. They recently
proposed hard criteria for theories of consciousness, and evalu-
ated existing theories against these criteria, without addressing
the distinction between discrete perception versus continuous
experience (cf. perception and action, as above) (Doerig et al.
2020). The problem is not that the issue is unresolved, the
mechanisms behind continuous perception remain opaque, but
that the authors maintain both positions (cf. unfolding in space
and discreteness in time) from a common philosophical stand-
point that explicitly denies phenomenological grounding:

(T)emporal features, such as motion, are not consciously
perceived while they occur. They are not even perceived over an

extended period of time, but are encoded as any other feature,
such as colour or shape, by a static label. For example, motion is
not represented by a signal that moves in time but by the output
of a motion detector. (Doerig et al. 2019a, 2; emphasis in original)

Time in their view is static, discrete, and restricted to short
timescales (depending perhaps upon unconscious, quasidynamic
processes which are integrated into discrete moments with dura-
tion up to 450 ms; Herzog et al. 2016) but, as above, this is at odds
with time consciousness or would necessitate an additional
mechanisms to account for functional and phenomenal temporal
integration over several seconds. Like IIT, discrete perception here
is equivalent to functional moments, which are short, discrete,
preconscious building blocks that define simultaneity. Doerig et al.
(2019a) make their opposition to phenomenal continuity explicit
by denying that any experience of motion is extended in time:

The question about the time course of perception directly relates
to the question of qualia. As mentioned, motion detection does
not need to be coded by a dynamically changing representation.
What about motion experiences? In our model, the experience of
motion does not extend in time, it only seems to. (Doerig et al.
2019a, 3; emphasis in original)

From a phenomenological standpoint of time consciousness,
the very fact that motion “seems to” extend in time is the very
thing that needs to be explained (subjective experience).
Ultimately, the authors concede their position is based on philo-
sophical underpinnings that approximate the illusionist posi-
tion of Dennett (2016) and Frankish (2016).

Proponents of IIT could counter these claims by abandoning
the synchronic calculation of U in favor of a more dynamic, dia-
chronic definition of integrated information. This empirical
shift could bridge the ideological divide and seeming philosoph-
ical impasse between qualia realism and illusionism, as well as
those who deny or affirm a phenomenology-first approach. If
IIT predictions do not accord with the integration of informa-
tion and conscious states over timescales of the experienced
present, which is extended, then those predictions and some of
the theory could be considered falsified. In response to the
unfolding argument, Negro (2020, 7) proposes that IIT would be
at least partially falsified if “the informational structure did not
change at the same temporal scale of the stimulus and the phe-
nomenal experience, or, even worse, if it did not change at all.”
This is because causal structure theories like IIT require strict
isomorphism between phenomenal and physical structures
(Tsuchiya et al. 2020). Taking the stimulus out of the picture, the
phenomenology of time consciousness also requires that the in-
formational structure be extended and made continuous in or-
der to achieve that strict isomorphism.

The GNWT proposes that a high-level unified space, where
information is shared and broadcast back to lower processing
levels, providing global access to a range of nonconscious per-
ceptual, memory, attentional, motor, and evaluative aspects of
conscious experience (Dehaene and Changeux 2011). The
authors characterize the top-down integrative process as “slow
and late” (Dehaene and Changeux 2011, 215), but not slow or
late enough to be considered within the timescale of the experi-
enced moment:

A strong statement of the proposed theoretical synthesis is that
early bottom-up sensory events, prior to global ignition (< 200–300
ms), contribute solely to nonconscious percept construction and
do not systematically distinguish consciously seen from unseen
stimuli [. . .] Whether it takes 200 ms, 300 ms, or even more, the
slow and integrative nature of conscious perception is confirmed
behaviorally by observations such as the ‘‘rabbit illusion’’ and its
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variants [. . .], where the way in which a stimulus is ultimately per-
ceived is influenced by poststimulus events arising several hun-
dreds of milliseconds after the original stimulus. Psychophysical
paradigms that rely on quickly alternating stimuli confirm that
conscious perception integrates over �100 ms or more, while non-
conscious perception is comparatively much faster [. . .]. Thus,
whether externally induced or internally generated, the ‘‘stream
of consciousness’’ may consist in a series of slow, global, and tran-
siently stable cortical states.” (Dehaene and Changeux 2011, 215)

