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Abstract Timing control, such as producing movements
at a given rate or synchronizing movements to an external
event, has been studied through a finger-tapping task where
timing is measured at the initial contact between finger and
tapping surface or the point when a key is pressed. How-
ever, the point of peak force is after the time registered at
the tapping surface and thus is a less obvious but still an
important event during finger tapping. Here, we compared
the time at initial contact with the time at peak force as par-
ticipants tapped their finger on a force sensor at a given rate
after the metronome was turned off (continuation task) or
in synchrony with the metronome (sensorimotor synchro-
nization task). We found that, in the continuation task,
timing was comparably accurate between initial contact
and peak force. These two timing events also exhibited
similar trial-by-trial statistical dependence (i.e., lag-one
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autocorrelation). However, the central clock variability
was lower at the peak force than the initial contact. In the
synchronization task, timing control at peak force appeared
to be less variable and more accurate than that at initial
contact. In addition to lower central clock variability, the
mean SE magnitude at peak force (SEP) was around zero
while SE at initial contact (SEC) was negative. Although
SEC and SEP demonstrated the same trial-by-trial statis-
tical dependence, we found that participants adjusted the
time of tapping to correct SEP, but not SEC, toward zero.
These results suggest that timing at peak force is a mean-
ingful target of timing control, particularly in synchroniza-
tion tapping. This result may explain the fact that SE at ini-
tial contact is typically negative as widely observed in the
preexisting literature.

Keywords Continuation tapping - Sensorimotor
synchronization - Timing at peak force - Timing at
initial contact - Negative synchronization error - Timing
variability

Introduction

Rhythmic movements such as speaking, playing musical
instruments, and dancing, pervade our daily life. Although
we seem to perform these tasks effortlessly, success-
fully executing them requires precise timing control and
motor production. For example, dancing involves coordi-
nating one’s actions to an external event, whereas speak-
ing requires performing a sequence of actions at specified
times. How this exquisite sensorimotor function is achieved
or what happens when it fails has been the focus of study
for over a century (see Repp 2005; Repp and Su 2013;
Wing 2002, for reviews). In laboratory experimentation,
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the rhythmic finger-tapping task has been a primary win-
dow into understanding this complex yet seemingly simple
human action. In the present study, we use rhythmic finger-
tapping tasks to explore the most salient parameter required
in motor timing control.

In most rhythmic finger-tapping tasks, participants either
successively tap their fingers at a given speed to produce
a certain time interval usually after initially pacing to an
external signal and subsequently continuing with the beat
turned off (known as a continuation paradigm) (Wing and
Kristofferson 1973) or tap their fingers to synchronize to
an external auditory signal (i.e., known as sensorimotor
synchronization paradigm) (Dunlap 1910; Stevens 1886).
Since finger tapping is usually marked by discrete events,
many studies using these two paradigms have examined
timing control at specific event points in the tap, referred
to as event timing (Ivry et al. 2002; Zelaznik et al. 2002,
2005). Not surprisingly, these event points include: (1) the
time point at the initial contact between finger and tap-
ping surface (Aschersleben 2003; Aschersleben and Prinz
1997; Repp 2003; Semjen et al. 1998, 2000); and (2) the
time point when a key is pressed (Hary and Moore 1987;
Mates et al. 1994). However, one important and underlying
variable in the tap movement is its force. That is to say, a
relatively overlooked aspect of the tap is the time when the
tapping force reaches its peak.

Finger tapping has been suggested as a periodic oscilla-
tion with a virtual movement of force beyond the contact
surface (Vaughan et al. 1996, 1998). Put another way, the
end point of force—the point where the force rises to its
peak—may be a notable event that requires precise timing
control (Repp 2005). Although two previous studies exam-
ined the timing profiles of peak force (Keele et al. 1987;
Sternad et al. 2000), the question in front of us is whether
the force peak, rather than the initial contact widely used in
the literature, is the timing target controlled during finger
tapping. Identifying the primary control target is essential
to understand motor timing functions as the timing char-
acteristics of finger tapping depends on which event point
is controlled. For example, if the timing of peak force is
the target during finger tapping, it is arguable that previ-
ous findings of timing functions, such as the negative syn-
chronization error (see, Repp 2005, for a review), may need
to be revisited, because it may not be a function so much
of anticipation but a function of how the finger contact is
controlled. Moreover, timing control has been widely found
to be associated with force production (Inui et al. 1998;
Keele et al. 1987; Sternad et al. 2000; Therrien and Bal-
asubramaniam 2010), but the underlying mechanisms were
unknown. Our hypothesis that the timing of peak force is
precisely controlled during finger tapping could provide
evidence supporting the interdependence between force and
timing control. That is, a variation occurring at the point of
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peak force would lead to the simultaneous force and timing
changes.

To identify the primary control target, we compared the
timing control at the force peak to that at the initial contact
when participants tap their fingers on a force transducer
to maintain a given rate after external cues are withdrawn
(i.e., continuation task) or to synchronize their tapping to
an external metronome (i.e., sensorimotor synchroniza-
tion task). Timing control was first measured by the inter-
response interval (IRI) in both tasks (Semjen et al. 2000).
Obviously, the IRI at the controlled target, compared to the
uncontrolled event, would be (1) more accurate (i.e., closer
to the given rate); (2) less variable; and, (3) demonstrating
stronger trial-by-trial statistical dependence (i.e., negative
lag-one autocorrelation) that indicates a more stable central
clock (Wing and Kristofferson 1973). We then measured
the synchronization error (SE) in the sensorimotor synchro-
nization task (see, Repp 2005, for a review). In addition
to the three aforementioned criteria, we hypothesized that
each tap should be adjusted to reduce the SE toward zero at
the controlled and not the uncontrolled event.

