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Abstract Long-range dependence is a characteristic

property of successively produced time intervals, such as

in un-paced or continuation tapping. We hypothesise in

the present paper that serial dependence in such tasks

could be related to a closed-loop regulation process, in

which the current interval is determined by preceding

ones. As a consequence, the quality of sensory feedback

is likely to affect serial dependence. An experiment with

human participants shows that diminished sensory

information tends to increase the Hurst exponent for short

inter-onset intervals and tends to decrease it for long

intervals. A simulation shows that a simple auto-regres-

sive model, whose order depends on the ratio between

the inter-onset interval and an assumed temporal inte-

gration span, is able to account for most of our empirical

results, including the duration specificity of long-range

correlation.
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Introduction

Much human behaviour exhibits serial dependency in

time. This dependency typically belongs to the long-

range correlation class of variability structures (Bak

1997) in the literature also termed 1/f noise or fractional

Gaussian noise (fGn). For example, long-range correla-

tion is found for upright posture sway (Collins and De

Luca 1993), reaction time (Gilden 1997), bimanual

coordination (Torre et al. 2007a) and cognitive tasks

(Gilden 2001). Here, we consider the task of isochronous

serial interval production (ISIP), commonly referred to as

finger tapping or continuation tapping, in which a par-

ticipant attempts to function as a metronome in the

absence of external temporal cues. In this situation,

locally longer intervals tend to be followed by still longer

intervals and locally shorter intervals tend to be followed

by still shorter intervals, as observed already by Stevens

(1886).

To our knowledge, serial dependency in ISIP has, since

this first observation, been ignored until quite recently

(Delignières et al. 2004, 2008; Gilden et al. 1995; Madison

2004b, 2006; Yamada 1995). This is surprising, because

serial independency is a critical precondition for influential

frameworks relating to ISIP (Vorberg and Wing 1996;

Wing and Kristofferson 1973) and to timing in general, in

terms of scalar expectancy theory, for example (Gibbon

1977; Gibbon et al. 1997; Wearden 1999). The variance, or

other population statistics estimates of variability, plays a

central role in these traditions, unbiased estimates of which

assume that data are independent.

This independence is postulated by the assumed

generating process, namely an open-loop mechanism,

meaning that each interval is generated without reference

to previous intervals (e.g., Vorberg and Wing 1996). For
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an open-loop mechanism, feedback should be of no

consequence. A closed-loop mechanism, in contrast,

implies positive serial dependency. A prototype for such

a process is the random walk, in which each datum

consists of the previous datum plus a random error. As

random errors are accumulated, the process grows

asymptotically with the square root of time and exhibits a

power spectrum that conforms to the scaling property f-2

(Einstein 1905). A possible explanation for long-range

correlation in ISIP is therefore that the underlying pro-

cess is closed-loop rather than open-loop. If so, this loop

may be internal to the CNS, or it may involve sensory

feedback of external events, such as the participant’s own

movements. In the latter case, better sensory feedback

should conceivably lead to stronger positive serial

dependency, because of more veridical retention of the

previous interval. Poor sensory feedback should conse-

quently lead to weaker positive serial dependency, as

random error increases. However, error corrective feed-

back may also play a role, which will be elaborated upon

in the simulation section.

The vast majority of ISIP studies employ unrestricted

tactile, auditory, and visual feedback. Very few studies

discuss the role of feedback, although it is generally

found to affect timing whenever it is manipulated. This is

true for both temporal manipulations, such as advancing

or delaying feedback (Fraisse 1980; Fraisse et al. 1958;

Fraisse and Voillaume 1971; Finney and Warren 2002;

Pfordresher 2003; Wing 1977), and for eliminating or

attenuating feedback, which generally leads to larger inter-

interval variability (Billon et al. 1996; Chen et al. 2002;

Drewing et al. 2002; Kolers and Brewster 1985). Chen

et al. (2002) is, to our knowledge, the only study that has

addressed serial dependency in ISIP as a function of

feedback, but they employed only one target inter-onset

interval (IOI).

