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Abstract

The most influential theoretical account in time psychophysics assumes the
existence of a unitary internal clock based on neural counting. The distinct
timing hypothesis, on the other hand, suggests an automatic timing mecha-
nism for processing of durations in the sub-second range and a cognitively
controlled timing mechanism for processing of durations in the range of
seconds. Although several psychophysical approaches can be applied for
identifying the internal structure of interval timing in the second and sub-
second range, the existing data provide a puzzling picture of rather inconsis-
tent results. In the present chapter, we introduce confirmatory factor analysis
(CFA) to further elucidate the internal structure of interval timing perfor-
mance in the sub-second and second range. More specifically, we investi-
gated whether CFA would rather support the notion of a unitary timing
mechanism or of distinct timing mechanisms underlying interval timing in
the sub-second and second range, respectively. The assumption of two
distinct timing mechanisms which are completely independent of each
other was not supported by our data. The model assuming a unitary timing
mechanism underlying interval timing in both the sub-second and second
range fitted the empirical data much better. Eventually, we also tested a third
model assuming two distinct, but functionally related mechanisms. The
correlation between the two latent variables representing the hypothesized
timing mechanisms was rather high and comparison of fit indices indicated
that the assumption of two associated timing mechanisms described the
observed data better than only one latent variable. Models are discussed in
the light of the existing psychophysical and neurophysiological data.
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Introduction

Within the field of psychophysical research on
timing and time perception, there are two com-
peting major theoretical accounts on the mecha-
nisms underlying the temporal processing of
intervals in the range of seconds and milli-
seconds referred to as the distinct timing hypo-
thesis and the common timing hypothesis. The
distinct timing hypothesis acts on the assumption
that processing of temporal information in the
sub-second range depends upon a qualitatively
different mechanism than processing of temporal
information in the second range. The common
timing hypothesis, on the other hand, acts on the
assumption of a single, central timing mecha-
nism. As depicted in the first chapter, over the
past 50 years psychophysical research on time
perception has been guided by the notion of a
common timing mechanism underlying temporal
processing of intervals irrespective of interval
duration (cf. [1, 2]). Although such internal
clock models based on neural counting provide
a useful heuristic for explaining human and ani-
mal performance on timing of brief intervals,
there is increasing empirical evidence challeng-
ing the assumption of a common, unitary timing
mechanism (for a review see: first chapter of this
volume; [2-4]). Over the past two decades,
psychophysical research on interval timing has
been in the search of a definite answer on
whether a common timing mechanism or two
distinct timing mechanisms account for the
timing of intervals in the second and sub-second
range.

In the present chapter, we will acquaint the
reader with the basic assumptions of both the
common and distinct timing hypotheses. Further-
more, we will provide a concise overview of the
basic findings of psychophysical studies
designed to experimentally dissociate the two
timing mechanisms implied by the distinct
timing hypothesis. As we will see, the available
psychophysical studies, so far, failed to provide
unambiguous experimental evidence against or
in favour of either of the two competing
hypotheses. Therefore, we will introduce a
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novel methodological approach, based on confir-
matory factor analysis, for investigating the
internal structure of psychophysical timing per-
formance in the sub-second and second range.

The Common Timing Hypothesis: A
Unitary Timing Mechanism Based on
Neural Counting

To date, the most popular conception in time
psychophysics represents the notion of a com-
mon timing mechanism underlying temporal
processing of intervals in the sub-second and
second range. This highly influential theoretical
account of human and animal timing and time
perception assumes the existence of a single
internal clock based on neural counting (e.g.,
[2, 5-11]). The main features of such an
internal-clock mechanism are a pacemaker and
an accumulator. The neural pacemaker generates
pulses, and the number of pulses relating to a
physical time interval is recorded by the accumu-
lator. Thus, the number of pulses counted during
a given time interval indexes the perceived dura-
tion of this interval. Hence, the higher the clock
rate of the neural pacemaker the finer the tempo-
ral resolution of the internal clock will be, which
is equivalent to more accuracy and better perfor-
mance on timing tasks.

The assumption of a unitary internal-clock
mechanisms based on neural counting also
represents the established explanation for the
Scalar Expectancy Theory (SET) introduced by
Gibbon [7, 12]. SET is one of the currently most
prominent theoretical accounts of human and
animal timing. According to SET, when esti-
mating the duration of a given standard interval,
a participant’s responses follow a normal distri-
bution around the interval duration. The width of
this response distribution is predicted to be pro-
portional to the standard duration. This linear
covariation of the mean and the standard devia-
tion of the response distribution across different
standard durations, referred to as the scalar prop-
erty of interval timing, is also asserted by
Weber’s law [9, 13].
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Although direct experimental evidence for the
notion of a single, common timing mechanism
underlying temporal processing in the sub-
second and second range is hard to obtain, some
indirect psychophysical evidence can be derived
from the failure to detect so-called ‘break points’
in the precision of interval timing across interval
durations ranging from 68 ms to 16.7 min [14].
Such break points would be the expected out-
come if different timing mechanisms, with dif-
ferent levels of absolute precision of timing,
were used for measuring intervals of different
durations [15, 16]. At the same time, however,
the scalar property of interval timing for brief
durations is seriously questioned by psychophys-
ical research in humans (see Chapter 1; [8, 17])
and animals (e.g., [18]).

The Distinct Timing Hypothesis:
Interval Timing in the Second and
Sub-second Range Is Based on Two
Distinct Timing Mechanisms

As early as 1889, Miinsterberg [19] put forward
the idea of two distinct timing mechanisms
underlying temporal information processing. He
assumed that durations less than one third of a
second can be directly perceived whereas longer
durations need to be (re-)constructed by higher
mental processes. More recently, Michon [20]
argued that temporal processing of intervals lon-
ger than approximately 500 ms is cognitively
mediated while temporal processing of shorter
intervals is supposedly “of a highly perceptual
nature, fast, parallel and not accessible to cogni-
tive control” [20, p. 40]. More recent studies,
pursuing Michon’s [20] conception, provided
converging evidence that the transition from sen-
sory/automatic to cognitively mediated timing
might lie closer to 250 ms than to 500 ms [21,
22].