Besides being brief, the visual masking, attentional blink,
inattentional blindness and other paradigms used to test GNWT
focus primarily on stimulus-related neural processing (P300 or
P3b) associated with the “global ignition” of a conscious percept
(Northoff and Lamme 2020), which imposes only a discrete
functional “cut-off” point. While the authors of GNWT refer to
the “stream of consciousness” as a series of cortical states, the
fact that it is only a series confirms that global ignition refers to
discrete (functional) moments and does not propose a basis for
the continuity of time consciousness. More recent experimental
work in the GNWT tradition continues this trend by locating
discrete all-or-none temporal sampling of visual information at
around the 350-ms timescale range (Marti and Dehaene 2017).
Again, this emphasis on discreteness is probably related to the
short timescale range of the durations involved that span the
upper limit of functional moments (Kent 2019).

It is clear that both IIT and GNWT are not currently amena-
ble to the notion of an extended or continuous time conscious-
ness as outlined above. The functional moment as captured by
these two theories is too instantaneous, short, and discrete to
capture the phenomenology of time (Dorato and Wittmann
2020). That is a strong claim but to take phenomenology seri-
ously in consciousness research means grounding experimental
findings in first-person accounts of their own (cf. our own) ex-
perience (Negro 2020). Do you/I/we experience discrete or con-
tinuous temporal flow? Is the stream of consciousness static
and merely sequential, like a frame-by-frame cinematic film
that “creates” motion above a certain frame rate, or is it dy-
namic and continuously unfolding in time?

Phenomenological research in time consciousness holds
that discrete conscious perception at shorter millisecond time-
scales is complemented by continuous conscious experience
(cf. both perception and action) at supra-second timescales
(Dorato and Wittmann, 2020), but the latter is not properly
addressed in current theories of consciousness like IIT and
GNWT. Figure 1 illustrates the current state of theories of
theories of consciousness like IIT and GNWT in relation to
time consciousness research, showing how discrete events
(cf. functional moments) create a stream of consciousness that
flows from right to left, and also how consciousness (cf. the
experienced moment) extends across multiple events in order

Figure 1. Conceptual illustration of continuous time consciousness (cf. experienced moment) that creates an extended, flowing and dynamic
present integrated over 1–3 seconds discrete, unextended, and static events (cf. functional moments) integrated over approximately 250 ms.
Theories of consciousness like IIT and GNWT refer primarily to only one (i.e. first or most recent) functional moment, but time consciousness
incorporates multiple events that are co-conscious (i.e. experienced together but temporally ordered) and so multiple instances of phi, global
ignition, or any other synchronic event. To explain time consciousness, theories of consciousness like IIT and GNWT need to extend beyond
the “moment” a single stimulus enters consciousness to accord with experience that is long, continuous, and dynamic.
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to create time consciousness that is long, continuous, and
dynamic.

Long, Continuous, and Dynamic: Time
Consciousness Can Remedy (Literal)
Shortcomings in Theories of Consciousness

Even researchers who deny (or more implicitly ignore) meaning-
ful phenomenological analyses nevertheless still rely on subjec-
tive experience when interpreting experimental results (e.g.
“seeing” a target, or not). To accommodate this epistemological
fact, and in sympathy with the complementary notion regard-
ing consciousness by Velmans (2009), we propose a triadic ap-
proach to time that simultaneously explains phenomenal,
behavioral, and neural dimensionality in cognitive neurosci-
ence, in general, and in consciousness research, in particular.
Other recent proposals share this 3-fold emphasis and come to
similar conclusions regarding the issues IIT faces around dis-
crete versus continuous time (Winters 2020). A pertinent exam-
ple of this type of approach is in how Schmidt et al. (2016) parse
out the neural, phenomenological, and behavioral/psychologi-
cal aspects of the Libet paradigm to conclude that slow cortical
potentials represent dynamic changes in “readiness” to act
and not, as some argue, a discrete “moment” of conscious
decision-making.

