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Abstract

Four experiments compared the temporal stability of adions involving either one or more dfedors. A
reduction in within-effector temporal variabilit y was observed during two-eff edor tapping compared to
when either moved aone. This phenomenon was observed for various limb combinations, regardlessof
whether the two eff edors were on the same or different sides of the body (Experiment 1) and did not
require that the timed movements be produced in a repetitive manner (Experiment 3). Moreover, an
additional reduction in variability was found when tapping with three dfedors (Experiment 2). This
multi ple effedor advantage is multi pli caive: The magnitude of the multi ple effedor advantage was
greder for longer target intervals (Experiment 4). A processbased acount of these findingsis proposed,
based on the ideathat independent temporal representations are generated for ead effedor. These
representations are integrated to produce mordinated motor commands, and the multi ple eff ector
advantage is hypothesized to be astatisticd consequence of the integration process

Improved temporal stability in multi-effector
movements

Bimanual coordination hes proven an
important avenue for understanding the dynamics of
motor control. A central focus of thiswork has been
to identify the constraints that charaderizethe
temporal coordination d the two hands (e.g.,
Schorer & Kelso, 1988. When producing rhythmic
movements, the two hands naturally adopt a ommon
frequency, establishing an in-phase, symmetric
relationship, or an anti-phase, oppasing relationship.
With training, we may learn nowel phase relations
(Zanore & Kelso, 1997), and skill ed musicians are
cgpable of performing complex palyrhythms
(Krampe, Kliegl, Mayr, Engbert, & Vorberg, 2000.
But even in these mntexts, the gestures of the two
hands remain strongy coupged. Drummers are likely
to exploit the hierarchicd relationship between the
two required rhythms when tapping ou patterns sich
asthree gainst two o four against three Indedd,

tempora cougdingwould appea to be the most
fundamental constraint associated with multi-limb
movements.

Tempora cougding has proven to be the
cornerstone for much theorizing in the motor control
literature, espedally in terms of the development of
dynamic acourts of coordination (Kelso, 1997,
Kugler & Turvey, 1987. Couding provides an
important way in which control requirements can be
reduced. In hipedal locomotion, the motions of the
two limbs can be described as nonlinea couped
oscill ators. A phase parameter can charaderize
diff erent modes of locomotion; for example, afast
moving bped can be running (anti-phase) or hopgng
(in-phase). The lad of stahility at other phase
relations off ers ameans for understanding the
attradion to certain categoricd forms of behavior.

The focus of most couped oscill ator models
has been onthe relationship between the two limbs
(for reviews, seeKelso, 1997 Schorer & Kelso,
1988. In particular, these models provide an
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Figurel. Themultipletimer model. Left column: Separatetemporal
representations (Timers 1 and 2) are generated for each hand during

account of the stability of certain movement patterns,
and provide an analytic tool for understanding how
stability may change as afunction of control
parameters (i.e., frequency) or experience. Stability
in this context is generally assessed in terms of the
variability of the phase differences between the two
limbs. Theindividual may be asked to maintain a
particular phase relationship and the deviation from
thistarget phase will be measured in terms of both
constant and variable error as frequency isvaried.
An alternative way to describe stability
during repetitive movements, one that is focused on
the component rather than coordinative level, isto
look at the performance of each limb individually.
The mean and variability of the movement periods
for each limb can be measured to assess how well an
individual can maintain atarget frequency. Helmuth
and Ivry (1996) examined this question in a series of
studies using arepetitive tapping task. Intheir first
experiment, the participants were required to tap with
either the left hand alone, the right hand alone, or
with both hands, trying to maintain atarget inter-tap
interval of 400 ms. The mean inter-tap interval was
unchanged between the uni- and bimanual
conditions. However, as measured by the variability
of the inter-tap intervals, the performance of each
hand became more stable during bimanual tapping.
That is, the variability of the within-hand inter-tap
intervals was lower for each hand in the bimanual

context (see also Y amanishi, Kawato, & Suzuki,
1980; Semjen & lvry, in press). A second
experiment demonstrated that this multiple effector
advantage did not require the movement of
homologous muscles. A similar improvement was
observed when finger and forearm movements were
combined.

To account for the multiple effector
advantage, Helmuth and Ivry (1996) proposed the
Multiple Timer Model, a process account of the
control processes involved in timing and temporal
coupling (Figure 1). The model rests on three critical
assumptions. First, it is assumed that there are
independent central timing signals associated with
the movements of each effector. During left hand
tapping, it is assumed that an internal timing signal is
generated to control when each left-hand response
should occur. Likewise, during right hand tapping,
an internal timing signal associated with the right
hand is generated. These signals are assumed to
originate in a central control process that operates as
an internal timing system. The recruitment of specific
elements within this timing system is dependent on
the output effector, with independent representations
associated with different effectors.

The second assumption is that these separate
timing mechanisms continue to operate during
bimanual movements. That is, the multiple timer
model posits that during such movements, there are
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two temporal control signals being generated, one for
the left hand and one for the right hand.

The third assumption centers on how these
two signals are trandlated into motor commands.
Helmuth and Ivry (1996) proposed that, although
independent timing signals are generated for each
effector, the internal timing system does not have
direct access to the motor system. Instead, central
commands to the effectors are regulated through a
motor implementation process that we will refer to as
an output gate. The output gate is constrained to
update central commands to different effectors
simultaneoudly. It isthisconstraint which underlies
temporal coupling in the model. Due to this coupling
constraint, the independent timing signals for the two
hands become integrated.

We will contrast the dynamics of thisform
of coupling with more traditional coupled oscillator
modelsin the General Discussion. At this point, we
simply point out that temporal coupling in the
multiple timer model does not reflect interactions
between the timing mechanisms per se, but rather a
process receiving input from multiple timers. The
timing mechanisms are also coupled in the sense that
the triggering of the gate not only initiates the
responses but also serves as asignal for the next
timing cycle to begin. Without coupling of thisform,
the two hands would quickly become out of phase.

An obvious question is how does the gate
operate? How do the independent timing signals
interact? We have conducted a series of simulations
to explore different ways in which the two timing
signals could be integrated (Helmuth and Ivry, 1996).
In these simulations, two independent samples were
taken from distributions representing two timing
systems, one for the left hand and one for the right
hand. The means and variances for these
distributions were based on the observed
performance during unimanual tapping in
Experiment 1 of Helmuth and Ivry. Different
procedures were simulated in terms of how the
samples could be used by an output gate and from
this, runs of inter-tap intervals were generated. The
means and variances of these runs were then
compared with the observed bimanual data.™

The gate could perform an OR operation,
firing whenever it receives an input from either
timing process. Alternatively, the gate could perform
an AND operation, firing only after it receives input
from both timing processes. While simulations of the
OR and AND gating models indicates that variability
would be reduced during bimanual tapping, each
model also predicts that there should be achangein
mean tapping rate. For the OR model, mean tapping
would be faster; for the AND model, mean tapping

rate would be slower. Neither predictionis
consistent with the observed data.

The best fitting model was one in which the
two independent timing signals were averaged. That
is, the output gate istriggered at atime that
corresponds to the average of the two timing signals.
With this model, the predicted reduction in variability
can be analytically derived. It is the standard
deviation of anew distribution formed by the average
of two independent samples from the constituent
distributions. If the constituent distributions are
identical, then

SDpim = SDyni / sart(2) 1

Using the observed unimanua data from Helmuth
and lvry, the averaging model predicted a standard
deviation of 9.4 ms during bimanual tapping. This
closely approximated the observed value of 9.7 ms
(averaged over left and right hands).

Averaging in the strict senseisillogical in
the temporal domain. Consider a situation in which
the target interval is400 ms. Suppose that for a
particular interval, the right hand timer signal isa
little fast and sends its output at 380 ms, whereas the
left hand timing signal is slow and sends its output at
440 ms. By averaging, the output gate would initiate
the response in both hands after 410 ms even though
the left hand timer is not going to provide its signal
for another 30 ms.

This problem ceases to exist when the
timing signals are conceptualized as continuous
variables rather than discrete events. Figure 2 depicts
the operation of the output gate as a threshold device:
The response is triggered when the input activation
reaches athreshold level. The left panel showsthe
operation of the gate for two successive intervals, one
in which the threshold is reached earlier than the
target time and one in which the threshold is reached
after the target time. This variability might underlie
the production of along interval following a short
interval, at least in terms of thetiming signals. The
right panel shows the operation of the gate when the
two signals arrive simultaneoudly and are summed
together. Assuming that activity is normalized, the
summed activity from two signals will provide a
continuous record of the average and the normalized
threshold will be reached at the average of the two
samples.

The threshold mechanism is our
instantiation of the simultaneity constraint. It ensures
that bimanual movements are coupled. A statistical
consequence of thisimplementation is that the
within-hand variability for each hand islower during
bimanual tapping than during unimanual tapping.
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Models that assume a single timer would also, of
course, predict coupling, but they do not predict the

We focus on the hypotheses that independent
temporal representations are generated for each
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Figure 2 Activation process within the output gate. The gating processis depicted asa
threshold mechanism. Activation arises as a consequence of timer inputs.

multiple effector advantage. By postulating separate
mechanisms for timing and temporal coupling, we
are able to account for both phenomena.

The multiple timer model provides a
parsimonious account of the performance of normal
subjectsin Helmuth and Ivry (1996). It aso provides
anovel account of the paradoxical improvement
observed in unilateral ataxia patients during bimanual
movements. Franz, Ivry, and Helmuth (1996) tested
four patients with unilateral cerebellar lesionson a
repetitive tapping task, comparing uni- and bimanual
performance in both the affected and unaffected
hand. As predicted, al four patients exhibited lower
temporal variability on the affected side during
bimanual tapping, presumably because the effects of
aberrant timing signals were mitigated by the timing
signals controlling the unimpaired hand. Moreover,
an analysis of the individual cases confirmed a
prediction derived from the model regarding changes
in the performance of the unimpaired side. If the
difference in variability between the impaired and
unimpaired sides was large during unimanual
tapping, then the movements of the unimpaired limb
during bimanual tapping became less consistent. |If
the impaired-unimpaired difference during
unimanual tapping was small, then the movements of
the unimpaired limb became more consistent during
bimanual tapping. The general form of Equation 1,
in which non-identical distributions are associated
with the two effectors, predicts these results.

In the current paper, we examine a new set
of predictions derived from the multiple timer model.

effector and that these representations are integrated
in amanner that resembles an averaging operation. In
the General Discussion, we return to a discussion of
the psychological and neural implications of this
process model, and examine it within the context of a
more general class of dynamic systems models.

Experiment 1

The goals of Experiment 1 are two-fold.
First, we examine the generality of the multiple
effector advantage by using various pairs of
effectors. The studies of Helmuth and Ivry (1996)
were limited to upper limb movements, although they
did observe that the improved temporal variability
during bimanua movements was evident for
movements that either involved homologous or non-
homologous muscles. In the current experiment,
participants will tap with two hands, two feet, or
hand-foot combinations that involve effectors from
either different or the same side of the body.