Method
Participants

Nineteen adults (21.1+1.3 years, 10 females) from the
University of Maryland, College Park volunteered for
this study. All participants were right handed, which was
determined by a self-report questionnaire (Oldfield 1971)
administered to the participants before the study began. A
neurological health questionnaire was also given to each
participant. No participants were excluded owing to neuro-
logical impairments or medical conditions that would affect
motor performance. All participants signed the informed
consent based on the procedures approved by the Univer-
sity of Maryland’s Institutional Review Board (IRB) before
starting the experiment. Upon completion of the study, par-
ticipants received $10 monetary compensation.

Apparatus

The force data produced by the index, middle, ring, and
little finger from the right hand were collected by four
six-component force transducers (ATI Industrial Auto-
mation, Garner, NC, USA), and the force signals were
routed to two synchronized 12-bit analog—digital convert-
ers (PCI-6031, National Instrument, Austin, TX, USA).
The sensors were mounted on a flat wooden board that
was fixed on a table with a Velcro strap. A custom soft-
ware program created in LabVIEW (LabVIEW 7.1,
National Instruments Corp.) produced metronome pulses
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(frequency 440 Hz, duration 30 ms) transmitted to the
participants through a headphone. All force data were
sampled at 200 Hz.

Procedure

Participants were seated comfortably in a chair facing a
19" computer screen. The height of the chair was adjusted
so that participants could reach the force sensor with the
entire arm comfortably positioned and relaxed. The fore-
arm rested on a wooden panel and was fixed by the Vel-
cro straps to avoid forearm and wrist movements. Each of
the four fingers including the index, middle, ring and lit-
tle finger rested on individual force transducers before the
experiment started. Through the whole experiment, partici-
pants were asked to tap only their index finger and lightly
rest the other three fingers on the force transducers. Thus,
the force transducer under the index finger recorded the
tapping force and the data from the other three transduc-
ers revealed that participants did not also demonstrate over-
flow by tapping the middle, ring, and little fingers. Three
practice trials were provided before the experimental trials.
During the experimental trials, participants were asked to
tap only their right index finger on the corresponding force
sensor to match the external metronome in either: (1) the
continuation task, in which participants tapped 11 times
before the external metronome was turned off and were
instructed to continue tapping at the same rate given by
the metronome; or (2) the sensorimotor synchronization
task in which participants tapped their index finger in syn-
chrony with the external metronome throughout the entire
trial. The interval between consecutive metronome pulses
used in this experiment was 500 ms (30-ms duration +470-
ms delay), 1000 ms (30-ms duration+970-ms delay), and
1500 ms (30-ms duration + 1470-ms delay). Timing control
(at the initial contact) under these metronome intervals has
been systematically examined (Madison 2001; Peters 1989;
Repp and Doggett 2007; Sternad et al. 2000). We chose
these interval lengths because they cover a wide range of
tapping rates and do not exceed the rate limits of timing
control (Repp 2005). We aimed to determine whether the
timing is precisely controlled at the same event within this
wide range of tapping rates. Each metronome condition
consisted of 4 trials: 2 trials of synchronization and con-
tinuation tasks, respectively. Each trial lasted 31.5 s (500
ms condition), 63 s (1000 ms condition), or 94.5 s (1500
ms condition) resulting in 63 taps in each condition (the
number of taps in the continuation task may vary). The
first 11 taps in both tasks were excluded for data analysis.
All the conditions were randomly assigned within sub-
jects. Throughout the experiment, no visual feedback was
provided.

Data analysis

All force data (i.e., the normal force component that is per-
pendicular to the tapping surface) were filtered by a low-
pass filter (4th-order Butterworth with cut off frequency
50 Hz). We choose 50 Hz because it retained the details of
tapping forces. In addition, the second phase of the force
profile (see below) consisted of many spikes which had
similar magnitudes. Using the cutoff frequency of 50 Hz
helped reducing this noise and ensured a reliable estimation
of the peak force time. A typical tapping force profile is
shown in Fig. la. There were two force peaks during each
tap (Vardy et al. 2009). The first peak corresponded to the
finger impact on the force transducer, occurring about
10 ms after the initial contact'. The force then reached the
second peak about 50 ms later, which was likely to result
from fingertip pulp compression (Rempel et al. 1994).
Given that the first peak was close to the initial contact and
that our results demonstrated the same timing characteris-
tics between the first peak and initial contact (i.e., for all
variables and analyses described in the “Method” sections,
the initial contact and the first force peak exhibited almost
identical results), our primary goal was to compare timing
control at the initial contact to that at the second force peak.

Custom-designed MATLAB programs derived the fol-
lowing variables from the force data of each experimental
trial (Fig. 1b). The peak force magnitude was defined as
the maximum force level of the second peak of each tap.
The time-to-peak variable represented the time that force
needs to arise to the second peak. This is the time elapsed
from the time at initial contact (force onset) to the time at
peak force. The force onset was marked at the time when
force reached a threshold that was computed as the mean
plus 5 standard deviations of the baseline force prior to
the tap. We chose this threshold as it was a clear indica-
tor of where the force initiated. In both continuation and
synchronization tapping tasks, the inter-response interval
at initial contact (IRIC) was defined as the time interval
between two successive times of force onset when the fin-
ger initially touched the force sensor. The inter-response
interval at peak force (IRIP; the second peak) was the time
interval between two successive times of peak force. In the
sensorimotor synchronization tapping task, the time differ-
ence between the time at initial contact and the onset of the
30-ms-long external metronome was defined as the syn-
chronization error at initial contact (SEC). Similarly, the