In a first attempt to provide direct experimen-
tal evidence for the validity of the distinct timing
hypothesis, Rammsayer and Lima [23] applied a
dual-task paradigm guided by the following
considerations: If, as suggested by Michon [20],
temporal discrimination of intervals longer than

approximately 500 ms is cognitively mediated,
one would expect that temporal discrimination
under relatively high cognitive load would be
more difficult than temporal discrimination
under lower cognitive load. On the other hand,
if discrimination of extremely brief intervals is
based upon an automatic, sensory mechanism,
performing a concurrent nontemporal cognitive
task should produce no deleterious effect on
temporal discrimination of intervals in the range
of milliseconds. To test these predictions, a dual-
task procedure was used with duration discrimi-
nation as the primary task and word learning as a
secondary nontemporal cognitive task. Results
from the dual-task conditions were compared
with results from single-task conditions. If two
tasks compete for the same pool of cognitive
resources then simultaneous performance on
both tasks should be impaired compared to per-
formance on one task alone. With this approach,
Rammsayer and Lima [23] found that temporal
discrimination of intervals ranging from 50 to
100 ms is unaffected by a secondary cognitive
task whereas duration discrimination of intervals
in the range of seconds is markedly impaired by
the same secondary task. The likely conclusion
was that timing of intervals in the sub-second
range is based on an automatic, sensory mecha-
nism while timing of intervals in the second
range is cognitively mediated.

To further test the distinct timing hypothesis,
Rammsayer and Ulrich [4] investigated the
effects of maintenance and elaborative rehearsal
as a secondary task on temporal discrimination of
intervals in the sub-second and second range.
Unlike mere maintenance rehearsal, elaborative
rehearsal as a secondary task involved transfer
of information from working memory to long-
term memory and elaboration of information to
enhance storage in long-term memory. Temporal
discrimination of brief intervals was not affected
by a secondary cognitive task that required either
maintenance or elaborative rehearsal. Concurrent
elaborative rehearsal, however, reliably impaired
temporal discrimination of intervals in the
second range as compared to maintenance
rehearsal and a control condition with no second-
ary task.
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These findings support the notion of two dis-
tinct timing mechanisms involved in temporal
processing of intervals in the sub-second and
second range. While temporal processing of
intervals in the second range demands cognitive
resources, temporal processing of intervals in the
sub-second range appears to be highly sensory in
nature and beyond cognitive control.

The distinct timing hypothesis is also
supported by neuropharmacological and neuro-
imaging studies on temporal information
processing. Findings from neuroimaging studies
are consistent with the notion of an automatic
timing system for measuring brief intervals in
the sub-second range and a cognitively con-
trolled system, depending on the right dorsolat-
eral prefrontal cortex, for temporal processing of
intervals in the suprasecond range (for reviews
see [24-26]). Similarly, neuropharmacological
timing studies also suggest the existence of a
prefrontal cognitive system for the processing
of temporal information in the second range and
a subcortical automatic system controlled by
mesostriatal dopaminergic activity for temporal
processing in the range of milliseconds (for
reviews see [27-29]).

Statistical Approaches for Identifying
the Internal Structure of
Psychophysical Timing Performance

In the face of the rather ambiguous experimental
findings with regard to the common timing and
distinct timing hypotheses, additional statistical
approaches became increasingly important.
There are at least two basic statistical approaches
to investigating whether tasks that require fine
temporal resolution and precise timing depend
upon a unitary timing mechanism. The method
of slope analysis is derived from Getty’s [30]
generalization of Weber’s law. With this
approach, changes in timing variability as a func-
tion of timescale (e.g., sub-second vs. second
range) can be compared across tasks. If the
slope of the variability functions of two tasks is
equivalent, a common timing mechanism under-
lying both tasks is inferred (for more information
see [31]).
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The correlational approach is based on the
general assumption that if the same timing
mechanism is involved in two tasks, the perfor-
mance or timing variability of the two tasks
should be highly correlated. Common forms of
the correlational approach to the identification of
the internal structure of psychophysical timing
performance represent correlational analyses
(e.g., [32]), exploratory factor analysis (e.g.,
[33]), and multiple linear regression [34].

In an attempt to apply the correlational
approach to elucidate the dimensional properties
of temporal information processing in the sub-
second and second range, Rammsayer and
Brandler [33] used exploratory factor analysis
to analyse eight psychophysical temporal tasks
in the sub-second (temporal-order judgment, and
rhythm perception) and second range (temporal
discrimination and generalization of filled
intervals). Their main finding was that the first
principle factor accounted for 31.5 % of the total
variance of the eight different temporal tasks.
More specifically, all the various temporal
tasks, except rhythm perception and auditory
fusion, showed substantial loadings on this fac-
tor. Rammsayer and Brandler [33] interpreted
this outcome as evidence for a common, unitary
timing mechanism involved in the timing of
intervals in the sub-second and second range.

Confirmatory Factor Analysis: An
Alternative, Theory-Driven
Methodological Approach for
Identifying the Internal Structure of
Psychophysical Timing Performance

Confirmatory factor analysis (CFA) represents a
methodological approach more sensitive to theo-
retical assumptions and given hypotheses than the
exploratory factor analysis applied by Rammsayer
and Brandler [33]. Similar to the exploratory
factor analysis, CFA is based on the correlations
(or actually unstandardized correlations, i.e.
covariances) of a set of measurements. While
exploratory factor analysis makes a proposal for
the number of latent variables underlying a given
covariance matrix without any theoretical
assumptions, CFA probes whether theoretically
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predefined latent variables can be derived from the
pattern of correlations.

Assume, for example, that 100 participants
performed on three timing tasks in the second
range and three other timing tasks in the sub-
second range. You compute the correlations
among the six tasks and, hence, you produce an
empirical correlation matrix. As a supporter of
the distinct timing hypothesis, you expect
statistically significant correlations between the
three timing tasks in the second range. Because
you assume that a specific timing mechanism for
intervals in the second range accounts for these
significant correlations, you derive a factor (i.e.,
a latent variable) from the three timing tasks in
the second range which represents the timing
mechanism for the second range. You also expect
significant correlations between the three timing
tasks in the sub-second range. As for the second
range, these significant correlations suggest a
timing mechanism specific to processing of tem-
poral information in the sub-second range which
is, consequently, represented by a factor (latent
variable) derived from these sub-second timing
tasks. In addition, you expect the pair-wise
correlations between a given timing tasks in the
second range, on the one hand, and a given
timing tasks in the sub-second range, on the
other hand, to be statistically non-significant.
This is because the distinct timing hypothesis
assumes different distinct mechanisms to under-
lie timing in the second and in the sub-second
range, respectively. If the correlations between
timing tasks in the second and the sub-second
range are non-significant, also the correlation
between the latent variables representing the
timing mechanism in the second and sub-second
range, respectively, should be low. Thus, a latent
variable model derived from the basic assump-
tion of the distinct timing hypothesis should con-
tain a latent variable for timing in the second
range and another latent variable for timing in
the sub-second range with a non-significant
correlation between these two latent variables.

In case, however, that you are a follower of
the common timing hypothesis, you would
expect that individual differences in one timing
task go with individual differences in any other
timing task—regardless of whether these tasks

use stimulus durations in the second or sub-
second range. As a consequence, there should
be significant correlations among performances
of all tasks (irrespective of the stimulus duration)
suggesting a common latent variable which
accounts for these relationships.

