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Processing of temporal information is critical to behaviour. Here, we review
the phenomenology and mechanism of relative timing, ordinal comparisons
between the timing of occurrence of events. Relative timing can be an
implicit component of particular brain computations or can be an explicit,
conscious judgement. Psychophysical measurements of explicit relative
timing have revealed clues about the interaction of sensory signals in the
brain as well as in the influence of internal states, such as attention, on
those interactions. Evidence from human neurophysiological and functional
imaging studies, neuropsychological examination in brain-lesioned patients,
and temporary disruptive interventions such as transcranial magnetic stimu-
lation (TMS), point to a role of the parietal cortex in relative timing. Relative
timing has traditionally been modelled as a ‘race” between competing neural
signals. We propose an updated race process based on the integration of sen-
sory evidence towards a decision threshold rather than simple signal
propagation. The model suggests a general approach for identifying brain
regions involved in relative timing, based on looking for trial-by-trial correl-
ations between neural activity and temporal order judgements (TOJs).
Finally, we show how the paradigm can be used to reveal signals related
to TOJs in parietal cortex of monkeys trained in a TOJ task.

1. Timing and the brain

Timing is central for myriad aspects of behaviour. All forms of life generate
behaviours that play out according to precise sequences in time, spanning
multiple temporal scales. Complex behaviours such as locomotion or grasping
and manipulation require coordinated temporal cascades of muscular acti-
vations over hundreds of milliseconds to seconds; repetitive movements such
as sawing a plank or chopping an onion follow rhythms on the scale of seconds;
and activities such as foraging [1] can be timed to anticipate food availability on
the scale of hours to days.

Time is equally important for interpreting the world around us. “‘What” and
‘where’ do not suffice; we also need to understand ‘when’, to intuit temporal
relationships among sensory stimuli, and to take actions within optimal time
windows to effect desired outcomes.

One can consider different temporal relations between events. Metrical
judgements regarding the amount of time elapsed between events are called
interval timing. Computing time intervals is inherent to behavioural condition-
ing [2,3] and provides the basis for rhythmic movements and behavioural
cycles, ranging from subseconds to hours [4]. Interval timing has been inten-
sively studied, and is the focus of many of the contributions in this volume.

The focus of this paper is instead on relative timing. Relative timing refers to the
ordinal relationship between events, i.e. comparisons between instants of time.
Relative timing is an essential, although often overlooked aspect of perception.
For example, relative timing bears significance for perceptual grouping. In the
visual domain, elements in the visual scene that change together over time, as
well as space, are grouped together, and become part of the ‘same object’ [5].
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The same grouping principles of Gestalt psychology apply to
auditory scene analysis: sounds that start and stop together
as well as those that co-modulate in amplitude or frequency
can be grouped together and identified as distinct auditory
objects [6]. Moreover, the sequential arrangement of speech syl-
lables and the pauses between them, as well as the temporal
structure within syllables and phonemes is fundamental for
speech recognition [7].

In addition to interpreting our sensory environment,
encoding relative timing is critical for higher cognitive func-
tions. An important example is our ability to draw causal
inferences. In assessing whether two events might be ‘cause’
and ‘effect’, the philosopher David Hume proposed eight cri-
teria, among them contiguity in time and space and temporal
precedence of cause over effect [8]. That is, if event B follows
(or is perceived as following) event A, then it is plausible that
A causes B; however, the reverse cannot be true. Thus, perceiv-
ing time and estimating the order of temporal events, as well as
the errors in that estimation, influence how we establish causal
inferences between events.

The purpose of this paper is to provide a brief, critical
review of relative timing mechanisms. We authors are mainly
neurophysiologists, and our primary motivation is to stimulate
our fellow neurophysiologists to think about the topic of rela-
tive timing. For this reason (and for the sake of brevity), our
review covers only selected aspects of relative timing. We
focus on studies that examine relative timing within single
sensory modalities, particularly vision, across different levels
of investigation. For a more comprehensive review on the
temporal organization of perception, see [9].

2. Implicit computations of relative timing

Relative timing computations in the brain could be further
categorized as implicit, unconscious computations or as explicit
judgements. In the case of implicit relative timing, the ordinal
relationship between events is critical, but the events are not
experienced as discrete, and the perceptual quality is typically
distinct from that of the individual events. Typically, these
phenomena require very brief temporal intervals between the
underlying events, on the order of tens of milliseconds or
less. An example is visual direction selectivity, a sensitive
visual ability in vertebrate and invertebrate species, and a
common attribute in single neurons in the visual system,
such as the H1 neurons of the fly visual system [10], some
ganglion cells in the mammalian retina [11] and many neurons
in the middle temporal (MT) area of the primate visual cortex
[12,13]. Two spatially displaced visual stimuli that are flashed
in rapid succession are perceived as a unitary stimulus that
moves from the location of the first stimulus towards
the location of the second stimulus. The relative timing of the
two stimuli is paramount, because if their timing is reversed,
then the perceived direction is likewise reversed. At the level
of single direction-selective neurons, if the two stimuli are
spatially displaced along the preferred-null directional axis of
the neuron, then the cell will respond much more strongly
when one stimulus is presented before the other stimulus (pre-
ferred direction) than when the temporal order between the
two stimuli is reversed (null direction) [11,12].

Implicit relative timing is also a prominent feature of
auditory coding. Relative order is critical for recognition of
complex sounds such as speech, and sensitivity to stimulus

order is common at the level of single neurons in the auditory n

system. For example, some bat species use frequency-modu-
lated (FM) ultrasonic vocalizations to determine spatial
parameters of targets [14]. Neurons in the inferior colliculus
of little brown bats are selective for FM sweep direction
(rising or falling frequencies) [15,16]. Direction selectivity
for FM tones is also present in the cat’s inferior colliculus
[17] and auditory cortex [18]. Sound localization based on
intra-aural time disparities is another prominent example of
implicit relative timing. The relative time of arrival of
sound at the two ears is translated into a horizontal location
of the sound source: sounds that reach (or are presented to) the
right ear before the left ear are perceived to originate to the right
of the midline (and vice versa), with a temporal resolution on
the order of microseconds [19]. With sufficiently brief inter-
aural disparities, subjects detect a unitary sound source at a
precise horizontal location; they do not detect distinct signals
at the two ears, much less make an explicit judgement regarding
the relative arrival times. At the cellular level, neurons in the
mammalian superior olivary complex and avian nucleus lami-
naris detect coincident arrival of neuronal signals from the
cochlear nuclei on either side of the brainstem, corresponding
to precise inter-aural delays [19,20].

These examples of implicit timing typically depend on
information that converges on single neurons and is integrated
on the temporal scale of the membrane time constant (tens
of milliseconds). Relative temporal encoding also extends to
interactions between neurons. For example, spike-timing-
dependent plasticity is a ubiquitous modulation of synaptic
strength between pre- and postsynaptic neurons that depends
critically on the precise order between pre- and postsynaptic
electrical activity [21]. Long-term potentiation occurs when pre-
synaptic spikes lead excitatory postsynaptic potentials and
postsynaptic spikes by up to approximately 20 ms, whereas
long-term depression results when postsynaptic spikes lead
presynaptic spikes by approximately 20-100 ms [22,23]. Thus,
relative order of neuronal activity among synaptic partners is
a key determinant of whether synaptic efficacy increases or
decreases, with no explicit representation of relative time.

3. Explicit computations of relative timing:
temporal order judgements and simultaneity
judgements

In contrast to implicit timing computations, in which events
presented in close succession are rapidly integrated to yield
a distinct percept, animals are also capable of perceiving mul-
tiple discrete events and judging their temporal order. Explicit
temporal judgements are crucial to organizing the sensory
scene and inferring causal relationships among events. The
rest of this paper will focus on explicit relative timing.

An example of an explicit judgement of temporal order can
be found in soccer. When a penalty kick is awarded, the referee
must judge the timing of the goalkeeper’s forward move-
ment relative to when the shooter’s foot strikes the ball (if the
goalkeeper moves first, then the kick should be retaken).

In experimental settings, judgements regarding the tem-
poral relationship of two events can be categorized as
which event occurred before the other, referred to as temporal
order judgement (TOJ), or whether the two events occurred
simultaneously or not, referred to as simultaneity judgement
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Figure 1. Hypothetical psychometric function from a temporal order judge-
ment (TOJ) experiment. Two stimuli (A and B) are presented with a range of
stimulus onset asynchronies (SOA). Subject’s probability of reporting stimulus A
appearing first is plotted as a function of SOA, defined as ‘stimulus A lead time’.
SOA is positive when stimulus A is presented first and negative when stimulus B
is presented first. The single-headed arrow (green) corresponds to the point of
subjective simultaneity (PSS), the SOA that corresponds to 50% on the ordinate.
The double-headed arrow (blue) indicates the just notable difference (JND),
defined as half of the interquartile range. (Online version in colour.)