Second, by using effectors from the same
side of the body, we sought to test an implicit
assumption of the multiple timer model. A central
guestion in the study of internal timing has been
whether a common timing system is exploited across
various task domains. Based on correlationsin
temporal acuity across time production and time
perception tasks, Keele et al. (1985) argued for such
acommon timing system (see also, lvry & Hazeltine,
1995). Neuropsychological evidence has also been
cited in support of acommon timing system
hypothesis. Proponents of a cerebellar timing locus
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(e.g., Ivry & Keedle, 1989; Ivry, 1997) have
emphasized that patients with cerebellar damage
perform poorly on avariety of tasks that require
precise timing. Similarly, proponents of a basal
ganglialocus (e.g., Harrington, Haaland, &
Hermanowicz, 1998) have shown that Parkinson
patients perform poorly on both tapping and time
perception tasks.

Ignored in thiswork has been the question
of what is meant by a common internal timing
system. At one extreme, one might suppose thereisa
unitary timing mechanism whose output is gated to
different processing systems that require precise
temporal representations. However, our own
neuropsychological studies make clear alimitation
with this hypothesis. Patients with unilateral
cerebellar lesions have been used as their own control
to show that coordination problems on the affected
side are related to aloss of temporal control during
repetitive movements (Ivry, Keele, & Diener, 1988;
Franz et a., 1996). Thisimpaired performanceis
compared to their normal performance on the same
task when using effectors on their unaffected side.
At aminimum, such results would argue for at least
two internal timing systems, one that is disturbed and
one that isintact.

However, an alternative hypothesis would
be that, while a specific psychological process may
be specialized for temporal processing, the
instantiation of temporal representations will involve
the recruitment of computational elementsthat are
task specific. At aneura level, this hypothesis
would propose that distinct populations of neural
circuits would be engaged for different tasks, even
though the computational characteristics of these
circuitsissimilar (Ivry, 1996). Inthisview, theidea
of acommon timing system is misleading: Rather
than take this statement to imply a single timing
mechanism, one would conceptualize a near-infinite
array of timing mechanisms, each linked to particular
input or output systems (and perhaps particular
intervals). Thus, different elements are invoked for
timing movements with the right index finger
compared to tapping with the |eft index finger, or
even theright wrist.

The comparison of various effector
combinations, especially crossed and uncrossed
combinations alow afirst test of this hypothesis.
From the work of Helmuth and Ivry (1996), one
might argue that there are two timing mechanisms,
one associated with the right side of the body and
another associated with the left side of the body. The
outputs of these two timers are integrated because of
the need to coordinate the two limbs during bimanual
coordination. However, the hypothesisraised in the

preceding paragraph would suggest that the multiple
effector advantage would hold regardless of whether
the two effectors are on the same or different sides of
the body.

Method

Participants. Eighty-two undergraduate
students at the University of California at Berkeley
participated in this experiment in partial fulfillment
of psychology course requirements. All participants
were right handed, as assessed by self-report.

Apparatus. Responses were produced on
peripheral response devices, linked to a desktop
computer. The temporal resolution of the system was
1 ms. All hand responses were made with
flexion/extension movements of the right and left
index fingers. For these responses, a20 x 30 cm
response board with two piano-type keys (2 x 10 cm)
was used. Response boards in the shape of awedge
were designed for the extension/flexion ankle
movements to produce foot responses. The surface
of each board (10 x 7 cm) wasfixed at a 20 degree
angle from arubber base that rested on the floor. A
raised button measuring 1.2 cm per side was mounted
on the board. Responses were recorded when the
button was depressed 0.4 cm, bringing it level to the
surface of the board.

Procedure. After reading and signing an
informed consent form, participants were seated in
front of a computer terminal in aquiet room. They
were told that the experiment would measure how
accurately and how consistently they could tap at a
given speed, which would be signaled by a series of
tones from the computer. They were allowed to
position the response board(s) to a comfortable
position. The participants were told to minimize
movements during the experiment except in the
effectors required for responding.

A message appearing on the computer
screen before each trial indicated to the participants
which effector or effector combination wasto be
used in the upcoming trial. Each trial consisted of a
synchronization and continuation phase. The
participant initiated the trial by pressing the
"ENTER" key on the computer keyboard. Afterals
delay, a series of 50 ms, 500 Hz tones were
presented, separated by an inter-onset interval of 550
ms. The participants began tapping with the tones
once they had internally established the beat. After
producing twelve intervals during the
synchronization phase, the tones were terminated.
They were then required to continue tapping,
attempting to maintain the target interval in as
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consistent amanner as posshle. After 32 unpaceal
intervals were recorded, alow-pitch tone indicated
the end o thetrial. The 550mstarget interval is
longer than the 400 ms paceused in ou previous
studies (Helmuth & Ivry, 1996 Franz ¢ a., 1996. It
was ®leded onthe basis of pil ot work designed to
determine a @mfortable speed for foot tapping.

Feadbadk was provided immediately after
the trial was completed. The target interval (550ms)
appeaed at thetop d the screen. Listed below this
were two lines, one showing the mean and standard
deviation d the participants inter-tap intervals
during the synchronization phase and the second
showing these measures for the continuation plase.
The experimenter encouraged the participantsto
examine these measures after ead trial in order to
seehow acarrately they had maintained the padng
spedad duing the unpacel phese of thetrial. Primary
emphasis was given to the standard deviation
measure during the unpacel phase. The
experimenter explained that this number refleded the
participants consistency and that they shoud try to
make this as snall aspossble.

Design. The participants were assgned to
one of four groups based onthe required eff ecor
combination. The four groups were finger-finger
(1a), foot-foat (1b), finger-foat, crossed sides (1c¢),
and finger-foat, uncrossed sides (1d). Within the
finger-foat crossed group, half of the participants
used the left index finger and right foot and helf used
theright index finger and left foot. Within the
finger-foat uncrossed group, al of the participants
used the right finger and right foat.

All of the participants were tested in three
condtions. For two of the cndtions, tapping was
performed with a single effedor; in the third
condtion, tapping was performed with bah
effedors. For example, participantsin Group 1b
tapped with the left foot alone, the right foot alone,
and bdh fed together. Similarly, participantsin
Group ldtapped with the right (left) index finger
aone, theright (left) foot alone, and the finger and
foot together. Threeblocks of tapping were
completed for ead of the three ondtions. For
Groups 1a, 1c, and 1d ead block consisted of seven
trials, yielding adata set of 21 trialsfor eat
condtion, or atotal of 63trials per participant. For
Group 1h ead bock consisted of six trials and thus,
18triadsfor eat condtion. We targeted asmaller
data set for this group kecause pil ot testing indicating
that foot tapping would likely lead to more arors
(seebelow) and we didn't want the participants to
become fatigued. The first block for ead condtion
was precaled bytwo pradicetrials for that condtion.

The order of presentation d the three ©ndtionswas
courterbalanced aaossparticipants with the
constraint that ead condtion was tested within a
triad of blocks. The experiment lasted approximately
one hou.

Data Analysis.
Aninitial analysis was condicted after eadh

trial to identify any intervals that were d@ther shorter
than 200ms or longer than 1000ms. Almost all such
trials occur when the participant failed to depressthe
resporse key fully, thusfailing to adivate the
microswitch and leading to an interval measurement
approximately twice & longasthe surroundng
tappingintervals. These trials were repeaed within
the same block upto alimit of seven repeded trials.
If the participant produced seven trials containing an
interval outside the minimum and maximum duration
criteria, the block was terminated prematurely.

The analyses reported below are based on
the data from the final 30 intervals obtained duing
the unpaceal phese of the trialsin which all of the
intervals fell within the minimum and maximum
duration criteria. The mean and standard deviation
were computed for eadh trial. Our primary analysis
of temporal consistency foll owed the procedure
described in Helmuth and Ivry (1996, focusing on
total variability and adecmpasition d this
variability based onthe two-processmodel of Wing
and Kristofferson (1973 Vorberg & Wing, 1996.
This model assumes that tapping variability refleds
the contribution d two independent processs.
variability associated with an internal clock that
determines when ead response shoud be anitted
and variability associated with motor implementation
processes required to trandate this central command
into an adion. Ivry and Hazdtine (1995 have
argued that the former processis composed of
various control operations only one of which isthe
clock, and thus will refer here to the two componrents
as central and motor delay, respedively.

Vorberg and Wing (1996 provided a
comprehensive discusson and derivation d the two-
processmodel. Empiricd confirmation o the
asuumptions of the model has been oltained in many
studiesinvolving hedthy and reurologicdly
impaired popuations (e.g., Wing, 198Q Ivry et d.,
1988 Ivry & Hazdtine, 1995. Herewe provide a
brief summary of the procedure used to derive the
estimates of the variability assciated with the central
and motor delay comporents.

Theduration o ead Interval j can be
expresed as

|, =C,+MD,-MD, @)
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where | represents the durations of the observed
interval, C the central processing time, and MD the
motor implementation delays. Given the assumption
that the central and motor processes are independent,
the variances of the components are additive:

3

Successive intervals are assumed to result from
independent samples of the random variables
associated with the central and motor processes. In
other words, unpaced tapping at rates in the hundreds
of millisecond range is assumed to be an open-loop
process. However, neighboring intervals share one
sample of the motor delay with each other and are
thus negatively correlated with each other. Given
this, an estimate of motor delay variability is given
by

ot =0é+20%p

oo = —autocovar: (1) (4

where autocov(1) is the covariance between Intervals
jandj+1(Lag 1). An estimate of central variability
can then be obtained by subtracting the motor
estimate from the total variability obtained from the
raw data

Prior to calculating the estimates of the two
components, we performed atransformation on the
raw data to remove the effects of global changesin
tapping rate. A regression line was fit through the 30
unpaced intervals and the covariance function for
lags O through 5 was based on this transformation.
The values were averaged across the 21 trials per
condition and the standard deviation scores aswell as
estimates of central and motor variability were based
on these data. The covariance function provides a
critical test of the two-process model: thelag 1
covariance should be negative and the values for lags
greater than one should be zero. The linear
transformation has the effect of reducing positive

correlations between successive intervals, and thus
the estimate of the motor variability is higher than
that obtained from the raw data. It turns out that this
change is minimal, usually on the order of lessthan 2
ms, and the results reported below would be similar if
the raw data had been used instead of the transformed
data

It isimportant to note that this detrending
procedure, and indeed, the two-process model in
general, ignore potential sources of noise that might
operate at different time scales during repetitive
movements (e.g., 1/f noise, see Chen, Ding, & Kelso,
1997). However, given that thetrialsin the current
experiment were limited to about 15 s, it isunlikely
that any non-linear drift would contribute
substantially to the observed variability (see
Madison, in press)

Results and Discussion

The data for two participants were excluded
from the final analysis because their mean tapping
rates (lessthan 470 ms. in at |least one condition)
were much faster than the target interval. The data
for eight other participants were excluded because
they produced blocks that did not contain a sufficient
number of trialsin which all of the intervals were
greater than 200 ms and less than 1000 ms. Intervals
falling outside these criteria amost always occurred
on trialsinvolving foot responses and likely resulted
from the failure of the participant to depress the
response key with sufficient force. Of the 72
participants retained in the analysis, 17 were in
groups laand 1d, 18 werein group 1b, and 20 were
in group 1c. For these participants, 9.6% of thetrials
were repeated due to trialsin which at least one
interval failed to fall within the criterion window of
200 - 1000 ms.