! Considering the short duration of about 10 ms where the finger
impact on the force transducer occurred, the sample frequency of
200 Hz used in this study may underestimate the force magnitude
of the first peak, but the time when the first peak force occurred was
unlikely to be affected by the sampling frequency because the force
arose sharply within a short duration.
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Fig. 1 The force profile for a
single tap and its measurements.
a There were two force peaks
during each tap. Our primarily
goal was to compare timing
control at the initial contact

to that at the second peak (see
“Method” section). b The peak
force magnitude was defined

as the maximum force level

of the second peak of each

tap. The time-to-peak variable
represented the time that force
needs to arise to the second
peak. Inter-response interval

at the initial contact (IRIC) or
peak force (IRIP) was defined
as the time interval between
two successive times of force
onset when the finger initially
touches the force sensor or
between two successive times
of peak force. Synchronization
error at initial contact (SEC) or
peak force (SEP) was the time
difference between the time

at initial contact or peak force
and the onset of the 30-ms-long
external metronome. ¢ The
central clock Cp (when the force
peak is the target event of each
response) or C, (when the initial
contact is the target event of
each response) was assumed to
generate an event that triggered
the motor response. The motor
response was observed after a
motor delay M + M, (when the
force peak is the target event of
each response) or M, (when the
initial contact is the target event
of each response)
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difference between the time at peak force and the onset of
the metronome was the synchronization error of peak force
(SEP). A negative value of SEC/SEP means that the ini-
tial contact or the point of peak force precedes the external

metronome onset.
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To investigate whether the timing at peak force is the
primary target controlled in continuation and synchroniza-
tion finger tapping, we employed three criteria to compare
IRIC and IRIP. First, it is apparent that the primary target
is more likely to demonstrate a higher timing accuracy.
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We thus calculated the mean IRIC and IRIP (i.e., averaged
across all taps without the first 11 taps within each trial)
and subsequently computed the IRIC and IRIP accuracy as
the difference between the mean IRIC/IRIP and the given
metronome interval. Second, given a notable attribute of
the event point in timing control is its minimized variabil-
ity (Vorberg and Wing 1996), we compared the variability
of IRIC and IRIP computed as the standard deviation of
IRIC and IRIP within each trial. In addition, the observed
IRI variability is attributed to two components accord-
ing to the Wing and Kristofferson two-level model (Wing
and Kristofferson 1973): the central clock that provides an
estimation of the stimulus interval and the motor imple-
mentation that translates the timing signal into a move-
ment. In the original two-level model, there was a single
central clock and only one motor delay component. Thus,
extensions of the original two-level model were needed
when there were multiple central clocks and motor com-
ponents (Wing 1980; Wing et al. 1989). Here, we assumed
two central clocks, C, and C responsible to the timing
of finger responses that targeted at the peak force and the
initial contact, respectively, and we hypothesized that the
primary timing target would show lower central clock vari-
ability. The central clock C, or C, generated an event trig-
gering the motor response that was observed after a motor
delay M, + M, (when the force peak is the target event of
each response) or M, (when the initial contact is the target
event of each response; see Fig. 1c). Following Wing and
Kristofferson’s assumption that the events generated by the
central clock and the motor implementation delay are inde-
pendent random variables (Wing and Kristofferson 1973),
the variability of IRIC, GZ(IRIC), can then be represented
as 62(C,)+26%(M,) and the variability of IRIP, 6*(IRIP),
was calculated as 62(Cp)+262(MC)+262(MP) (assuming
that M, and M,, were independent). Wing and Kristofferson
(1973) used the first equation of observed IRI variability
and the lag-one autocorrelation function of IRI to calculate
the central clock variability. However, their method could
not be implemented here as the autocorrelation magnitudes
observed under the 1000- and 1500-ms metronome interval
conditions violated the two-level model that assumes the
autocorrelation to fall between —0.5 and O (see “Results”
section). Instead of using the autocorrelations, we approxi-
mated the central clock variability by subtracting the vari-
ability explained by the motor implementation from the
total observed IRI variability. That is, we approximated the
central clock variability as 6%(C,) = 6*(IRIC) — 26%(M,)
and 6°(C,) = 6°(IRIP) — 26°(M,) — 26°(M,,). This required
us to determine the proportion of total IRIC/IRIP vari-
ability that arises from the motor delay M, and M,. The
motor delay M, from the movement initiation to initial
contact would be related to the peak force magnitude as a
large force may shorten the preceding IRIC while lengthen

the following IRIC (Billon et al. 1996; Keele et al. 1987).
Meanwhile, the motor delay M, from the contact to the
force peak was more likely to depend on time-to-peak. For
example, a longer time-to-peak of the second tap would
lead to a longer IRIP. Thus, we examined the correlation
between the variability of IRIC/IRIP and that of peak force
as well as between the variability of IRIC/IRIP and time-
to-peak variability. As shown in Fig. 1c, M, was identical
despite the controlled target, and so was 62(MC), which sug-
gests that the correlation between the peak force variability
and IRIC variability would be comparable to that between
the peak force variability and IRIP variability. In contrast,
since M, contributed only to the variability of IRIP, we
expected a significant correlation between the IRIP vari-
ability and time-to-peak variability and not between the
IRIC variability and time-to-peak variability. One note to
emphasize is that peak force, time-to-peak, and IRIC/IRIP
were all affected by the metronome interval and tapping
task (see results), so the correlation between the variability
of IRIC/IRIP and peak force variability as well as between
the variability of IRIC/IRIP and time-to-peak variability
may be byproducts of the mediating effects of metronome
interval and tapping task. To circumvent this problem,
we used partial correlation, rather than simple correlation
analysis, to remove the effects of the metronome interval
and tapping task. After this, the proportion of total IRIC/
IRIP variability that results from the motor implementation
delay was determined. It was subsequently subtracted from
the total IRIC/IRIP variability to approximate the cen-
tral clock variation. Finally, we expected that the primary
timing target would exhibit greater trial-by-trial statistical
dependence, reflected by the lag-one autocorrelation within
IRI (Wing and Kristofferson 1973). We compared the lag-
one autocorrelations of the de-trended IRIC and IRIP time
series within each trial. We also investigated whether the
lag-one autocorrelation within IRIC and IRIP was attrib-
uted to the dynamics of force production by examining the
cross-correlations between IRIC/IRIP and peak force as
well as between IRIC/IRIP and time-to-peak.

