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The metajudgment of motor responses refers to our ability to evaluate the accuracy of our own actions.
Can humans metajudge the duration of their Reaction Times (RTs) to a light-flash and the accuracy of
their reproduction of a reference time interval bounded by two light flashes (Anticipatory Response Time,
ART)? A series of four distinct experiments shows that RT_Meta and ART_Metajudgments are possible but
with accuracies about �2.4 and �3 poorer than the corresponding RT and ART ones. In order to reveal the
origin of this drop in performance, we ask whether a visual feedback synchronous with subjects’ key-
presses could improve performance. We show that overall the presence of a visual feedback does not sig-
nificantly improve metajudgment accuracy although such a trend is noticeable in ART_Meta. We then
compare these performances with the passive perceptual estimation of the played back (Pb) RT and
ART time intervals when bounded by two (RT_Pb) and three (ART_Pb) light flashes. We show that
RT_Meta and RT_Pb accuracies are close to equal, but that ART_Meta is about �2 less accurate than
ART_Pb which in turn is �1.5 less accurate than ART. The latter observation fails however to reach sta-
tistical significance hence not sustaining proposals that active time estimation is more reliable than pas-
sive one. The whole dataset is accounted for by a clock-type model where duration estimation
performance is limited by four noise sources (visual, clock-count, motor and proprioceptive + efference
copy) plus one proper to ART_Meta task. It is proposed that the latter reflects the impossibility for the
time-counting system to use the same time origin more than once.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction It can also be argued that the simplest form of reflective (or pro-
It can be argued that the simplest form of action is a reflexive
reaction (such as withdrawing one’s hand to prevent burning or
pressing a button at the occurrence of any sensory event). Starting
with Donders (1868) the measure of such simple Reaction Times
(RTs) has been a major means of investigating the mind’s works
(Luce, 1986; Posner, 1978; Sternberg, 1966). At about the same
time a number of authors (see James, 1890) showed that them-
selves as well as two other subjects could estimate their own RT
to a light-flash with accuracies in-between 10 and 60 ms. No study
has yet asked the question of how well (if at all) subjects can judge
the timing of their reflective (or planned) actions can estimate the
quickness of his reaction.1 If possible, what is the basis of such
metajudgments and how can their reliability be accounted for?
ll rights reserved.
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active) action is synchronization. The most elementary synchroni-
zation task is of the interval reproduction type (referred to
hereafter as Anticipation Response Time, ART): the subject is pre-
sented with two successive light flashes (or any other sensory
event) and has to reproduce this time interval by pressing a button
so that the press be synchronized with a virtual or actual equally
paced third flash (Cardoso-Leite, Mamassain, & Gorea, 2009; Doeh-
ring, 1961; Woodrow, 1930, 1951). Introspecting on whether the
button press had preceded or followed the third flash to synchro-
nize with should be a relatively easy task as subjects can directly
compare the occurrence of the two events (a temporal order judg-
ment task; e.g. Cardoso-Leite, Gorea, & Mamassain, 2007; Cardoso-
Leite et al., 2009). Is such metajudgment still possible in the ab-
sence of the synchronization flash? And again, on what basis would
such metajudgments be performed and with what accuracy?

On the assumption that to perform an action a subject uses all
the available information, metajudging that action requires infor-
mation not available prior to that action, namely any sort of feed-
back. Proprioception together with a putative efferent copy of the
motor command are obvious feedback sources (for concision re-
ferred to hereafter as ‘proprioceptive’). The present study shows
that subjects do make use of such information for metajudging
the timing of their actions. As it concerns metajudging one’s own
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RT, it must also be that subjects have an implicit knowledge of its
mean. As noted above this has been already shown in the 19th cen-
tury (see James, 1890) but never pursued since.

A standing issue in the study of motor actions is the extent to
which their consequences are (implicitly or explicitly) used by sub-
jects to calibrate and putatively (meta)judge their motor perfor-
mances (e.g. Blakemore & Decety, 2001; Boy, Palluel-Germain,
Orliaguet, & Coello, 2005; Harris, 1965; Jeannerod, 1997, 2003; Ma-
tute, 1996; Passingham, 1993; Wegner, 2002). To our knowledge
no study has broached the issue as it applies to the time perception
of one’s own actions. Inasmuch as such metajudgments are possi-
ble, the question asked is whether sensory feedback (other than
proprioceptive) improves this kind of performance. A related issue
concerns the putative difference between judging the duration of a
passively displayed time interval and of an actively generated one.
Studies having measured the perceived duration of the first tick (or
digit) of a clock triggered by a voluntary saccade (or voice com-
mand) suggest that voluntary actions entail the contraction of time
(Haggard, 1999; Park, Schlag-Rey, & Schlag, 2003; Yarrow, Hag-
gard, Heal, Brown, & Rothwell, 2001), but an alternative interpreta-
tion of these data remains possible.2

Finally, the most obvious and pervasive matter raised by the
present study is time perception itself. As of today, the time per-
ception literature describes three grand classes of models: pace-
maker-accumulators (see Gibbon, 1977; Gibbon & Church, 1990;
Allan, 1979), process-decay, also referred to as spectral timing
(Grossberg & Schmajuk, 1989; Staddon & Higa, 1999), and oscilla-
tor/coincidence detector (Church & Broadbent, 1991; Miall, 1989)
models (for recent reviews see Matell & Meck, 2000, 2004), Mauk
and Buonomano (2004) and Wearden (2003)). The present study
is not meant to test any of these models in particular. Instead, if
metajudgments of the timing of one’s own reactive (RT) and/or
proactive (ART) actions is possible at all, their variability can be
used to answer the general question of how it relates to the vari-
ability of the internal responses evoked by the signals bounding
the time interval to be judged. This question is relevant to all three
classes of models and, to our knowledge, has not been asked.