The results of Experiment 1 are summarized
in Table 1. The table lists the mean and standard

Mean 1Tl Centra MD

One Two One Two One Two One Two

Exp la
R Fing 520 517 234 20.1 18.3 13.8 10.3 10.3
L Fing 519 517 245 21.3 18.0 13.2 11.8 11.8

Exp 1b
R Foot 523 522 32.2 26.0 21.3 16.5 171 14.2
L Foot 520 522 32.6 28.0 205 16.1 17.9 16.2

Exp 1c
Fing, S1 534 526 25.1 26.8 204 17.5 10.3 14.3
Foot, S2 531 526 28.0 28.4 20.8 17.3 13.2 15.9

Exp 1d
Fing, S1 529 529 25.3 29.5 19.9 18.0 111 16.6
Foot, S1 525 530 304 304 231 18.5 14.0 17.0

Table1l Mean interval produced, standard deviation of the inter-tap intervals, and estimates of the central
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deviation of the inter-tap intervals, and the estimates
of the central and motor delay component sources of
variability. Within each group, there are two rows,
one for each effector. The pairs of columns show the
values for the one-effector and two-effector
conditions. All of the data are within-effector
measures. While the two effectors were tightly
coupled in al conditions, we will not report any
between-effector analyses here (see Experiment 4).

In al of the conditions, the participants
tended to tap more quickly than the target interval of
550 ms. The speed-up of about 25 ms was generally
continuous, with the produced intervals close to the
target rate at the end of the synchronization period
followed by atendency to speed-up over the course
of the unpaced phase. We have observed a similar
hastening in a previous study with college students
(lvry & Keele, 1989). While we suspect the
phenomenon reflects a mild degree of impatience on
the part of our participants, the effect is not large and
appears to be similar in the one-effector and two-
effector conditions.

Turning to the standard deviation scores, an
interesting difference is apparent between the two
groups who performed homol ogous movements
(Groups la and 1b) and the two groups who
performed non-homologous movements (Groups 1c
and 1c). Variability waslower during the two-
effector condition for participants who tapped with
two fingers (Group 1a) and the participants who
tapped with the two feet (Group 1b). In contrast, the
standard deviation values tend to be higher for the
participants who tapped with one finger and one foot,
either on opposite sides of the body (Group 1c) or the
same side of the body (Group 1d). The standard
deviation datafor each group were analyzed in a
series of 2 x 2 ANOVAS, with one factor referring to
the effector (e.g., right finger or left finger for Group
1a, finger or foot for Group 1c¢) and the other factor
referring to the condition (single-effector or two-
effector). Separate ANOV As were conducted for
each group since our main interest here is on whether
the multiple effector advantage is observed across a
range of conditions.

The reduction during two-effector tapping
was highly reliable for the two finger participantsin
Group 1a, F(1,16)=33.8, p<.001, and the two feet
participantsin Group 1b, F(1,17)=34.8, p<.001. The
opposite pattern was observed for the two groupsin
which finger and foot tapping were combined. For
these groups, tapping with two effectors tended to be
more variable than tapping with a single effector. For
the participants in Groups 1c performance was
significantly more variable when tapping with a
finger and foot on opposite sides of the body

compared to when tapping with either effector alone,
F(1,19)=6.3, p<.05. Similarly, the standard deviation
was larger during right finger and right foot tapping
for Group 1d, F(1, 16)=7.2, p<.05, athough this
increase was only reliable for the finger as reflected
in the significant interaction, F(1,16)=7.9, p<.05.
These results are similar to the pattern reported by
Helmuth and Ivry (1996). In that study, the standard
deviation of the inter-tap intervals was lower during
bimanual tapping than in unimanual tapping, but did
not change when the two-effector condition
combined finger and forearm movements.

We next turn to the decomposition of the
total variability into estimates of the variability
associated with central and motor implementation
processes. It isimportant to first verify that the
current data are consistent with the assumptions of
the two-process model. The covariance function
provides three such tests (Vorberg & Wing, 1996;
Wing & Kristofferson, 1973). First, thelag 1
covariance should be negative. Second, thisvalue
multiplied by negative two should be less than the lag
0 covariance (since values outside this boundary
would imply a negative value for the estimate of
central variability). Across the 284 covariance
functions (72 participants x 2 effectors x 2 modes,
single- and two-effector), the lag 1 covariance value
was positive four times and greater than the boundary
set by the lag O covariance value three times. We
included these seven scores in the subsequent
analyses, assuming they reflected noise in the data.

Third, the covariance function should be
zero for lags greater than one. Figure 3 shows the
covariance function for representative conditions. In
each panel, the data are from right hand tapping,
either alone or paired with the left hand (Group 1a,
top panel) or the right foot (Group 1d, bottom panel).
For all four covariance functions, the values for lags
2-5 are close to zero. Most important, the functions
are quite similar for the single- and two-effector
conditions, indicating that using two limbs does not
introduce gross changesin the time series. There are
afew data points that are significantly different than
zero (al negative). However, when we applied
variants of the two-process model that can account
for such deviations (Wing, 1977), we found little
change in the component estimates (see a so,
Helmuth & Ivry, 1996). Thus, werestrict the
discussion to the estimates obtained from the basic
two-process model.

Turning first to the estimates of central
variability, a multiple effector advantage was
observed for all four groups (see Table 1). The
standard deviation associated with central processes
was lower in the two-effector conditions compared to
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the one-effector conditions. These effects were
confirmed in a series of ANOV As identical to that
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Figure 3. Covariance functionsfor Experiment 1.

A: Finger-finger. Data arefor right hand,
unimanual and bimanual. B: Finger-foot. Data
arefor right foot, tapping alone and with right
hand.

described above. The number of effectors was
significant for all four groups (1a: F(1,16)=52.1,
p<.001; 1b: F(1, 17)=16.3, p<.001; 1c: F(1,19)=8.6,
p<.01; 1d: F(1,17)=13.0, p<.01). No differences
were observed between the two effectors within each
group nor were any of the interactions reliable.

The results for the estimate of motor
implementation variability are sightly more
complicated. None of the main effects nor the
interactions were significant for the two homol ogous
movement conditions. For both of these groups, the
motor delay estimate was larger for the non-
dominant, left limb, although the effect only
approached significance for the hand, F(1,16)=3.8,
p=.07, and the foot, F(1,17)=3.3, p=.09. Inthe
groups for which finger and foot movements were
combined, there was a significant increase in the
motor delay estimate during the two-effector
condition (Group 1c: F(1,19)=9.0, p<.01; Group 1d:
F(1,16)=28.2, p<.001). For the crossed side group
(1c), there was also amain effect for the limb factor
with the motor variability associated with the foot
greater than that associated with the finger,
F(1,19)=10.2, p<.01. Thus, the estimates of motor
delay were unchanged when the two-effector
movements involve homol ogous movements. When
the two movements were non-homologous, an
increase in the estimate of motor delay variability
was observed.

A final analysis concerns the magnitude of
the multiple effector advantage. By the multiple
timer model, the improved temporal consistency
during multiple effector tapping is a statistical
consequence of sampling: The coupling constraint
imposed by an output gate effectively actsto average
the independent timing signals that have been
generated for each effector. The observed
improvement in the standard deviation should follow
the square root of n rule, where n is the number of
samplesif the distributions associated with the
effector-specific timing elements are identical.
However, not all of the sources of variability will
benefit from averaging by the process model outlined
in Figure 1. For example, variability associated with
motor implementation processes is imposed after the
operation of the gate. Given this, we focused on the
estimates of central variability, using the values
observed during single-effector tapping to predict
central variability during two-effector tapping. We
averaged the two single-effector conditions, although
simulations using the observed values yielded
essentialy identical results.

Figure 4 shows the comparison between the
predicted and observed estimates of central
variability. The two values are quite comparable for
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the bimanual group, similar to that reported by
Helmuth and Ivry (1996). For the other three groups,
the observed values are higher than the predicted
values, and the difference islargest for the two
groups in which upper and lower limbs were
combined. These results raise the possibility that the
processes associated with temporal coupling of the
lower limbs may be different than those associated
with the upper limbs. However, previous work on the
dynamics of multi-limb coordination have assumed
that similar principles apply for upper and lower limb
coordination (Carson, Goodman, Kelso, & Elliott,
1995; Schmidt, Carello, & Turvey, 1990) and, as
demonstrated in Figure 3, the covariance functions
seem quite similar for the different limb
combinations.

An aternative hypothesisis that, while the
benefits of temporal averaging are similar in al
conditions, new costs arise with multi-limb
movements that involve combined movements of
upper and lower limbs. Jeka and Kelso (1995) have
shown that stability during repetitive movements
involving the arm and leg isinfluenced by
differencesin theintrinsic frequencies of the two
limbs, and that these frequencies are related to mass.
From the perspective of the two-process model, the
motor delay estimates point to one way in which
these mass differences may influence variability.
The motor delay estimates increased whenever the
two-effector conditions involved limbs of unequal
mass. Thisincrease isnot only found in the finger-
foot conditions in the current experiment, but has
a so been observed for finger-forearm tapping
(Helmuth & Ivry, 1996) and for bimanual studiesin
which external masses are added to produce an
asymmetry between the two arms (Turvey,
Rosenblum, Schmidt, & Kugler, 1986). It may be
that additional central sources of variability are also
introduced in such conditions and these attenuate the
magnitude of the multiple effector advantage. The
added peripheral noise may result from the fact that
different forces are required for the two movements,
and this requirement could also affect central
processes. An evaluation of this hypothesis would
require unconfounding the effects of homology and
mass, as well as measurements of kinetic variables.

In summary, the results of Experiment 1
demonstrate the robustness of the multiple effector
advantage. The temporal consistency with which a
single limb produces repetitive movements improves
when another limb is moved in a synchronous
fashion. Thus, the stability of multi-effector
movement patternsis not only manifest in terms of
the coordination between the limbs, but isalso
apparent within the series of movements produced by
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each limb. The current study shows that the multiple
effector advantage can be replicated at a new interval
(550 ms compared to 400 msin previous studies) and
generalizesto leg movements. The phenomenon does
not require movements with homologous effectors,
athough under these conditions, the temporal
improvement is only observed in the estimates of
central variability.

Experiment 1 provides new support for the

multiple timer model outlined in the Introduction. At
the heart of this model isthe ideathat the reduced
variability during multi-limb tapping reflects an
interaction between independent timing signals
associated with the two limbs. The improved
temporal performance was found for movements

Figure 4. Estimates of central variability in
Experiment 1 and predicted estimate based on
the multiple timer model. Unimanual and
bimanual values are averaged over left and right
hands. A: finger-finger. B: foot-foot. C: finger-
foot crossed. C: finger-foot uncrossed.

restricted to either upper or lower limbs, aswell as
for upper- and lower-limb combinations. Moreover,
the pattern of results was quite similar for those
participants using afinger and foot on the same side
of the body as for those using afinger and foot from
opposite sides of the body. These findings are
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consistent with the ceantral hypahesis of the multiple
timer model that eff edor-spedfic dements are
recauited for controlling movement timing. At a
more general level, an internal timing system would
be mnceptualized as an array of dedicated timing
elementsthat are linked to spedfic input and ouput
systems.

Experiment 2

To this paint, the generality of the multiple
effedor advantage has been established in
experiments comparing single- and two-effecor
tapping. In Experiment 2, we alded a condtionin
which the participants tapped with three défedors at
the same time. Asuming independent timing signals
are generated for ead effedor, we expeded to
observe an additional reductionin temporal
variability in the three-effedor condition compared
to the two-effedor condtion. This predictionwould
seam to be & odds with expedations based on
attentional considerations. Althoughall of the
effedors are required to produce simultaneous
movements, the aldition d extra dfedorswould be
expeded to entail a @wst, rather than a benefit.