(S)). Historically, relative timing judgements were brought to
attention from the field of astronomy in the early-nineteenth
century, when astronomers estimated the transit time of stars
using the ‘ear-and-eye method’. Astronomers measured dis-
tance using graticule lines superimposed on an image plane
of the telescope, and measured time by listening to beats of
a clock; they then matched which beat of the clock corres-
ponded to the instant the star passed a particular graticule
line, ie. a TOJ between a visual and an auditory signal.
Variations in these judgements among astronomers stimulated
some of the first thinking about the perception of relative
time [24], and were among the seminal observations that led
Gustav Fechner and Wilhelm Wundt to launch the fields of
psychophysics and experimental psychology [25-27].

TOJ and SJ are the means to study the instants in time that
observers attribute to external events (‘when’). Comparing
the ‘when’ of two events in relation with each other is more
approachable than estimating the absolute time of occurrence
of events, because relative timing does not require precise
indexing of time. Accordingly, relative timing tasks have
been used to study diverse phenomena, such as attention
[28,29], perceptual latency [30,31], dependence of sensory
latency on stimulus intensity [32] and speed-accuracy
trade-off [33].

The general TOJ paradigm is as follows. Two events are
presented with a time interval between them, called the
stimulus onset asynchrony (SOA). The SOA is varied from
trial to trial. The observer’s task is to report the stimulus
that (perceptually) appeared first. The percentage of ‘report-
ing one of the stimuli appearing first’ is plotted as a function
of SOA (figure 1). To quantify the observer’s performance in
a TOJ task, a cumulative Gaussian function is typically fit to
the data, which provides two parameters. One parameter is
the point of subjective simultaneity (PSS), often taken as the
SOA that corresponds to the 50% value on the ordinate. At
the PSS, either choice is equally likely, and observers are
maximally uncertain about the order [34]. The PSS does not

necessarily correspond to the point of objective simultaneity, [ 3 |

where SOA is zero; neither does an SOA =0 necessarily
yield a percept of simultaneity in observers. Thus, the PSS
is an index of the bias (horizontal offset) of the psychometric
function. The second parameter is the just notable difference
(JND) or threshold, corresponding to half of the interquartile
range [35]. This is an index of the slope of the function: the
finer the precision of the judgement, the smaller the JND
[34] (figure 1). In S] tasks, the percentage of trials reported
as simultaneous is plotted as a function of SOA, with the
standard deviation of the underlying Gaussian distribution
(the derivative of the sigmoidal psychometric function)
taken as the observer’s sensitivity to asynchrony (equivalent
to JND), and the centre of the distribution taken as an esti-
mate of PSS [35].

Although TOJ and SJ are related, data from an SJ experi-
ment do not necessarily transfer to a TOJ experiment in the
same subject. That is, when we judge that two events are
not simultaneous, we do not necessarily know their order.
For example, observers might apply different criterion
levels when performing the tasks. In fact, it has been
shown that the maximum of subjective simultaneity inferred
from SJ does not coincide with that inferred from TOJ [28,36].

In addition to TOJ and 5], ternary response tasks have
also been used, in which subjects make one of three choices:
report which of two stimuli appeared first, or report whether
the two stimuli appeared simultaneously. While the ternary
response task would seem to address both simultaneity and
temporal order, subjects” TOJs typically change depending
on whether they have the option to report simultaneity (tern-
ary task) or not [37]. Thus, researchers have generally studied
either TOJ or SJ in isolation [35].

4. Human psychophysical studies

In visual TOJ experiments with human subjects, various studies
have reported thresholds (corresponding to approx. 80% prob-
ability of reporting one stimulus first) in the range of 50-80 ms
[38-40]. Interestingly, thresholds do not seem to vary substan-
tially for different sensory modalities. In a tactile TOJ task in
which subjects had to report which hand (left versus right)
was first stimulated mechanically, Yamamoto & Kitazawa
[40] reported an average threshold of 74 ms. Kanabus et al.
[41] tested TOJ for auditory as well as visual stimuli. The audi-
tory stimuli were tones of different frequency, whereas the
visual stimuli were different coloured pulses of light flashed
at the same location by a light-emitting diode. The authors
found that threshold SOA (75% per cent correct responses)
was similar between the modalities, approximately 40 ms
[41]. These findings are intriguing, because sensory latencies
in the sensory periphery are much briefer for auditory and
tactile stimuli than for visual stimuli, and thus presumably
more reliable from trial to trial. The comparable TOJ thresh-
olds between visual and non-visual modalities suggest that
the reliability of TOJs are likely limited by central processes,
or even that TOJs for different sensory modalities could be adju-
dicated by a common central mechanism, or a common brain
area [34,42] (but see also [43] for a discussion about modulation
of TOJ thresholds by other factors).

As discussed in §3, an important aspect of TOJ experiments
is that objective (SOA = 0) and subjective simultaneity (the
PSS) of a pair of stimuli are typically not the same. In some
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models of TOJ, a non-zero PSS is taken to reflect differences
between the “arrival latencies” of the signals corresponding to
each stimulus at the brain area(s) that judges the temporal
order [34]. These delays must represent the sum of latencies
occurring from initial transduction of the stimulus in the
sensory periphery, through integration and propagation of sig-
nals between synaptic stages to the ultimate decision stage(s) in
the brain. Delays may vary with different attributes of the
stimulus, such as contrast and eccentricity of visual stimuli
[34], and have been taken as evidence about the relative
strength or latency of these sensory signals. However, consider-
able evidence has accumulated to challenge the idea that TOJ is
determined only by differences in arrival latencies, requiring
an updated model for TOJ (see §7 of this review).

The PSS is also affected by changes in internal cognitive
state. A prominent example is attention. Attention has always
been intertwined with temporal order studies. More than a cen-
tury ago, British psychologist Titchener [44, p. 251] proposed
his law of prior-entry, in which ‘the object of attention comes
to consciousness more quickly than the objects which we are
not attending to’. Indeed, modern experimental psychologists
have confirmed that exogenous and endogenous attention
bias PSS towards the attended stimulus (i.e. the attended
stimulus is reported first), both for intramodal TOJs (vision,
auditory and tactile) [29,45-49] as well as cross-modal TOJs
[43]. One concern is that the effects of attention could be due
to response bias [50]. For example, if subjects are asked to
attend to the right side of a display, then they are more inclined
to report the first stimulus as the one appearing on the same
right side. Using an orthogonal design, in which the dimension
of response (e.g. report the colour of the first stimulus to
appear) is orthogonal to the dimension for which attention is
cued (e.g. left versus right), helps to mitigate response bias
[45]. For example, to rule out response bias as an explanation
of the attention effects on TOJ, Shore et al. [45] asked subjects
to judge the order of presentation of two visual stimuli (a hori-
zontal and a vertical line) and found that, although response
bias has a large influence, exogenous (and to a lesser extent
endogenous) attention cues could still affect the perceived
order of visual stimuli. Similar results have been observed in
the somatosensory domain when response bias was reckoned
and an orthogonal design was used [36,46].

Schneider & Bavalier [30] proposed a number of possibil-
ities for how attention could affect TOJ: (i) through sensory
interaction between cue and stimulus (exogenous attention),
(ii) by reducing the transmission time of the attended stimu-
lus (attending to a feature or spatial location) and (iii) by
affecting the decision mechanism. Regarding (i), exogenous
(visual) attention cues are by definition presented near the
item to be attended; thus, sensory interactions are inevitable.
It is debatable whether these sensory interactions should be
considered ‘attention” in the context of TOJ. One way to
address this confound might be to provide the exogenous
cue using a different sensory modality than that used for
the TOJ; for example, a spatially localized auditory or tactile
cue could be used to exogenously attract spatial attention in a
visual TOJ task [45]. With regard to transmission times (ii),
little evidence supports the notion that attention decreases
latency of neural signals, at least in animal models. In
single unit neurophysiological studies in monkeys, Lee et al.
[51] found that directing attention towards (or away from) a
stimulus has little effect on the latency of neuronal signals
in area V4 (approx. 1 ms decrease in latency for either 100%

or 25% contrast stimuli). In another study, Sundberg et al. [52] n

found less than 1.5 ms of latency change owing to attention at
the highest contrast level that they tested, again in area V4. Simi-
larly, Bisley et al. [53] found that allocation of attention had no
effect on response latencies in lateral intraparietal (LIP) cortex.
Thus, latency differences owing to attention, if any, are slight.
In regard to (iii), within a signal-detection framework, it is well
established that attention can affect decision criteria as well as
enhance sensory processing [54—57]. In a TOJ context, attention
could affect TOJs by selectively affecting the decision criterion,
such as changing the evidence threshold for a competitive
‘race process’ between the competing stimuli (see §7).