The present study addresses the metajudgment issue via two
distinct, most elementary motor tasks. In the ‘‘reactive” task, sub-
jects generated a simple RT in response to a flashed light and sub-
sequently provided a binary ‘fast’/‘slow’ judgment of their RT. In
the ‘‘proactive” task, subjects were asked to press a key in syn-
chrony with a virtual or actual third flash in a sequence of three
flashes presented at a constant pace and to subsequently provide
the same binary ‘fast’/‘slow’ judgment bearing on their ART with
respect to the virtual (i.e. not presented) or actually presented
‘norm’ (i.e. third flash). With the exception of the ART + norm case,
both RT and ART key-presses could instantaneously (within one
raster frame, i.e. 10 ms) trigger a ‘feedback’ flash. In order to gauge
subjects’ RT and ART metajudgments against temporal judgments
of purely visual events (i.e. a purely perceptual task in the absence
of action), the subjects were presented with playbacks of the
respective stimulus–response RT and ART sequences. RT playbacks
consisted in presenting the RT triggering flash followed by a second
flash that replaced subjects’ actual key-presses in previous ses-
sions. Observers were asked to classify these two flash intervals
as ‘short’ or ‘long’. This task can be achieved only if observers pro-
gressively internalize the mean of these intervals (see Morgan,
2 These authors’ empirical observation is that chronostasis, the perceived duration
expansion of the first tick of a clock counter, is enhanced when this counter is
triggered by a voluntary action. Yarrow et al.’s (2001) time contraction interpretation
is based on their assumption that the onset of the clock counter is perceived earlier
when triggered by a voluntary action. It is equally likely however that enhanced
chronostasis results from the perception of the first clock tick’s offset being delayed.
Under this hypothesis, the perceived duration of the action having triggered the clock
should be dilated rather than contracted.
Watamaniuk, & McKee, 2000). ART playbacks consisted in a series
of three flashes, the first two delimiting the reference interval and
the third reproducing subjects’ own synchronization key-presses.
In this case observers were asked whether the second interval
(i.e. the one they had previously generated) was shorter or longer
than the first (reference) interval.
2. Methods

2.1. Stimuli

They were Gaussian blobs with a standard deviation of 0.25�
displayed at 1 m from the observers’ eyes on a 1900 ViewSonic
E96f screen (1024–768 pixels) with a 100 Hz refresh rate. The
blobs were either bright (peak luminance of 100 cd/m2) or dark
(minimum luminance of �0 cd/m2) on a 50 cd/m2 background
and were located 6� from a white fixation cross on the vertexes
of a virtual hexagon (Fig. 1). Once displayed, they remained on
the screen until the end of the trial (a temporal step function).
Stimulus presentation and response recording were controlled
using the Psychtoolbox (Brainard, 1997; Pelli, 1997) under Matlab.
The temporal accuracy of their display was within one raster
frame, i.e. 610 ms.

2.2. Procedure

The sequence of the visual events was practically the same for
the RT and ART tasks but their timing, playback versions and asso-
ciated responses varied (see Fig. 1). Participants could not see their
finger-presses but the mild auditory feedback from their key-
presses (on a standard though silent keyboard) could not be en-
tirely muffled. It should hence be understood that future reference
to a proprioceptive feedback implicitly includes such an auditory
feedback.

2.2.1. RT and RT playback (Fig. 1A)
One trial started with the fixation cross; thereafter subject

pressed at his convenience a key that instantaneously triggered
the ‘‘alert” stimulus consisting of two Gaussian blobs displayed
at the vertexes of the negative diagonal of a virtual hexagon; the
imperative stimulus, on whose onset observers had to react, con-
sisted in the symmetrical blob-pair (on the main diagonal of the
hexagon) and was displayed at a random time interval after the on-
set of the alert stimulus. The probability density function for this
random interval was a decaying exponential with a half-life of
500 ms and truncated so as to forbid intervals shorter than
400 ms (minimum foreperiod) and longer than 2000 ms. Mode 1
sessions consisted in RT with no visual feedback. In the feedback
mode (Mode 2), observer’s speeded key-press entailed the simulta-
neous display of a third blob-pair displayed so as to complete the
hexagon. Subsequent to their speeded RT (with or without feed-
back), observers pressed one of two keys indicating whether they
judged their RT as ‘slow’ or ‘fast’ (RT_Meta). The next trial started
500 ms later. Trials yielding RT times shorter than 150 ms or longer
than 500 ms were signaled by a tone and discarded. The polarity of
the four (or six) blobs changed from trial to trial. This turned out to
be necessary as preliminary experiments showed strong adapta-
tion effects over one experimental session.

In the playback sessions (Modes 1–2 confounded) the first two
blob-pairs were presented at once with a third blob-pair delayed
(just as in the RT + feedback trials) by observer’s RT on any given
trial in the RT sessions. Observers judged the interval as ‘short’ or
‘long’ (presumably with respect to their interiorized mean) by
pressing one of two keys and the next presentation started
500 ms later.
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Fig. 1. Stimulus sequence in the RT (A) and ART (B) tasks.
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RT metajudgments (RT_Meta) were given after each RT so that
the two measurements were obtained in the same session, sepa-
rately for Modes 1 and 2. Hence, the four distinct conditions
(2(RT, RT_Meta) � 2(Modes 1, 2); noted RT1,2 and RT_Meta1,2 in Ta-
ble 1) where run in only two distinct sessions. Categorization judg-
ments of the corresponding playback RT intervals (RT_Pb1,2) were
obtained in two other distinct sessions. Hence, the participants
were run through 4 distinct experimental sessions altogether
(see Table 1). Notice that in the two RT_Pb sessions the blobs
bounding the interval to be categorized as ‘short’ or ‘long’ were dis-
played exactly as in the RT2/RT_Meta2 session so that RT_Pb1 and
RT_Pb2 were strictly equivalent. Each session consisted of 200 tri-
als that were repeated thrice (600 trials per format). At least five
seconds brakes were imposed after each block of 100 trials within
a session. The session order was randomized across subjects.

2.2.2. ART and ART playback (Fig. 1B)
As in the RT sessions, observers started an ART session by a key-

press. The first blob-pair (stroke 1; on the negative diagonal of the
hexagon) was displayed after a random interval whose probability
density function characteristics were as for the RT sessions (see
above). The second blob-pair/stroke 2 (on the positive diagonal)
was displayed 400, 500 or 600 ms later and observers were in-
structed to press a key so as to reproduce this interval (‘‘reproduc-
tion by waiting”; see Wearden, 2003). As in the RT sessions,
observer’s key-press did not (Mode 1) or did (Mode 2) entail a
simultaneous feedback consisting in the presentation of the third
blob-pair. Subjects made thereafter a binary choice specifying
whether the reproduced interval was shorter or longer than the
Table 1
Synopsis and notation of the different experimental conditions. Different shades specify d

RT

RT RT_Meta

Mode 1: without feedback RT1 RT_Meta1

Mode 2: with feedback RT2 RT_Meta2

Mode 3: with ‘norm’
standard (ART_Meta). The next trial started 500 ms later with re-
versed polarity blobs. A Mode 3 case was run where the third
blob-pair/stroke 3 was presented at the correct time interval, i.e.
identical with the interval between the first two pairs; hereafter
this stroke is referred to as ‘norm’. In this Mode 3 case, interval
reproduction was equivalent to temporal synchronization with
observers most naturally adjusting their key-press tempo to stay
in pace with the norm. The three reference intervals were run in
blocks of 200 trials within a session of 600 trials and repeated
thrice, i.e. 600 trials/reference interval. Within a session block-or-
der was randomized across repeats and observers. The specific
interval to be tested was announced on the screen at the beginning
of each block.