In designing the study, two considerations
weretaken into acourt. Firg, if asisasumed in the
multi ple timer model, the improvement is the result
of averaging independent samples, the dfed of
adding athird effedor will berelatively small. If the
standard deviation o ead timing element was 20 ms,
averaging two samples would result in almost a6 ms
benefit (14.1 ms) whereas averaging threesamples
would orly confer an additional 2.6 ms advantage
(11.5ms). Sincethe expeded effed sizeis snal, we
douled the targeted number of participants.

Sewnd, and more important, it was difficult
to determine the gpropriate combination d
effedors. Using all passble combinations of three
effedors would require seven condtions (3 single
condtions, 3 pairs, and 1triad). Moreover, as $1own
in Experiment 1, there ae diff erences between
combining hanologots effedors and non
homologots eff edors. Motor implementation
estimates consistently increase when li mbs of
unequal massare combined, and this might make it
difficult to interpret a comparison between bimanual
tapping and a three-effedor condtion consisting o
two hands and orefoot. Given these mnsiderations,
we deded to combine the index finger andfoot in
the two-eff edor condition and focus on what happens
when the other index finger is added in the three
effedor condtion. We expeded that the alded
motor noise would be present in bah the two and
threeeffedor condtions, thus allowing a deaner
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assay of changesin total variability and estimates of
central variahility.

Method

Participants. Thirty-nine right-handed
undergraduates at UC, Berkeley participated in the
experiment in pertial fulfill ment of psychology
course requirements.

Procedure and Design. Eadch participant was
tested in three ©ndtions: single effedor (right finger
aone), two effedor (right finger and right foat), and
threeeffedor (right finger, right foot, and left finger).
At the beginning d ead bock, a message was
displayed onthe computer screen indicding the
effedor(s) for the forthcoming set of trials. The
participants were instructed to restrict movements to
the designated effedors. All other aspeds of the
design and procedure were identicd to Experiment 1
with the exception that only six trials were included
in ead block. The last 30 intervals during the
unpacel phese of ead trial were included in the
analyses. Trialsin which an interval was shorter than
200msor longer than 1000ms were repeded. An
error in the data aquisition program led to some
inconsistency in terms of the number of trials
colleded per condtion. For some participants, the
trials with aberrant intervals were not repeded; for
others, seven trialswere lleded per condition.
Thus, the ac¢ua number of trials per condtion varied
from 15to 21

Results and Discusson

All 39 participants were included in the
analysis. Overal, approximately 9% of thetrias
were repeaed because they contained at least one
aberrant interval. Asin Experiment 1, the long
intervals appeaed to result from instances in which
insufficient forcewas used to depressthe foat
resporse key.

There was littl e variation in the mean
produced interval aadossthe three ondtions. When
tapping with orly the right finger, the mean interval
during the unpacal phase was 536 ms. In bah the
two- and threeeffedor condtions, the means for all
of the dfedorswas 531 ms. Observation d the
participants performance & well as an informal
examination d the time series at the level of
individual trialsindicaed that the movements were
awaystightly couped (seeExperiment 4 for amore
formal analysis). Thedatain al condtions
conformed with the basic predictions of the two-
processmodel. Thelag 1 covariances were within
the boundary condtions for all condtions except for




Ivry et al., The multiple effector advantage

one participant in one condition (right foot during
two-effector tapping). Moreover, the covariance
functions were similar in all three conditions.

The within-effector variability
scores (calculated as deviations from the regression
line), as well as the component estimates of central
and motor variability are shown in Table 2. For the
statistical analysis, we focused on the data for the
right index finger and the right foot during the two-
and three-effector conditions. In terms of the
standard deviation scores, variability was lower
during three-effector tapping compared to two-
effector tapping, F(1,38)=38.9, p<.001. However,
the effect of the number of effectors differed for the
right finger and right foot as reflected in the
significant interaction, F(1,38)=38.3, p<.001. When
tapping these two effectors together, only the
intervals produced by the right index finger became
more consistent when the left index finger was
engaged. Thus, at least for the finger, the data are
consistent with the prediction that temporal
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increased when the left index finger was added in the
three-effector condition; for the right index finger,
motor variability decreased when the left finger was
added. It ispossiblethat adding an effector stabilizes
peripheral noise factors associated with similar
effectors (e.g., left finger and right finger), an idea
that could be tested by making the third effector the
left foot. Asin Experiment 1, it is also not possible to
determine if the effects here are related to the
homology of the two index fingers or their similarity
in mass (see Jeka & Kelso, 1995).

The above analyses of the overall standard
deviation scores and the estimates of central
variability provide a qualitative confirmation of the
predictions of the multiple timer model. From the
independent sampling assumption of the model, we
can also examine thisissue quantitatively. The most
straightforward test would be to use the estimate of
central variability for the right index finger in the
single-effector condition, and use that to predict the
estimates in the two- and three-effector conditions.

ITlgp Motor Delay
One Two Three One Two Three  One Two Three
R Finger 23.9 27.6 24.1 17.8 16.0 15.1 11.3 159 133
R Foot 29.4 29.4 17.1 150 169 179
L Finger 25.7 14.7 14.9

Table2 Standard Deviation of the inter-tap intervals and component estimates for Experiment 2.

variability will beinversely related to the number of
activated effectors. Note that the central estimate for
the finger was lower for the two- and three-effector
conditions compared to when the finger tapped alone.

Clearer support for the prediction of the
multiple timer model comes from the analysis of the
central variability component. Here, only the number
of effectors variable proved reliable, F(1,38)=4.4,
p<.05. Averaging over the right finger and right foot,
the estimate is 16.6 ms during two-effector tapping
and 15.0 ms during three-effector tapping. While the
magnitude of the effect is greater for the foot, the
interaction term did not approach significance,
F(1,38)=1.3, p>.25.

Unexpectedly, there was also areductionin
motor variability during three-effector tapping,
F(1,38)=4.5, p<.05, athough this main effect was
qualified by the significant interaction, F(1,38)=25.3,
p<.001. For theright foot, motor variability

The observed value during unimanual tapping was
17.8 ms. The predicted vaues for the two- and three-
effector conditions would then be 12.6 msand 10.3
ms. Both are considerably lower than the observed
values (see Table 2). Thisissimilar to what was
found for the finger-foot conditionsin Experiment 1,
and there we suggested that there may be new
contributions to central variability when combining
effectors of unequal mass.

An alternative way to derive quantitative
predictions based on the independent sampling
hypothesisis to use the central estimates from the
two-effector condition. For this, the average of the
observed estimates is multiplied by the square root of
2 to estimate the variability of the underlying
sampling distribution. Thisvalueisthen divided by
the square root of three, reflecting the number of
samples presumed to occur in the three-effector
condition. From this procedure, the predicted value
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of the central estimate during threeeffedor tappingis
13.5 ms. Althoughcloser to the observed value of
15.1 ms, the results again show that the improvement
in temporal performanceislessthan would be
expeded bythe strict version d the multi ple timer
model. To date, we have only ohtained the square
root of n reduction duing kimanual tapping.

Nonetheless the results of Experiment 2
show that temporal variability isreduced when three
effedors are used compared to two effedors. By the
logic of the multiple timer model, we would exped
that further reductions would be foundif more
effedors were alded to the mix. Of course, it would
becmme quite difficult to olserve such improvements
if we ae wrred in attributing these dfedsto the
exploitation d independent samples of temporal
representations. The multi ple eff edor advantage we
have dicited in these experiments may well be a
laboratory demonstration o a phenomenonlong
appredated by musicd performers. Most musicians
tap their fed or let their body sway when performing.
Even adrummer whois using a snare to maintain the
bea for agroupwill tap hisor her fed, even when
not using afoot pedal. These adions are intended to
stabili zetemporal performance The multiple timer
model provides amechanistic acourt of how thisis
achieved.

Experiment 3

Studies ontemporal variability in motor
control have generally involved repetitive
movements. Performanceis observed over cycles of
continuouws behavior to ask questions abou the
stability of diff erent phase relations (Schoner &
Kelso, 1988 or to examine whether people ae
cgpable of producing complex polyrhythms (e.g.,
Jagadnski, Marshburn, Klapp, & Jones, 1988
Krampe ¢ a., 2000. Similarly, in our work to date
onthe multiple eff edor advantage (Franz ¢ d.,
1996 Helmuth & Ivry, 1996 Ivry & Hazdtine,
1999, aswell asthe first two experiments of this
paper, we have dways required the participants to
produce aseries of pacel and unpacel intervals.
This has al owed us to apply the two-processmodel
in order to pertition the total variability into central
and motor implementation componrents.

However, astrong pediction d the multiple
timer model isthat temporal variability during
bimanual movements soud be reduced even when
participants are prodwcing single intervalsin
isolation. We tested this prediction in Experiment 3.
The participants were trained to producesingle
intervals by pressng the response key twice, onceto
mark the beginning d theinterval and orceto mark
the end o theinterval. After aninitial phasein
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which computer-generated tones were presented to
provide areferencefor the target interval, a set of
single intervals was produced with a variable delay
between eath production. In thisway, we obtained
data sets comparable to that obtained in the ealier
studies, but now ead interval was produced in
isolation rather than as a series of rhythmic
movements.

We asaume that the @ntrol processs, at
least for timing the intervals, are cmparable for the
singleinterval task asin the standard repetitive
tappingtask. Independent signals must be generated
for eath hand, indicaing the target delay between the
two taps. Asuming that the implementation o these
signalsisagain constrained by the output gate, we
expeded the observed variability during imanual
movementsto be lower than that found duing
unimanua movements. With this method we did na
exped to observe the square root of two reduction
sinceit isnot possbleto isolate cantral sources of
variability from those associated with motor
implementation. Nonetheless we tested the wegker
prediction that the multiple eff edtor advantage is not
dependent on the production d repetitive
movements.

This experiment also allows usto explore an
aternative hypahesis for the multi ple effecor
advantage. We have dtributed this effed to the
generation d multiple timing signals, one for eat
effedor. As uch, our model emphasizes an open-
loopasped of thetask, the central signals that
represent the target intervals. An dternativeideais
that when people use more than ore limb, there ae
new sources of feedbadk that could confer stability
on the movements of ead limb. The movements of
ead limb could serve as areferencefor the other
limb. For example, thetime & which orelimb
adivates the response key might be used to modify
the movement of the other limb. A model of this
form emphasizes a dosed-loopasped of the task.
Whileit is posdgble that feadbadk can be useful
during the production d single intervals, we might
exped that this ort of processwould be most viable
during a repetitive movement task. Observing the
multi ple eff edor advantage during single-interval
tapping would be problematic for a feadbadk-based
acourt.