In addition to IRI, the synchronization error (i.e., SE)
is an evident sign of timing control in sensorimotor syn-
chronization tapping (see Repp 2005, for a review). Thus,
we compared SEC and SEP regarding the accuracy, vari-
ability, and trial-by-trial statistical dependence. We hypoth-
esized that the primary timing target would show a higher
accuracy, lower variability, and greater trial-by-trial statis-
tical dependence in SE. In addition, given the correction
mechanism employed when an individual taps the finger to
synchronize external metronomes (Semjen et al. 2000; Vor-
berg and Schulze 2002; Vorberg and Wing 1996), each tap
might be expected to be adjusted to correct the SE toward
zero at the controlled event. One circumstance that could
allow us to determine whether the SEC or SEP is corrected

@ Springer
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Fig. 2 The schema for how the
current tap is adjusted based
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is when the previous tap (i.e., tap n — 1) has a negative
SEC but a positive SEP (Fig. 2). That is to say, the initial
contact (té;lln) precedes the metronome (¢, = 0), while the
peak force (t}’ie‘;k) is after the metronome. Specifically, if the
time of initial contact is controlled, SEC should be reduced.
Thus, the current tap (i.e., tap n) should be delayed so that
the initial contact (7, ) becomes closer to the metronome
(t,, = 0), resulting in a smaller SEC. This adjustment yields
té(‘);l <1¢., and tlﬁ;alk < fp.. Equivalently, 7', — té(_nln >0

n _ -1 : : _
and Toeak — Tooak > 0. In contrast, considering the assump

tion that time of peak force is controlled, SEP should be
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tCont Peak tPeak
Relative time to the metronome

reduced. Thus, the current tap should be implemented ear-
lier so that the peak force (75, ) becomes closer to the met-
ronome (¢, = 0), leading to a smaller SEP while producing
a larger SEC. This adjustment yields #2-! > and 7~ >

on Peak
Tpeae NamMely, 72, — =l < 0and® . — "~ < 0. Another

ont Cont Peak Peak
circumstance of previous taps (not shown) is that SEC and
SEP are both negative. Pertaining to the negative SEC and
SEP, the current tap should be delayed, resulting in ¢,

Cont
— 1 > 0and " — 1"} > 0 regardless of whether the

. Cont 7 ™ Peak Peak .
time at initial contact or the time at peak force is controlled.

Thus, this circumstance could not be used to determine the
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control point and we did not further analyze it. Similarly,
when both SEC and SEP are positive, the control point

. . n —1 n n—1
could not be identified as 7/, - Eont <O and 1y — I
< 0 regardless of whether the time at initial contact or the

time at peak force is controlled.

Statistical analysis

A mixed-effect ANOVA (the MIXED Procedure, SAS, ver-
sion 9.3) was used to determine the effect of metronome
intervals and tasks on IRIC or IRIP accuracy and variabil-
ity. To determine whether the magnitudes or variability of
IRIC and IRIP were the same, the ratio between the magni-
tudes or variability under each interval was compared to 1
through a Student’s ¢ test. In sensorimotor synchronization
tapping, a mixed-effect ANOVA was employed to examine
the effect of metronome intervals on SEC, SEP, and their
variability. The ratio between variability of SEC and SEP
under each metronome interval conditions was compared to
1 with a Student’s ¢ test. Similarly, Student’s ¢ tests were
used to examine whether the magnitudes of SEC and SEP
under all metronome interval conditions were different
from zero. In addition, paired ¢ tests were employed to
compare the magnitudes between SEC and SEP under all
metronome interval conditions. To further examine whether
SEC or SEP was corrected toward zero, Student’s t tests
were performed on 77, — -1 and £ — 1%} to compare
their magnitudes to zero (Fig. 2). Since the above Student’s
t tests examined means for multiple metronome intervals
and/or tasks simultaneously, the Bonferroni correction was
employed to control the familywise error rate. For all
mixed-effect ANOVA used in this study, the covariance
structure was determined by the Akaike’s Information Cri-
terion (AIC) and Bonferroni-corrected post hoc analyses
were used to decompose any significant effect. Partial cor-
relations were employed to control the metronome interval
and task effects when we examined the correlation between
timing (i.e., IRIC/IRIP and SEC/SEP) and force variability
(i.e., peak force and time-to-peak). In autocorrelation and
cross-correlation analyses, the cutoff value of significant

correlation was approximated by % = 0.27 (n=>52 taps).

The significance level p <0.05 was used for all effects.