Thus, the two alternative timing hypotheses
result in different predictions of how a corre-
lation matrix of tasks in the second and in the
sub-second range should look like. CFA
compares the respective predicted correlation
matrix with the empirically observed correlation
matrix and, thus, provides indices of how accu-
rately the expected matrix fits the observed
matrix. These indices are, therefore, called fit
indices and will be described in more detail
below. On the basis of these model fit indices, it
can then be decided which of the two models
describes the observed data better and should be
preferred. It should be noted, however, that CFA
does actually not analyze the correlations but the
covariances, i.e., the unstandardized correlations.
Therefore, we will refer to “covariance” and
“covariance matrix” in the following paragraphs.

Applying Confirmatory Factor
Analysis for Identifying the Internal
Structure of Psychophysical Timing
Performance: An Example of Use

We will demonstrate the application of CFA by
means of a study that was designed to probe
whether covariances of interval timing tasks in
the second and sub-second range can be
described by the assumption of either one or
two latent variables supporting the common or
distinct timing hypothesis, respectively. In order
to obtain a sufficient number of behavioral data
for the CFA approach, a rather large sample of
130 participants (69 males and 61 females rang-
ing in age from 18 to 33 years) had been tested.

Psychophysical Assessment of Interval
Timing Performance

For psychophysical assessment of performance
on interval timing, three temporal discrimination



38

+— 50ms —»

«— 900ms —»

T.H. Rammsayer and S.J. Troche

‘ +—— 50txms —»

Iy
’

F‘q—SOms—r. 4—900!115-—-&’_‘1—50&:”15—*
_J J /L

Standard
interval

Fig. 1 Schematic diagram of the time course of an
experimental trial of the temporal discrimination task
with filled (Panel A) and empty (Panel B) intervals in
the sub-second range. In filled intervals, a white-noise
burst is presented continuously throughout the interval,
whereas in empty intervals only the onset and the offset
are marked by brief 3-ms white-noise burst. Thus, in
empty intervals, there is no stimulus present during the
interval itself. On each trial, the participant is presented
with two intervals a constant 50-ms standard interval and

tasks and two temporal generalization tasks were
used. Because the auditory system has the finest
temporal resolution of all senses (for reviews see
[35, 36]), auditory intervals were presented in all
tasks.

On each trial of a typical temporal discrimina-
tion task, the participant is presented with two
intervals and his/her task is to decide which of
the two intervals was longer. There are two types
of intervals commonly employed in temporal dis-
crimination tasks. One type is the filled interval
and the other type is the empty (silent) interval. In
filled auditory intervals, a tone or noise burst is
presented continuously throughout the interval,
whereas in auditorily marked empty intervals
only the onset and the offset are marked by clicks
(see Fig. 1). Thus, in empty intervals, there is no
auditory stimulus present during the interval itself.
Most importantly, type of interval appears to
affect temporal discrimination of auditory
intervals in the range of tens of milliseconds. For
such extremely brief intervals, performance on
temporal discrimination was found to be reliably
better with filled than with empty intervals. This
effect seems to be limited to intervals shorter than
approximately 100 ms and is no longer detectable
for longer intervals [37].

Interstimulus
interval

Comparison
interval

a variable comparison interval (50 & x ms). The
participant’s task is to decide which of the two intervals
was longer. The duration of the comparison interval
varied from trial to trial depending on the participant’s
previous response. Correct responding resulted in a
smaller duration difference between the standard and the
comparison interval, whereas incorrect responses made
the task easier by increasing the difference in duration
between the standard and the comparison interval

Based on these considerations, our
participants performed one block of filled and
one block of empty intervals with a standard
duration of 50 ms each, as well as one block of
filled intervals with a standard duration of
1,000 ms. Order of blocks was counterbalanced
across participants. Each block consisted of 64
trials, and each trial consisted of one standard
interval and one comparison interval. The dura-
tion of the comparison interval varied according
to an adaptive rule [38] to estimate x.25 and x.75
of the individual psychometric function, that is,
the two comparison intervals at which the
response “longer” was given with a probability
of 0.25 and 0.75, respectively. Generally
speaking ‘adaptive’ means that stimulus presen-
tation on any given trial is determined by the
preceding set of stimuli and responses. There-
fore, the comparison interval is varied in duration
from trial to trial depending on the participant’s
previous response. Correct responding resulted
in a smaller duration difference between the con-
stant standard and the variable comparison inter-
val, whereas incorrect responses made the task
easier by increasing the difference in duration
between the standard and the comparison interval
(for more details see [39]). As an indicator of
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discrimination performance, the difference
limen, DL [40], was determined for each tempo-
ral discrimination task.

In addition to the temporal discrimination
tasks, two temporal generalization tasks (see
first chapter) were employed with standard
durations of 75 and 1,000 ms for the sub-second
and second range, respectively. Like temporal
discrimination, temporal generalization relies
on timing processes but additionally on a refer-
ence memory of sorts [41, 42]. This is because in
the first part of this task, participants are
instructed to memorize the standard stimulus
duration. For this purpose, the standard interval
was presented five times accompanied by the
display “This is the standard duration”. Then
the test phase began. On each trial of the test
phase, one duration stimulus was presented.
Participants had to decide whether or not the
presented stimulus was of the same duration as
the standard stimulus stored in memory. The test
phase consisted of eight blocks. Within each
block, the standard duration was presented
twice, while each of the six nonstandard intervals
was presented once. In the range of seconds, the
standard stimulus duration was 1,000 ms and the
nonstandard durations were 700, 800, 900, 1,100,
1,200, and 1,300 ms. In the range of
milliseconds, the nonstandard stimulus durations
were 42, 53, 64, 86, 97, and 108 ms and the
standard duration was 75 ms. All duration stimuli
were presented in randomized order. As a quan-
titative measure of performance on temporal
generalization an individual index of response
dispersion [43] was determined. For this purpose,
the proportion of total “yes’-responses to the
standard duration and the two nonstandard
durations immediately adjacent (e.g., 900,
1,000, and 1,100 ms in the case of temporal
generalization in the second range) was deter-
mined. This measure would approach 1.0 if all
“yes”-responses were clustered closely around
the standard duration.

The standard durations of the interval timing
tasks for the sub-second and second range were
selected because the hypothetical shift from one
timing mechanism to the other may be found at
an interval duration somewhere between 100 and

500 ms [20-22, 44, 45]. Furthermore, when
participants are asked to compare time intervals,
many of them adopt a counting strategy. Since
explicit counting becomes a useful timing strat-
egy for intervals longer than approximately
1,200 ms [46, 47], the long standard duration
was chosen not to exceed this critical value.