Such a triadic approach could serve as a stage for some of
the adversarial exchanges that are taking place between theo-
ries like IIT and GNWT (Reardon 2019). This is especially true
given that both IIT and GNWT have thus far concentrated on
functional moments. If, e.g. GNWT was able to explain what IIT
could not, given that it is not prone to the same isomorphic
requirements (Negro 2020; Tsuchiya et al. 2020), then an experi-
mental result could clearly favor one theory over the other.

Time consciousness could thus help to resolve the phenom-
enological disconnect in consciousness science. The main ad-
vantage of studies into time consciousness over other
methodological approaches is that, whereas qualia are not at all
instantiated in neural activity (e.g. neurons need not recreate
the color red in a Cartesian theatre), time is. It is therefore possi-
ble to describe, not just a neural correlate, but also a neural ba-
sis or a neural mechanism of time consciousness. This could be
an important stepping-stone toward more general neural mech-
anisms or bases for phenomenal consciousness itself, so long as
the neural activity is sufficiently extended. Time consciousness
could be operationalized as an empirical subject of enquiry
without falling into the trap, highlighted above, of qualia real-
ism versus illusionism. Borrowing the language of Doerig et al.
(2019a) above, it simply cannot be that time consciousness only
“seems” to extend in time, unless one would also like to deny
that time exists, which is a position that seems untenable. The
experience of time is not a quale in the strict sense of the word,
and experienced moments are not qualia. Time is more abstract
like space, number, size, and other magnitudes that one can de-
rive from or apply to qualia (Bueti and Walsh 2009) and so time
forms part of the perceptual field within which qualia contents
are experienced (Dorato and Wittmann 2020).

We have discussed the experienced moment a lot in this ar-
ticle but there is a longer form of phenomenal experience called
“mental presence” that maintains cognitive operations and
emotional feelings through working memory activity over ap-
proximately 30 s, as it is related to working-memory span
(Wittmann 2011; Dorato and Wittmann 2015, 2020). “Working
memory provides a temporal bridge between events—both

those that are internally generated and environmentally pre-
sented—thereby conferring a sense of unity and continuity to
conscious experience” (Goldman-Rakic, 1997, 559). Northoff and
Huang (2017) propose that the TTC extends conscious activity
over even longer timeframes, perhaps up to hours in duration,
which suggests possible parallels between long-term and life-
long memory abilities and long-term and lifelong modes of ex-
perience (Kent et al. 2019). Whatever the upper limit, what is
clear is that synchronic, discrete time represents the lower
temporal limit and as such is only the entry point for time con-
sciousness. There is much more to explore in terms of duration,
dynamics, and emotional content.

Conclusion

In their review paper on eight different theories of conscious-
ness, Northoff and Lamme (2020) show how the TCC (Northoff
2016; Northoff and Huang 2017) is most explicit about a tem-
poro-spatial nestedness of spontaneous brain activity spanning
several time scales. Northoff makes explicit reference to phe-
nomenological analyses of time consciousness as one starting
point for his consciousness theory. Even though definite neural
processing mechanisms for the experience of presence and
time passage have not been conclusively identified, the search
for an answer will be essential for the understanding of
consciousness.