Results
Peak force and time-to-peak

We found no effects of metronome interval, tapping task,
and their interaction on peak force magnitude. The mean
force magnitudes across all individuals were between
0.61 N and 0.90 N (the force magnitude for individuals

ranged from 0.1 N to 6.43 N). These magnitudes were com-
parable with a previous study (Inui et al. 1998), while they
were much smaller compared to another study (Experi-
ment 1 in Sternad et al. 2000), in both of which tapping
force magnitudes were not specified to participants. It is
unknown whether these two previous studies used the first
or second force peak of tapping. Unlike the magnitude of
peak force, force variability was affected by the metro-
nome interval (F(2,36)=4.66, p<0.05). Specifically, the
force variability was smaller under the 500-ms interval
than the 1000-ms and 1500-ms intervals (both p <0.05).
Time-to-peak magnitude was significantly affected by the
metronome interval (F(2,36)=3.41, p<0.05) and its inter-
action with task (F(2,36)=4.3, p<0.05). Post hoc analy-
ses revealed that time-to-peak was shorter under the 500-
ms metronome interval than the 1000-ms (p=0.07) and
1500-ms intervals (p <0.05) in the continuation tapping.
Time-to-peak variability significantly depended on the
metronome interval (F(2,36)=2.88, p=0.06) only. Spe-
cifically, time-to-peak variability was the lowest when the
metronome interval was 500 ms and increased when the
metronome interval was 1000 ms (p=0.09) and 1500 ms
(p=0.07).

Inter-response-interval accuracy

Our analyses revealed significant effects of metro-
nome interval (F(2,36)=107.58, p<0.001), tapping
task (F(1,18)=113.91, p<0.001), and their interaction
(F(2,36)=27.03, p<0.001) on IRIC accuracy (Fig. 3a).
The IRIC accuracy was the highest when the metronome
interval was 500 ms, followed by 1000 ms (p<0.001)
and then 1500 ms (p<0.001). Despite the metronome
interval, the IRIC accuracy was higher in the synchroni-
zation compared to continuation tapping (all p<0.05),
perhaps because the external metronomes in the synchro-
nization task assisted participants to accurately main-
tain the IRIC (Semjen et al. 2000). The same results were
found on IRIP (Fig. 3a) with significant effects of met-
ronome interval (F(2, 36)=101.72, p<0.001), tapping
task (F(1,18)=98.74, p<0.001), and their interaction
(F(2,36)=25.44, p<0.001). The IRIP accuracy was higher
when the metronome was 500 ms compared to 1000 ms
(p <0.005) which had a higher IRIP accuracy than 1500 ms
(p<0.001). Similarly to IRIC, IRIP was more accurate in
the synchronization than continuation tapping regardless of
metronome intervals (all p <0.05).

One of our primary interests was to compare the mag-
nitude between IRIC and IRIP. We found no effects of
metronome interval and tapping task on the accuracy ratio
between IRIC and IRIP. Furthermore, Student’s ¢ tests
revealed that the ratios were not significantly different from
one for all metronome and task conditions. These results
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Fig. 3 Inter-response interval (IRI) in continuation tapping. a IRI
accuracy decreased as metronome interval lengthened for both IRI
measured at the peak force (IRIP) and initial contact (IRIC). The
IRIC accuracy was comparable between the peak force and the ini-
tial contact. b IRI variability decreased with shorter metronome
interval for both IRIC and IRIP. The IRIC variability was compara-
ble between the peak force and the initial contact. ¢ IRIC variability

suggest that IRI at peak force was as accurate as the IRI at
the initial contact in both continuation and synchronization
tapping tasks.

Inter-response-interval variability

Regarding the IRIC variability (Fig. 3b), there was a signif-
icant effect of metronome interval only (F(2,36)=161.71,
p<0.001). Specifically, as the metronome interval became
longer, the variability increased, suggesting it was more
difficult to maintain the target interval for slower tapping
(all p<0.001). When IRIP variability was examined, the
main effect of metronome interval was also significant
(F(2,36)=128.77, p<0.001; Fig. 3b). Post hoc analyses
found that the variability of IRIP increased with the met-
ronome interval (all p <0.001). However, the ratio between
IRIC and IRIP variability was not subjected to the effects
of metronome interval, tapping task, and their interaction.
In addition, Student’s ¢ tests revealed that the ratios were
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was correlated to peak force variability while there was no correla-
tion between IRIC variability and time-to-peak variability. However,
IRIP variability was correlated to both peak force and time-to-peak
variability. d The ratio in the approximated central clock variability
between IRIC and IRIP was larger than 1 for all metronome intervals
and tasks. Error bars represent standard errors

not significantly different from one for all metronome and
task conditions.

The comparable total IRI variations between the force
peak and the initial contact may arise from the central
clock and motor implementation variability. There were
two sources of motor implementation variability: peak
force magnitude and time-to-peak that were not cor-
related to each other (p = —0.07, p=0.48), which was
consistent with our assumption that M., and M, were
independent. Partial correlation analyses found that
both IRIC (p = —0.23, p<0.001; Fig. 3c) and IRIP (p
= —0.22, p<0.001) variability were negatively corre-
lated to the variability of peak force. However, the cor-
relation between IRIC and time-to-peak variability was
not significant (p = 0.07, p=0.32). In contrast, IRIP
variability was found to be significantly correlated to the
variability of time-to-peak (p = 0.42, p<0.001). These
correlation results were consistent with our hypotheses
(see “Method” section) and imply that peak force vari-
ability accounted for only about 5% (i.e., 0.23% x 100)
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of the total IRIC variations, while peak force and time-
to-peak variability accounted for about 23% (i.e.,
0.22%2 x 100+40.42% x 100) of the total IRIP variations.
Thus, the approximated central clock variability would
be lower in IRIP compared to IRIC. Student’s ¢ tests con-
firmed that the ratios in the approximated central clock
variability between IRIC and IRIP were significantly
larger than one for all metronome and task conditions (all
p <0.001; Fig. 3d). These results suggest that the central
clock may be more stable at the force peak than the initial
contact.