Statistical Analyses Based on
Confirmatory Factor Analysis: Different
Indices for Evaluation of Model Fit

The two models investigated by means of CFA are
schematically presented in Fig. 2. Proceeding from
the common timing hypothesis, Model 1 assumes
that one common latent variable underlies perfor-
mance on all five interval timing tasks (see Fig. 2,
model on the left). Model 2 refers to the distinct
timing hypothesis assuming two distinct latent
variables. One latent variable underlies perfor-
mance on the timing tasks in the sub-second
range, i.e., the temporal generalization and the
two duration discrimination tasks with stimuli in
the sub-second range. A second latent variable
underlies performance on the temporal generaliza-
tion and the duration discrimination tasks with
stimuli in the second range. According to the dis-
tinct timing hypothesis, these two latent variables
are not correlated with each other (see Fig. 2,
model on the right). Since CFA provides an evalu-
ation of how well a theoretical model describes the
observed data, the comparison of so-called model
fitindices helps to decide whether the unitary or the
distinct timing hypothesis better predicts the
empirical data.

In order to test whether the empirical data are
well described by given theoretical assumptions,
the observed covariance matrix is compared with
the theoretically implied matrix. The dissimilarity
can be tested for significance by the y* test [48]. A
significant X2 value requires rejecting the null
hypothesis which says that the observed and
implied covariance matrices are identical and
differences are just due to sampling error. A
non-significant x> value, on the contrary,
indicates that the theoretical model is not proven
to be incorrect and that the empirical data fit the
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Fig. 2 Two models reflecting the common timing hypo-
thesis (model on the /eff) and the distinct timing hypothesis
(model on the right), respectively. The common timing
hypothesis assumes correlational relationships among the
five interval timing tasks, irrespective of interval duration,
which can be explained by a common latent variable. The
distinct timing hypothesis suggests that performances on
the three interval timing tasks in sub-second range are
highly correlated with each other and that these correlations
are due to a specific mechanism for the timing of intervals in
the sub-second range. Similarly, also performances on the
two interval timing tasks for the second range are expected

theoretical expectations. The X2 value, however,
depends on the sample size and easily yields sig-
nificance with large sample sizes which are
required for the computation of CFA. Therefore,
to avoid that models are rejected just because of
too large sample sizes, further model fit indices
are usually computed [49]. In the following, the
most common and widely-used additional fit
indices will be briefly introduced.

The Comparative Fit Index (CFI) estimates
how much better a given model describes the
empirical data compared to a null model with
all variables assumed to be uncorrelated. The
CFI varies between 0 and 1 and a value of more
than 0.95 is acceptable [50].

The Akaike Information Criterion (AIC) is an
explicit index of the parsimony of a model. This is
important as it is required that models should be
as parsimonious (i.e., as less complex) as possible.
The AIC charges the y* value against model com-
plexity in terms of degrees of freedom. The lower
the AIC, the more parsimonious is the model.

The Root Mean Square Error of Approximation
(RMSEA) is relatively independent of sample size
and tests the discrepancy between observed and

to correlate with each other due to a specific mechanism
underlying the timing of intervals in the second range. Both
these mechanisms, however, are conceptualized to be
completely independent from each other as indicated by
the correlation coefficient of » = 0.00. Note. TD1: tempo-
ral discrimination of filled intervals in the sub-second
range; TD2: temporal discrimination of empty intervals in
the sub-second range; TD3: temporal discrimination of
filled intervals in the second range; TG1: temporal general-
ization of filled intervals in the sub-second range; TG2:
temporal generalization of filled intervals in the second
range

implied covariance matrices. Furthermore, the
RMSEA considers the complexity of a model so
that higher parsimony is reinforced by this fit
index. To indicate a good model, the RMSEA
should be smaller than 0.05 but also values
between 0.05 and 0.08 are considered acceptable
[51]. Another advantage of the RMSEA is that a
confidence interval can be computed which should
include O to approximate a perfect model fit.

Eventually, the Standardized Root Mean
Square Residual (SRMR) represents an index of
the covariance residuals as the difference
between empirical and implied covariances
which should be smaller than 0.10 [52].

Model Evaluation by Means of
Confirmatory Factor Analysis:
Preliminary Considerations

The two models, depicted in Fig. 2, were evaluated
based on the previously described model fit
indices. Model 1 constitutes the common timing
hypothesis, while Model 2 illustrates a schematic
representation of the distinct timing hypothesis
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suggesting two distinct timing mechanisms for
processing of temporal information in the sub-
second and second range, respectively. In this con-
text, it is important to note that the finding of a non-
significant y* value for one model and a significant
x> value for the other model does not necessarily
mean that the first model describes the data signifi-
cantly better than the second model. Therefore, the
general rule for comparing different theoretical
models is to test whether differences of the model
fits are substantial. In the case that two models are
in a hierarchical (or nested) relationship, the differ-
ence between their * values and their degrees of
freedom can be calculated and this difference
value can be tested for statistical significance.

This, however, is only possible when the two
models to be compared are in a nested relation-
ship. A nested relationship means that one or
more paths are freely estimated in one model,
but fixed in the other one. In the present study, an
example for a path refers to the correlation
between the two latent variables in Model 2. In
this case, the correlation between the two latent
variables is fixed to zero because the distinct
timing hypothesis predicts two independent
mechanisms for interval timing in the second
and in the sub-second range. In Model 1, the
same correlation can be seen as being fixed to 1
indicating that the two latent variables in Model
2 are virtually identical or represent one and the
same latent variable, i.e. one common timing
mechanism irrespective of interval duration.
Therefore, Model 1 and Model 2 are not nested
models because they have the same number of
degrees of freedom.

If, however, an alternative third model would
imply a freely estimated correlation between the
two latent variables of Model 2 (i.e., the assumed
correlation coefficient is not theoretically fixed to
a certain value of 1 [as in Model 1], or O [as in
Model 2]), this alternative Model 3 can be con-
sidered a nested model compared to Model 1 and
Model 2. This is because fixing this correlation in
Model 3 to 1 would result in Model 1 and fixing
the correlation in Model 3 to 0 would result in
Model 2. Thus, the hypothesized Models 1 and
2 can be directly compared to Model 3 by means
of a % difference test.

Our Models 1 and 2, as already pointed out,
are not nested. Because non-nested models can-
not be compared by % differences, this type of
model has to be compared by their parsimony in
terms of the AIC value (see above). As already
explicated above, a difference in the AIC values
indicates that the model with the lower AIC
describes the data more parsimoniously and,
therefore, better than the model with the higher
AIC. Thus, it is the AIC which has to be used to
directly compare Model 1 and Model 2 in the
present study.