In addition to the spatiotemporal dynamics of the brain, the
continuous input from the body as part of an embodied system
are discussed by Northoff and Lamme (2020) as necessary pre-
requisites of self-consciousness. Bodily signals, visceral, and so-
matosensory input from the peripheral nervous system not
only enact subjective feelings from the body but also underpin
emotional feelings and self-consciousness (Damasio 1999). We
did not delve into the embodiment issue of self-consciousness
too deeply because we wanted to concentrate on the issue of
extended time consciousness. Recent conceptualizations build
a direct link between bodily signals, self-consciousness, and
subjective time (Wittmann 2013). Craig (2009a, 2009b), e.g. sug-
gests that the experiences of self and time are constituted
through emotional and bodily processes stemming from the
same neural system, the interoceptive system including the in-
sular cortex. Successive moments of self-realization and time
consciousness thus would be formed by information originating
within the body. Picard and Craig (2009) proposed that the con-
tinuous bodily signals advance with a frame rate of �8 Hz,
which amounts to temporal building blocks (functional
moments) of around 125 ms. In line with our idea of an ex-
tended present moment we would argue that these individual
processing units have to be furthermore integrated over time
to form a present moment of conscious experience
(Wittmann 2014).

There are plenty of issues to be solved in order for research-
ers to agree on a neural model of consciousness. Here we
wanted to emphasize an often under-represented aspect in the
debate: time consciousness. The notion of an extended present
as prerequisite for the experience of time passage is essential
for a theoretical understanding of consciousness which, in the
not-too-distant future, could become a very real and practical
problem given the potential for artificial consciousness. Doerig
et al. (2019b) concede that naturally occurring unfolded systems
are biologically implausible given physical constraints (e.g. size)
that evolution solved by implementing recursive networks like
the human brain. But such constraint may not apply to artifi-
cially unfolded systems and so the danger for a science of
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artificial consciousness is that the debate concerning
whether or how machines could be conscious could fall on
ideological lines.

There is some evidence that this ideological divide already
exists. From a combined GNWT and HOT theoretical perspec-
tive, Dehaene et al. (2017) give a functional definition that
machines would “behave as if they were conscious” (p. 7) if they
were simultaneously capable of broadcasting stimuli for global
availability (i.e. ignition) and self-monitoring their own mental
activity (i.e. metacognition). Proponents of IIT and PCT
responded that this definition of consciousness lacks phenome-
nological grounding (Carter et al. 2018) but they did so without
challenging any of the substantive claims about ignition or
metacognition. Instead, they left the debate with an open ques-
tion: “What would constitute successful demonstration of artifi-
cial consciousness?” (Carter et al. 2018, 400).

We propose that any plausible demonstration of artificial
consciousness must include an agreeable definition and opera-
tionalization of time consciousness. The key is to triangulate
strict isomorphisms between the duration of presented stimuli,
their neural representation, and their subjective experience. All
three need to be explained by a single theory of consciousness
in order to satisfy our criteria for time consciousness that is
long, continuous, and dynamic. Thankfully, the potential for
such triangulation is embedded within the substantive claims
of Dehaene et al. (2017): the bottom right-hand corner of Figure 2
(p. 3) shows averaged neural activity from a masking activity in
response to stimulus recognition that lasts for another 1500 ms
after an initial spike (i.e. ignition) between 300 and 500 ms.
While not at all discounting HOT, self-monitoring, or metacog-
nitive approaches, what can this sustained activity tell us about
the long, continuous, and dynamic conscious experience of that
stimulus? What else does the individual experience during that
time when, according to theories of time consciousness, the rec-
ognized object remains conscious? What is their emotional re-
sponse to the recognized object? How does it change what they
expect to see next? Answers to questions like these would paint
a more extended, continuous, and dynamic picture of (time)
consciousness as experienced by biological organisms such as
ourselves, and could therefore provide a more plausible demon-
stration of artificial consciousness than any offered by current
theories of consciousness.
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Pöppel E, Schill K, von Steinbüchel N. Sensory integration within
temporally neutral systems states: a hypothesis.
Naturwissenschaften 1990;77:89–91.

Reardon S. ‘Outlandish’ competition seeks the brain’s source of
consciousness. Science 2019. doi:10.1126/science.aaz8800. AQ11
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