In the playback sessions, the three blob-pairs were displayed as
in Mode 2 (ART + feedback) with the timing of the last blob-pair
reproducing subject’s trial-by-trial key-presses in Modes 1 and 2.
ART_Pb Mode 3 has been excluded as it is (from observer’s point
of view) strictly identical to the other two ART_Pb conditions.
Observers judged whether the second interval was ‘shorter’ or
‘longer’ than the first.

As in the RT sessions, ART and ART_Meta responses were col-
lected in the same session yielding six distinct conditions (2(ART,
ART_Meta) � 3 (Modes 1, 2, 3); noted ART1,2,3 and ART_Meta1,2,3

in Table 1) run in only three distinct sessions. Only playbacks cor-
responding to ART1 and ART2 conditions have been run (noted
ART_Pb1,2 in Table 1) so that there were five distinct sessions alto-
gether. Once again, the temporal display of the three blob-pairs
bounding the two intervals to be discriminated in the playback ses-
sions was identical to their display in the ART2/ART_Meta2 ses-
istinct experiment clusters.

ART

RT_Pb ART ART_Meta ART_Pb

RT_Pb1 ART1 ART_Meta1 ART_Pb1

RT_Pb2 ART2 ART_Meta2 ART_Pb2

ART3 ART_Meta3
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sions. Hence, ART_Pb1 and ART_Pb2 were strictly equivalent. Each
session consisted of 200 trials repeated thrice in an order random-
ized across subjects.

Notice that the whole set of experiments can be partitioned into
four distinct clusters: (1) RT, RT_Meta (as they were jointly mea-
sured on each trial), (2) ART, ART_Meta (idem), (3) RT_Pb and (4)
ART_Pb, with the 2 (for RT and RT_Meta) and 3 (for ART and ART_-
Meta) Modes representing different conditions. The different
Modes are irrelevant for the playback conditions as they translate
into identical stimulating and response conditions.

2.3. Participants

Originally, the RT and ART experiments were meant to be run
by the same seven participants (the first two authors and four nai-
ves; ages 24–55, one female; no particular musical background).
However, two of those (including the second author) did not man-
age to complete the full set of ART conditions. One naïve partici-
pant that has completed the ART experiments could not perform
the RT_Meta task leaving only six participants (including the first
two authors) having completed the whole set of RT conditions.
Hence, the RT and ART data below are from six and five partici-
pants, respectively. Only four observers (including the first author)
managed to complete the whole set of RT and ART conditions. Each
subject was given at least one training session (200 trials) per
experimental condition (A/RT + A/RT_Meta; and A/RT_Pb). A full
experimental set lasted more than 10 h (�2 and <8 h for the RT
and ART experiments, respectively) dispatched over about 10 days.
Experiments complied with the standard procedures recom-
mended by the ethics committee of our institution and with the
Helsinki Declaration and were run with full consent of the subjects.

3. Results

3.1. Computation of means, standard deviations and ANOVA
significance levels

Trials yielding RT or ART more than 2r away from their means
on any specific condition (task and mode) were discarded from fur-
ther analysis; their playback counterparts were also excluded. The
means and standard deviations (SDs) of the metajudged RT and
ART as well as the means of the duration judgments in the play-
back modes were derived from fitting cumulative Gaussians (l,r)
to the raw binary data via a maximum likelihood fitting procedure
0 30.3

a. Means (n=6)

0 20.2

(s
)

n
s 

(

Mode 1: without feedback

ea
n

Mode 2: with feedback

0 1

M
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00
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Fig. 2. Means (a) and within subject average standard deviations (b) (over six subjects)
estimated RT playback intervals (RT_Pb; blue). Heavy and light shaded bars are for no fee
subjects. (For interpretation of the references to color in this figure legend, the reader is
(Nelder-Mead simplex algorithm). Notice that the fitted means and
SDs of the metajudged RT, ART and of the corresponding playback
conditions are the Points of Subjective Equality and discrimination
thresholds, respectively. When needed, the significance levels of
the ANOVAs have been modified by Box–Geisser–Greenhouse epsi-
lons (Box, 1954; Greenhouse & Geisser, 1959) to correct for sphe-
ricity. The modified significance levels are presented together
with the non-modified ones and are signaled by an asterisk.

3.2. RT, RT_Meta and RT_Pb

As mentioned in the Methods, one of the six participants could
not perform the RT_Meta task in either Mode 1 (no feedback) or 2
(with feedback). This translated into cumulative Gaussian fits of
the binary (short/long) judgments yielding infinite SDs and unde-
fined means. This participant was counted out. One other partici-
pant showed a similarly scattered data pattern in a first RT_Meta
session but the consistency of his judgments dramatically im-
proved in the next sessions so that he was included in the final pool
of five observers. This unstable behavior suggests that the RT_Meta
task is rather unnatural and presumably requires a sustained intro-
spective attentional state different from the usual outwards ori-
ented attention necessary in standard psychophysical
experiments.

Fig. 2a displays mean RT (over six participants; green bars) to-
gether with their corresponding mean metajudged durations
(RT_Meta; red bars) and mean estimated playback durations
(RT_Pb; blue bars). RT_Meta and RT_Pb are the Points of Subjective
(Duration) Equality (PSE) derived from the fitted cumulative Gaus-
sians (see above). Heavy and light shaded bars refer to presentation
Modes 1 and 2 (without and with feedback, respectively). The first
main observation is that the RT_Meta task is feasible with partici-
pants showing an overestimation tendency (19 ms) of their actual
RTs (mean RT = 221 ± 10 ms; mean RT_Meta = 240 ± 14 ms; paired
t-test, t(5) = 2.18, p = .08). RT_Meta PSE differences between Modes
1 (229 ± 11 ms) and 2 (250 ± 17 ms) also fail to reach statistical sig-
nificance (t(5) = 2.17, p = .08). The average RT_Pb PSE (234 ± 17 ms)
is close to identical to the RT_Meta PSE and does not differ statis-
tically from the mean RT. Supportive of the descriptive analysis
above, a 2-way repeated measures ANOVA shows no significant ef-
fect of either the task or mode factors. Finally, on inspection, inter-
observer scatter does not seem to depend on the task. Notice that
the presently observed quasi-equality of the RT_Meta and RT_Pb
does not support the view according to which voluntary actions
0 30.3
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entail a contraction of perceived time (Haggard, 1999; Yarrow
et al., 2001; Park et al., 2003).