Importantly, changes in relative delays, as indexed by
the PSS, have also been used to provide clues for the loca-
tion of brain areas involved in TOJs, as described in the
following sections.

5. Neuropsychology of temporal order

judgements

Historically, it was the British neurologist Critchley [58] who
reported timing deficits in patients with damage to the parietal
cortex. However, the parietal lobe, in particular the right par-
ietal lobe, gained much more attention in the late 1990s.
Husain et al. [59] reported that patients with right parietal
damage had deficits in an attentional blink task, indicating dif-
ficulties in temporal processing. Harrington et al. [60] found
deficits in duration perception (interval timing) in individuals
with right hemisphere damage; moreover, the subjects’ tem-
poral performance was correlated with their ability to direct
non-spatial attention. Based on patient studies, Husain &
Rorden [61] suggested that the temporal—parietal junction
(TPJ) encodes temporal information in the visual modality. Bat-
telli et al. [62,63] carried out a series of experiments on parietal
neglect patients, and based on their findings, proposed that the
right parietal lobe constitutes a “when’ cortical visual pathway.
Although these experiments did not directly involve TOJs, the
results are strongly suggestive of timing deficits in neglect
patients, i.e. patients with damage to the right parietal cortex.

Other neuropsychological studies provide more direct
evidence for parietal involvement in TOJs. Rorden et al. [64]
presented one stimulus in each visual field of patients with
damage to right parietal cortex and found that the patients
reported the ipsilesional stimulus first unless the contra-
lesional stimulus was presented at least 200 ms earlier.
Sinnett et al. [65] presented one shape in each hemifield of
right parietal patients and found that the contralesional
stimulus had to be presented approximately 200 ms before
the ipsilesional stimulus in order for patients to report them
with equal frequency. Baylis et al. [66] asked patients with
either left or right parietal damage to report which of two
stimuli was the second to appear, and found that a lead of
approximately 200 ms was necessary for the contralesional
stimulus to be reported as frequently as the ipsilesional
stimulus, regardless of the side of the lesion.

A limitation of some of the earlier patient studies is that
they were confounded by response bias [64,67]. Because par-
ietal patients show strong biases towards stimuli on their
ipsilesional side [68], in TOJ experiments they might report
the stimulus on their ‘good’ side as appearing first when-
ever they are uncertain of the temporal order. This issue
is most prominent when instructions are given to subjects
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(e.g. attend left). Orthogonal experimental designs reduce
this confound (see §4). When such a design was used to con-
trol for response bias [65], shifts in PSS were still observed in
patients [66], indicating both left and right parietal lesions
can still affect TOJ judgements, with contralesional visual
stimuli appearing later than ipsilesional stimuli.

While neuropsychological studies with patients have
suggested changes in PSS resulting from brain lesions, the
studies have generally not reported changes in sensitivity in
TOJ tasks. This is unfortunate, because changes in sensitivity
are less prone to response bias and could be more directly
related to TOJ itself rather than related to secondary processes
such as attention. Future neuropsychological studies on TOJ
could be enhanced by a more quantitative psychophysical
approach that includes measurements of sensitivity.

6. Localizing brain areas involved in temporal
order judgement in normal subjects

A variety of behavioural studies have provided clues about
areas involved in TOJ, at least with respect to vision. One
approach has been to compare order judgements when both
stimuli are presented to one eye (monoptic) versus when
the stimuli are presented separately to the two eyes (dichoptic).
The threshold for order judgements is lower when stimuli are
presented monoptically [69,70], suggesting involvement of
brain areas with monocular neurons in TOJ, such as V1 or
visual thalamus. Observers also have a bias to perceive foveal
stimuli before peripheral stimuli [69]. However, in the monop-
tic versus dichoptic and foveal versus peripheral comparisons,
the two stimuli were presented spatially very close to each
other, with only arc minutes of separation. TOJs at this scale
may be best subserved by neurons with small receptive fields
(RFs) in early visual areas. In addition, two successive stimuli
in close spatial proximity could produce a dominant low-
level motion signal that could allow observers to perform
the task based on motion cues rather than order judgement
per se [71].

With larger spatial separations of stimuli, localization
studies in healthy human subjects again point to a role of par-
ietal cortex in TOJs. Woo et al. [38] used temporary disruptive
techniques to study TOJ in humans. While subjects made
order judgements between two visual stimuli, one in each
hemifield, the authors applied a single TMS pulse to either
the left or right posterior parietal cortex. They found that
the processing of the contralateral stimulus was delayed for
20-30 ms, but only when TMS was applied on the right, but
not on the left side. The disruptive effect was evident only
when the TMS pulse was given 50—-100 ms after the onset of
the first stimulus, which corresponds to when visual signals
should reach parietal visual areas. In an fMRI study, Davis
et al. [39] asked subjects to perform a TOJ, and compared it
with an equally difficult shape judgement with one stimulus
in each visual hemifield. Using fMRI, the authors looked at
differential brain activity between the two tasks, and found
bilateral activation in the TPJ specific to the TOJ task. However,
a potential confound of the experiment is that only the TOJ task
(and not the shape task) required selection in time and proces-
sing of the onset of events. Thus, the authors performed a
follow-up control experiment in which both tasks required dis-
criminating brief events concurrent with the onset of the visual
stimuli, and only left TPJ activity was found in the TOJ task.

This is in contrast to the study of Woo et al. [38,39] which
showed a right parietal dominance in TOJ tasks. These appar-
ently contrasting results point to the fact that fMRI results are
correlational and do not necessarily address the causal involve-
ment of a specific brain area in TOJ tasks, when compared with
patient studies [63] and TMS studies [38]. Currently, TMS is the
only available technique that can interfere directly and acutely
with cognitive functions in humans, and TMS studies implicate
the right parietal cortex in TOJ.

7. Models of temporal order judgement

Localization studies point to particular areas in the brain that
could be involved in TOJs, but they do not address the under-
lying neural mechanisms. How are TOJs determined at the
level of neural circuits? Forty years ago, Sternberg & Knoll
[34] posited a straightforward model for TOJ, in which
(neural) signals elicited by two competing stimuli are trans-
mitted along independent channels in the brain, ultimately
converging on a decision stage that compares the relative ar-
rival latencies. In this view, stochastic variations in arrival
times of the two signals give rise to the trial-by-trial vari-
ations in perceived temporal order, even for the same SOA.
Arrival-time-based models of this sort have generally not
specified a neural instantiation, but to our reading they
allude mainly to signal propagation—the time needed for
action potentials to move along axons. This view is reminis-
cent of the mechanism of horizontal auditory localization,
which is based on the relative propagation times of neural
signals from the two ears to a site of binaural comparison
in the brainstem [72].

A great deal of evidence has accumulated that challenges
arrival-time-based models for relative timing judgements.
First, as mentioned in §3, many studies have shown differ-
ences between temporal order judgements and simultaneity
judgements, which differ only in the instructions given to
the subjects. Perceptual differences between TOJ and S]J para-
digms imply differences in decision criteria, something that is
not easily captured by arrival-time-based models. Second,
temporal judgements between different sensory modalities
with different peripheral processing speeds (e.g. vision and
audition) imply some kind of central recalibration, which is
more readily explained by different decision criteria than by
normalization of propagation times [73]. Third, prior entry
(attention) effects on relative timing judgements could also
be accounted for by changes in decision criteria, but it is diffi-
cult to imagine how attention could affect propagation speeds,
which would seem more ‘hard wired’. Indeed, there is little evi-
dence that attention significantly affects neuronal response
latencies in animal experiments (see §4). These and other obser-
vations argue that arrival-time-based models do not provide a
general explanation for relative timing judgements.

The implication of malleable decision criteria in relative
timing judgements suggests an alternative model grounded
in signal-detection theory (SDT). As applied to the brain,
SDT examines how decisions are adjudicated based on sen-
sory evidence and internal factors. Particularly relevant to
relative timing judgements are decision models in which sen-
sory data are evaluated as they are collected over time. These
models include sequential analysis and diffusion/drift or race
models (for a review, see [74]). Race models constitute a con-
test to accumulate or integrate sensory evidence towards
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competing alternative decision outcomes. Evidence for pos-
sible alternative outcomes is integrated and compared with a
decision criterion or threshold; the evidence that first surpasses
criterion ‘wins” and leads to the corresponding percept or out-
come. In this view, different decision criteria could result from
different evidence thresholds for competing decision outcomes,
or different (unequal) starting points or integration rates for the
competing integration processes. We propose that TOJ could be
a race-like accumulation of evidence, compressed over short
time intervals on the order of the SOAs.