Method
Participants. Twelve right-handed

undergraduates at UC, Berkeley participated in
Experiment 3.
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Procedure and Design. The participants
were only tested in finger tapping conditions, either
using their right hand aone, their left hand aone, or
both hands together. Asin the previous experiments,
atrial was composed of 8 paced and 21 unpaced
intervals. However, each interval was produced as a
separate entity. During the paced phase, two
computer tones were presented with a tone-onset
asynchrony of 400 ms. The 400 ms rate was chosen
since only finger movements were used in this study
and we expected the potential to use feedback would
be further reduced as the interval becomes shorter.
After adelay of 550 ms, 700 ms, or 850 ms., the
word "TAP" was displayed in the center of the
screen. The participants were then required to make
two keypresses, attempting to separate the two taps
by the target interval. The variable delays were
chosen so that the participants could not adopt a
rhythmic mode of responding. The presentation of
the tone pair was repeated 1 s after the second tap,
and this procedure was repeated until 8 paced
intervals had been produced. Following this phase,
the word "TAP was presented another 21 times
without the tones. The participants produced 21 pairs
of responses each time to produce the set of unpaced
intervals.” At the end of thetrial, feedback was
provided as in the preceding experiments. The
means and standard deviations for the paced and
unpaced phases were presented on the screen. The
instructions emphasized that the primary task wasto
achieve the lowest possible scores on the standard
deviation score during the unpaced phase. The fina
20 intervals during the unpaced phase were used in
the analyses reported below.

Each block consisted of 6 trials. Each
participant completed two blocks of tapping with the
right index finger alone, the left index finger alone,
and with both hands. The order of blocks was
counterbalanced with the constraint that each effector
condition was presented once every three blocks.

Results and Discussion

Only intervals that were greater than 200 ms
and less than 600 msin duration were included in the
analysis. Overall, about 2% of al of theintervals
failed to fall within this boundary. Most of these
occurred when the participant made his or her first
tap prior to the onset of the imperative signal. Since
the single interval method is not amenable to the two-
component analysis, we did not repeat the entire trial
when violations occurred, but rather simply excluded
the violations from the analysis.

The mean produced interval during the
unpaced phase was 403.9 msin the left-hand
condition and 404.4 msin the right-hand condition.
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Hand

For the bimanual condition, the means were 410.5
and 408.4 msfor the left and right hands,
respectively. No significant differences were
observed between these values.

We used the same detrending process asin
Experiments 1 and 2 prior to analyzing the variability
data. A regression line was calculated with the series
of 20 unpaced intervals and cal culated the variability
from thisregression line. This procedure minimized
the effects of any linear trend across the unpaced
phase that would result from the participants either
speeding up or slowing down. However, the
detrending procedure had only a slight change on the
variability measures and the results for the raw data
essentially mirror that observed with the transformed
data

The mean standard deviation scores are
presented in Figure 5. Ascan be seen in thefigure,
the multiple effector advantage was observed for
both the right and left hands. Averaging over the left
and right hands, the standard deviation was 23.0 ms
during unimanual tapping. During bimanual tapping,
thisvalue fell to 20.5 ms, F(1,11)=6.64, p<.03.
Neither the effect of hand, F(1,11)=1.341, p>.271,
nor the hand by number of effectors interaction,
F(1,11)=0.602, p>.454 were significant.

The multiple effector reduction is
considerably less than would be expected if two
independent signals were being averaged. However,
it is not reasonable to expect this prediction to hold in
the current experiment. Because the intervals are
being produced in isolation rather than as a
continuous series, we are not able to apply the two-

Right

Figure5
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processmodel to decompose the total variability into
central and implementation comporents. As
indicated previoudly, the multiple timer model
postulates that only the former would benefit from
the averaging operation. Nonetheless the absolute
sizeof the reductionislessthan was foundfor the
central estimates in the two-hand condtion o
Experiment 1 (see &so, Helmuth & Ivry, Experiment
1).

In summary, the results of Experiment 3
demonstrate that the multi ple eff edor advantage does
not require that the temporal intervals be produced as
a ontinuows fries. The reductionin within-effedor
was observed even when ead interval was produced
asaseparate entity. Thisfinding acwrds with the
predictions of the multiple timer model. Asin
repetitive tapping, we asume that central temporal
control signals are generated for ead hand, but that
the implementation d these mommandsis aibjed to
the operation d an ouput gate. The gateisassumed
to instantiate aform of averaging asit integrates the
two timing signals.

We do nd claim that a feedbad-based
hypahesisisruled ou by the arrent results. Two
successve taps produced the intervalsin the arrent
experiment. It ispaossble that aff erent information
from the two eff edors during these taps may till
provide reference signals that improve the temporal
stability of the singleinterval. However, the aurrent
results constrain haw such an acourt could acount
for the multiple eff edor advantage. First, the utility
of salient sources of feedbadk such asthe aynchrony
between when the two hands tap would be of
minimal help in the single interval condtionsince
thisinformation could na be used to adjust
subsequent resporses. Second, the aurrent design
eliminates any benefit that might come &ou from
rhythmic entrainment between the two hands over the
course of aseries of continuous movements. The
benefit of feedbadk, if relevant, would haveto be
restricted to that obtained during the murse of a
singleinterval.

Experiment 4

Numerous gudies have shown that temporal
variability onmotor and perceptual tasksisa
function d the target interval. Astheinterval to be
tapped or judged becomes longer, variability
increases. The nature of thisrelationship appeasto
follow aform of Weber'slaw in the temporal domain
such that the standard deviation dvided bythe mean
equals a wnstant value over arange of intervals (e.g.,
Getty, 1975 Ivry & Hazdtine, 1995. This
phenomenon hes been the focus of much theoretica
interest, with the scdar property indicaing that at
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least one major source of variability onsuch tasksis
multi pli cative, growingin a propationa manner
with the interval being represented (seeGibbon
Malapani, Dale, & Gdllistel, 1997 Killeen & Weiss
1987

In Experiment 4, we exploited this property
to test astrong pediction d the multiple timer
model. Spedficdly, the hypahesisthat independent
timing signals are averaged duing hmanual tapping
predicts that the magnitude of the multi ple eff ector
advantage shoud becme larger as variability
increases. At aquadlitative level, the predictionis
that, in terms of standard deviation scores, there
shoud be an interadion between the number of
effedors and the target duration. The reduction
during imanual tapping shoud beame greder as
the target interval islengthened. At aquantitative
level, the predictionisthat the slope relating the
increase in variability asafunction o the target
interval during hmanual tapping shoud be lower by
the square root of two than that observed duing
unimanual tapping.

Participants in Experiment 4 were tested on
the repetitive tapping task at four diff erent rates, 325
ms, 400ms, 475ms, and 550ms. This procedure
alowed usto test two key predictions with the two-
processmodel of Wing and Kristofferson (1973.
First, the logic of the model suggests that only the
estimate of central variability shoud increase athe
target interval (seeWing, 1980. Seandand more
important for the present purposes, we expeded that
the improvement during kimanual tapping would be
restricted to the estimate of central variability and
that the multi ple eff edor advantage would become
greder asthetarget interval increased. These
predictions foll ow from the asumption that
implementation variability arises from processes
downstream of the internal timing system and the
gating process That is, implementation variability is
asumed to be duration independent.

The ideathat temporal variability during
tappingis composed of duration-independent and
duration-dependent sources of variability also aff ords
aseoond, independent methodfor partitioning total
variability into comporent sources. In a series of
experiments, Ivry and Hazdtine (1995 applied a
procedure cdled slope analysisto show that a
common internal timing system was invoked in bah
motor and perceptual tasksthat require predse
timing. The essence of this procedure isthat the
dlope of the function relating the standard deviation
asafunction d the produced or perceved interval
provides adired estimate of the variability associated
with the internal timing system. One alvantage of
this procedure over the Wing-Kristoff erson model is
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that the slope analysis provides a more direct
estimate of timing variability. The Wing-
Kristofferson model estimates implementation
variability from the lag one covariance values and,
via subtraction, generates an estimate of central
variability. Thelatter, asaresidual, actually contains
al sources of non-motor variability, only one
component of which is associated with an internal
timer. In contrast, the slope analysis method isolates
duration-dependent variability and uses the intercept
to estimate all sources of duration-independent
variability, be they central or peripheral. Inthe
current study, we predicted that the slope values
would be lower during bimanual tapping than during
unimanual tapping. Changesin the intercept values
would indicate that the bimanual conditions alter the
contribution of other sources of variahility.

We also used the richer data sets of
Experiment 4 to explore between-hand measures of
temporal performance. At all four durations, the
movements in the bimanual condition should exhibit
strong temporal coupling given the task instructions
to move the hands in a synchronous fashion. A point
estimate of the phase relationship between the two
hands can be made from the time difference at which
the two microswitches are activated. From Figure 1,
it can be seen that the multiple timer model would
attribute these asynchroniesto variability in motor
implementation: While the commands to initiate the
two responses are issued simultaneoudly, peripheral
variability will influence the two hands
independently. From this perspective, two
predictions can be tested. First, it is expected that the
mean asynchrony will be invariant across the four
durations. Second, the standard deviation of the
distributions of the asynchronies should also remain
unchanged as tapping rate varies.

Finally, the phase differences can also be
used to obtain athird estimate of central variability.
Vorberg and Hambuch (1984) have proposed a
model for analyzing bimanual tapping datathat is
similar to the general structure of the multiple timer
model in terms of the division of central and
periphera sources of variability. In their model, a
singletimer is used to generate the target intervals for
each hand, and thus operates similar to the gating
operation we proposein Figure 1. Central variability
can thus be estimated by the between-hand
covariance. While this model cannot be applied to
single hand data, it does offer another method for
evaluating the change in temporal variability asa
function of tapping speed. We expect that the slope
obtained with this method will be comparable to that
derived from the slope analysis.
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Method

Participants. Ten subjects from the
University of California, Berkeley participated in the
experiment and were reimbursed for their
participation. Each subject was tested on four
different days and was paid $7/day for their
participation.

Procedure. Each experimental session was
devoted to repetitive finger tapping at one target
duration. A Latin Square design was used to
determine the order for the four test durations across
sessions. Within an experimental session, the
participant completed three blocks of tapping with
the right index finger alone, the left index finger
aone, or with both fingers together. A trial was
composed of 12 paced and 21 unpaced intervals, and
the participants produced six trials for each block, or
18 trials per condition. Trialsin which any interval
was less than or greater than 50% of the target
interval were repeated.

Data Analysis.
Three methods were used to estimate

component sources of variability from the time series
data. First, smilar to Experiments 1 and 2, we used
the Wing-Kristofferson model, a method that focuses
on the within-hand covariance function. Second, we
applied the slope analysis, a method that estimates
variability directly from the observed variance
measures (Ivry & Hazeltine, 1995). Third, we used
the between-hand covariance function to estimate
central variability (Vorberg & Hambuch, 1984). This
latter method can only be used in the bimanual
conditions.

Slope Analysis. The starting premise for the
dope analysisisthat total variability can be
partitioned into duration dependent (DD) and
duration independent (DI) components (Ivry &
Hazeltine, 1995):

Variance, , = Variance,, + Variance,  (5)

Duration dependent variability is assumed to reflect
the operation of an internal mechanism that provides
the timing signals needed to accurately initiate each
movement. Duration independent variability is
associated with the implementation of the responses.
By definition, duration dependent variability will
increase as a function of theinterval being timed
while the estimate of duration independent variability
will remain constant.