Fig. 2b displays the within observers standard deviations
(wSDs) averaged over the six participants, for the RT, RT_Meta
and RT_Pb tasks. These wSDs should not to be confounded with
the SE bars in Fig. 2a that show the inter-observer scatter; in-
stead, wSDs reflect subjects’ accuracy (or discrimination thresh-
old) for each task and mode. It clearly appears from inspection
of Fig. 2b that RTs (with or without feedback) are much less var-
iable than either their introspective judgments, RT_Meta (by an
average factor of �2.4), or than the judgments of the correspond-
ing playback versions, RT_Pb (by a factor of �2.1). Potentially, the
presence of a feedback in the RT_Meta task (Mode 2) should have
decreased the metajudgment scatter but the data show an oppo-
site (though non significant) tendency (+15 ms with respect to
RT_Meta Mode 1; see below). Although RT_Meta appears to be
more variable than RT_Pb (by 10 ms), this is not supported by
the statistical analysis below.

A 2-way repeated measures ANOVA (with task and mode as
factors) performed on the wSDs shows both task [F(2,10) = 24.99,
p = .0001, .01*] and mode [F(1,5) = 16.28, p = .01, .01*] effects with
no interaction between the two. Note however that the mode ef-
fect is in a direction opposite to the expected (larger scatter in
the presence of feedback) and is not significant in the RT_Meta
task, the only condition where feedback could have contributed
to increasing time perception accuracy. This is contrary to intui-
tion and deviant from an optimal observer behavior that would
have taken advantage of the two relevant signals (proprioceptive
and visual) marking the end-bound of the interval to be judged
(Körding, Ku, & Wolpert, 2004; Körding & Wolpert, 2004; Miya-
zaki, Nozaki, & Nakajima, 2005). (Also note that the presence/ab-
sence of the feedback is immaterial in the RT_Pb task.) Partial
comparisons show significant differences between RT and RT_Me-
ta wSDs [F(1,5) = 82.77, p = .0003, .01*] and between RT and RT_Pb
wSDs [F(2,10) = 24.83, p = .0001, .01*] but no significant difference
between RT_Meta and RT_Pb wSDs. The main message however is
that although pretty noisy (with a wSD of about 35% of the mean
RT_Meta), subjects manage to judge the quickness of their RT in a
repetitive task where the only source of variance is their internal
noise. Of relevance is the observation that RT_Meta accuracy is
no less (statistically speaking) than that of judging the equivalent
time intervals in the RT_Pb task.

3.3. ART, ART_Meta and ART_Pb

Fig. 3 displays all data from the ART experiments. Datum points
on the left-hand column (panels a, d, g) are mean ART (green
squares), ART_Meta (red circles) and ART_Pb (blue triangles) aver-
ages over the five participants as a function of the reference inter-
val. The first critical observation is that observers manage to
perform all three tasks with no systematic bias (confirmed by a
3-way ANOVA that yields no significant task or mode effects but,
as expected, a highly significant SOA effect; F(2,8) = 48.4,
p� .00001). Unsurprisingly, inter-observer scatter (vertical lines
in panels a, d, g) is the largest for the no feedback mode (a) and
the smallest for the norm mode (g). Inter-observer scatter does
not seem to depend on the task.

The mid-column in Fig. 3 shows the means of the within observ-
ers SD (wSD) for each of the three tasks (same symbols and colors
as in the left panels) and Modes (b, e, h). The outlier wSD point for
SOA = 500 ms in panel b (and c) is due to one naïve observer’s (DC)
atypical behavior in that particular condition (which explains the
very large associated standard error). The open red circles in panel
b (and c) are wSD averages that do not include this observer’s data
(i.e. over four observers only). A critical observation is that wSDs in
the ART_Meta tasks (excluding Mode 3) are about three and two
times larger than those in the ART and ART_Pb tasks, respectively.
The data appear to support the notion that active (ART) time esti-
mation is more accurate than passive (ART_Pb) time estimation but
the observed difference (a factor of 1.5) fails to reach statistical sig-
nificance (see below). In contrast to the wSDs for the RT_Meta task,
visual feedback (ART_Meta2) does reduce the associated wSD (by
82 ms); reduction of the wSD is even more obvious for the ART_-
Meta3 (with norm) condition (186 ms). The presence of the norm
decreases ART and ART_Meta variabilities by factors of 3.2 and
3.7, respectively.

As designed, the ART1 (interval reproduction without feedback)
and ART_Pb (perceptual discrimination) are similar to interval pro-
duction and interval discrimination designs used in a number of
studies comparing their accuracy (e.g. Doehring, 1961; Ivry &
Hazeltine, 1995; Merchant, Zarco, Bartolo, & Prado, 2008a; Mer-
chant, Zarco, & Prado, 2008b). Overall, those studies as the present
one yield slightly lower perceptual discrimination than motor
interval production accuracies but many exceptions are also ob-
served (Doehring, 1961; see Exp. 2, Fig. 3 in Ivry and Hazeltine
(1995) and Table 3 in Merchant et al. (2008a)).

A 3-way (factors: SOA, task and mode) repeated measures AN-
OVA on the wSDs (excluding Mode 3 as it was not run in the play-
back condition and because the norm provides an obvious
synchronization cue) yields a significant task effect
[F(2,8) = 15.26, p = .002, .05*] but no SOA or mode effects. The ab-
sence of the mode effect is mainly due to the ART_Pb condition
where the presence of the feedback is irrelevant. Planned compar-
isons between Modes 1 and 2 for the ART and ART_Meta data do
not yield significant feedback effects either, at odds with the previ-
ous studies having shown that the consequences of an action are
used by subjects to improve their motor calibration (e.g. Boy
et al., 2005; Harris, 1965; Jeannerod, 1997, 2003; Matute, 1996;
Passingham, 1993; Stetson, Cui, Montague, & Eagleman, 2006;
Wegner, 2002). The feedback effect becomes nonetheless signifi-
cant if the most variable subject (DC) is excluded. The ANOVA
yields significant wSD differences between ART and ART_Meta
tasks [F(1,4) = 31.76, p = .005, .01*] and between ART_Meta and
ART_Pb tasks [F(1,4) = 8.84, p = .04, .05*]. The difference between
ART and ART_Pb fails to reach significance [F(1,4) = 5.45, p = .08,
.10*] pointing to the fact that an active estimation of time (ART)
is not more reliable than a passive one (ART_Pb) (e.g. Doehring,
1961; Ivry & Hazeltine, 1995).

wSDs seem to follow a rather erratic function of SOA. With the
exception of the ART_Meta wSDs for Modes 1 and 2 (circles in
panels b and e) that appear to increase monotonically with SOA
(if subject DC is excluded), wSDs are either constant or non-
monotonic with SOA. This point is of some significance as, accord-
ing to the Scalar Expectancy Theory (SET; Gibbon, 1977; Gibbon
and Church, 1990; Gibbon, Church, & Meck, 1984), wSD should
be proportional to the estimated duration (Weber law). The
right-hand panels in Fig. 3 (c, f, i) clearly show that this is not
the case in the present experiments: the wSD/Mean ratio (the
efficiency coefficient) follows all three possible dependencies of
SOA, that is, it increases, decreases or is non-monotonic with
SOA. Deviations from SET predictions have been frequently ob-
served, particularly so in the sub-second interval range (e.g. Allan,
1979, 1998; Kristofferson, 1980, 1984; Mauk & Buonomano,
2004; Wearden, 2003; Wright, Buonomano, Mahncke, & Merze-
nich, 1997). It is possible that failure to reveal a constant Weber
fraction is also due to the restricted duration range presently used
and that happens to be within Kristofferson’s (1980) slow rise
range.