In race models for TOJ, what could cause the stochastic
variations in perceptual report from trial to trial? As men-
tioned above, transmission times, in the sense of action
potentials propagating down axons, are unlikely to contribute
substantial variation in TOJ experiments, because axonal
propagation times are very brief and reliable, and there is
little evidence that propagation times can be modulated. How-
ever, stochastic variation in TOJ from trial to trial could arise
in the strength of the sensory responses to the competing
stimuli (e.g. the number of spikes evoked), or in the synaptic
integration involved in propagating neural signals from one
stage to the next. Implicit in this ‘bottom-up’ view is that
there is a causal relationship between neuronal firing at rela-
tively early stages of sensory processing and the animal’s
subsequent perceptual report; that is, trial-to-trial variation in
neuronal firing constitutes sensory noise that influences the
subsequent decision stage. This might seem obvious to the
point of triviality, but it implies an important experimental
test: by looking for trial-by-trial correlations in neuronal
firing with perceptual report, one could identify brain areas
that are particularly important for perceptual judgements,
such as TOJ. For example, while there are trial-to-trial vari-
ations in visual responses in the retina, these variations might
not be well correlated with the animal’s perceptual report near
threshold, whereas variations in downstream visual areas
could be more strongly correlated. This would imply that the
noise in the subsequent stages was more dominant to the ulti-
mate decision stage, and that the sources of noise were fairly
independent from stage to stage.

Much of the previous work relating firing of cortical neur-
ons to perception has been based on the paradigm developed
by Newsome et al. [75,76] in which monkeys discriminate the
net direction of motion of noisy random-dot kinematograms
in a two-alternative forced choice manner, and signal their
perceived direction by a saccadic eye movement. In the race
model proposed by Shadlen et al. [77,78], the random-dot
stimulus would affect two ensembles of neurons with over-
lapping RFs, but with opposite direction preferences. Spikes
in the competing neuronal pools would be integrated and
thresholded, and the neural pool that reaches threshold
earlier would determine the perceived direction [77,79].

In principle, a similar competitive race process could
underlie TOJs in the brain. Distinct populations of neurons
could encode the two stimuli, with the neurons’ RFs corres-
ponding to the two spatially distinct stimulus locations in
the TOJ paradigm. Spike counts would be pooled within
each neuronal ensemble, integrated and thresholded, as
described by a race process. The neural pool that reaches
threshold earlier would lead to the percept of the corresponding
stimulus appearing first.

In the random-dot kinematogram experiments, the animals
typically view the stimulus for hundreds of milliseconds; thus,
in weighing the perceptual decision, the brain could integrate

sensory information for an extended period of time [80]. How-
ever, in TOJ experiments, subjects are able to discriminate
temporal order with SOAs as short as a few tens of milli-
seconds. The informative neuronal spikes for the integration
and race process are presumably confined to a time window
on the scale of the narrow SOA, because if spikes were inte-
grated for a long time after both stimuli have been turned on,
then the neuronal signals would presumably be no longer
informative of which stimulus appeared first. Thus, for TOJs,
a bottom-up mechanism might be subserved by an inte-
gration/race process compressed to the timescale of the SOA.

Animplication of a race process compressed to the timescale
of the SOA is that if one were to look for neuronal responses that
covary with a subject’s TOJs, presumably the most informative
correlations would be with respect to the earliest part of the neur-
onal response following the onset of the stimulus. In this view, if
the response to the stimulus in a neuron’s RF happens to be
slightly larger on a given trial, then the neuronal pool corres-
ponding to that RF location should reach threshold a little
sooner, and the subject would tend to perceive the stimulus in
that RF as appearing first. If instead the RF response happens
to be slightly smaller, then the subject would tend to perceive
the stimulus in the RF as appearing second.

At first glance, it might seem odd to suggest that neurons
representing only one of two stimuli could contribute to a TOJ
between the two stimuli. It might seem that a neuron subserv-
ing TOJs should have large RFs encompassing both stimulus
events, to allow for a direct comparison. However, this
does not necessarily follow. For one, random variations in
the firing of the two competing neural pools representing
one or the other stimulus (but not both) could affect the
decision at a later stage of the process. If so, neurons could
play a causal role in the percept without being ‘directly”’
involved in the decision process. For example, in the classic
models of perceptual decisions in the visual motion pathway,
evidence for one motion direction or the other is posited to be
processed in distinct MT neuronal pools, with the integration
taking place downstream in the visual hierarchy, e.g. in area
LIP [74,81]. Moreover, the integration-to-threshold under-
lying the race process could also occur in independent
pools of decision-related neurons. With a two-alternative
forced choice design to ensure an unambiguous behavioural
outcome, it seems plausible that at some stage the competing
neuronal pools should interact in a winner-take-all manner
(perhaps by mutual inhibition), but this could occur outside
the sensory system (for example in the oculomotor system, in
the classic perceptual decision experiments). Thus, there is no
a priori reason to expect that neurons involved in the decision
mechanism must have a sensory representation of both
stimuli in the TOJ task.

In interpreting neuronal data in TOJ experiments, another
important consideration is that the subject’s report of temporal
order is invariably separated in time from the narrow time
window of the SOA when the crucial neuronal spikes are pre-
sumably accruing. For example, psychophysical thresholds for
SOA in TOJ tasks are on the order of tens of milliseconds, yet
behavioural response times are typically on the order of hun-
dreds of milliseconds. During the time between the onset of
the stimuli and the behavioural response, the neuronal data
might be ‘buffered’ in some manner, or there could be second-
ary modulations in neuronal firing because of selective
attention to one stimulus or the other (e.g. to the first stimulus
to occur) or because of selective motor preparation. For
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example, secondary attentional modulation can affect detec-
tion of transient sensory events that occurred even hundreds
of milliseconds earlier [82]. Thus, neuronal activity that corre-
lates with the animal’s judgement of temporal order might
not be causal (bottom-up) to the animal’s judgement, and
should be interpreted cautiously. For example, modulations
in neuronal activity occurring hundreds of milliseconds after
both stimuli have been presented in a TOJ experiment could
be related to selective attention after the decision has been
made (i.e. top-down rather than bottom-up).

As a final word on models for relative timing judgements,
we point out that simple race models cannot explain all
aspects of relative timing perception. In some cases, ‘high
level’ Gestalt constraints can override simple temporal
relationships among the incoming stimuli (for a review, see
[9]). For example, when two auditory tones are presented
with a temporally intervening noise burst, the two tones are
perceived as grouped together, followed by the noise burst
(for an example, see [83]). Observations such as these are dif-
ficult to reconcile with SDT-based race models, but do not
negate the ideas of race processes. For example, grouping
constraints may occur at a higher processing level in the
brain, with the ability to reverse the outcome of race
processes occurring at lower processing levels.

8. Neurophysiological mechanisms of
relative timing

(a) Human electrophysiology

With the model for TOJs in mind, it is useful to examine experi-
ments that have measured neuronal activity during TOJ
experiments. We start with non-invasive recording methods
in human subjects. As described above, for the sarme SOA, ideal-
ly one would like to identify neuronal activity that varies on a
trial-by-trial basis with the subject’s perceived temporal order.
This approach is difficult in humans, because most non-
invasive means for recording from humans lack single-trial
resolution. Therefore, in the few studies on the topic, rather
than looking for trial-by-trial correlations, the authors instead
tried to bias perceived temporal order in some manner, and
then looked how the bias affected neuronal activity averaged
over many trials. For example, McDonald et al. [47] recorded
event-related potentials (ERPs) over the right and left occipital
cortex while subjects judged which of two visual stimuli, pre-
sented to the left and right of the fixation point, appeared
first. The authors biased attention to one side or the other by
presenting an auditory stimulus that was spatially offset to
the left or right of the midline, and that occurred 100-300 ms
before the onset of the corresponding visual stimulus. The
auditory cue produced a PSS shift of approximately 70 ms
towards the side of the auditory cue. For the SOA =0 con-
dition, the authors found that, for a given occipital electrode,
the magnitude of the ERP signal was enhanced when the audi-
tory cue was contralateral to the electrode compared with
when the cue was ipsilateral. However, there was no change
in the latency of the ERP signal [47]. For the SOA = 70 ms con-
dition (close to PSS), the authors found the early ERP
components were offset in time by approximately 70 ms
between the left and right occipital electrodes, much like the
visual stimuli themselves. But when the SOA is close to the
PSS, it might be expected that neuronal signals would be

more closely aligned in time—if those signals indeed reflect

the subjective perception of near simultaneity. Instead, the
70 ms separation of the occipital ERP signals better reflected
the physical visual stimulus than the subjective perception,
perhaps indicating that the occipital cortex (i.e. V1) is not
strongly involved in the TOJ. In this view, stronger correlations
with subjective TOJ might be found in higher brain areas. This
issue could also be addressed if, for a fixed SOA, the authors
had sorted their data according to the observers’ perceptual
report before averaging, to reveal neuronal signals related to
the subjects’ subjective percept of temporal order rather than
to the visual stimulus.