The relationship between temporal
variability and duration has been the subject of
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considerable study (seeKilleen & Weiss 1987). In
general, the literature indicates that a generalized
form of Weber'slaw haldsin the temporal domain
where the standard deviationisalinea function o
the base duration (Getty, 1975 Ivry & Hazdtine,
1995. Thiscan beformally expressed as

Variance,, = k'D’ (6)

wherek isthe Weber constant and D is the mean
inter-tap interval produced. Substituting Equation 6
into Equation 5and repladng the duration
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Vorberg-Hambuch model: As described
above, the between-hand covariancefunction
provides an estimate of shared variability between
the two hands during hmanual tapping. The key
asumption here isthat the shared comporent refleds
variability in the operation  a common central
signal, asignal that Vorberg and Hambuch associate
with an internal clock. The between-hand covariance
at lag O (i.e., for simultaneous intervals) will beless
than the within-hand variance becaise of noisein
motor implementation rocesses. That is, the two
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Figure 6. Component estimatesfor four target durationsin Experiment 4. The data
are plotted as a function of the mean produced interval rather than the target values

independent comporent with a constant, ¢, we obtain:;

Variance,,, =k'D’+c  (7)

A complete discusson aswell empiricd validation o
the slope analysis can be foundin Ivry and Hazdtine
(1995. Thisequation provides an excdlent acourt
of the datain bah time production and time
perception studies. Moreover, aternative
formulations (e.g., where the lineaity is assumed
between duration and the variancerather than
duration and the standard deviation) provide apoarer
fit with consistent negative intercepts.

For eat participant, aregresson analysis
based onEquation 7was performed for the four
functions, left and right hands during unimanual and
bimanual tapping. The primary analysis focused on
the slope and intercept values obtained from these
analyses. The square roct of the slope term yieldsk,
the Weber constant.

Figure 6

hands will produce norridenticd intervals because of
variability in implementing the right and left
resporses. Thus, by the Vorberg-Hambuch model,
an estimate of the variability of the central
comporent is obtained by:.

SD..,., = sart(Covar(Lag 0)) (8)

Note that because this caculationis based ona
between-hand measure, asingle estimate of temporal
variability isderived. The method daes not provide
separate estimates for the two hands.

Results and Discusson

Lessthan 2% of thetrials contained an
interval that was outside the 50% criterion window.
The low number here mmpared to Experiments 1
and 2likely refleds the fad that the participants were
tested over multi ple sessons.
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Wing-Kristofferson analysis: We begin
with the two-process model of Wing and
Kristofferson (1973). Asbefore, the effects of global
drift in the mean produced interval were minimized
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These data were analyzed in afour-way
ANOVA with the variables hand (left or right),
tapping mode (unimanual or bimanual), duration
(325, 400, 475, and 550ms), and component (central

Table3
Regression analysis results for experiment 4
Tapping Mode Slope Intercept R Weber Fraction
Left
Unimanual (001305 150.62  0.61 0.0337
Bimanual (000723 155.38 0.60 0.0272
Right
Unimanual (001447 97.64 0.83 0.0388
Bimanual g opopge3 18110  0.52 0.0271
V-H Andysis
Bimanual g opoogog4  -0.55 0.77 0.0295

by atransformation on the time series that removed
any linear components. The resulting within-hand
covariance functions were similar to those obtained
in the earlier experiments. Thelag 1 covariance was
negative for all 160 conditions (10 participants x 2
hands x 2 tapping modes x 4 durations), and the
valuesfor lags 2-5 were close to zero. There were,
however, four conditionsin which thelag 1
correlation was less than the theoretical limit of -.50.
For these conditions, central variability is estimated
to be zero. We assume these violations reflect noise
in the estimation process.

Figure 6 presents the estimates of central
and implementation variability at each of the four
durations. The data have been averaged over the left
and right hands to simplify the figure. As can be
seen, the estimates of implementation variability
remain essentially constant, although the mean value
in both the uni- and bimanua conditions for the 325
ms condition are slightly lower than for the other
three target durations. In contrast, the estimates of
central variability increase across the range of
durations. While there are no systematic differences
between the uni- and bimanual conditions on the
implementation scores, a consistent bimanual
advantage is observed with the estimates of central
variability. The magnitude of this advantage appears
to increase for the longer target durations.

or motor delay). Our initial focusis on the basic
guestion of whether temporal variability increases as
afunction of duration. As expected, a main effect of
duration was observed, F(3,27=20.2, p<.001). The
two-process model makes a more specific prediction:
The estimate of the central component should
increase with duration whereas the estimate of the
motor delay component should remain invariant.
Thus, there should be a Component x Duration
interaction. Indeed, thisinteraction wasreliable,
F(3,27)=3.3, p<.05. While the central and motor
delay estimates both increase over the four durations,
the interaction reflects the fact that the increase is
significantly greater for the estimate of the clock
component. We did not find areliable difference
between the two hands, F(1,9)<1, nor was there an
interaction between the hand and component
variables. Thus, unlike in Experiment 1 and Helmuth
and lvry (1996), we did not find a right-hand
advantage on the estimate of motor variability with
these more experienced participants.

Turning to the comparison of uni- and
bimanual tapping, a highly significant effect was
observed for tapping mode, F(1,9)=42.4, p<.001,
indicating that overall, performance was consistently
less variable during bimanual tapping. This effect is
qualified by the interaction between tapping mode
and the component variable, F(1,9)=17.9, p<.01.
There was no difference between the motor delay
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estimates in the unimanual (9.6 ms) and bimanual
conditions (9.8 ms). In contrast, the estimates of the
central component for the uni- and bimanual
conditions were 12.5 ms and 9.5 ms, respectively.
Thus, the multiple effector advantage was restricted
to the estimate of central variability. The Tapping
Mode x Duration interaction was marginally
significant, F(3,27)=2.6, p<.08. Ascanbeseenin
Figure 6, the increase in variability tended to be
greater in the unimanual condition compared to the
bimanual condition.

Based on the multiple timer model, we had
predicted a three-way interaction of Tapping Mode x
Component Estimate x Duration. Specifically, we
expected that the increase in variability as afunction
of duration would be greater in the unimanual
condition, but only for the estimate of the central
component. Thisinteraction, however, did not
approach significance, F(3,27)<1. One reason for the
failure of thisinteraction to hold isthe drop in the
motor estimate for the shortest target interval.

Slope analysis. The slope analysis provides
an aternative to the two-process model that is not
dependent on indirect estimates of component
sources of variability. The slope analysisis
performed on the observed data, thus avoiding
problems that may arise from error in the estimation
process. Using Equation 7, regression analyses were
performed on the four functions produced by each
participant (left and right hands during uni- and
bimanual tapping). The results of these analyses are
presented in Table 3. While the percentage of
variability accounted for by alinear component was
reasonably high, there were a number of individual
cases in which the values were quite low. Itislikely
that the low values reflect the fact that the data sets
are not extensive (18 trials/condition) and the order
with which individuals were tested on the four
durations varied. Note that the R* valuesin Table 3
are the average of the individual values. If a
regression was performed on the averaged data, the
R? values would be greater than .96 for three of the
conditions and .87 for one condition (bimanual right
hand).

The slope and intercept data were analyzed
in separate 2 (hand) x 2 (tapping mode) ANOVAS.”
For the slope values, there was a significant effect of
tapping mode, F(1,9)=5.7, p<.05. As predicted by
the multiple timer model, the slope was reliably
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lower in the bimanual condition, indicating that the
advantage became greater as the target duration
increased. Thus, the multiple effector advantage is
manifest as a multiplicative reduction in temporal
variability rather than as a constant (additive)
improvement. The effect of hand, F(1,9)=1.1, p>.3
and the Mode x Hand interaction, F(1,9)<1.0, were
not significant. None of the effects were significant
for the intercept terms.

The Weber fractions are calculated as the
square root of the slope values. These fractions
indicate the magnitude of temporal variability asa
function of the target interval. In the unimanual
conditions, the Weber fractions were between 3-4%,
values that are similar to those reported in the
literature (e.g., Ivry & Hazeltine, 1995). Inthe
bimanual conditions, the Weber fractions dropped to
under 3%. Theoretically, the multiple timer model
predicts that the Weber fraction during bimanual
tapping should be equal to the Weber fraction during
unimanual tapping divided by the square root of two.
The predicted and observed values for the left hand
during bimanual tapping are .024 and .027,
respectively. Thus, the improvement during
bimanual tapping is dightly less than predicted. The
predicted and observed values for the right hand are
identical, .027.

Vorberg-Hambuch analysis: Estimates of
central variability based on the between-hand
covariance were calculated according to Equation 7.
Aswould be expected of a measure of timing
variability, these estimates increase with duration,
and theincrease is generaly linear. The mean
regression values for these data are included in the
bottom row of Table 3. Note that the mean R*value
over individuals here is quite high. While this
method can not be used to compare uni- and
bimanual tapping performance, it does provide an
independent method for calculating the change in
variability across durations during bimanual tapping.
The Weber fraction cal culated with the between-hand
covariances is.029 (square root of the slope,
calculated on an individual basis). Thus, we find
excellent agreement between the Weber fractions
when measured using the within-hand variance data
in the slope analysis and the between-hand
covariance datain the Vorberg-Hambuch analysis.
Thisresults lends strong support for the assumption
that these analytic tools are estimating a common
construct.
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Figure7. Asynchrony datafor experiment 4. Negative values for the mean phase difference data
indicate left hand leading. Positive values are for right hand leading. The data are plotted asa
function of the mean produced interval rather than thetarget values.

Tapping asynchrony analysis: The
asynchrony between the left hand and right hand
responses was calculated for each interval during
bimanual tapping. From these data sets (18 trials x
30 intervals per trial), the distribution of the
asynchronies was tabulated. These distrubutions
were approximately normal and their means and
standard deviations are shown in Figure 7.

Based on the multiple timer model, we
would expect the mean and standard deviation values
to remain invariant over the four durations. This
prediction is based on the assumption that the
asynchronies result from motor implementation
processes. There may be aconsistent lead in one
hand over the other; for example, lower
implementation noise in the dominant hand might
result in right hand responses being initiated prior to
left hand responses. However, we would expect this
asymmetry to remain constant over the range of

target intervals. Similarly, the variability of the
asynchronies should be independent of duration.
Contrary to these predictions, an effect of duration
was observed for both the mean phase difference,
F(3,27)=5.6, p<.01, and the standard deviation of the
phase differences, F(3,27)=6.6, p<.01. Thereisno
consistent effect of one hand leading the other for the
target durations of 400 ms, 475 ms, and 550 ms.
However, for the fastest duration of 325 ms, the right
hand led the left by over 8 ms on average. Note that
variability islargest for the fastest interval, aresult
opposite that found in the variability of the tapping
intervals themselves. As with the mean asynchronies,
the standard deviation of the asynchrony distributions
remains relatively constant across the three longer
intervals.

Taken together, these data provide mixed
support for the predictions derived from the multiple
timer model. For the three slower target durations,
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the mean and standard deviation d the asynchrony
distributions were @mnstant. However, diff erences
were observed at the fastest rate of 325ms. It
remainsto be seen why the asynchrony measures
changed at thisfastest rate. One paosshility isthat the
participants increeased the stiff nessof their finger in
the 325ms condtion. Such an increase might make
it easier to tap at thisrelatively fast rate, perhaps
because the finger movement can betriggered by a
smaller descending vdley. Asuuming such a change
had a more pronourced effed on the dominant hand
could acoourt for both the lead in right hand tapping
and an increase in the asynchrony variability. This
hypahesisis, admittedly, speaulative. Another
posshility isthat some of the participants adopted a
different tapping strategy for the fastest condtion.
The mean phase lea for the right hand was over 10
ms for four of the participants; for the other seven, it
was lessthan 5ms.