Fig. 4 synthesizes the ART data in the same format as the RT
data of Fig. 2; this has been achieved by averaging the ART, ART_-
Meta and ART_Pb means and wSDs across the three studied SOAs.
The means (a) are, as expected, close to 500 ms (the mean SOA) for
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all conditions and modes. As for the RT experiments, the presently
observed quasi-equality between ART, ART_Meta and ART_Pb time
estimations (Fig. 4a) does not support the view according to which
voluntary actions entail a contraction of perceived time (Yarrow
et al., 2001). wSDs (Fig. 4b) show a systematic drop with the Mode
and are the smallest for the ART task (an average 11% of the mean),
intermediate for the ART_Pb task (18%) and the largest for the
ART_Meta task (33%).
3 Temporal arithmetic’ can also be implemented in more complex ways as in the
so-called ‘spectral models’ (e.g. Grossberg & Schmajuk, 1989) using a large number of
different frequency oscillators (see Mauk & Buonomano, 2004).
4. Modeling

The present modeling approach is of the ‘temporal arithmetic’
kind (e.g. Karmarkar & Buonomano, 2007, p. 430) which is but
one instantiation of the pace-maker accumulator class of models
(Gibbon, 1977, 1981a, 1981b, 1990; Allan, 1979, 1998; Gibbon &
Church, 1984).3 A ‘temporal arithmetic’ operator records the timing
of the clock at the onset, t1, and offset, t2, of the interval(s) to be
judged and assesses duration by subtracting t1 from t2. The only pre-
tension of the present modeling is to account for subjects’ RT and
ART variances along with the variances of the corresponding meta-
judgments and playback judgments based on a given number of
hypothetical noise sources. Pace-maker accumulator models posit
the existence of three main such noise sources: the clock (or pace-
maker), memory (when two intervals are to be compared or when
one interval is compared to an internalized reference) and decision;
to these one should add motor noise if time is judged (or repro-
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duced) via a motor action. Strangely, the variance/noise associated
with the coding of the physical events bounding the temporal inter-
val(s) to be judged has been given little if any attention in these
models (for reviews, see Gibbon, 1977; Gibbon and Church, 1990; Al-
lan, 1998; Matell & Meck, 2000, 2004; Mauk & Buonomano, 2004;
Wearden, 2003). In order to simplify our modeling to the extreme,
we ignore those noise sources equally intervening in all present
experimental manipulations, that is decision and memory,4 and con-
sider instead the following four: visual coding noise (r2

V ), clock noise
(r2

C), motor noise (r2
M) and proprioceptive noise (r2

P).5 As developed
in the Introduction, proprioceptive information is the only possible
4 We acknowledge the possibility that these decision and memory processes might
not be of the exact same kind. Given the limited number of relevant experimental
conditions (eight), adding these additional free parameters would have considerably
lowered the statistical power of the test of the model.

5 The number and nature of noise sources in time estimation have been object to a
long-standing and unsettled debate (e.g. Luce, 1984).
source allowing for consistent metajudgments of the duration of
one’s own actions.6 Fig. 5 presents our modeling of the total noise
(numbered equations – white digits on black disks – referred to in
the text below) involved in each of the presently tested experimental
conditions to the exclusion of the ART + norm and ART_Meta + norm
cases; modeling the impact of the norm on temporal (meta)judg-
ments is beyond the scope of the ‘temporal arithmetic’ approach
(e.g. Hary & Moore, 1987; Mates, 1994a, 1994b; Takano & Miyake,
2007; Wearden & Farrar, 2007). Note that the playback conditions
(and therefore the underlying time judgment processes) are equiva-
lent whether they arise from stimulating conditions with or without
feedback or norm. Feedback is also irrelevant for the RT and ART con-
ditions as it occurs after subjects’ response.
6 It is understood that this noise source should include to some extent auditory
feedback as the sound of subjects’ key-presses could not be entirely muffled. Also, the
contribution of an efference copy of the motor signal cannot be excluded.
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4.1. RT, RT_Meta and RT_Pb

To react one first needs to detect the triggering stimulus (here
visual). The evoked internal response builds over time with a slope
dependent on stimulus intensity and reaches some motor trigger-
ing level with a variance r2

V (Carpenter, 1981; Link, 1975; Ratcliff,
1981). The variance of the motor execution is r2

M so that the total
variance of a simple RT is given by r2

V þ r2
M (Eq. (1) in Fig. 5) with

or without feedback. In the RT_Meta task, observers judge an inter-
val bound by one ‘‘onset” flash and one ‘‘offset” proprioceptive sig-
nal that may or may not be accompanied by an ‘‘offset” feedback
flash. Counting clock clicks in-between the bounding events is an-
other noisy operation (r2

C). In the absence of feedback, the total
variance of the RT_Meta response is thus given by r2

V þ r2
P þ r2

C

(Eq. (2)). In the presence of feedback, observers may use only one
of the two offset sources of information (i.e. r2

P or r2
V ; Eqs. (3)

and (30)), a nonoptimal strategy, or combine them optimally (i.e.
according to the maximum likelihood rule, Eq. (300); e.g. Clark &
Yuille, 1990; Ernst & Banks, 2002; Serwe, Drewing, & Trommershä-
user, 2009). Finally, in the RT_Pb task, observers judge an interval
bound by two flashes as being long or short with respect to an
internalized mean. Assuming that this internalized mean is a fixed
number of clock pulses, observer’s accuracy will be limited by the
sum of the visual and clock variances, i.e. 2r2

V þ r2
C (Eq. (4)).

4.2. ART, ART_Meta and ART_Pb

‘Temporal arithmetic’ with variances is slightly more complex
for the two-interval (meta)judgment tasks. In the ART task observ-
ers must register the first/reference interval t2 � t1 and then repro-
duce it starting with t2 to assess the synchronization key-press at t3

so that t3 � t2 equals t2 � t1; arithmetic hence yields
t2 � t1 � (t3 � t2) = 0 so that t3 = 2t2 � t1. The variance of the esti-
mated t3 is therefore given by the total variance of 2t2 � t1 opera-
tion, namely 5r2

V .7

To this should be added twice the variance of the clock having
gauged the two intervals, 2r2

C , and the motor execution variance,
r2

M (Eq. (5)). The very same logic applies to the ART_Meta task with
the only difference that r2

M is replaced with the variance of the
afferent proprioceptive signal r2

P (Eq. (6)). While the feedback flash
is of no consequence for the ART task, it may be either ignored (Eq.
(7)), used by itself (Eq. (70)), or optimally combined with the pro-
prioceptive variance (Eq. (700); like for the RT_Meta case). Finally,
in the ART_Pb task subjects should perform the same operation
as in the ART case, i.e. t2 � t1 � (t3 � t2) = 0 (with a variance of
5r2

V ) except that t3 is this time physically marked by the light-flash
with its own variance (r2

V ), so that the total ART_Pb operation is
now 6r2

V þ 2r2
C (Eq. (8)).