Duration specificity refers to the property that some

metric of timing performance does not exhibit a linear or

continuous relation to the duration to be timed, contrary to

the core assumption of scalar expectancy theory. A number

of studies that report duration specificity across a wide

range of different tasks, stimuli, and experimental methods

are cited in Madison (2001a). Considering the duration

specificity of long-range correlation, the scaling exponent

is found to increase with IOI (Madison 2004b), and has

been found to exhibit discontinuities or breakpoints,

close to 800 ms and 1 s (Madison 2006). A discontinuity

close to 1 s is also found for measures of timing variability

(Madison 2001b) and temporal discrimination threshold

(Grondin et al. 1998; Halpern and Darwin 1982; Madison

2004a).

Several authors have discussed a temporal integration

span on the order of a few seconds, that applies more to

processing of information closer to the sensory level than

to higher, more abstract, levels of processing in the CNS

(James 1890; Michon 1978; Pöppel 1997). A notable

result in this regard is that during synchronisation with an

external series of sounds, intervals shorter than about half

a second yield second-order error correction whilst longer

intervals do not (e.g., Pressing 1998). Madison (2004a, b)

suggested that the duration specificity found for timing

performance might be an effect of a temporal integration

span interacting with duration, such that the shorter

duration, the more intervals are available for error cor-

rective feedback. Specifically, if the temporal integration

span has a relatively constant width, then continuous

duration change will yield discrete changes in perfor-

mance as 1, 2, or 3 previous intervals are available for

feedback.

In a first attempt to examine these possibilities we

carried out an ISIP experiment across a wide range of

IOIs. Sensory feedback was eliminated or diminished,

as was feasible, except in one condition where auditory

feedback was provided. In accordance with previous

results we expected serial dependency to increase with

IOI: specifically, the estimate of long-range correlation

known as the Hurst exponent (H) is found to increase

from about 0.6 to 0.95 across IOIs from 500 to

1,500 ms (Madison 2004b, 2006). Furthermore, we

hypothesise that manipulation of auditory feedback

would affect H differently amongst levels of IOI, which

would provide support for the operation of a closed-

loop or feedback model of timing. We also carried out a

simulation of the results in order to examine the plau-

sibility of such a mechanism, involving the parameters

duration specificity, sensory feedback and long-range

correlation.

Method

Participants

Five right-handed participants between 22 and 48 years

of age were paid to attend several sessions over a

period of up to 3 weeks. All participants had served in

at least one previous experiment with similar but not

identical tasks and had a low level of musical training

and experience.

Stimuli and equipment

All aspects of the experiment were controlled by custom

designed software running on a PC with a real-time oper-

ating system (FreeDOS). An Alesis D4 drum module

connected via MIDI to the PC produced the sounds. The
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temporal resolution of this system is approximately 1 ms.1

Pacing and feedback stimuli consisted of two sampled

cowbell sounds with different pitch, presented through

Peltor HTB7A sound-attenuated headphones at 78 dBA

sound pressure level. Both sounds have a sharp attack,

in which the signal increases to maximum level within

1 ms (7–9 cycles of the waveform), and a fast decay,

resulting in a supra-threshold duration of approximately

80 ms. The last two sounds in the pacing sequence were

attenuated to 72 and 66 dBA, respectively, to reduce the

startle reaction when stimuli cease. Responses were given

by moving the right index finger through an infrared light

beam, in order to minimise somatosensory feedback. A

cardboard screen obscured participants’ view of the mov-

ing finger. In the feedback condition, the feedback sound

onset occurred *8.5 ms after breaking the light beam with

the finger.

Procedure

Each participant was tested individually, sitting upright on

a chair with the feet to the floor. On the chair was attached

an armrest, which supported the participant’s right arm

and hand except the thumb and index finger. The index

finger was free to move in mid-air between the two

forks of the light beam sensor device, placed immediately

below the armrest. This means that participants in the

no feedback condition had neither visual nor auditory

information, and diminished tactile and proprioceptive

information, as compared to a typical tapping experiment.