An aternative way to examine the
asynchrony dataisin terms of relative phase
differences, that is, by dividing the asynchrony value,
the point estimate of relative phase, by the produced
interval. Expressed thisway, the standard deviations
of the phase diff erences for the target durations of
325ms, 400ms, 475ms, and 550ms are 15.3°,
11.0°,9.0°, and 7.5°. Thischangewould be
consistent with the hypahesis that the couping
strength between the two limbs becomes gronger as
the tapping rate slows down. Itisnot clea why ore
would find a cncomitant change in the mean phase
difference d the fastest frequency. Moreover, this
deaease is aso what one would exped given that the
standard deviation o the asynchronies remains
relatively constant acossthe four target durations.

Summary: Experiment 4 was designed to
provide astrongtest of the multiple timer model. We
have proposed that the output gate performs aform
of temporal averaging when provided with
independent temporal control signals during
bimanual movements. Based onthis prediction, we
would exped the multi ple eff edtor advantage to be
multi pli cative rather than additive. Wetested this
prediction by having the participants perform the
repetiti ve tapping task under uni- and hmanual
condtions over arange of target intervals. In aceord
with ou predictions, an interadion was observed
between tapping mode and duation. The multiple
effedor advantage became larger asthe target
interval increased. Thisinteradionwas observed
with two analytic techniques designed to isolate
central variability, the Wing-Kristoff erson model and
the slope analysis of Ivry and Hazdtine (1995.
Moreover, the magnitude of the improvement as
measured bythe dhange in slope from the unimanual
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to bimanual condtions was close to what would be
expeded based onan averaging hypdhesis. Finaly,
the results of Experiment 4 are in acard with
previous gudies showing that variability associated
with motor implementation processes remains
constant over arange of tapping rates.

General Discussion

Asdescribed by Helmuth and Ivry (1996),
people beaome more ansistent in producing a series
of isochronots intervals when the movements are
produced by more than ore effedor. In their initial
studies, the multi ple eff ector advantage was observed
for bimanual movements requiring hanologows
movements (i.e., bimanual finger tapping) and non
homologous movements (i.e., tapping with ore finger
and ore foream). The aurrent experiments examined
the generality of this phenomenon Moreover, the
experiments were designed to test the multi ple timer
model propased by Helmuth and Ivry to acourt for
the multi ple eff edor advantage.

Evauating the sssumptions of the multi ple timer
model

In Experiment 1, we observed that the
multi ple eff edor advantage was quite robust, holding
over various movement combinations involving the
finger andfoot. There was no apparent difference
between movements that involved effedors on
different sides of the body (e.g., right finger and | eft
foot) compared to movement that involved eff edors
on the same side of the body(e.g., right finger and
right foot). Using the two-processmodel of Wing
and Kristofferson (1973, the improved temporal
variability was attributed to areductionin the
estimate of central variability. Indeed, overall
variability tended to become larger when the
participants were asked to tap with limbs of unequal
mass(see &so, Helmuth and Ivry, 1996). This
increase is assumed to result from instabiliti esin
generating dfferential forcesto adivate the
asymmetric limbs (Jeka & Kelso, 1995.
Nonetheless the variahility associated with the
operation d an internal timing system was aways
reduced for all effedor combinations.

The multiple timer model propases that the
improved temporal performanceis the statistica
consequence of the control operations required in the
production o multiple effecor rhythmic movements.
We asaume that these operationsinclude timing
medhanisms that regulate the timing o ead cycle.
At this paint, we do nd make spedfic daims abou
how thisregulationis acieved. It may bethat a
central command initi ates ead cycle, triggering the
onset of the downstroke of the movement during
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finger or foot tapping. Or it may be that the central
command isin terms of arepresentation of the
desired temporal pattern to be formed by the contact
of the effector with the response board (Billon,
Semjen, & Stelmach, 1996). What is essential to our
model isthat arepresentation of the target interval is
generated for each cycle and it is this representation
that provides the primary control of the timing of the
movements. Most critical, we assume that these
representations are effector-specific. For each
effector that is engaged in the task, an independent
representation of the target interval is generated to
control the movements of that effector.

However, asoutlined in Figure 1, we
assume these central representations do not have
direct accessto their associated effectors. Rather, the
implementation of the commandsis constrained by a
gating operation, allowing the movementsto be
produced in a synchronized fashion. We propose that
the manner in which the gating operation integrates
the effector-specific signals effectively actsasan
averaging device, and it is this averaging process that
underlies the multiple effector advantage (Helmuth
and Ivry, 1996). In essence, the advantageis
hypothesized to be a manifestation of the central limit
theorem. Variability is reduced as the sample size
becomes larger. The constraint imposed by the gating
operation may result from the task demands. In our
studies, we require that the movements be produced
in a synchronized fashion. However, across arange
of bimanual tasks, people have great difficulty in
achieving temporal independence, even in situations
designed to promote such independence (Franz,
Eliassen, Ivry, & Gazzaniga, 1996; Kelso, Southard,
& Goodman, 1979; Krampe et al., 2000; Zanone &
Kelso, 1997). These observations suggest that the
gating constraint may reflect afundamental limitation
in the motor system, perhaps providing a means for
reducing control requirements by ensuring that
selected actions are implemented in a coordinated
fashion (Ivry & Hazeltine, 1999; Ivry & Richardson,
in press).

Experiments 2, 3, and 4 tested specific
predictions of the multiple timer model. In
Experiment 2 we observed a further reduction in
within-effector temporal variability when athird limb
was added to the mix. We attribute this reduction to
the activation of athird representation of the target
interval and the added benefits obtained when the
gating operation is now provided with three inputs.
We assume that temporal stability would continue to
improve as more effectors were engaged, although
our ability to empirically observe this benefit would
become difficult given that the magnitude of the
improvement decreases with each additional effector.
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Experiment 3 demonstrated that the multiple
effector advantage was not dependent on the
production of repetitive movements. A significant
reduction in within-effector variability was found
even when the participants produced each interval in
isolation. Thus, the effect does not depend on some
sort of entrainment process.

Experiment 4 used a different approach to
test a quantitative prediction of the multiple timer
model. In this study, the target duration was varied.
The multiple effector advantage was expected to hold
across all tapping rates. More critical, given that the
standard deviation is proportional to the interval
being timed, we would expect the magnitude of the
reduction to increase as the inter-tap interval is
lengthened. This prediction was confirmed. Not
only was the tapping mode by duration interaction
significant, but the observed slope during bimanual
tapping was close to that predicted by the model.
This study provided anovel demonstration of the
advantage of the slope method (Ivry & Hazeltine,
1995). This procedure offers an alternative tool for
identifying component sources of variability, one that
attempts to directly measure central variability rather
than use the indirect, subtractive approach of the two-
process Wing-Kristofferson model.

While the hypothesis of multiple timers may
not seem parsimonious, there are a number of
appealing features of this sort of model. First, the
model does not require that a single clock be
accessed by different tasks. Although outside the
scope of this paper, we assume that distinct neural
elements are not only linked to specific effectors, but
are aso tuned to represent specific intervals, an idea
promoted in a number of recent papers (e.g., Ivry,
1996; Meegan, Adlin, & Jacobs, 2000; Rosenbaum,
1998; Wright, Buonomano, Mahncke, & Merzenich,
1997). Thus, we assume that there exist a set of
timing elements to regulate tapping at different rates
with one effector, and that this organization is
repeated for other effectors (Ivry, 1996). By
assuming that the exact circuits required for
representing temporal information will vary from
task to task, the anatomical prerequisites would seem
to be simplified. The circuitry for an amodal, single
mechanism would have to be quite complex, having
the capability to broadcast asignal to all output
systems. Note that in the multiple timer model,
correlations across different temporal tasks (e.g.,
Keeleet a., 1985) do not reflect the operation of a
single clock, but rather the fact that the timing system
asawholeis associated with common noise
properties. Thus, the model is consistent with the
hypothesis that temporal representations may depend
on the operation of a common timing system (e.g.,
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the cerebellum), but within this system, elements will
be recruited in atask-specific manner.

Second, the gating constraint may help
ensure that all movements generated at any one point
in time are coordinated or, at least, not mutually
exclusive of one another. For example, if competing
actions, one calling for moving the right hand
forward and the other for moving the right hand
backward were simultaneously active, inhibitory
connections between these gestures would make it
unlikely that either gesture would achieve sufficient
activation to cross threshold. In this sense, the gate
captures the idea of awinner-take-all process (Berns
& Sejnowski, 1996).

At present, we have focused exclusively on
tasks in which the instructions emphasi ze that the two
limbs should move in a synchronized fashion. Our
motivation for this approach comes from the fact that
predictions derived from the multiple timer model are
straightforward when the gating process is assumed
to occur simultaneously for both limbs. However,
movements can be coupled, even when they are not
synchronized. For example, during paced, anti-phase
tapping, only one limb is synchronized with the
pacing signal if we define synchronization by events
such as the time of contact with the response key and
the pacing signal. Nevertheless, the stability of anti-
phase tapping suggests the persistence of strong
temporal coupling. It remainsto be seen how the
multiple timer model can be extended to such tasks.
One possibility isthat under such conditions, the
timing signals for each limb are not integrated.
Indeed, Ivry and Richardson (in press) suggest that
the instability that emerges when frequency is
increased during anti-phase tapping may reflect
unwanted interactions between the separate timing
signals. A second hypothesisisthat hierarchical
temporal representations are generated to ensure that
successive actions continue to exploit the
simultaneous operation of the gating process. For
example, during 2:1 tapping the gate might operate at
the fastest beat, but only initiate movement for the
slower hand on every other cycle (Krampe et al.,
2000; Semjen & lvry, in press; Vorberg & Wing,
1986). These are obviously important questions for
future study.

Can the multiple effector advantage result from
feedback between the two limbs?

While we have focused on the multiple
timer model in our account of the multiple effector
advantage, it isimportant to consider aternative
models. One alternative is based on the idea that
feedback signals generated during multi-effector
movements can lead to reduced temporal variability.
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During unimanual tapping, feedback is, of course,
available from multiple sources including the clicks
generated when the response keys reach their
maximal excursion as well asfrom the
somatosensory input from the moving effector.
When tapping with two hands, these sources of
feedback are now available from both hands, perhaps
resulting in more salient feedback signals. Moreover,
an additional source of feedback can be obtained by
comparing the movements of the two hands. For
example, adiscrete feedback process could monitor
the asynchrony between the two hands at the start
and finish of each tap, or a continuous feedback
process could monitor the phase relationship between
the two hands throughout the movement cycle. Such
feedback signals during bimanual tapping would
seem to offer an opportunity to make adjustments for
deviations in performance that were not possible
during unimanual tapping.

At present, our preference for the multiple
timer model is based on a set of indirect arguments
against the feedback hypothesis. First, the multiple
timer model isarelatively straightforward extension
of the Wing and Kristofferson (1973) model. In their
two-process model, the estimation of central and
motor estimates of variability assumes that the clock
and motor implementation processes operate
independently of one another and that successive
outputs from each process are independent. Studies
with neurologically healthy (e.g., Wing, 1980; Ivry &
Hazeltine, 1995; see Pressing, 1999) and impaired
populations (e.g., Ivry & Keele, 1989; Ivry et d.,
1988) have, in general, provided strong support for
these basic tenets, at least when the inter-tap interval
islessthan 1 s. Inthe multiple timer model, the same
processes operate during multiple effector
movements; by afeedback model, we would have to
assume that new processes come into play during
such movements. Of course, as noted in the
preceding paragraph, the multiple effector condition
affords new sources of information.