Model Evaluation by Means of
Confirmatory Factor Analysis: Results
of the Present Study

Descriptive statistics and intercorrelations of the
five interval timing tasks are given in Table 1. In
order to contrast the common with the distinct
timing hypothesis, we computed CFAs on the
two models presented in Fig. 2. Model 1
proceeded from the assumption of a common,
unitary timing mechanism so that covariances
among performance on all five psychophysical
timing tasks were explained by one latent vari-
able. This model, depicted in Fig. 3, explained
the data well as can be seen from a non-
significant X2 test [X2(5) = 6.27; p = 0.28] as
well as from CFI (0.99) which exceeded the
requested limit of 0.95. Also the RMSEA was
smaller than 0.08 (RMSEA = 0.04) and the
90 % confidence interval included zero (ranging
from 0.00 to 0.14). The AIC was 2,396.0 and the
SRMR = 0.03. Thus, the assumption of a com-
mon unitary timing mechanism is supported by
our finding that the empirical data were well
described by the theoretical assumption of a sin-
gle latent variable underlying performance on
interval timing tasks in both the sub-second and
the second range.

Nevertheless, the finding of a model, that
describes the empirical data quite well, does not
necessarily mean that there are no other models
which describe the empirical data even better.
Therefore, we tested the distinct timing hypo-
thesis by deriving a first latent variable from the
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Table 1 Mean performance scores (M) and standard deviations (SD) as well as intercorrelations for the five interval

timing tasks

M SD

Indicator of performance
Sub-second range
TD1 DL (ms) 7.7 2.7
TD2 DL (ms) 16.0 6.7
TG1 Response dispersion 0.38 0.12
Second range
TD3 DL (ms) 118.9 42.0
TG2 Response dispersion 0.37 0.13

Sub-second range Second range

TD2 TGI TD3 TG2
0.43 i 0.38 0.20 * 0.36
0.44 % 036 #5041 we

0.19 * 0.37

0.37

Note: TD1 temporal discrimination of filled intervals in the sub-second range, TD2 temporal discrimination of empty
intervals in the sub-second range, TD3 temporal discrimination of filled intervals in the second range, TG/ temporal
generalization of filled intervals in the sub-second range, TG2 temporal generalization of filled intervals in the second

range
*p < 0.05 (two-tailed); ***p < 0.001 (two-tailed)

Common unitary
timing
mechanism

‘ TDI ‘ ‘ D2 ‘ ‘ TGI ‘ ‘ D3 ‘ ‘ TG2 ‘
) T T ) T
.66 49 64 .79 62

Fig. 3 Results of the common timing model (Model 1)
with the assumption of one common latent variable under-
lying individual differences in all five interval timing
tasks irrespective of interval duration. The model fit
indices suggest a good model fit [¥*(5) = 6.27;
p = 0.28; CFI = 0.99; RMSEA = 0.04; AIC = 2,396.0;
SRMR = 0.03]. Presented are completely standardized
factor loadings as well as residual variances of the five
interval timing tasks. For abbreviations see Table 1

three temporal tasks with stimuli in the sub-
second range and a second latent variable from
the two timing tasks with stimuli in the second
range. Furthermore, in order to represent two
independent mechanisms, the correlation
between the two latent variables was fixed to
zero (see Fig. 4). As indicated by all model fit
indices, this model did not yield a sufficient fit to

00

Sub-second-
range timing

Second-range
l]l11'|'|1g

mechanism mechanism

60 71 6 48 78

¥ \ / \

‘ DI ‘ ‘ ™2 ‘ TGI ‘ | D3 ‘ ‘ TG2
A

| t t t t

64 50 61 77 40

Fig. 4 Results of the distinct timing model (Model 2)
with the assumption of two completely independent latent
variables underlying temporal processing of intervals in
the sub-second and second range, respectively. The model
fit indices suggest a poor model fit [X2(6) = 42.88;
p <0.001; CFI=0.67; RMSEA =0.22; AIC
= 2,430.63; SRMR = 0.18]. Presented are completely
standardized factor loadings as well as residual variances
of the five interval timing tasks. For abbreviations see
Table 1

the data [y*(6) = 42.88; p < 0.001; CFI = 0.67;
RMSEA = 0.22; 90 %-confidence interval rang-
ing from 0.16 to 0.28; AIC = 2,430.63; SRMR
= 0.18]. Thus, the assumption of two distinct
mechanisms underlying the processing of time
intervals in the sub-second and second range
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Fig. 5 Results of the third, rather exploratory, timing
model (Model 3) assuming two dissociable but associated
latent variables underlying the timing of intervals in the
sub-second and second range, respectively. The model fit
indices suggest a good model fit [*(4) = 3.16; p = 0.53;
CFI = 1.00; RMSEA = 0.00; AIC = 2,394.9; SRMR
= 0.02]. Presented are completely standardized factor
loadings as well as residual variances of the five interval
timing tasks. The correlation of r = 0.80 between the two
latent variables is highly significant (p < 0.001). For
abbreviations see Table 1

did not conform to the empirical data. Moreover,
the AIC indicates that Model 1 is more parsimo-
nious than Model 2 (despite more degrees of
freedom in Model 2) suggesting that Model 1
describes the data better than Model 2.

It should be noted that Model 2 could only be
computed when the factor loadings of the interval
timing tasks in the second range were fixed. If
not, the model parameters could not be estimated.
This is sometimes the case if a latent variable is
derived from only two manifest variables. The
fact that we fixed this factor loading was the
reason why the degrees of freedom of Model
2 do not equal the degrees of freedom of Model 1.

In a final step, we investigated whether tem-
poral processing of intervals in the range of
milliseconds may be dissociable from temporal
processing of intervals in the second range even
if the underlying processes are associated with
each other. Therefore, in a third model, the cor-
relation between the two latent variables of the
distinct timing model was not fixed to zero but
freely estimated. Without fixing this correlation,

Model 2 turned into Model 3 which fit the data
well [y*(4) =3.16; p = 0.53; CFI = 1.00;
RMSEA = 0.00; 90 %-confidence interval rang-
ing from 0.00 to 0.12; AIC = 2,394.9; SRMR
= 0.02]. As can be seen from Fig. 5, this model
revealed a correlation of r = 0.80 (p < 0.001)
between the two latent variables. As described
above, Model 3 and Model 1 are in a hierarchical
relationship so that their model fits can directly
be compared by means of a y>-difference test.
This test revealed that the model fits of Model 1
and Model 3 did not differ significantly from
each other [sz(l) = 3.11; p = 0.08]. The AIC
value of Model 1, however, was larger than the
AIC value of Model 3. Hence, Model 3, assum-
ing two dissociable timing mechanisms which
are highly related to each other, describes the
data comparably well as Model 1 but more parsi-
moniously relative to the model fit and, thus,
should be preferred over Model 1.