The first session began with instructions and a few prac-

tice trials, during which the experimenter made sure that

the participant encountered and understood all signals and

felt familiar with the task. The main instructions were to

synchronise responses with the sounds, to continue after

the sounds had ceased, and to refrain from mentally or

otherwise subdividing the intervals. Each trial consisted of

synchronisation to 40 sounds with one of the 4 IOIs,

followed in sequence by producing 280 intervals. Each

session consisted of 4 blocks with 8 trials, each separated

by a short break. Two participants found 16 trials per

session too demanding, and performed instead 12 trials in

3 blocks in 7 sessions. Sessions lasted between 55 and

80 min.

Design

Independent variables were stimulus IOI (500, 800, 1,100,

or 1,500 ms) and feedback (auditory feedback or no feed-

back). These 8 conditions were replicated 10 times, such

that each participant performed 80 trials across 5–7 ses-

sions. Trials were delivered in blocks consisting of the four

IOI conditions given in an individual random order for

each presented block. The feedback conditions alternated

between successive blocks.

Estimation of long-range correlation

As mentioned in the Introduction, ISIP variability is

characterised by long-range dependence in the form of

fractional Gaussian noise (fGn). fGn is in turn character-

ised by having a scaling property, which is most simply

described with reference to the frequency spectrum of the

signal. Many signals have peaks and throughs in their

spectrum, which is also the rationale for applying spectral

analyses. White noise is defined as having a perfectly flat

spectrum; that is, all frequencies are represented to the

same magnitude. The scaling property of fGn can be seen

as tilting the straight line of the white noise spectrum in

either direction, thus constituting a law-bound linear rela-

tion between all parts of the spectral density function

jAj2 ¼ f�b: Specifically, fGn corresponds to the non-inte-

ger (i.e., fractional) slopes of b within -1 \b\ 0

(negative dependency) and 0 \ b\ 1 (positive depen-

dency), in contrast to other forms of serial dependencies

such as auto-regressive and moving average models. Long-

range correlation signifies the subset of fGn with positive

dependency. Here, we will use a more convenient and

commonly used metric known as the Hurst exponent (H),

which relates to b according to H = (1 ? b)/2. H can

assume values between 0 and 1, and white noise—which is

uncorrelated—corresponds to H = 0.5. Processes with

0 \ H \ 0.5 have a negative dependency structure, whilst

the interval 0.5 \ H \ 1.0 includes positively dependent

processes of 1/f-type.

Results

We considered only the intervals produced after the syn-

chronisation phase. The first 5 intervals were discarded to

avoid possible startle responses from the cessation of

stimuli and the following 256 intervals were subjected to

analysis. H was computed by means of first-order detr-

ended fluctuation analysis (DFA), that is, any linear

slope was initially subtracted from the series (Peng et al.

1994). Table 1 shows the mean produced IOI and SD for

each condition. Intervals produced with feedback were in

1 The experimental system incorporates a delay from obstructing the

light beam to the corresponding MIDI message being sent of less than

3 ms, from start of the MIDI message to the start of the sound of

*4.5 ms, and in the operation of the program of less than 1 ms. The

MIDI asynchronous communication clock frequency of 31.25 kHz

leads to a estimated minimum temporal variability of 32 ls. The

trigger and sound devices have similar clock frequencies and hence

also temporal variability in the same range.
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general longer than the target IOI, whereas the oppo-

site was true for no feedback conditions, except for

1,500 ms IOI.