In another study, Vibell et al. [48] instructed subjects to
attend to one sensory modality (touch or vision) in a bimodal
TOJ task, and found a difference of approximately 40 ms
between the PSS for the attend-to-touch condition and the
attend-to-vision condition. In the ERP data collected over
scalp occipital leads, the authors observed latency shifts in
P1, N1 and N2 components as well as P300 potential when
attention was directed to the visual modality compared with
when attention was directed to the tactile modality. The authors
concluded that attention decreases the latency of the visual
signal, consistent with prior entry theory. However, the ERP
components peaked at approximately 150 ms for P1 and
approximately 440 ms for P300 [48]. The late time course
could indicate that the modulation of these signals is secondary
to the TOJ, perhaps reflecting post-decisional attention towards
the first stimulus detected. In addition, the authors were not
able to identify or reliably measure C1, the earliest component
originating primarily from V1, which could have provided a
more direct read-out of early stages of visual processing. One
should also bear in mind that even a change in the latency of
an ERP component does not necessarily indicate a change in
the latency of individual neurons [51]. Each component of the
ERP reflects the pooled activity of large ensembles of cells
that could have different individual latencies. Attention could
preferentially modulate the magnitude of responses of neurons
with different response latencies, and the summation of the
magnitude changes could cause an apparent change in the
latency of the ERP component [51]. Moreover, latency changes,
if they exist at all, are unlikely to arise from changes in the actual
propagation of neural signals, but rather from the way that
those signals are integrated or read-out by postsynaptic
neurons. For example, attention could better synchronize
presynaptic inputs to cause a more concerted—and thus
earlier—postsynaptic response. In this sense, a modulation
that affects response amplitude may not be so different from
a modulation that affects latency.

An important challenge in human neurophysiology (such
as multi-channel EEG) is to provide sufficient spatial reso-
lution to distinguish activation by the two stimuli in a TOJ
task, as in the study by McDonald et al. [45]. Under these con-
ditions, comparisons could be made between the neural
signals for opposite perceptual reports in response to the
same SOA. Properly designed experiments [84] could then
reveal neuronal responses that are related to the subject’s per-
ceived temporal order rather than related to the physical
properties of the stimuli.

(b) Single-unit electrophysiology in monkeys
Single-unit physiology in behaving animals has the advan-
tage of providing the most precise information about the
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Figure 2. Response of a single LIP neuron for SOA = 0 ms. (a) Shows spike-rate function aligned to the appearance of the stimulus in RF, for all trials. (b) Depicts
the same data, but with the trials divided by whether the animal reported the stimulus in the RF appearing first (solid blue) or second (dotted red). Spike-rate
functions for individual units were generated by convolving 1-ms-binned histograms with a Gaussian function (SD = 15 ms). (Online version in colour.)

timing of neuronal responses. Monkeys provide an attractive
model species for this purpose because the animals can be
trained in complex timing tasks. A number of studies have
examined neuronal correlates of interval timing in trained
macaques. For example, Leon & Shadlen [85] found that
LIP neurons represent elapsed time when the animals had
to make eye movements to indicate whether the duration of
a test stimulus was shorter or longer than a reference dur-
ation. Mayo & Sommer [86] trained animals to compare a
time interval demarcated by two successive flashes to a refer-
ence interval and produce different eye movements, and
found that the dynamics of visual adaptation in frontal eye
field neurons matched the animals’ temporal discrimination.
Additional studies have revealed potential neuronal correlates
of interval timing in tasks in which animals made movements
at the end of proscribed intervals, without explicit prompting
[87-90]. However, to the best of our knowledge, there have
been no published studies on neuronal correlates of TOJs in
the monkey.

Two of the authors of this review recently trained two
macaque monkeys to perform a TO]J task in which the ani-
mals reported the order of appearance of two visual
stimuli, presented with a range of SOAs from 0 (simul-
taneous) to 126 ms [91]. The two stimuli were spatially
configured so as to prevent the animals from using apparent
motion as a cue to judge relative timing. In addition, rather
than having the animals directly indicate the first stimulus
that they perceived to appear (e.g. by making an eye move-
ment to one stimulus or the other), we instead imposed a
delay period followed by one or the other stimulus (ran-
domly chosen) turning green. The animals were trained to
release a lever if the green stimulus was the first stimulus
that had appeared, or to continue holding the lever if the
green stimulus was the second stimulus that had appeared.
This design ensured that the animal’s percept of temporal
order was dissociated from how the animals signalled that
percept. This approach is important, because many parietal
neurons also have activity related to movements of the eyes
or arms, which complicates interpretation of neuronal signals
related to perceptual judgements per se [84].

After training for months, the animals reached a high
level of performance. The threshold SOA (82% maximum
performance) was 34 ms for one animal and 41 ms for the
other animal, and both animals’ performance was signifi-
cantly better than chance even for SOA = 9 ms, the shortest

non-zero SOA, we could present given the frame rate of the
stimulus monitor. These threshold SOAs are faster, or at
least comparable to, thresholds reported in human TOJ
experiments [38-40], even though that the animals could
not use motion cues to perform the TOJ task.

After the animals’ behavioural thresholds stabilized, we
recorded from single neurons in the LIP. After mapping the
RF of each unit, one stimulus was positioned to fall within
the RF, whereas the other stimulus fell outside the RF. The
animals performed the TOJ task, whereas neuronal data
were collected. We analysed the neuronal responses as a func-
tion of the animal’s judgement of temporal order on each
trial—whether he reported the stimulus in the RF as appear-
ing first or second. LIP units tended to respond more strongly
when the animal reported the stimulus in the RF as appear-
ing first (figure 2). This difference in neural response was
absent in the baseline period before the stimuli appeared,
yet was observed both in the early visual response (phasic
period, 40-100 ms after stimulus appeared in RF) and
more reliably in the late visual response (tonic period,
100-250 ms after the stimulus appeared in the RF).

To quantify this effect, we used a metric called choice
probability (CP) to analyse the responses of each neuron
[92]. CP is related to the difference between the distributions
of responses when the animal reports one or the other percep-
tual outcome [93]. CP of 1.0 would indicate that the neuronal
firing was a perfectly reliable predictor of the animal’s TO]J,
whereas a CP of 0.5 would indicate that the neuron’s firing
was completely uninformative of the TOJ.

A most interesting case is when the stimuli were pre-
sented simultaneously, i.e. SOA = 0. In this case, there was
no meaningful signal in the visual stimulus (at least with
respect to temporal order), and the animal’s judgements
accordingly tended to be nearly evenly divided between the
two possible outcomes. Among the population of LIP
neurons that we studied for the SOA = 0 condition, approxi-
mately 10% of the neurons had CP that was statistically
significantly different than 0.5 during the brief phasic visual
response period, and approximately 25% had CP that was
statistically significant during the tonic period. Similar results
were obtained for other brief SOAs for which the monkeys’
behavioural judgements were divided between the two pos-
sible outcomes. Note that because the CP analysis was only
conducted within a set of trials with the same SOA, the phys-
ical visual stimulus (i.e. the location of one stimulus and the
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other stimulus, as well as the temporal offset between them)
was identical between the trials; thus, differences in neuronal
activity could not be attributed to differences in low-level
visual input, but rather were related to the animals’ TOJ.

In summary, the variations in the firing of LIP neurons
reflected the judgement of temporal order on a trial-by-trial
basis. These data are at least consistent with parietal neurons
playing a role in the perception of visual temporal order.
Across the neuronal population, there was the relationship
between the earliest period of visual responses and the ani-
mal’s TOJ, although this relationship was weaker or more
difficult to detect than that emerging later in the trial. How-
ever, these recordings were from single neurons, and the
relevant time window so brief that only a few spikes were
fired during that time, making the detection of correlations
challenging. It is possible that stronger correlations would
emerge if simultaneous recordings were made from many
neurons as the animals performed the TO]J task. It is also
likely that other brain areas, in parietal cortex and elsewhere,
are involved in the TOJ, perhaps even more directly than LIP.
Nonetheless, the relationship between neuronal signals in the
early visual transient responses and the animal’s decision
near threshold is consistent with a bottom-up model for
TOJs, in which trial-by-trial variation in sensory responses
to the competing stimuli determine the perceived order.
Stronger correlations between neuronal activity and TOJ
emerged later in the trial, over hundreds of milliseconds.
However, these relatively late signals could be more related
to processes secondary to the TOJ; for example, attention
could be drawn to the location of the stimulus that the
animal judged to appear first (although the animals were
required to maintain fixation during that period). More

References

1. Gibbon J, Church RM. 1990 Representation of time. 9.
Cognition 37, 23—>54. (doi:10.1016/0010-0277(90)
90017-E)

2. Gallistel CR, Gibbon J. 2000 Time, rate, and Press.

conditioning. Psychol. Rev. 107, 289—344. (doi:10. ~ 10. de Ruyter van Steveninck RR, Bialek W. 1988 Real-
time performance of a movement sensitive neuron
in the blowfly visual system: coding and 18. Whitfield IC, Evans EF. 1965 Responses of auditory
information transfer in short spike sequences.