Trial-by-trial statistical dependence in inter-response
interval

The mean lag-one autocorrelations (i.e., averaged across
participants) in IRIC (i.e., 0.12+0.03 for 1500 ms;
0.04+0.03 for 1000 ms; —0.16+0.03 for 500 Ins)2 and
IRIP (i.e., 0.08 +0.03 for 1500 ms; 0.01 + 0.04 for 1000 ms;
—0.15+0.03 for 500 ms) in the continuation task were not
significant for all metronome intervals. Across all individu-
als, there were only 25 trials (out of 114 trials) in IRIC and
30 trials (out of 114 trials) in IRIP that showed a significant
lag-one autocorrelation. Therefore, there was no systematic
lag-one autocorrelation pattern shown in our data. In the
synchronization task, both IRIC (i.e., —0.37+0.03 for
1500 ms; —0.34+0.03 for 1000 ms; —0.29+0.02 for
500 ms) and IRIP (i.e., —0.36+0.03 for 1500 mis;
—0.3440.03 for 1000 ms; —0.30+0.02 for 500 ms) exhib-
ited significantly negative lag-one autocorrelations under
all metronome intervals. However, as it can be seen, the
autocorrelations between IRIC and IRIP were identical.
Across all individuals, there were 81 trials (out of 114 tri-
als) in IRIC and 85 trials (out of 114 trials) in IRIP that
showed a significant lag-one autocorrelation. In addition,
we did not find significant lag-one cross-correlations
between peak force and IRIC/IRIP (i.e., less than 20 trials
out of 228 trials exhibited significant cross-correlations in
both IRIC and IRIP) as well as between time-to-peak and
IRIC/IRIP (i.e., less than 30 trials out of 228 trials exhib-
ited significant cross-correlations in both IRIC and IRIP)
across the metronome interval and task. Taken together,
IRIC and IRIP demonstrated similar trial-by-trial
dynamics.

2 For the two longer metronome intervals, the autocorrelation was
positive that violated with the Wing—Kristofferson two-level model
prediction. This perhaps is because the original level-two model
was developed under fast finger tapping with the metronome inter-
val shorter than 600 ms (Wing 2002). The autocorrelation under the
500 ms metronome interval was consistent with the prediction of the
Wing-KTristofferson two-level model.

Synchronization error in sensorimotor synchronization
tapping

We examined the magnitude of sensorimotor synchroni-
zation error measured at the time of peak force (SEP) and
initial contact (SEC). One participant’s data were excluded
for the metronome interval 500 ms as the mean synchro-
nization error was larger than 250 ms, indicating that the
participant tapped the finger off-beat.

Mixed-effects ANOVAs found that neither SEC nor
SEP were affected by the metronome interval. Student’s ¢
tests showed that the negative mean SECs under all metro-
nome interval conditions were significantly different from
0 ms (all p<0.001; Fig. 4a). Paired ¢ tests revealed that the
magnitudes of SEPs were smaller (i.e., closer to zero) than
SECs (all p<0.001). Moreover, Student’s ¢ tests revealed
that SEPs were not statistically different from O ms for all
metronome intervals (1500 ms: p=0.22; 1000 ms: p=0.9;
500 ms, p=0.97), suggesting that mean SEPs could be
non-negative (Fig. 4a).

Because SE demonstrates large individual differences
(Repp 2005) as illustrated in Fig. 4a, we further analyzed
individuals’ SEPs. Figure 4b depicts distributions of indi-
viduals’ SEPs from two participants (see Supplementary
Figures for all individuals® data). We compared each indi-
vidual’s SEP to 0 ms using student’s ¢ tests. We found that
44% (500 ms), 58% (1000 ms), and 50% (1500 ms) of all
trials (2 trial X 19 participants) exhibited non-negative
mean SEPs. These results demonstrate that about half the
participants exhibited non-negative synchronization errors
at the time of peak force. Unlike the SEP, most individuals’
SECs were negative (see also Fig. 4a).

The SEP variability, as well as SEC variability (Repp
2005), was reduced as the metronome interval length
decreased (SEP: F(2,18)=46.06, p<0.001; SEC:
F(2,18)=31.61, p<0.001; Fig. 5a). By comparing variabil-
ity of SEC to that of SEP, Student’s ¢ tests revealed that the
ratio was not significantly different from 1 across all metro-
nome intervals. However, we subsequently found that both
SEC (p = —0.21, p<0.05; Fig. 5b) and SEP (p = —0.21,
p <0.05) variability were negatively correlated to the varia-
bility of peak force. The correlation between SEC and time-
to-peak variability was not significant (p = 0.12, p=0.21).
In contrast, SEP variability was significantly correlated to
that of time-to-peak (p = 0.42, p <0.001). Thus, peak force
variability accounted for only about 4% (i.e., 0.212 X 100)
of the total SEC variations, while peak force and time-to-
peak variability (peak force and time-to-peak variability
were not correlated to each other (p = —0.01, p=0.88))
accounted for about 22% (i.e., 0.21% x 100+0.42% x 100)
of the total SEP variations. The approximated central clock
variability was expected to be lower in SEP than SEC. Stu-
dent’s ¢ tests confirmed that the ratios in the approximated
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central clock variance between SEC and SEP were signifi-
cantly larger than one for all metronome and task condi-
tions (all p <0.001; Fig. 5c). These results suggest that the
central clock was likely to be more stable at the force peak
than the initial contact.