The pattern of mean produced IOIs in Table 1 consti-

tutes an interaction between IOI and feedback, in particular

affecting 1,100 and 1,500 ms. Estimates of H based on the

nominal IOIs are plotted in Fig. 1, which according to the

confidence intervals indicate a significantly larger H

without feedback for the 500 ms IOI, but no effect of

feedback for the longer IOIs. This feedback 9 IOI inter-

action was not significant, according to a three-way (2

feedback 9 4 IOI 9 10 replications) ANOVA, F(3,

12) = 1.35, P = 0.303. As can be inferred from the means,

the main effect of IOI was significant, F(3, 12) = 28.92,

P \ 0.0001, but not the main effect of feedback, F(1,

4) = 0.28, P = 0.624. However, H estimates might be

biased by the differences between target and actual IOI,

given the ubiquitous monotonic increase of H with IOI.

To compensate for the variability in mean IOI across

trials a linear regression of H on produced IOI was per-

formed across feedback conditions, which yielded the

model H = 0.6062 ? 0.000201 IOI. For each trial and

response series the estimate of H was therefore corrected

with respect to the deviation between target and produced

IOIs (IOIt and IOIp, respectively) according to Eq. 1:

H0 ¼ H 1:000201ðIOIp � IOItÞ
� �

ð1Þ

H0 is plotted in Fig. 2, which for 500 and 1,100 ms IOI

exhibits slightly larger effects of feedback than for the

uncorrected estimates in Fig. 1. The effect is significant for

both these IOIs, according to confidence intervals

(P \ 0.05), whereas for H (as seen in Fig. 1), this was the

case only for 500 ms IOI. To confirm the parametric

interaction amongst IOI levels 500–1,100 ms seen in

Fig. 2, we performed a three-way (2 feedback 9 3

IOI 9 10 replications) ANOVA for these levels with H0 as

dependent variable. As was the case for H we found that

the main effect of IOI was significant, F(2, 8) = 22.77,

P \ 0.0005, but that the main effect of feedback was not,

F(1, 4) = 2.32, P = 0.202. More importantly, the feed-

back 9 IOI interaction was significant after correction for

mean produced IOI, F(2, 8) = 4.98, P \ 0.05.

Simulations

Can a feedback model of serial timing accommodate the

present results? To reiterate, we reason that the fGn char-

acteristic found in ISIP sequences implies a closed-loop

mechanism. A closed-loop mechanism is, furthermore,

consistent with duration specificity for timing, on the basis

that it reflects the limits of temporal integration for low-

level sensory information. Given these principle charac-

teristics and empirical data from the present and other

studies, our approach is to mimic behaviour with as simple

a model as possible. The model should produce a process

Table 1 Mean produced inter-onset intervals (IOIs) and variability

FB IOI (ms)

500 800 1,100 1,500

IOI 0 495 759 1061 1508

1 502 811 1141 1653

SD across series 0 28.93 54.14 157.29 272.03

1 21.87 79.79 201.06 359.28

SD within series 0 27.31 43.76 68.58 111.62

1 21.02 37.72 66.10 120.06

Feedback (FB): 0 attenuated, 1 present

Fig. 1 Mean H across participants and replications. Each point

represents 50 data and whiskers depict 0.95 confidence intervals

Fig. 2 Mean H corrected for differences in produced IOI across

participants and replications. Each point represents 50 data and

whiskers depict 0.95 confidence intervals
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whose estimated scaling parameter is affected by parame-

ters conceivably analogous to sensory feedback. Given that

we still have very limited understanding of the mechanism

that produces the behaviour in question, however, we do

not aspire to devise a realistic model at this point.

Some models have been recently proposed for

accounting for long-range dependence in ISIP (e.g.,

Wagenmakers et al. 2004; Delignières et al. 2008), but we

could not find a natural way to incorporate feedback into

such models. Instead, we settled for time-series models,

which are flexible and easy to work exploratorily with, and

which readily accommodate both positive and negative

serial dependency:

Xi ¼ aYi þ bXi�1 � cXi�2 � dXi�3 ð2Þ
Xi ¼ Xi�1 þ ðZi � Zi�1Þ ð3Þ

In Eqs. 2 and 3, X is the data series, a–d are weights for

the different model components, and Y and Z are normally

distributed random processes with M = 0 and SD = 1.