Proc. Biol. Sci. 234, 379—414. (d0i:10.1098/rspb.

1037/0033-295X.107.2.289)
3. Schneiderman N, Gormezano I. 1964 Conditioning
of the nicitating membrane of the rabbit as a
function of CS-US interval. J. Comp. Physiol. Psychol.
57, 188—195. (doi:10.1037/h0043419)
4. Buhusi CV, Meck WH. 2005 What makes us tick? 1.
Functional and neural mechanisms of interval
timing. Nat. Rev. Neurosci. 6, 755—765. (doi:10.

1988.0055)

5. Alais D, Blake R, Lee SH. 1998 Visual features that
vary together over time group together over space.
Nat. Neurosci. 1, 160—164. (doi:10.1038/1151)

perceptual organization of sound. Cambridge, MA:
MIT Press.

temporal processing. Annu. Rev. Neurosci. 27, 307 —
340. (doi:10.1146/annurev.neuro.27.070203.144247)

Reprinted and edited from the Original Edition
(David Hume, 1739). Oxford, UK: Clarendon Press.

Barlow HB, Levick WR. 1965 The mechanism of
directionally selective units in rabbit’s retina.

J. Physiol. 178, 477-504.

1038/nm1764) 12. Mikami A, Newsome WT, Wurtz RH. 1986 Motion
selectivity in macaque visual cortex. |. Mechanisms
of direction and speed selectivity in extrastriate area ~ 21.  Feldman DE. 2012 The spike-timing dependence of
MT. J. Neurophysiol. 55, 1308—1327.

6. Bregman A. 1990 Auditory scene analysis: the 13. Albright TD. 1984 Direction and orientation
selectivity of neurons in visual area MT of the 22. Bi GQ, Poo MM. 1998 Synaptic modifications in
macaque. J. Neurophysiol. 52, 1106—1130.

7. Mauk MD, Buonomano DV. 2004 The neural basis of ~ 14. Moss CF, Sinha SR. 2003 Neurobiology of
echolocation in bats. Curr. Opin. Neurobiol. 13,
751-758. (doi:10.1016/j.conb.2003.10.016) 23. Celikel T, Szostak VA, Feldman DE. 2004 Modulation
8. Selby-Bigge LA. 1896 A treatise of human nature. 15. Suga N. 1964 Recovery cydes and responses to
frequency modulated tone pulses in auditory neurones
of echo-locating bats. J. Physiol. 175, 50— 80.

experiments are needed to tease apart these components of [ 9 |

TOJ, but we believe the basic experimental paradigm is valu-
able for addressing underlying neuronal mechanisms, both
in animal studies and in non-invasive neurophysiological
experiments in humans.

9. Concluding remarks

Understanding the neuronal underpinnings of TOJ will shed
light more generally on decision-making in the brain, and
could provide a more mechanistic framework for interpreting
the effects of attention. Neurophysiological experiments on
TOJs would benefit from the framework of SDT, which has
been applied successfully to the study of other perceptual
decisions. In particular, looking for trial-by-trial correlations
between neuronal activity and the subjective perception of
temporal order can provide important clues about the brain
circuits involved in TOJ, and will help to address whether
TOJs are a distributed or centralized brain function. Properly
designed electrophysiological experiments should work near
perceptual threshold to identify neuronal signals that are cor-
related with temporal judgements per se, and should factor
out sensory input and motor output as sources of neuronal
response variation [84]. This approach is particularly applicable
to animal studies in which trial-by-trial neuronal responses
can be recorded with high fidelity, but similar general ap-
proaches could also be applied to human electrophysiological
or imaging studies.

Acknowledgements. The authors thank Richard Born, Patrick Cavanagh,
Alex Holcombe, John Maunsell and Thomas Luo for discussions on
parts of the material covered in this paper.

Holcombe AO. 2013 The temporal organization of 16. Suga N. 1965 Analysis of frequency-modulated
perception. In Handbook of perceptual organization
(ed. J Wagemans). Oxford, UK: Oxford University

sounds by auditory neurones of echo-locating bats.
J. Physiol. 179, 26-53.

17. Nelson PG, Erulkar SD, Bryan JS. 1966 Responses of
units of the inferior colliculus to time-varying
acoustic stimuli. J. Neurophysiol. 29, 834—860.

cortical neurons to stimuli of changing frequency.
J. Neurophysiol. 28, 655-672.

19. Grothe B, Pecka M, McAlpine D. 2010 Mechanisms
of sound localization in mammals. Physiol. Rev. 90,
983-1012. (doi:10.1152/physrev.00026.2009)

20.  Carr CE, Konishi M. 1988 Axonal delay lines for time
measurement in the owl’s brainstem. Proc. Nat! Acad. Sd.
USA 85, 8311—8315. (doi:10.1073/pnas.85.21.8311)

plasticity. Neuron 75, 556—571. (doi:10.1016/j.
neuron.2012.08.001)

cultured hippocampal neurons: dependence on
spike timing, synaptic strength, and postsynaptic
cell type. J. Neurosci. 18, 10 464—10 472.

of spike timing by sensory deprivation during
induction of cortical map plasticity. Nat. Neurosci. 7,
534-541. (doi:10.1038/nn1222)

UUY0TL0T -69€ g 20S Y “suvif iy bio-buiysigndAranosjedosrqiss


http://dx.doi.org/10.1016/0010-0277(90)90017-E
http://dx.doi.org/10.1016/0010-0277(90)90017-E
http://dx.doi.org/10.1037/0033-295X.107.2.289
http://dx.doi.org/10.1037/0033-295X.107.2.289
http://dx.doi.org/10.1037/h0043419
http://dx.doi.org/10.1038/nrn1764
http://dx.doi.org/10.1038/nrn1764
http://dx.doi.org/10.1038/1151
http://dx.doi.org/10.1146/annurev.neuro.27.070203.144247
http://dx.doi.org/10.1098/rspb.1988.0055
http://dx.doi.org/10.1098/rspb.1988.0055
http://dx.doi.org/10.1016/j.conb.2003.10.016
http://dx.doi.org/10.1152/physrev.00026.2009
http://dx.doi.org/10.1073/pnas.85.21.8311
http://dx.doi.org/10.1016/j.neuron.2012.08.001
http://dx.doi.org/10.1016/j.neuron.2012.08.001
http://dx.doi.org/10.1038/nn1222

24,

25.

26.

2].

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Mollon JD, Perkins AJ. 1996 Errors of judgement at
Greenwich in 1796. Nature 380, 101—102. (doi:10.
1038/38010120)

Boring EG. 1929 A history of experimental
psychology. New York, NY: Century.

Gregory RL. 2004 The Oxford companion to the
mind. New York NY: Oxford University Press.
Hergenhahn BR. 2004 An introduction to the history
of psychology. Princeton, NJ: Recording for the
Blind & Dyslexic.

Stelmach LB, Herdman CM. 1991 Directed attention
and perception of temporal order. J. Exp. Psychol.
Hum. Percept. Perform. 17, 539—550. (doi:10.1037/
0096-1523.17.2.539)

Kanai K, lkeda K, Tayama T. 2007 The effect of
exogenous spatial attention on auditory information
processing. Psychol. Res. 71, 418—426. (doi:10.
1007/500426-005-0024-4)

Schneider KA, Bavelier D. 2003 Components of
visual prior entry. Cogn. Psychol. 47, 333-366.
(doi:10.1016/50010-0285(03)00035-5)

Jaskowski P. 1996 Simple reaction time and
perception of temporal order: dissociations and
hypotheses. Percept. Mot. Skills 82, 707 -730.
(doi:10.2466/pms.1996.82.3.707)

Roufs JAJ. 1963 Perception lag as a function of
stimulus luminance. Vision Res. 1, 81-91.
(doi:10.1016/0042-6989(63)90070-1)

Jaskowski P, Verleger R. 2000 Attentional bias
toward low-intensity stimuli: an explanation for the
intensity dissociation between reaction time and
temporal order judgment? Conscious. Cogn. 9,
435-456. (doi:10.1006/cc0g.2000.0461)

Sternberg S, Knoll RL. 1973 The perception of
temporal order: Fundamental issues and a

general model. In Attention and performance IV
(ed. S Kornblum), pp. 629—685. New York,

NY: Academic Press.