A Common Timing Mechanism or
Two Functionally Related Timing
Mechanisms?

In order to elucidate the internal structure of psy-
chophysical timing performance in the sub-
second and second range, we employed a CFA
approach. More specifically, we investigated
whether CFA would rather support the notion of
a common unitary timing mechanism or of two
distinct timing mechanisms underlying timing
performance in the sub-second and second
range, respectively. The assumption of two dis-
tinct timing mechanisms which are completely
independent of each other, as represented by
Model 2, was not supported by the present data.
All fit indices indicated a poor model fit. On the
other hand, Model 1 assuming a single common
timing mechanism underlying timing perfor-
mance in both the sub-second and second range
did not only describe the data quite well but also
better than Model 2. At this stage of our analysis,
however, it would be premature to conclude that a
unitary timing mechanism is the best explanation
of our data. As an alternative model, we therefore
introduced and examined Model 3. This model
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assumes two distinct, but functionally related,
mechanisms underlying timing performance in
the sub-second and second range, respectively.
As a matter of fact, Model 3 described the data
also very well and even somewhat better than
Model 1. Thus, although the correlation between
the two latent variables was quite high, the com-
parison of fit indices indicated that the assump-
tion of two closely associated latent variables
described the observed data better than the
assumption of only one latent variable.

The large portion of shared variance of
approximately 64 % between the two latent
variables in Model 3 can be interpreted in terms
of a ‘simple’ functional relationship between the
two timing mechanisms involved in the temporal
processing of extremely brief intervals in the
range of milliseconds and longer intervals in the
range of seconds, respectively. Such an associa-
tion may be due to some operations common to
both timing mechanisms or due to ‘external’
factors, such as specific task demands or task
characteristics (cf. [4]) that exert an effective
influence on both timing mechanisms. An alter-
native interpretation of Model 3, however, points
to a hierarchical structure for the processing of
temporal information in the sub-second and sec-
ond range. According to this latter account, at a
first level, temporal information is processed by
two distinct timing mechanisms as a function of
interval duration; one mechanism for temporal
processing of information in the range of
milliseconds and the other one for processing of
temporal information in the range of seconds.
This initial stage of duration-specific temporal
processing is controlled by a superordinate,
duration-independent processing system at a
higher level.

Empirical Findings Are Required to
Validate the Findings Based on the
Confirmatory Factor Analysis
Approach

It is important to note that we cannot decide statis-
tically on these two alternative interpretations of
Model 3. For this reason, we will provide some
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empirical findings in the following that support the
general validity of Model 3 and also address the
two tentative interpretations derived from this
model.

With the timing tasks applied in the present
study, participants had to attend to the intervals
to be judged, maintain the temporal information,
categorize it, make a decision, and, eventually,
perform a response. Although not directly
involved in the genuine timing process per se,
these mainly cognitive processes are essential for
succeeding in interval timing independent of the
range of interval duration. Therefore, it seems
mandatory to take into account the involvement
of cognitive processes irrespective of the interval
duration to be timed. This view is consistent with
the idea expressed by Model 3 that the timing
mechanisms underlying temporal processing of
intervals in the range of milliseconds and
seconds are not completely independent of each
other but may share some common processes
[24, 53, 54]. The involvement of various non-
temporal processes, and especially the failure to
control for it across different studies, may also
account for the inconsistent results obtained from
the few studies applying a dual-task approach for
testing the distinct timing hypothesis (cf. [4, 55]).

In a recent imaging study by Gooch et al. [56],
voxel-based lesion-symptom mapping analysis
revealed that the right pre-central gyrus as well
as the right middle and inferior frontal gyri are
involved in the timing of intervals in both the
sub-second and second range. These findings are
complemented by neuroimaging data from Lewis
and Miall [57] showing consistent activity in the
right hemispheric dorsolateral and ventrolateral
prefrontal cortices and the anterior insula during
the timing of both sub- and supra-second
intervals. All these reports are consistent with
several previous imaging (for a review see [58])
and clinical (e.g., [59, 60]) studies demonstrating
that specific regions of the right frontal lobe play
a crucial role in interval timing in the sub-second
and second range. As these regions were
activated regardless of the interval duration to
be timed, these brain structures may be part of a
core neural network mediating temporal infor-
mation processing.
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In the light of these findings, the two tentative
interpretations of Model 3, outlined above, can
be substantiated as follows. According to our first
interpretation of Model 3, temporal information
in the sub-second and second range is processed
by two functionally related timing mechanisms.
Both these timing mechanisms may operate
largely independent of each other but draw
upon some working memory processes required
to successfully perform any given interval timing
task irrespective of interval duration. Thus, the
observed correlation between the two latent
variables in Model 3 may originate from working
memory functions shared by the two mechanisms
underlying temporal processing in the sub-
second and second range, respectively. It remains
unclear, however, whether these shared memory
functions can account as a single contributing
factor for the strong functional relationship
between the two latent variables.

Also compatible with Model 3 is the notion of
a hierarchical structure of the timing mechanism.
According to this account, temporal information
is processed in a duration-specific way at an
initial stage that is controlled by a common
superordinate duration-independent component.
This superordinate component can be tentatively
interpreted as an overarching neural network for
the processing of temporal information (cf. [61]).
Most interestingly, in their most recent review on
the neural basis of the perception and estimation
of time, Merchant et al. [31] also put forward the
idea of a partly distributed timing mechanism
with a core timing system based on a cortico-
thalamic-basal ganglia circuit.

At first sight, our CFA analyses clearly argued
against the distinct timing hypothesis. From this
perspective, a clear-cut distinction between sen-
sory/automatic and cognitively mediated tempo-
ral processing appears to be too strict.
Nevertheless, Model 3 does not inevitably rule
out the existence of distinct mechanisms for the
timing of intervals in the sub-second and second
range, respectively. Apparently, a ‘hard’ bound-
ary between a sensory/automatic and a cognitive
mechanism for millisecond and second timing is
unlikely to exist. Nevertheless, the assumption of
a transition zone from one timing mechanism to

the other with a significant degree of processing
overlap [21, 53] would also be consistent with
our Model 3. Within this transition zone, both
mechanisms may operate simultaneously and
their respective contributions to the outcome of
the timing process would depend on the specific
nature and duration range of a given temporal
task [21, 53, 62]. If this is true, one would expect
a decreasing correlational relationship between
both latent variables in Model 3 when the differ-
ence is increased between the base durations of
the interval timing tasks in the sub-second and
second range. This is because the processing
overlap should vanish with increasing dissimilar-
ity between the base durations. To our knowl-
edge, however, the transition zone hypothesis has
not been empirically tested yet.