Trial-by-trial statistical dependence in SE

The mean lag-one autocorrelations (i.e., averaged across
participants) in SEC (i.e., 0.16+0.03 for 1500 ms;
0.26+0.04 for 1000 ms; 0.46+0.04 for 500 ms) and SEP
(i.e., 0.17+0.04 for 1500 ms; 0.25+0.04 for 1000 ms;
0.44+0.05 for 500 ms) were significant for the metro-
nome intervals of 500 and 1000 ms and the autocorrela-
tion became stronger as the metronome interval shortened,
which is consistent with the literature (Semjen et al. 2000).
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As the data show, the autocorrelation between SEC and
SEP were identical for each metronome interval. Across all
individuals, there were only 30 trials (out of 114 trials) in
SEC and 29 trials (out of 114 trials) in SEP that showed
a significant lag-one autocorrelation, which was also com-
parable between SEC and SEP. In addition, we did not
find significant lag-one cross-correlations between peak
force and SEC/SEP (i.e., less than 20 trials out of 114 tri-
als exhibited significant cross-correlations in both SEC and
SEP) as well as between time-to-peak and SEC/SEP (i.e.,
less than 15 trials out of 114 trials exhibited significant
cross-correlations in both SEC and SEP) across all metro-
nome intervals. Therefore, SEC and SEP exhibited similar
trial-by-trial statistical dependence.

Finally, we examined how the current tap was corrected
given the preceding SEC,_; and SEP,_;. When the SEC,,_,
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Fig. S Variability of synchroni-
zation error. a Synchronization
error variability at the initial
contact (SEC) and the peak
force (SEP) reduced as the
metronome interval decreased.
b SEC variability was cor-
related to peak force variability
while there was no correla-

tion between SEC variability
and time-to-peak variability.
However, SEP variability was
correlated to both peak force
and time-to-peak variability. ¢ 0
When the peak force and time-
to-peak variances were taken
into consideration, the ratio in
the approximated central clock
variability between SEC and
SEP was larger than 1 for all
metronome intervals. Error bars
represent standard errors

80
B At Peak

60

40

Standard Deviation

20

500ms

p=-0.21,p <0.05
80

Synchronization Error Variability

[ At nitial Contact

1000ms
Metronome Interval

80

SE Variability Ratio
(Approximated Central Clock)

0.5

Initial Contact/Peak Force

1500ms 500ms 1000ms 1500ms

Metronome Interval

Partial Correlation between Variability
(controlling metronome speed)

25s.d. Cl
p=0.12, p=0.21

o Individual Point
p=-0.21, p < 0.05 p=0.42, p < 0.0001

80 80

o [
o o
WO 7, 40
: Ay o
» -‘. o
&) o MR (&)
5 N < T
0 io 0
i o
° "“ °O:. (]
% io
s o
aof e -40
05 0 05 1 15 05 0 05 1 15 -40 20 O 20 40 60 -40 20 O 20 40 60
Peak Force Peak Force Time-to-peak Time-to-peak
Fig. 6 Experimental observa- a n _n-1 b " _tn-1
tions of 72, —#4-! and £ — Cont Cont Peak Peak
) n ont t”g nt 0 hP;na.k
t]l;e . atCom_ Coqt< . .Pea'k_ 0 0
Tpon. < 0, suggesting that t}m}ng
at peak force rather than timing -10 -10
at initial contact is controlled in
synchronization tapping. Error -20 -20
bars represent standard errors m [}
g -30 -30 g
B s00ms
-40 | [0 1000ms l l -40
(1 1500ms
-50 -50

was negative and SEP,_, was positive (Fig. 2), Student’s ¢
tests found 7, — #2-1 < 0 (1500 ms: —33.59 + 8.77 ms
(mean + standard error), p < 0.005; 1000 ms: —21.68 +
5.21 ms, p < 0.005; 500 ms: —11.83 + 4.17 ms, p <0.05;
Fig. 6a) and 1, — t’;galk < 0 (1500 ms: —37.34 +8.70 ms
(mean =+ standard error), p<0.005; 1000 ms: —25.39 +
5.72, p<0.005; 500 ms: —13.6 + 4.41, p <0.05; Fig. 6b).
These results violated the hypothesis that the time of initial

contact is the target controlled, while they were consistent

with the alternative hypothesis that the time of force peak
is the controlled target in sensorimotor synchronization
(Fig. 2).

Discussion

The primary purpose of this study was to identify the tar-
get of timing control when participants tap their finger at
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a given rate without a simultaneous signal (continuation
tapping) or synchronize their tapping to an external metro-
nome (sensorimotor synchronization tapping). In the con-
tinuation tapping task, we found that the timing at peak
force and initial contact between finger and tapping surface
showed comparable accuracy and trial-by-trial statistical
dependence, while central timing variability was lower at
peak force than initial contact, possibly suggesting that the
event at peak force may be the primary timing target. In the
synchronization tapping task, we demonstrated that the tim-
ing at peak force, rather than the timing at initial contact,
was more likely to be the primary target being controlled
because the tapping force reaches its peak in time with the
external metronome, yielding a mean magnitude in errors
around 0 ms. Furthermore, the central clock at peak force
(SEP) is more stable compared to that at initial contact
(SEC), and the time of finger tapping is flexibly modulated
in order to correct SEP rather than SEC.