Spence C, Parise C. 2010 Prior-entry: a review.
Conscious. Cogn. 19, 364—379. (doi:10.1016/j.
onc0g.2009.12.001)

Weiss K, Scharlau I. 2011 Simultaneity and temporal
order perception: different sides of the same coin?
Evidence from a visual prior-entry study. Q. J. Exp.
Psychol. 64, 394—416. (doi:10.1080/17470218.
2010.495783)

Jaskowski P. 1993 Selective attention and temporal-
order judgment. Perception 22, 681—-689. (doi:10.
1068/p220681)

Woo SH, Kim KH, Lee KM. 2009 The role of the
right posterior parietal cortex in temporal order
judgment. Brain Cogn. 69, 337-343. (doi:10.1016/
j-bandc.2008.08.006)

Davis B, Christie J, Rorden C. 2009 Temporal order
judgments activate temporal parietal junction.

J. Neurosci. 29, 3182—3188. (doi:10.1523/
JNEUR0SCI.5793-08.2009)

Yamamoto S, Kitazawa S. 2001 Reversal of
subjective temporal order due to arm crossing. Nat.
Neurosci. 4, 759—765. (doi:10.1038/89559)
Kanabus M, Szelag E, Rojek E, Poppel E. 2002
Temporal order judgement for auditory and visual
stimuli. Acta Neurobiol. Exp. 62, 263—270.

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Hirsh 1), Sherrick Jr CE. 1961 Perceived order in
different sense modalities. J. Exp. Psychol. 62,
423-432. (doi:10.1037/h0045283)

Zampini M, Shore DI, Spence C. 2003 Audiovisual
temporal order judgments. Exp. Brain Res. 152,
198-210. (doi:10.1007/500221-003-1536-2)
Titchener EB. 1908 Lectures on the elementary
psychology of feeling and attention. New York, NY:
Macmillan.

Shore DI, Spence C, Klein RM. 2001 Visual prior
entry. Psychol. Sci. 12, 205-212. (doi:10.1111/
1467-9280.00337)

Yates MJ, Nicholls ME. 2009 Somatosensory prior
entry. Attent. Percept. Psychophys. 71, 847—859.
(doi:10.3758/APP.71.4.847)

McDonald JJ, Teder-Salejarvi WA, Di Russo F,
Hillyard SA. 2005 Neural basis of auditory-induced
shifts in visual time-order perception. Nat. Neurosci.
8, 1197-1202. (doi:10.1038/nn1512)

Vibell J, Klinge C, Zampini M, Spence C, Nobre AC.
2007 Temporal order is coded temporally in the
brain: early event-related potential latency shifts
underlying prior entry in a cross-modal temporal
order judgment task. J. Cogn. Neurosci. 19,
109—-120. (doi:10.1162/jocn.2007.19.1.109)

Spence C, Shore DI, Klein RM. 2001 Multisensory
prior entry. J. Exp. Psychol. Gen. 130, 799-832.
(doi:10.1037/0096-3445.130.4.799)

Pashler HE. 1998 The psychology of attention.
Cambridge, MA: MIT Press.

Lee J, Williford T, Maunsell JH. 2007 Spatial
attention and the latency of neuronal responses in
macaque area V4. J. Neurosci. 27, 9632—9637.
(doi:10.1523/INEUR0SCI.2734-07.2007)

Sundberg KA, Mitchell JF, Gawne TJ, Reynolds JH.
2012 Attention influences single unit and local field
potential response latencies in visual cortical area
v4. J. Neurosci. 32, 16 040—16 050. (doi:10.1523/
JNEUR0S(I.0489-12.2012)

Bisley JW, Krishna BS, Goldberg ME. 2004 A rapid
and precise on-response in posterior parietal cortex.
J. Neurosci. 24, 1833—1838. (doi:10.1523/
JNEUR0SCI.5007-03.2004)

Posner MI, Snyder CR, Davidson BJ. 1980 Attention
and the detection of signals. J. Exp. Psychol. 109,
160—174. (doi:10.1037/0096-3445.109.2.160)
Downing (J. 1988 Expectancy and visual-spatial
attention: effects on perceptual quality. J. Exp.
Psychol. Hum. Percept. Perform. 14, 188—202.
(doi:10.1037/0096-1523.14.2.188)

Wyart V, Nobre AC, Summerfield C. 2012 Dissociable
prior influences of signal probability and relevance
on visual contrast sensitivity. Proc. Nat/ Acad. Sci.
USA 109, 3593 -3598. (doi:10.1073/pnas.
1120118109)

Muller HJ, Findlay JM. 1987 Sensitivity and criterion
effects in the spatial cuing of visual attention.
Percept. Psychophys. 42, 383—399. (d0i:10.3758/
BF03203097)

(ritchley M. 1953 The parietal lobes. London, UK:
Arnold.

Husain M, Shapiro K, Martin J, Kennard C. 1997
Abnormal temporal dynamics of visual attention in

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

1.

72.

73.

74.

75.

spatial neglect patients. Nature 385, 154—156.
(doi:10.1038/385154a0)

Harrington DL, Haaland KY, Knight RT. 1998 Cortical
networks underlying mechanisms of time
perception. J. Neurosci. 18, 1085—1095.

Husain M, Rorden C. 2003 Non-spatially lateralized
mechanisms in hemispatial neglect. Nat. Rev.
Neurosci. 4, 26—36. (doi:10.1038/nrn1005)

Battelli L, Pascual-Leone A, Cavanagh P. 2007 The
‘when’ pathway of the right parietal lobe. Trends Cogn.
Sd. 11, 204—210. (doi:10.1016/j.tics.2007.03.001)
Battelli L, Walsh V, Pascual-Leone A, Cavanagh P.
2008 The ‘when’ parietal pathway explored by
lesion studies. Curr. Opin. Neurobiol. 18, 120—126.
(doi:10.1016/j.conb.2008.08.004)

Rorden C, Mattingley JB, Karnath HO, Driver J. 1997
Visual extinction and prior entry: impaired
perception of temporal order with intact motion
perception after unilateral parietal damage.
Neuropsychologia 35, 421—433. (doi:10.1016/
$0028-3932(96)00093-0)

Sinnett S, Juncadella M, Rafal R, Azanon E, Soto-
Faraco S. 2007 A dissociation between visual and
auditory hemi-inattention: evidence from temporal
order judgements. Neuropsychologia 45, 552—560.
(doi:10.1016/j.neuropsychologia.2006.03.006)

Baylis GC, Simon SL, Baylis LL, Rorden C. 2002
Visual extinction with double simultaneous
stimulation: what is simultaneous?
Neuropsychologia 40, 1027 —1034. (doi:10.1016/
$0028-3932(01)00144-0)

Robertson IH, Mattingley JB, Rorden C, Driver J.
1998 Phasic alerting of neglect patients overcomes
their spatial deficit in visual awareness. Nature 395,
169—172. (doi:10.1038/25993)

Driver J. 1998 The neuropsychology of spatial
attention. In Attention (ed. HE Pashler), pp. 297 -
340. Hove, East Sussex, UK: Psychology Press.
Westheimer G. 1983 Temporal order detection for
foveal and peripheral visual stimuli. Vision Res. 23,
759-763. (doi:10.1016/0042-6989(83)90197-9)
Westheimer G, McKee SP. 1977 Perception of
temporal order in adjacent visual stimuli. Vision Res.
17, 887-892. (doi:10.1016/0042-6989(77)90062-1)
Braitenberg V. 1974 The perception of temporal
order: fundamental issues and a general model,
Saul Sternberg and Ronald L Knoll. In Handbook of
sensory physiology, vol. VII/3, (ed. R Jung),

pp. 629-685. Berlin, Germany: Springer.

Carr CE, Konishi M. 1990 A circuit for detection of
interaural time differences in the brain stem of the
bam owl. J. Neurosci. 10, 3227 —3246.