Conclusions

Taken together, application of a CFA
approach for investigating the internal struc-
ture of interval timing performance in the sub-
second and second range clearly argues
against the validity of the distinct timing
hypothesis  that assumes two timing
mechanisms completely independent of each
other. Although the model of a common uni-
tary timing mechanism fitted the empirical
data much better than the model based on the
distinct timing hypothesis, the outcome of our
CFA analyses supported the basic idea of two
functionally related timing mechanisms
underlying interval timing in the sub-second
and second range, respectively. Future
research is required to identify the major
constituents of both these mechanisms and to
further elucidate their functional interaction.
Although CFA cannot always warrant
clear-cut solutions, an extension of the tradi-
tional psychophysical methodology by
incorporating a theory-driven statistical
approach, such as CFA, proved to be a useful
and highly feasible procedure. Let us consider
Grondin’s review of the literature (see first
chapter) which revealed that there is actually
no scalar property for timing and time percep-
tion. This finding calls for a re-examination of
existing and highly popular models, such as
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pacemaker-counter models or SET. In that
case, statistical approaches, such as CFA, pro-
vide a promising tool for developing, testing,
and validating new models even on the basis
of psychophysical data already at hand.

References

L.

10.

11.

12.

13.

14.

15.

16.

Grondin S. Timing and time perception: a review of
recent behavioral and neuroscience findings and theo-
retical directions. Atten Percept Psychophys. 2010;72:
561-82.

. Rammsayer T, Ulrich R. Counting models of temporal

discrimination. Psychon Bull Rev. 2001;8:270-7.

. Killeen PB, Fetterman JG. A behavioral theory of

timing. Psychol Rev. 1988;95:274-95.

. Rammsayer TH, Ulrich R. Elaborative rehearsal of

nontemporal information interferes with temporal
processing of durations in the range of seconds but
not milliseconds. Acta Psychol (Amst). 2011;137:
127-33.

. Allan LG, Kiristofferson AB. Psychophysical theories

of duration discrimination. Percept Psychophys.
1974;16:26-34.

. Creelman CD. Human discrimination of auditory

duration. J Acoust Soc Am. 1962;34:582-93.

. Gibbon J. Ubiquity of scalar timing with a Poisson

clock. J Math Psychol. 1992;36:283-93.

. Grondin S. From physical time to the first and second

moments of psychological time. Psychol Bull. 2001;
127:22-44.

. Killeen PB, Weiss NA. Optimal timing and the Weber

function. Psychol Rev. 1987;94:455-68.

Treisman M. Temporal discrimination and the indif-
ference interval: implications for a model of the
“internal clock”. Psychol Monogr. 1963;77:1-31.
Treisman M, Faulkner A, Naish PLN, Brogan D. The
internal clock: evidence for a temporal oscillator
underlying time perception with some estimates of
its characteristic frequency. Perception. 1990;19:
705-43.

Gibbon J. Scalar expectancy theory and Weber’s law
in animal timing. Psychol Rev. 1977;84:279-325.
Allan LG, Kiristofferson AB. Judgments about the
duration of brief stimuli. Percept Psychophys.
1974;15:434-40.

Lewis PA, Miall RC. The precision of temporal judge-
ment: milliseconds, many minutes, and beyond.
Philos Trans R Soc Lond B Biol Sci. 2009;364:
1897-905.

Gibbon J, Malapani C, Dale CL, Gallistel C. Toward a
neurobiology of temporal cognition: advances and
challenges. Curr Opin Neurobiol. 1997;7:170-84.
Rammsayer TH. Experimental evidence for different
timing mechanisms underlying temporal discrimi-
nation. In: Masin SC, editor. Fechner Day 96

17.

18.

19.

20.

21

22

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

T.H. Rammsayer and S.J. Troche

Proceedings of the Twelfth Annual Meeting of the
International Society for Psychophysics Padua, Italy:
The International Society for Psychophysics; 1996.
p. 63-8.

Grondin S. Unequal Weber fraction for the categori-
zation of brief temporal intervals. Atten Percept
Psychophys. 2010;72:1422-30.

Bizo LA, Chu JYM, Sanabria F, Killeen PR. The
failure of Weber’s law in time perception and produc-
tion. Behav Processes. 2006;71:201-10.
Miinsterberg H. Beitrdge zur experimentellen
Psychologie: Heft 2. Freiburg: Akademische
Verlagsbuchhandlung von J. C. B. Mohr; 1889.
Michon JA. The complete time experiencer. In:
Michon JA, Jackson JL, editors. Time, mind, and
behavior. Berlin: Springer; 1985. p. 21-54.

. Buonomano DV, Bramen J, Khodadadifar M. Influ-

ence of the interstimulus interval on temporal
processing and learning: testing the state-dependent
network model. Philos Trans R Soc Lond B Biol Sci.
2009;364:1865-73.

. Spencer RMC, Karmarkar U, Ivry RB. Evaluating

dedicated and intrinsic models of temporal encoding
by varying context. Philos Trans R Soc Lond B Biol
Sci. 2009;364:1853-63.

Rammsayer TH, Lima SD. Duration discrimination of
filled and empty auditory intervals: cognitive and per-
ceptual factors. Percept Psychophys. 1991;50:565-74.
Lewis PA, Miall RC. Distinct systems for automatic
and cognitively controlled time measurement: evi-
dence from neuroimaging. Curr Opin Neurobiol.
2003;13:1-6.

Lewis PA, Miall RC. Brain activation patterns during
measurement of sub- and supra- second intervals.
Neuropsychologia. 2003;41:1583-92.

Lewis PA, Miall RC. Remembering in time: a conti-
nuous clock. Trends Cogn Sci. 2006;10:401-6.
Rammsayer T. Sensory and cognitive mechanisms in
temporal processing elucidated by a model systems
approach. In: Helfrich H, editor. Time and mind II:
information processing perspectives. Gottingen:
Hogrefe & Huber; 2003. p. 97-113.

Rammsayer T. Neuropharmacological approaches to
human timing. In: Grondin S, editor. Psychology of
time. Bingley: Emerald; 2008. p. 295-320.
Rammsayer T. Effects of pharmacologically induced
dopamine-receptor stimulation on human temporal
information processing. Neuroquantology. 2009;7:
103-13.

Getty DJ. Discrimination of short temporal intervals:
a comparison of two models. Percept Psychophys.
1975;18:1-8.

Merchant H, Harrington DL, Meck WH. Neural basis
of the perception and estimation of time. Annu Rev
Neurosci. 2013;36:313-36.

Keele S, Nicoletti R, Ivry R, Pokorny R. Do percep-
tion and motor production share common timing
mechanisms? A correlational analysis. Acta Psychol
(Amst). 1985;60:173-91.



Elucidating the Internal Structure of Psychophysical Timing Performance in. ..