Although we failed to observe distinguishable accuracy
and trial-by-trial statistical dependence of the two timing
targets in the continuation task, and only supported our
hypothesis that time of peak force is controlled by a lower
variability, we speculate that incorporating a requirement
of force control in future continuation studies could allow
us to differentiate the corresponding properties of IRIC and
IRIP. In our study, we found that the force production (i.e.,
time-to-peak and peak force) did not influence the dynam-
ics of IRIC and IRIP, and thus participants did not regulate
force to adjust IRIC and IRIP (e.g., increasing time-to-peak
would lengthen the IRIP). Hence, when an individual con-
tinuously tapped a finger without being required to notice-
ably change the force profile of taps, IRIC and IRIP may
be very similar as contacting the surface earlier or with a
delay would concurrently push force to reach its peak ear-
lier or with a delay, which yields the same accuracy and
trial-by-trial statistical dependence between IRIC and IRIP.
However, when a force requirement is present, for example,
a tap with little force followed by a tap with more force,
the force profiles of these two taps must differ and subse-
quently may affect IRIC or IRIP. If the timing at peak force
is controlled, the more forceful tap would need to contact
the surface earlier in order to produce an accurate IRIP,
which yields a shorter IRIC. Such an effect of an accentu-
ated tap would not take place if timing at initial contact is
the controlled target. Little attention has been paid to tim-
ing control under force constraints, but two previous stud-
ies have demonstrated a shortened IRIC prior to an accen-
tuated tap (Billon et al. 1996; Keele et al. 1987), supporting
the hypothesis that the timing of peak force is the target
being controlled in continuation tapping.

Our findings demonstrate that timing of peak force
rather than timing of initial contact appears to be controlled
when an individual attempts to tap a finger in synchrony
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with an external metronome (i.e., sensorimotor synchro-
nization). Regarding our criteria, we observed more sta-
ble central timing control at peak force compared to that
at initial contact. In addition, the synchronization error
at peak force (SEP) was smaller than the synchronization
error at initial contact (SEC). Importantly, the magnitude
of mean SEP was zero, indicating a precise synchronization
to the external metronome. The zero SEP was systemati-
cally reported in this study but can be observed elsewhere
(Fig. 9.2, 9.3, Vaughan et al. 1998). The zero SEP may not
allow us to conclude that the timing of peak force is bet-
ter controlled than the timing of initial contact, because the
zero SEP could be a by-product of the negative SEC. That
is, the SEC is controlled so that the time of peak force coin-
cidently synchronizes to the metronome. However, more
evidence showing the time of peak force as the control tar-
get comes from the observation that the time of finger tap-
ping was adjusted to regulate SEP rather than SEC. Syn-
chronization error correction is learned through experience
(Whitall et al. 2008) and is assumed to be a well-learned
ability by adulthood (Repp and Moseley 2012; Semjen
et al. 1998, 2000). It might be argued, therefore, that par-
ticipants would minimize synchronization error at the event
point that requires precise timing control. Our results show
that when initial contact of the preceding tap took place
prior to the metronome while force arrived at the peak later
than metronome (SEC was negative and SEP was positive),
participants subsequently made an earlier contact of finger
to surface and produced peak force earlier, enlarging SEC
but reducing SEP, suggesting that the time of finger tapping
is adjusted to correct SEP instead of SEC. The attempt to
correct SEP rather than SEC also implies that the trial-by-
trial statistical dependence within SEC was a by-product
of that within SEP although their lag-one autocorrelations
were identical. This converging evidence suggests that tim-
ing of peak force is the primary target controlled in sensori-
motor synchronization.

The finding that participants subliminally control the
timing of peak force in sensorimotor synchronization could
provide insights into understanding the property of negativ-
ity regarding SE measured at initial contact of finger tap-
ping. The initial contact usually precedes an external met-
ronome, which results in a negative SEC with a magnitude
from — 20 to —80 ms (Dunlap 1910; Hary and Moore 1987;
Johnson 1899; Mates et al. 1994; Peters 1989; Stenneken
et al. 2006). This anticipatory property has been assumed to
be the result of feedforward processing (Miyake et al. 2004;
Van Der Steen and Keller 2013), sensory accumulation
(Aschersleben 2002), p-center perception (Morton et al.
1976), as well as others (see, Repp 2005, for a review).
Unlike other explanations of negative synchronization error
that mainly focus on central neural systems, an alternative
could be that the initial contact to the tapping surface has
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to precede an external metronome in order to allow force to
be produced and the point of peak force to be synchronized
with the metronome (Repp 2005). The negative SE meas-
ured at the initial contact is never reduced to zero even in
participants who received excessive training on the tapping
task (Aschersleben 2003) as force needs time to rise. Con-
sistent with previous studies (Inui et al. 1998; Keele et al.
1987; Sternad et al. 2000; Therrien and Balasubramaniam
2010; Vaughan et al. 1998), this interpretation emphasizes
the important roles of force (or more generally movement
control) in timing control of finger-tapping tasks. For
example, participants with musical expertise (Aschersleben
2002) usually produced smaller negative SEC compared
to non-musicians. However, this superior ability in musi-
cians was observed only when movements were involved
(Manning and Schutz 2015). In addition, musicians showed
even smaller synchronization error when playing their own
instruments compared to tapping to an external metronome
(Stoklasa et al. 2012) with which they do not have extensive
practice, confirming the critical role of force or movement
production in sensorimotor synchronization. It seems that
rapid force production in musicians (especially of move-
ments they have extensive practice on) requires less time
for force to reach its peak and thus reduces SE measured at
the initial contact. Taken together, we suggest that the neg-
ative synchronization error at the initial contact could be a
result of precisely synchronizing the timing of peak force.

In summary, we found that in the continuation tapping
task, the timing at peak force may be better controlled than
the timing at initial contact, as revealed by the smaller cen-
tral clock variability. Timing at peak force is likely to be
the primary target controlled in the sensorimotor synchro-
nization task. Supporting evidence comes from the obser-
vation that sensorimotor synchronization is more stable
and accurate at peak force compared to initial contact, and
that movements were modulated to correct sensorimotor
synchronization error at peak force instead of initial con-
tact. This finding provides a window into understanding the
mechanisms underlying the negativity of synchronization
error that has been widely reported in previous studies of
sensorimotor synchronization.
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