Thus, a represents the magnitude of a noise component that

will increase with IOI, conceptually analogous to the

central or clock noise postulated by Wing and

Kristofferson (1973). The weight of b represents a copy

of the previous interval, that is, essentially a random walk

component. The weight of c represents error correction

with respect to the second previous interval, and d

with respect to the third previous interval. We assume

there exists an approximately constant background or

implementation noise, in relation to which the central noise

may effectively vary. The two noise components follow the

logic of Wing and Kristofferson’s (1973) clock and motor

noise. In honour of their conception that motor noise

shortens the current interval as much as it lengthens the

previous one, the white noise is differenced in Eq. 3.

Next, we form assumptions about the influence of IOI on

the model parameters. It has been argued that the width of a

temporal integration span is close to 2 s (Pöppel 1997) or

between 2 and 3 s, possibly extending up to several sec-

onds (Michon 1978; Fraisse 1984). It would seem that the

longer estimates of this so-called psychological present are

obtained with stimuli whose information can to some

extent be reduced even at first encounter, such as speech

and music, and that these would not apply to non-reducable

information, such as the duration of some event. One way

to try to pinpoint an integration window width is to search

for the best fit amongst breakpoints found for timing tasks

(Madison 2001b, 2004a, b). If they are indeed related to an

integration window, then they should conform to integer

fractions of that window as depicted in Fig. 3. The arced

arrows indicate that information from previous intervals

can be used in producing the current interval (the one

farthest to the right) so long as all intervals fit within the

integration window. If any interval is only slightly longer,

to the effect that even a portion of an interval previously

within the window becomes pushed outside, this interval

will not be available for feedback, as for 1,660 ms in

Fig. 3. This is because the essential information about an

interval is its duration, and if a part of this duration is

missing, the perception of that interval becomes equally

uncertain as if none of it was available. This could hypo-

thetically give the discretization or quantization effect that

is repeatedly reported in the duration specificity of timing

performance: the most commonly found breakpoints are

close to 1 and 1.4 s (see Madison 2001b and references

therein). It is not known if a 1.4 s breakpoint obtains for H,

because sufficiently long IOIs have not yet been applied

(cf. Madison 2006). The best fit of 1, 1.4, and 2–3 s to an

integer series is to assume a window width of 2.85 s, which

gives the integer fractions 1.425 s (by 2), 0.95 s (by 3), and

0.712 s (by 4), as exemplified in Fig. 3.

These breakpoints intersect the target IOIs employed in

the present study, which was indeed one reason for

selecting them (on the basis of previous work, e.g.,

Madison 2001a). It is a concern that the variability of mean

IOI across series, as seen in Table 1, was so large that for

some conditions a relatively large proportion of series

transgressed the assumed breakpoints 1.425 (both feedback

conditions) and 0.95 (only the no feedback condition). We

must nevertheless accept this in order to aggregate a suf-

ficient number of trials to yield interpretable means.

The breakpoints were assigned to the parameters of

Eq. 3 according to the following logic. The current interval

is assumed to be copied from the previous interval, in

accordance with the fact that the current response interval

is highly correlated with the previous stimulus interval

during sensorimotor synchronisation (e.g., Madison and

Merker 2004; Thaut et al. 1998; for a review, see Repp

2005). As this copying requires the simultaneous avail-

ability of two intervals, parameter b should be related to the

Fig. 3 Illustration of how many intervals with various IOIs fit into a

2,850 ms integration span. The present time—t 0—is in this case

when the last interval is completed
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1.425 s breakpoint, and should therefore be larger for IOIs

500–1,100 ms than for 1,500 ms when feedback is given.