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.
45.

46.

47.

48.

Rammsayer TH, Brandler S. Aspects of temporal
information processing: a dimensional analysis.
Psychol Res. 2004;69:115-23.

Merchant H, Zarco W, Prado L. Do we have a com-
mon mechanism for measuring time in the hundreds
of millisecond range? Evidence from multiple-
interval timing tasks. J Neurophysiol. 2008;99:
939-49.

Penney TB, Tourret S. Les effets de la modalité
sensorielle sur la perception du temps. Psychol Fr.
2005;50:131-43.

van Wassenhove V. Minding time in an amodal
representational space. Philos Trans R Soc Lond B
Biol Sci. 2009;364:1815-30.

Rammsayer TH. Differences in duration discrimi-
nation of filled and empty auditory intervals as a
function of base duration. Atten Percept Psychophys.
2010;72:1591-600.

Kaernbach C. Simple adaptive testing with the
weighted up-down method. Percept Psychophys.
1991;49:227-9.

Rammsayer T. Developing a psychophysical measure
to assess duration discrimination in the range of
milliseconds: methodological and psychometric
issues. Eur J Psychol Assess. 2012;28:172-80.

Luce RD, Galanter E. Discrimination. In: Luce RD,
Bush RR, Galanter E, editors. Handbook of mathe-
matical psychology. New York: Wiley; 1963. p.
191-243.

Church RM, Gibbon J. Temporal generalization. J
Exp Psychol Anim Behav Process. 1982;8:165-86.
McCormack T, Brown GDA, Maylor EA, Richardson
LBN, Darby RJ. Effects of aging on absolute identifi-
cation of duration. Psychol Aging. 2002;17:363-78.
Wearden JH, Wearden AJ, Rabbitt PMA. Age and 1Q
effects on stimulus and response timing. J Exp
Psychol Hum Percept Perform. 1997;23:962—-79.
Abel SM. Duration discrimination of noise and tone
bursts. J Acoust Soc Am. 1972;51:1219-23.
Buonomano DV, Karmarkar UR. How do we tell
time? Neuroscientist. 2002;8:42-51.

Grondin S, Meilleur-Wells G, Lachance R. When to
start explicit counting in time-intervals discrimination
task: a critical point in the timing process of humans.
J Exp Psychol Hum Percept Perform. 1999;25:
993-1004.

Grondin S, Ouellet B, Roussel M-E. Benefits and
limits of explicit counting for discriminating temporal
intervals. Can J Exp Psychol. 2004;58:1-12.

Loehlin JC. Latent variable models — an introduction
to factor, path, and structural analysis. 3rd ed.
Mahwah: Erlbaum; 1998.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

47

Schermelleh-Engel K, Moosbrugger H, Miiller H.
Evaluating the fit of structural equation models: tests
of significance and descriptive goodness-of-fit
measures. Meth Psychol Res. 2003;8:23-74.

Hu L, Bentler PM. Cutoff criteria for fit indexes in
covariance structure analysis: conventional criteria
versus new alternatives. Struct Equ Modeling. 1999;
6:1-55.

Browne MW, Cudeck R. Alternative ways of
assessing model fit. In: Bollen KA, Long JS, editors.
Testing structural equation models. Newbury Park:
Sage; 1993. p. 136-62.

Kline RB. Principles and practice of structural equa-
tion modeling. New York: Guilford; 1998.

Hellstrom A, Rammsayer T. Mechanisms behind dis-
crimination of short and long auditory durations. In:
da Silva JA, Matsushima EH, Ribeiro-Filho NP,
editors. Annual Meeting of the International Society
for Psychophysics, Rio de Janeiro: The International
Society for Psychophysics; 2002. p. 110-5.
Rammsayer T. Effects of pharmacologically induced
changes in NMDA receptor activity on human timing
and sensorimotor performance. Brain Res. 2006;
1073-1074:407-16.

Rammsayer T, Ulrich R. No evidence for qualitative
differences in the processing of short and long tempo-
ral intervals. Acta Psychol (Amst). 2005;120:141-71.
Gooch CM, Wiener M, Hamilton AC, Coslett HB.
Temporal discrimination of sub- and suprasecond
time intervals: a voxel-based lesion mapping analysis.
Front Integr Neurosci. 2011;5:59. http://www.ncbi.
nlm.nih.gov/pmc/articles/PMC3190120/.

Lewis PA, Miall RC. A right hemispheric prefrontal
system for cognitive time measurement. Behav Pro-
cesses. 2006;71:226-34.

Wiener M, Turkeltaub P, Coslett HB. The image of
time: a voxel-wise meta-analysis. Neuroimage. 2010;
49:1728-40.

Mangels JA, Ivry RB, Shimizu N. Dissociable
contributions of the prefrontal and neocerebellar cor-
tex to time perception. Cogn Brain Res. 1998;7:
15-39.

Nichelli P, Clark K, Hollnagel C, Gratman J. Duration
processing after frontal lobe lesions. Ann N Y Acad
Sci. 1995;769:183-90.

Wiener M, Matell MS, Coslett HB. Multiple
mechanisms for temporal processing. Front Integr
Neurosci. 2011;5:31. http://www.ncbi.nlm.nih.gov/
pmc/articles/PMC3136737/.

Bangert AS, Reuter-Lorenz PA, Seidler RD.
Mechanisms of timing across tasks and intervals.
Acta Psychol (Amst). 2011;136:20-34.


http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3190120/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3190120/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3136737/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3136737/

	Elucidating the Internal Structure of Psychophysical Timing Performance in the Sub-second and Second Range by Utilizing Confir...
	Introduction
	The Common Timing Hypothesis: A Unitary Timing Mechanism Based on Neural Counting
	The Distinct Timing Hypothesis: Interval Timing in the Second and Sub-second Range Is Based on Two Distinct Timing Mechanisms
	Statistical Approaches for Identifying the Internal Structure of Psychophysical Timing Performance
	Confirmatory Factor Analysis: An Alternative, Theory-Driven Methodological Approach for Identifying the Internal Structure of ...
	Applying Confirmatory Factor Analysis for Identifying the Internal Structure of Psychophysical Timing Performance: An Example ...
	Psychophysical Assessment of Interval Timing Performance
	Statistical Analyses Based on Confirmatory Factor Analysis: Different Indices for Evaluation of Model Fit
	Model Evaluation by Means of Confirmatory Factor Analysis: Preliminary Considerations
	Model Evaluation by Means of Confirmatory Factor Analysis: Results of the Present Study

	A Common Timing Mechanism or Two Functionally Related Timing Mechanisms?
	Empirical Findings Are Required to Validate the Findings Based on the Confirmatory Factor Analysis Approach
	Conclusions
	References