Yarrow K, Jahn N, Durant S, Amold DH. 2011 Shifts of
criteria or neural timing? The assumptions underlying
timing perception studies. Conscious. Cogn. 20,
1518—1531. (doi:10.1016/j.concog.2011.07.003)
Gold JI, Shadlen MN. 2007 The neural basis

of decision making. Annu. Rev. Neurosdi. 30,
535-574. (doi:10.1146/annurev.neuro.29.
051605.113038)

Newsome WT, Britten KH, Movshon JA. 1989
Neuronal correlates of a perceptual decision.
Nature 341, 52-54. (doi:10.1038/341052a0)

UUY0TL0T -69€ g 20S Y “suvif iy bio-buiysigndAranosjedosrqiss


http://dx.doi.org/10.1038/380101a0
http://dx.doi.org/10.1038/380101a0
http://dx.doi.org/10.1037/0096-1523.17.2.539
http://dx.doi.org/10.1037/0096-1523.17.2.539
http://dx.doi.org/10.1007/s00426-005-0024-4
http://dx.doi.org/10.1007/s00426-005-0024-4
http://dx.doi.org/10.1016/S0010-0285(03)00035-5
http://dx.doi.org/10.2466/pms.1996.82.3.707
http://dx.doi.org/10.1016/0042-6989(63)90070-1
http://dx.doi.org/10.1006/ccog.2000.0461
http://dx.doi.org/10.1016/j.concog.2009.12.001
http://dx.doi.org/10.1016/j.concog.2009.12.001
http://dx.doi.org/10.1080/17470218.2010.495783
http://dx.doi.org/10.1080/17470218.2010.495783
http://dx.doi.org/10.1068/p220681
http://dx.doi.org/10.1068/p220681
http://dx.doi.org/10.1016/j.bandc.2008.08.006
http://dx.doi.org/10.1016/j.bandc.2008.08.006
http://dx.doi.org/10.1523/JNEUROSCI.5793-08.2009
http://dx.doi.org/10.1523/JNEUROSCI.5793-08.2009
http://dx.doi.org/10.1038/89559
http://dx.doi.org/10.1037/h0045283
http://dx.doi.org/10.1007/s00221-003-1536-z
http://dx.doi.org/10.1111/1467-9280.00337
http://dx.doi.org/10.1111/1467-9280.00337
http://dx.doi.org/10.3758/APP.71.4.847
http://dx.doi.org/10.1038/nn1512
http://dx.doi.org/10.1162/jocn.2007.19.1.109
http://dx.doi.org/10.1037/0096-3445.130.4.799
http://dx.doi.org/10.1523/JNEUROSCI.2734-07.2007
http://dx.doi.org/10.1523/JNEUROSCI.0489-12.2012
http://dx.doi.org/10.1523/JNEUROSCI.0489-12.2012
http://dx.doi.org/10.1523/JNEUROSCI.5007-03.2004
http://dx.doi.org/10.1523/JNEUROSCI.5007-03.2004
http://dx.doi.org/10.1037/0096-3445.109.2.160
http://dx.doi.org/10.1037/0096-1523.14.2.188
http://dx.doi.org/10.1073/pnas.1120118109
http://dx.doi.org/10.1073/pnas.1120118109
http://dx.doi.org/10.3758/BF03203097
http://dx.doi.org/10.3758/BF03203097
http://dx.doi.org/10.1038/385154a0
http://dx.doi.org/10.1038/nrn1005
http://dx.doi.org/10.1016/j.tics.2007.03.001
http://dx.doi.org/10.1016/j.conb.2008.08.004
http://dx.doi.org/10.1016/S0028-3932(96)00093-0
http://dx.doi.org/10.1016/S0028-3932(96)00093-0
http://dx.doi.org/10.1016/j.neuropsychologia.2006.03.006
http://dx.doi.org/10.1016/S0028-3932(01)00144-0
http://dx.doi.org/10.1016/S0028-3932(01)00144-0
http://dx.doi.org/10.1038/25993
http://dx.doi.org/10.1016/0042-6989(83)90197-9
http://dx.doi.org/10.1016/0042-6989(77)90062-1
http://dx.doi.org/10.1016/j.concog.2011.07.003
http://dx.doi.org/10.1146/annurev.neuro.29.051605.113038
http://dx.doi.org/10.1146/annurev.neuro.29.051605.113038
http://dx.doi.org/10.1038/341052a0

76.

71.

78.

79.

80.

81.

Newsome WT, Pare EB. 1983 A selective impairment of
motion perception following lesions of the middle
temporal visual area (MT). J. Neurosdi. 8, 2201-2211.
Mazurek ME, Roitman JD, Ditterich J, Shadlen MN.
2003 A role for neural integrators in perceptual
decision making. Cereb. Cortex 13, 1257 -1269.
(doi:10.1093/cercor/bhg097)

Shadlen MN, Britten KH, Newsome WT, Movshon JA.
1996 A computational analysis of the relationship
between neuronal and behavioral responses to visual
motion. J. Neurosd. 16, 1486—1510.

Huk AC, Shadlen MN. 2005 Neural activity in macaque
parietal cortex reflects temporal integration of visual
motion signals during perceptual decision making.

J. Neurosdi. 25, 10 420—10 436. (doi:10.1523/
JNEUROS(I.4684-04.2005)

Roitman JD, Shadlen MN. 2002 Response of neurons
in the lateral intraparietal area during a combined
visual discrimination reaction time task. J. Neurosci.
22, 9475-9489.

Shadlen MN, Newsome WT. 2001 Neural basis of a
perceptual decision in the parietal cortex (area LIP) of the
rhesus monkey. J. Neurophysiol. 86, 1916—1936.

82.

83.

84.

85.

86.

8.

Herrington TM, Assad JA. 2010 Temporal sequence
of attentional modulation in the lateral intraparietal
area and middle temporal area during rapid covert
shifts of attention. J. Neurosci. 30, 3287 —3296.
(doi:10.1523/INEUR0SC1.6025-09.2010)

Koenderink J, Richards W, van Doorn AJ. 2012
Space-time disarray and visual awareness.
i-Perception 3, 159—165. (doi:10.1068/i0490sas)
Freedman DJ, Assad JA. 2011 A proposed common
neural mechanism for categorization and perceptual
decisions. Nat. Neurosci. 14, 143—146. (doi:10.
1038/nn.2740)

Leon MI, Shadlen MN. 2003 Representation of time
by neurons in the posterior parietal cortex of the
macaque. Neuron 38, 317—-327. (doi:10.1016/
S0896-6273(03)00185-5)

Mayo JP, Sommer MA. 2013 Neuronal correlates of
visual time perception at brief timescales. Proc. Nat/
Acad. Sci. USA 110, 1506—1511. (doi:10.1073/pnas.
1217177110)

Maimon G, Assad JA. 2006 A cognitive signal for
the proactive timing of action in macaque LIP. Nat.
Neurosci. 9, 948—955. (doi:10.1038/nn1716)

88.

89.

90.

9.

92.

93.

Maimon G, Assad JA. 2006 Parietal area 5 and the
initiation of self-timed movements versus simple
reactions. J. Neurosci. 26, 2487—2498. (doi:10.
1523/INEUR0SCI.3590-05.2006)

Schneider BA, Ghose GM. 2012 Temporal production
signals in parietal cortex. PLoS Biol. 10, €1001413.
(doi:10.1371/journal.pbio.1001413)

Lebedev MA, 0'Doherty JE, Nicolelis MA. 2008
Decoding of temporal intervals from cortical
ensemble activity. J. Neurophysiol. 99, 166—186.
(doi:10.1152/jn.00734.2007)

Aghdaee M, Assad J. 2012 The ‘when’ of a visual
stimulus: LIP responses reflect temporal order
judgments, Program No 175.17/CC14. Neuroscience
2012, Abstracts, New Orleans, LA, Society for
Neuroscience.

Green DM, Swets JA. 1966 Signal detection theory
and psychophysics. New York, NY: Wiley.

Britten KH, Newsome WT, Shadlen MN, Celebrini S,
Movshon JA. 1996 A relationship between
behavioral choice and the visual responses of
neurons in macaque MT. Vis. Neurosci. 13, 87—-100.
(doi:10.1017/5095252380000715X)

ULH0TL0T :69€ § 205 °Y "subif “Jiyd  bio"buiysigndAraposjedorgiss E


http://dx.doi.org/10.1093/cercor/bhg097
http://dx.doi.org/10.1523/JNEUROSCI.4684-04.2005
http://dx.doi.org/10.1523/JNEUROSCI.4684-04.2005
http://dx.doi.org/10.1523/JNEUROSCI.6025-09.2010
http://dx.doi.org/10.1068/i0490sas
http://dx.doi.org/10.1038/nn.2740
http://dx.doi.org/10.1038/nn.2740
http://dx.doi.org/10.1016/S0896-6273(03)00185-5
http://dx.doi.org/10.1016/S0896-6273(03)00185-5
http://dx.doi.org/10.1073/pnas.1217177110
http://dx.doi.org/10.1073/pnas.1217177110
http://dx.doi.org/10.1038/nn1716
http://dx.doi.org/10.1523/JNEUROSCI.3590-05.2006
http://dx.doi.org/10.1523/JNEUROSCI.3590-05.2006
http://dx.doi.org/10.1371/journal.pbio.1001413
http://dx.doi.org/10.1152/jn.00734.2007
http://dx.doi.org/10.1017/S095252380000715X

	Relative timing: from behaviour to neurons
	Timing and the brain
	Implicit computations of relative timing
	Explicit computations of relative timing: temporal order judgements and simultaneity judgements
	Human psychophysical studies
	Neuropsychology of temporal order judgements
	Localizing brain areas involved in temporal order judgement in normal subjects
	Models of temporal order judgement
	Neurophysiological mechanisms of relative timing
	Human electrophysiology
	Single-unit electrophysiology in monkeys

	Concluding remarks
	Acknowledgements
	References