We assume no error corrective (i.e., negative) first-order

coupling since the copying behaviour dominates and

occurs indeed also for subliminal time deviations (Madison

and Merker 2004). When three intervals are available,

within the 950 ms breakpoint, second-order error correc-

tion can occur and parameter c should be larger for IOIs

500–800 ms than for 1100–1500 ms when feedback is

given. When four intervals are available, within the 712 ms

breakpoint, third-order error correction can occur and

parameter d should be larger for 500 ms IOI than for 800–

1500 ms IOI when feedback is given. In the no feedback

conditions, we expect parameters b, c, and d to be constant

across IOIs. Even if parameter b is non-zero, as it turns out,

this could be attributed either to the presence of proprio-

ceptive or diminished kinaesthetic feedback (cf. Stenneken

et al. 2006) or to poor specification of the model in relation

to the real-world properties it is assumed to reflect. We

stress that no such claims are made, however, and that the

purpose of this exercise is merely to show if this type of

model can in principle be consistent with the general pat-

tern of results. Finally, parameter a represents central

variability. Since implementation variability is supposed to

be unrelated to IOI (Wing and Kristofferson 1973), a must

increase with IOI in order to account for the general

increase in SD as a function of IOI (see Table 1). For

simplicity parameter a was assumed to be constant with

and without feedback.

The parameters seen in Table 2 were manually fitted by

trial and error, starting with the 1,500 ms level, because it

involves the fewest parameters, and working downwards

amongst levels of IOI. A few times it occurred that the

estimates of H0 could not be obtained within the available

range of parameters or the conditions for parameters listed

above, in which case new values for a and b were again

assigned for 1,500 ms, and the procedure was reiterated.

The Hsim values are means across 100 series, each

generated with unique seeds for the two pseudorandom

series Y and Z. They are well within meaningful confidence

limits that could be obtained for the present 50 empirical

and 100 simulated series. Thus, although closer corre-

spondence might likely have been achieved, this was

considered of no avail.

As can be seen, a very good fit could be obtained whilst

obeying strictly the conditions determined by the theoret-

ical assumptions. The large majority of the simulated series

exhibit the characteristics of true fGn in terms of a positive

and slowly decaying autocorrelation function, and an

approximately linear log–log relationship between the

variability F(n) and the window width n in the DFA

analysis (Peng et al. 1994). In this sense, they live up to the

same standards for fGn set by most experimental studies of

human behaviour.

Discussion

The present study examined the effect of auditory feedback

on long-range correlation in ISIP series under conditions

of eliminated or diminished sensory feedback. Another

goal was to examine the plausibility of a closed-loop

mechanism in the production of series of intentionally

isochronous intervals, thereby accommodating three phe-

nomena related to timing performance: serial dependency,

duration specificity, and effects of sensory feedback.

Results for conditions with auditory feedback replicate

previous studies with unrestricted feedback in the sense

that H is close to previously obtained values. This indicates

that the long-range correlation aspect of behaviour is not

contingent upon the mode of movement: moving a finger in

the air as opposed to beating a drumstick against a force

plate (Madison 2004b, 2006). Contact-free tasks such as

circle drawing have been shown to yield more symmetric

movement trajectories and larger variability (Balasubr-

amaniam et al. 2004). The movements observed in the

present experiment were markedly temporally asymmetric,

however, with a long fixation of the finger in the upward

position followed by a rapid down–up saccade, probably

due to the perceived demand characteristics of the task.