4.3. Fitting the data

This simple-minded family of models involves four free param-
eters, rV ; rM ; rP and rC to be fit against eight (rather than 12; see
Table 1) relevant experimental conditions.8 As it will be discussed
below, a fifth free parameter is in fact needed to achieve a statisti-
cally significant fit of the whole set of data. Adding more free param-
eters (such as interaction terms, different clocks for short and long
7 Because r2
V at time t2 contributes to both intervals that are being timed (it

terminates interval 1 and initiates interval 2), it is a perfectly correlated random
variable. Consequently, the variance of t2 is given by 2r2

V plus twice the co-variance,
i.e. a total of 4r2

V . More generally, the variance of a random variable X multiplied by a
constant a, r2

aX , is a2r2
X .

8 This is so because the presence of a feedback is of no consequence once the
subject responded; this is the case for conditions RT_Fb (Eq. (1)), RT_Pb + Fb (Eq. (4)),
ART_Fb (Eq. (5)) and ART_Pb + Fb (Eq. (8)) that are strictly equivalent to RT, RT_Pb,
ART and ART_Pb, respectively.
durations and/or distinct decision and memory noises; see Note 3)
would have rendered the test of such a model impracticable. Limit-
ing the number of parameters to 5 should be understood as the cost
paid to statistical power.

As the reference interval t2 � t1 in all ART tasks (ART, ART_Meta
and ART_Pb) was kept constant throughout an experimental ses-
sion, the possibility exists that subjects internalized this duration
(as a fixed number of clock ticks) and used it throughout the ses-
sion rather than assessing it anew for each trial. If so, t1 (and its
associated variance) together with the t1 � t2 clock associated var-
iance should be discarded and t2 (and its associated variance)
should be counted only once (rather than twice). According to this
scheme, the visual coding variance term 5r2

V in Eqs. (5)–(700) (ART
and ART_Meta tasks) is to be replaced with r2

V , the 6r2
V term in Eq.

(8) (ART_Pb) is to be replaced with 2r2
V and the total clock associ-

ated variance should now be r2
C (instead of 2r2

C). Separate fits were
obtained for each of these two variants (internalized reference vs.
trial-by-trial estimation of the reference interval), each of which
included the three possible ways of using the feedback information
in the RT_Meta and ART_Meta tasks (i.e. ignoring it, Eqs. (3) and
(7), using it to the expense of the proprioceptive information,
Eqs. (30) and (70), or optimally combining it with the latter, Eqs.
(300) and (700)).

Best fit parameter values were obtained by minimizing the least
squares errors between the model predictions and the data using
the standard Nelder-Mead algorithm. Only data from the four
observers (including the first author) who have passed all experi-
mental conditions were used.9 Each model was compared to a one
parameter model that predicts the mean response across conditions
(i.e. no difference between conditions) via an F-test. F values were
computed as the ratio of the sum of squares of the four and five
parameter models over the sum of squares of the one parameter
model, weighted by the number of model parameters and data
points (see Judd, McClelland, & Ryan, 2009).

Odd columns in Table 2 show the 4-parameters fits and associ-
ated statistics for the ‘Internalized’ and ‘Computed’ reference inter-
val variants and for the three feedback combination rules (‘Visual
cue only’, ‘Proprioceptive cue only’ and ‘Optimal cue combination’).
Note that all variants yield rM ¼ 0 (in fact with non-zero values at
the fifth decimal or more), an outcome not particularly surprising
given that the motor noise (manual or oculomotor) is reputedly
negligible in comparison with either sensory noise (Osborne, Hohl,
Bialek, & Lisberger, 2007; Osborne, Lisberger, & Bialek, 2005; van
Beers, 2007; van Beers, Haggard, & Wolpert, 2004), or efference
copy noise (Collins, Rolfs, Deubel, & Cavanagh, 2009; Deubel,
Schneider, & Bridgman, 1996). None of the three ‘internalized’ ref-
erence variants yields correlation coefficients larger than .35 and
none reaches statistical significance. When positing that observers
measure the duration of the reference interval on each trial (in the
ART, ART_Meta and ART_Pb tasks), the correlation coefficients in-
crease markedly (they are in-between .61 and .64) but still fail to
reach statistical significance. Moreover, the latter fits yield
rC ¼ 0, a priori a nonrealistic value. For the purpose of illustration,
the open circles in Fig. 6 show the estimated variance for each
experimental condition using the ‘Computed’ reference together
with the ‘Optimal cue combination’ variant. As it can be seen, the
fits clearly underestimate the actually measured variance in the
ART_Meta tasks (with and without feedback). While some of the
remaining variants also overestimate the measured variance in
the RT_Meta tasks, they all share the strong underestimation of
the ART_Meta variances. It must then be that this task involves
an additional, unaccounted for source of noise, call it rX .
9 This sample does not include the observer having contributed to the large scatter
of the ART_Meta1 measurements (outlier SD datum point in Fig. 3b) as this observer
has not completed the RT experiments.
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When this fifth free parameter is added in Eqs. (6) and (700) (i.e.
5r2

V þ r2
P þ 2r2

C þ r2
X , etc.), all model variants (even columns in Ta-

ble 2) yield R2 coefficients of .95, highly significant. Note that sig-
nificant interaction terms between the remaining four
parameters cannot account for this additional source of variance
as such interactions, if they exist, also contribute to the global var-
iance observed in the remaining conditions and in particular in the
RT_Meta case (see also Note 3). Jarque-Bera and Lillie tests per-
formed on the residuals of the fits with each model and model var-
iant show no significant difference from normality; t-tests on these
same residuals show that their means do not differ significantly
from 0.