Estimates of H for conditions without auditory feedback

was significantly larger for 500 ms IOI and smaller for

1,100 ms IOI, the latter in agreement with a general trend

for levels 800–1,500 ms. Although there are no SD data for

similarly long series and long intervals in the literature, a

comparison of SD across the conditions of the present

study may be instructive in interpreting H estimates. The

SD within series was larger in the no feedback than in the

feedback condition for 500 and 800 ms, in agreement with

previous findings (Billon et al. 1996), but for 1,100 ms IOI

the difference was insignificant, and for 1,500 ms it was in

Table 2 Simulation parameters and outcome, according to Eq. 2,

and empirical results as shown in Fig. 2

IOI (ms) FB a b c d Hsim H0emp

500 0 0.13 0.950 0.000 0.000 0.723 0.718

1 0.13 0.965 0.010 0.017 0.643 0.637

800 0 0.20 0.950 0.000 0.000 0.802 0.798

1 0.20 0.965 0.010 0.000 0.823 0.833

1,100 0 0.21 0.950 0.000 0.000 0.808 0.808

1 0.21 0.965 0.000 0.000 0.914 0.910

1,500 0 0.60 0.950 0.000 0.000 0.923 0.923

1 0.60 0.955 0.000 0.000 0.961 0.962

Feedback (FB): 0 attenuated, 1 present
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the opposite direction. In other words, it seems that feed-

back led to decreased variability amongst short intervals up

to about 1–1.4 s, and to increased variability for intervals

there above. This is consistent with a closed-loop mecha-

nism, in which error correction should occur only for

shorter IOIs and when feedback is present, given that error

correction should conceivably lead to smaller variability.

Error correction should in a random walk type of process in

particular lead to a more stable local mean, in other words

to less drift or non-stationarity, the presence of which

strongly inflates SD. Stronger positive first-order coupling,

on the other hand, means that a larger proportion of random

errors are summed, which increases the magnitude of the

expected value of the process at a given time. For com-

parison, a coupling of 1.0 corresponds to Brownian motion

with the expected value Xt ¼ c
ffiffi
t
p
; where t is time or order

in sequence and c is some constant (Einstein 1905). Less

coupling conversely decreases the serial dependency,

leading to less drift and less inflated SD. Since the previous

studies cited above did not employ such long intervals, this

interaction is a novel finding.

What other factors could possibly account for the pres-

ent results? It is conceivable that less feedback makes the

ISIP task less motivating, which might account for the

larger variability found for 500–800 ms IOI in the sense

that people become more ‘‘sloppy’’. Participants in both the

present and previous experiments report that producing

short intervals is fun but long intervals are tedious. Thus,

we would expect variability to be largest for 1,500 ms in

the no feedback condition, but it is in fact smaller than for

1,500 ms in the feedback condition, which we are unable

to attribute to motivation. The issue remains unresolved,

and future research might approach it by comparing groups

of high- and low-motivated participants across a range

including the IOIs employed here.

The application of DFA on experimental series revealed

fractal exponents consistent with those observed in previ-

ous experiments. However, this method only suggests the

presence of long-range dependence in the series (Wagen-

makers et al. 2004). Evidencing the presence of fractal

properties requires the application of other methods, based

on likelihood statistics (for example ARFIMA modelling,

see Torre et al. 2007b). Our experimental series are too

short to provide convincing results in this regard. Note,

nevertheless, that Lemoine et al. (2006), using ARFIMA

modelling, showed clear evidence for the presence of long-

range dependence in similar ISIP data.

In the present study we checked that our simulated series

were able to mimic the fractal behaviour of their experi-

mental counterparts, as indicated by DFA estimates.

This could not be considered a statistical evidence for the

genuine presence of long-range dependence in the simu-

lated series. Further analyses should be undertaken for

evidencing such a presence. One could nevertheless

assume that closed-loop mechanisms, introducing an

influence of a narrow set of preceding intervals on the

production of the current one, could only produce short-

range dependence in the simulated series.

However, it is possible that serial dependency in time

series could constitute a mix of short-term and long-range

dependencies, and that a combination of short term, auto-

regressive and/or moving average terms, and fractional

integration might yield long-range dependence properties

(Torre et al. 2007b). The present modelling effort suggests

that auto-regressive processes could account for a part of

the serial dependency observed in ISIP. Further analyses

should consider the possibility of combining the present

feedback processes that are likely to play an effective role

in continuation tapping, and the fractal properties of

timekeeper models that have been recently proposed in the

literature (Wagenmakers et al. 2004; Delignières et al.

2008).

In a larger perspective, we note that fGn is a theoreti-

cal idealisation based on a mathematical abstraction

(Mandelbrot and van Ness 1968). Although it is certainly

attractive to attribute it to processes that emerge in com-

plex dynamical systems (e.g., van Orden et al. 2005), there

is in fact no principled connection that makes fGn a unique

characteristic for such complexity. It is, after all, no more

than a random process with a scaling property. From this

perspective, we argue that the fGn formalism is the closest

approximation available for ISIP behaviour, as indeed for

many other behaviours (Collins and De Luca 1993; Gilden

2001). It provides an essential explorative tool that

describes a characteristic and highly specific property in

these data, a property that furthermore invalidates alter-

native measures in many situations due to its violation of

assumptions for population statistics such as SD. Its value

in this respect would therefore not be diminished if

behavioural data would in fact not constitute true fGn. We

recognise that whether behavioural data constitute true fGn

is theoretically a very important question, although it is

independent from the usefulness of the associated analyti-

cal methods in behavioural research. The question might

turn out to be impossible to settle, however, if the trade-off

between sample length and excluding nuisance factors

(e.g., fatigue or motivation) provides an insurmountable

obstacle. The data may or may not be true fGn, but they do

vary in their estimated long-range correlation as a function

of both IOI and sensory feedback.

Our simulations are based on a largest breakpoint interval

at 2,850 ms because this is closest to the commonly pro-

posed temporal integration span in the vicinity of 2–3 s

(James 1890) and also corresponds to the least common

multiple given by the empirically observed breakpoints

close to 1, 1.4, and 2.4–3 s (as reviewed before). Of course,
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any integer multiple of these values would fit equally well,

and our coarse sampling of IOIs makes it impossible to

discriminate between this set of breakpoints and subdivi-

sions of other possible intervals, such as, say, 3.8 s (which

also would lead to breakpoints separated by the present

IOIs, namely, 1.9, 1.267, 0.95, and 0.76 s).

This is one reason why the present results and simula-

tions cannot serve as evaluation of a specific model.

Another reason is that the modelling literature is still in a

preliminary state, and evaluation will only become useful

when more specific models buttressed by both behavioural

and neurological data are formulated. The present study

provides one step in this direction.

We intentionally suppress a discussion of modelling

from a broader theoretical and neurological perspective

primarily because of this preliminary state, but also

because it is outside the scope of an empirical paper. A

representative view of this area can be obtained from other

sources. For example, Staddon and colleagues advocate

what is in essence a feedback model in relation to timing,

memory, and conditioning, including studies of non-human

animals (see Staddon 2005; Staddon et al. 2002). Lewis

and Miall (2006) review a large literature and find patterns

amongst types of timing behaviours, neural localisation,

and neuroendocrine processes, that indicates dissociations

consistent with duration specificity. Theoretically impor-

tant findings of duration specificity include substantial

correlations between cognitive performance and ISIP var-

iability that are limited to a range of IOIs from 375 to

1,000 ms (Madison et al. 2008). This lower limit (close to

375 ms) corresponds to differences in activation of the

cerebellum (Riecker et al. 2003). For a broad discussion of

the neurological basis for timing, see also Mauk and Bu-

onomano (2004).

We conclude that this is the first explicit demonstration

of the plausibility of a principled feedback or closed-loop

model. The simulations are simplistic, but demonstrate that

our intuitions about the relations between long-range cor-

relation, error correction, and copying of the previous

interval may be given a concrete formulation in terms of a

time-series model. We find it encouraging that the incor-

poration of duration specificity, based on a relatively large

literature, did not contradict the theoretical assumptions of

such a model.

The other side of the coin is that these results provide

strengthened evidence against linear timing models, for

example those represented by Gibbon et al. (1997), Zakay

and Block (e.g., Block and Zakay 2006), and Wing and

colleagues (Vorberg and Wing 1996; Wing and Kristof-

ferson 1973). Indeed, the metrics that define these models

and that are used to evaluate them are invalidated in the

face of non-linear processes such as fGn, which is char-

acteristic for complex, natural phenomena.
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