The solid circles in Fig. 6 show the variance for each task and
mode as obtained from fitting the data with the ‘Computed’ ref-
erence ‘Optimal cue combination’ variant. A nested models test
(bottom three rows in Table 2) shows that the addition of the
fifth free parameter (specific to the ART_Meta task) significantly
reduces the variance of the error (F-test; see above) for all six
model variants. Note however that the ‘Internalized’ variant of
these five free parameters fits yields rP ¼ 0, again an unrealistic
value in comparison with the visual variance. It follows that
from the 12 modeling variants tested, only three yield both sig-
nificant correlation coefficients and realistic parameters fits: they
are those involving a noise source specific to the ART_Meta task
and positing that observers compute the reference interval on
each trial of the ART, ART_Meta and ART_Pb tasks. These vari-
ants that differ only in the way they combine or do not combine
the visual and proprioceptive feedbacks cannot be discriminated
based on their goodness of fit. The right-most column of Table 2
presents the mean values of the five free parameters considered
when excluding the ‘Internalized’ reference variants and those
variants yielding a ‘proprioceptive’ variance of 0. Notably, rV

and rP are very similar (30.7 and 37.5 ms), about 1.4 times
smaller than rC (45.3 ms) and about five times smaller than
rX (163.9 ms). Considering that the Temporal Order Judgment
threshold (with visual stimuli), rTOJ , is presumably given by
the sum of two visual coding noise sources and of clock noise,
its estimation from the presently fitted parameters is given by
rTOJ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2r2

V þ r2
C

q
¼ 63 ms, a value close to the one derived from

TOJ experiments (e.g. Cardoso-Leite & Gorea, 2007). The assump-
tion that TOJ and interval duration estimations use the same
clock process may sound like a conceptual leap, but it is worth
testing in future experiments. A direct assessment of rP and rC

is definitely worthwhile.

4.4. Putative origin of rX

According to the logic developed in the Introduction, ART meta-
judgments are possible only given a source of information not used
in the ART task itself, i.e. proprioceptive (P) feedback. However, in
order to estimate the reproduced interval, the onset of the P signal
must be related back to the origin of this interval, t2 (on the critical
assumption that the time of the decision – to press the key – is not
accessible to the observer). Our conjecture is that this t2 origin is
poorly defined (possibly lost), once Sj has already used it for the
primary ART task. In this interpretation, rX reflects Sj’s uncertainty
of this time origin needed in the ART_Meta task. This is congruent
with the standard notion that the internal clock is an interval mea-
suring device initiated by a signal and reset by another signal. On
this view, a clock reset at t2 (but also at the key-press time t3)
would inject noise in the system so that its second use would be
equally noisy. Alternatively, the clock may not be reset at t2 with
the primary ART_Meta task being performed by doubling the refer-
ence interval (‘temporal arithmetic’). Even so, the value of t2 may
be partially lost so that it cannot be referred back for computing
the interval that separates it from the timing of the proprioceptive
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Fig. 6. Synthetic display of the within-observers SDs averaged over the four
observers having completed all tasks (bars) and predictions of two distinct
modeling variants: without (open circles) and with a noise source specific to the
ART_Meta task (solid circles). Digits attached to the labels of the abscissa refer to
Modes with Mode 3 (with norm) conditions excluded (as they are unaccountable by
the present modeling approach). Note that from both observers’ and modeling point
of view, the presence of a feedback (Mode 2) is irrelevant for the RT, RT_Pb, ART and
ART_Pb tasks. Consequently, data for these conditions have been averaged over the
two modes.
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signal.10 Arguments of this type have been recently advanced by
Karmarkar and Buonomano (2007), (see also Mauk and Buonomano,
2004) to discard the clock models (and more generally any linear
time metric model) in favor of highly nonlinear, state-dependent
networks (SDN). While biologically attractive, SDN models do not
lend themselves to the present analytical approach, nor do they offer
a tractable account of how metajudgments of the kind presently
studied could be implemented.

An alternative interpretation of rX capitalizes on the notion of
two types of decision processes, one of the ‘reactive’ type operating
on externally evoked internal responses (as in the RT and RT_Meta
tasks), and another of the ‘voluntary’ type operating on the accu-
mulating clock pulses (as in the ART and ART_Meta tasks). In this
view, only the voluntary decision interferes with the pacemaker-
accumulator by perturbing its resetting to zero and/or the contin-
uation of counting clock pulses. Such perturbation would be irrel-
evant in the ART condition as this task does not require time
counting once the synchronized key-press has occurred but would
be critical in the ART_Meta task that does require pulse counting
after the key-press. This second alternative also requires that deci-
sion time itself be not accessible to the observer.

5. Discussion

(1) Duration metajudgments of both reactive (RT_Meta) and
voluntary (ART_Meta) motor responses are possible in the
sense that their standard deviations are about 35% and 43%
of the mean, respectively. RT_Meta is slightly biased (+8%)
but not ART_Meta with none of them significantly different
from their playback (RT_Pb, ART_Pb) counterparts. Hence,
contrary to the previous interpretations of the chronostasis
generated by voluntary actions (Haggard, 1999; Park et al.,
2003; Yarrow et al., 2001; see also Note 2), actively gener-
ated time intervals do not seem shorter than passively dis-
played ones.
10 One may invoke a simpler account whereby a system (the clock) cannot measure
its own noise. Indeed, given negligible motor noise, early or late ARTs can be due only
to the noise of the clock which, for the ART_Meta task, will need to estimate this
noise. However, this account ignores the existence of the afferent (proprioceptive)
signal that offers a new temporal bound for the clock to measure. Hence our account.
(2) RT_Meta variability is about 2.4 times larger than RT vari-
ability and only 1.15 times larger than the one assessed in
the matched playback task (RT_Pb). This is to say that the
overall noise involved in judging one’s own RT is about equal
to the noise involved in judging an equivalent time interval
bounded by two light flashes. Although globally feasible, it
should be kept in mind that the RT_Meta task could not be
performed at all by one of six subjects, while a second sub-
ject succeeded only after extensive training. This inter-sub-
ject variability deserves further exploration.

(3) The ‘‘unnaturalness” of the RT_Meta task was signaled by all
participants. It may steam from subjects not ever having
introspected on their own RT. An analysis of subject’s binary
(‘‘short”/”long”) RT metajudgments over trials and sessions
did not show any statistically significant improvement (i.e.
steeper psychometric function) suggesting that an internal-
ized RT value is acquired either in our daily life or within
the very first trials of the RT_Meta task. The latter seems
more plausible an alternative as no such learning was
observed for the RT_Pb task either. In the latter task observ-
ers needed to extract the mean duration of randomly vary-
ing time intervals, a task most likely achieved within 10–
20 trials (e.g. Brown & Steyvers, 2005; Morgan et al.,
2000). Be it as it may, the feasibility of the RT_Meta task is
evidence of subjects being able to (explicitly) access their
mean RT as well as of their use of a proprioceptive signal.

(4) While all four subjects tested could perform the ART_Meta
task, their overall accuracy (the ‘norm’ condition excluded)
was about �3 and �2 times inferior to that assessed in the
matched ART and ART_Pb tasks; hence the subjects were
about 1.5 times more accurate in the active (ART) than in
the passive (ART_Pb) duration estimation task. Nonetheless,
in line with the previous studies (e.g. Doehring, 1961; Ivry &
Hazeltine, 1995), this difference was not statistically
significant.

(5) We have attributed the markedly larger variability of the
ART_Metajudgments to a source of noise proper to this task.
Our suggestion is that this additional noise relates to this
task’s particularity of requiring the dual use of the same time
origin (see below). The feasibility of the ART_Meta task con-
firms the use by observers of the afferent proprioceptive
(and possibly of an efferent copy) information.

(6) The presence of a norm (a flash allowing synchronization)
reduced ART and ART_Meta variabilities by factors of about
3.2 and 3.7. While it is obvious that the norm allows observ-
ers to calibrate the accuracy of their key-presses across trials
(e.g. via a temporal order judgment), the underlying calibra-
tion process remains a matter of debate (Hary & Moore,
1987; Mates, 1994a, 1994b; Takano & Miyake, 2007; Wear-
den & Farrar, 2007). In contrast with the norm, visual feed-
back was statistically ineffective for both the RT_Meta and
ART_Metajudgments, although the absence of the effect in
the latter case was mostly due to one subject. Numerous
studies have shown that the consequences of one’s own
actions are used to calibrate and hence improve their accu-
racy (Boy et al., 2005; Harris, 1965; Jeannerod, 1997, 2003;
Matute, 1996; Passingham, 1993; Wegner, 2002). The pres-
ent findings do show such a trend for reflective but not for
reactive actions.

(7) Finally, time reproduction (ART) of the presently tested
durations (400, 500 and 600 ms) did not show any system-
atic evidence of Weber law. This is not supportive of the Sca-
lar Expectancy Theory (SET; Gibbon, 1977; Gibbon and
Church, 1990; Gibbon et al., 1984), but such deviations have
been repeatedly reported for estimations of infra-second
durations (e.g. Allan, 1979, 1998; Kristofferson, 1980,
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1984; Mauk & Buonomano, 2004; Wearden, 2003; Wright
et al., 1997). In particular, Kristofferson (1980, 1984) has
suggested that at least for well trained subjects, time dis-
crimination thresholds may jump in ‘quantum’ steps for ref-
erence intervals of 200, 400 and 800 ms with a much slower
rise in-between these bounds. This may well have been the
case with the presently tested intervals (i.e. within the 400–
600 ms range).

In modeling our data we capitalized on the (perhaps) simple-
minded concept that the variability of temporal intervals estima-
tion is mostly determined by the temporal estimation variability
of their bounding sensory (visual, rV , and/or proprioceptive, rP)
events as well as by the motor (rM) and clock-pulse counting
(rC) noise sources. We have deliberately discarded storage (work-
ing and reference memories) and decision noise sources present in
many time estimation models. Such noise sources intervene
equally in all the presently tested conditions so that they could
not differentiate between them. Also, given the limited number
of differentiating experimental conditions (eight from the point
of view of the model), fitting the data with a larger number of free
parameters (including interaction terms) would have been a trivial
enterprise. Within this class of four free parameters models, we
examined a number of variants that differed in two ways: one var-
iant considered that observers internalize the reference time inter-
val rather than estimating it on a trial-by-trial basis. Within each of
these two subsets, we considered three possible ways of taking
advantage of the visual feedback contingent on participant’s key-
press: ignoring it, using it to the exclusion of the proprioceptive
(and possibly of the efference copy) feedback, or optimally combin-
ing it with the latter (e.g. Körding & Wolpert, 2004; Körding et al.,
2004; Miyazaki et al., 2005). While the ‘internalized’ reference
duration variant produced very poor fits and was discarded, the
possible uses of the visual feedback provided equally bad fits and
could not be discriminated. The most unsatisfactory fits were ob-
tained for the ART_Meta conditions (with and without feedback;
see Fig. 6) whose variance was strongly underestimated. As a con-
sequence, we introduced an additional ad hoc source of noise (rX)
proper to the ART_Meta condition only. While adding this extra
parameter is a lot like admitting that the ART_Meta conditions
are not being captured by the model, we have pointed out that
the these conditions are the only ones where subjects need to
use the same clock onset twice at two different times and have ar-
gued that this might not be possible, hence the extra source of
noise (see below).

These five free parameters variants provided excellent fits for all
the experimental conditions whatever the combination rule of the
visual and proprioceptive afferences. Half of them however
showed no contribution of proprioceptive noise and have been dis-
carded given that metajudgments should not be possible without
such information. The estimated parameters/standard deviations
varied little across the three variants (relative to the feedback sum-
mation rules); when averaged over these variants rV, rM, rP, rC and
rX yielded values of 31, 0, 38, 45 and 164 ms, respectively. Not
unexpectedly (Collins et al., 2009; Deubel et al., 1996; Osborne
et al., 2005, 2007; van Beers, 2007; van Beers et al., 2004), the esti-
mated motor noise was negligible compared to sensory noise. Ta-
ken together, the estimated rV and rC fit well with the temporal
order discrimination thresholds for visual stimuli (e.g. Cardoso-
Leite & Gorea, 2007). The ‘mysterious’ noise source rX associated
with the ART_Meta task was by far the largest. What could be its
origin?

To this question we offered two possibilities. One proposal con-
sisted in posing that a given time origin cannot be used twice with
equal accuracy. In the ART_Meta task this is the case with the tem-
poral tag marking the end of the reference interval that is used as
the time origin for reproducing this interval (ART) and subse-
quently for making the ART_Metajudgment. This proposal implies
that the moment of a decision (to press a key) is impenetrable to
the subject so that it cannot be used as an alternative time origin
for gauging the time interval that separates it from the afferent
proprioceptive signal. The alternative interpretation posited the
existence of two types of decision processes, one proper to reactive
motor behaviors (as in the RT and RT_Meta tasks) and operating on
the temporally integrated internal response evoked by an external
stimulus, and one proper to proactive actions where decisions are
taken on the output of the pacemaker-accumulator (as in the ART
and ART_Meta tasks). In this view, only the latter kind perturbs the
clock so that the moment when this decision is taken becomes
temporally blurred. Again, this proposal implicitly assumes that
the moment of a voluntary decision is not accessible to the subject
(see Wegner, 2002).

Using arguments of this type founded on an elegant series of
time reproduction experiments, Karmarkar and Buonomano
(2007) concluded that standard pacemaker-accumulator models
are not viable. Instead, together with others (for a review see Mauk
& Buonomano, 2004), they proposed that time perception is better
accounted for by reading out the state of a dedicated network that,
following each reset to zero, always follows the same ‘state-space’
trajectory so that its instantaneous state (reflecting short-term
synaptic dynamics) signals a specific time lapse. Such state-depen-
dent network models do not seem suited to account for a large
number of time perception contextual effects (e.g. Eagleman,
2008). Whether they can account for the present introspective data
remains to be assessed.
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