We have conducted simulations of feedback
models to evaluate the viability of such an approach.
These simulations have taken various forms. For
example, in one simulation, we assumed that asingle,
central timing command was projected to al
effectors. Any asynchrony between the two handsis
attributed to independent variability in motor
implementation processes (e.g., Vorberg &

Hambuch, 1984). This asynchrony could then be
used to make adjustments in the timing of the
responses. In another simulation, we retained the
idea of multiple clocks and independent
implementation processes, but again used the
resultant asynchrony to adjust the timing of the
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responses. For the adjustment, we opted for the
simple method. If the left hand led the right by X
ms, we delayed the next tap of the left hand by X/2
ms and increased the tap of the right hand by X/2 ms
(after obtaining the next clock and motor
implementation samples for each hand). It turns out
that models in which the asynchrony on Response N
is used to adjust the timing of Response N+1 end up
leading to an increase in overall variability.

At first glance, it might seem counter-
intuitive that feedback would impair performance.
However, this phenomenon has been observed in
other conditions. For example, variability during
both unimanual and bimanual tapping is significantly
larger if the pacing signals are preserved over the
entiretrial (unpublished observations). Thiscostis
observed even though the multiple effector advantage
continues to be manifest. Similarly, the visua
feedback available when two individuals tap with a
single finger leads to an increase in the within-subject
temporal variability (Helmuth & lvry, 1996).
Pressing (1999; see also Vorberg & Wing, 1996) has
formally analyzed the feedback situation, arguing in
addition to the clock and motor implementation
sources of variability, paced tapping introduces a
novel source of variability associated with the
utilization of the error signal generated by the
mismatch between the pacing signals and the taps.
Similarly, we have all experienced the problem of
over-correction when calibrating a motor skill such
as dart throwing. We tend to assume that all of the
error iscentral in origin; we fail to recognize that a
proportion of the error is more periphera in nature
(e.g., Schmidt, 1975).

Our simulations have all been based on the
ideathat feedback signals are used in arelatively
discrete manner. Asynchronies between the two
hands on one response are used to adjust the timing
of the next response. An alternative procedure would
be to use feedback in a continuous manner. For
example, a proprioceptive-based feedback process
could continuously monitor the phase relationship
between the two hands and make adjustments to keep
this difference near zero. Such a process would
surely reduce the variability of each hand (see below
for aqualitative description of thisidea). Whether
such processes are viable during tasks such as
repetitive tapping remain unclear. Studiesinvolving
multi-joint movements such as throwing, however,
have shown that the timing of the finger release is
unaffected by perturbations during elbow extension
or wrist flexion (Hore, Ritchie, & Watts, 1999).

In addition to our theoretical explorations,
we have also tried to empirically evaluate the
feedback idea. In the present paper, we found that
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the multiple effector advantage was evident even
when the intervals were produced in isolation. These
results argue against the idea that the improved
tempora performance results from some sort of
extended entrainment between the two limbs during
cyclic movements. However, the interpretation of
these data provides, at best, aweak test of afeedback
hypothesis. Firgt, the participants did produce tapsto
mark both ends of the interval in this study and thus
could have used feedback from the first tap to adjust
the timing of the second tap. Second, the magnitude
of the effect appeared to be considerably less than
what would be predicted by the averaging model.

A second line of evidence against a
feedback model rests on the finding that the multiple
effector advantage was obtained in a split-brain
patient, even when this patient tapped with her
fingers (Ivry & Hazeltine, 1999). Whilethereis
ample opportunity for cross-talk of afferents from
proximal muscles, including bilateral projectionsto
somatosensory cortex, the ascending pathways from
their fingers are thought to project exclusively to the
contralateral hemisphere (e.g., Guillemot, Richer,
Prevost, Ptito, & Lepore, 1987; lwamura, 2000;
Shanks, Pearson, & Powell, 1985). Nonetheless, the
bimanual finger movements of the patient remained
tightly coupled (see aso, Tuller, & Kelso, 1989) and
the within-effector variability was significantly
reduced for each hand during bimanual tapping. In
this study care was taken to eliminate auditory and
visual sources of feedback. Thus, it isunclear how
afferent information from each hand would be able to
influence the movements of the other hand.

Despite these arguments, definitive
evaluation of the feedback hypothesis remains a goal
of future research. One approach would be to
introduce perturbations during the movement cycle
for one hand and evaluate the effects on the other
hand. However, we do not doubt that people can
(and will) use feedback. The question iswhether this
information can lead to reduced temporal variability.
A more dramatic approach would be to test patients
who suffer peripheral neuopathies that render them
functionally deafferented. Such patients, especialy
those with intact output pathways, are rare.

The multiple timer model considered within the
dynamic systems framework

A second alternative is to consider the
multiple effector advantage from the perspective of
the dynamic systems framework. This approach has
been extremely prominent in the field of motor
control. Indeed, the influential work of Kelso,
Turvey, and their colleagues was initially developed
from the experimental analysis of bimanual
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movements (Kelso, 1997 Kugler & Turvey, 1987,
athoughthe gproach has now been applied to a
wide variety of task domains. The focus of thiswork
has been oninter-limb coordination. For example,
the couped oscill ator model provides an elegant
description d the stability of certain phese
relationships and the transitions observed as various
control parameters are varied (Schoner & Kelso,
1988.

With the exception d only a wupge of
studies (e.g., Yamanishi et al., 1980 seeSemjen &
Ivry, in presg, the temporal stability within ead limb
has been of seaondary concern within the dynamic
systems approach. However, at adescriptive level,
an acourt of the multiple eff ector advantage can be
conceptuali zed within the framework of a couped
oscill ator model. Consider the limit cycle, the
dynamic state that describes dable ondtionsduring
repetitive movements under condtionsto producein-
phase movements (Figure 8). Noise can have two
effedsonthe position d a single oscill ator moving
aongthelimit cycle. Firgt, it can perturb the
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Figure 8. Reduced timing variability from
coupled oscillators. Repetitive movement is
depicted asa limit cycle in which velocity
variesin a continuous manner with position.
Panel A: Perturbations of a single oscillator off
of the limit cycle will be corrected dueto the
stable nature of the limit cycle. Panel B:
Perturbations along the limit cycle are not
corrected since performanceis stable at all
pointson thelimit cycle. Panel C: In bimanual
tapping, perturbations along thelimit cycleare
corrected dueto the coupling between the
oscillators.
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oscill ator to aposition df of the limit cycle. Such
perturbations would be mrreded dueto the atradive
forces of the limit cycle. Seoond, it could perturb the
oscill ator alongthe limit cycle. During unimanual
movements, such perturbations would go
uncompensated: all paositions alongthe limit cycle ae
stable (Figure 8a). However, during hmanual
movements, ead oscill ator also can be

conceptuali zed as point attradors and thus provide a
means for adjustment (Figure 8b).™ This description
can be seen asoneinstantiation d a continuows
feedbadk model. We would assume that the control
parameters (or output signals correspondng to the
current phase) are equivalent for the two oscill ators,
refleding the dfeds of couping and the task
requirementsto tap in phese. Perturbations that
impose phase deviations are asumed to refled noise
and the ajustment to such ndase would in esence
constitute afeadbadk process Alternatively, a
comparison could be made of the state of the output
signals and an adjustment made if these signals were
out of phase with ore ancther.

There ae points of similarity and dfference
between the multiple timer and couped oscill ator
models. Both models posit separable timing
medahanisms for ead limb, aswell as aform of
coufding between the outputs of these mecdhanisms.
In asense, the multi ple timer model entail s a spedfic
type of couped oscill ators. The model is, of course,
dynamic, in that it attempts to aceount for the time-
varying interadions that occur between the processes
associated with the movements of ead effedor
(Schérer, 2000. However, the ougingisof avery
different form than that articulated in current forms
of the wuped oscill ator model. Rather than
conceptuali zing couding as a mntinuows process the
gating operation operates as a threshold mechanism,
introducing alevel of discretenessin the interadions
between central control processes and movement
implementation processes. Thisthreshold process
provides cougingin two ways. First, there aethe
interadions between the adivation functions of the
timing mechanisms, an interadion that culminatesin
the common gating d the output signals and ensures
that the movements are generated in a synchronous
fashion. Second, there isthe mutual resetting o eat
timer for the next cycle following the triggering o
the gate. These properties of the hypahesized gating
operationimpose adiscontinuity onthe dynamics. A
consequence of thisdiscontinuity isthat the formal
approaches developed for coupded oscill ator models
are difficult to adapt to the multi ple timer model
(Schérer, 2000.

Empiricdly, we have sough to identify
places where the models diverge. Schmidt et al.
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(1990 looked at the dynamics during repetitive
movements when the movements were produced by
different individuals. In this experiment, two
individuals facad ead ather and eaty moved ore leg
in time with a metroname. Similar to what had been
observed in traditional within-individua
experiments, the movements of the two individuals
were tightly couped, and when the frequency
incressed unckr anti-phase anditions, a phase
transition was observed. Thisled the authorsto
argue that the cuped oscill ators operate & an
abstrad level; a mmon framework can be used to
acourt for dynamicd interadions that arise within
an individual and between individuals.

Helmuth and Ivry (1996 examined this
sameisaein afinger tapping study, but with the
focus onwithin-eff edor variability. Contrary to the
results of Schmidt et al. (1990, this dependent
variable showed a striking dff erence between the
within- and between-individual condtions. The
multi ple eff edor advantage was only foundin the
within-individual condtion; for the between-
individual condtion, total variability and the estimate
of central variability increased. Thisincreaseis
likely simil ar to that observed when tapping with a
padng signal with the paang signal now being the
other person's finger movements. The ladk of
reduced temporal variahility in the between-
individual condtionisin acord with the multiple
timer model. As Ketched in Figure 1, the gating
processwould nd be expeded to recave inpu from
the timing mechanism of ancther individual!

We have dso sought to identify predictions
that are spedfic to the multiple timer model. The
prediction that central variability will be reduced by
the square root of two and the reduced slope
describing tempora variability asafunction d
duration are two such examples. The results of
Experiments 1 and 4in the aurrent study aswell as
the findings of Helmuth and Ivry (1996 provide
reasonable suppat for these predictions, at least
when the movements are produced by eff edors of
similar mass Thus, the data ae mnsistent with the
quantitative predictions of the multi ple timer model.
Of course, tests that confirm ahypathesis offer a
wedker form of argument than tests that disconfirm
an dternative hypahesis. At present, however,
quantitative predictions based onthe couped
oscill ator model are not as constrained as those based
on the multiple timer model.

The relationship between the multiple timer
and couped oscill ator models remains an issue for
debate. At one level, the two seem quite disparate.
Certainly the isaue of discrete versus continuows
couding shoud beripefor investigation (see
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Schonrer, 1990for atheoreticd analysis of the
relationship between dscrete and continuous
movements from a dynamic systems perspedive).
On the other hand, the two approaches may be
compatible, offering dfferent levels of description.
The mupded oscill ator model offersarich, abstrad
description d the dynamics acossawide range of
movement condtions. The multiple timer model is
narrower, spedfying comporent processsinvolved
in the control and coordination o timed movements.
In itsfavor, the multi ple timer model embodes
spedfic hypaheses concerning the cntrol processes
involved in the temporal representations for such
movements and the dynamics that all ow these
movementsto be wuped. Whether the basic ideas
can be extended to provide more general principles
of coordination, for example those observed with
different coordination modes as well asthe
transitions observed between coordination modes,
remainsto be seen.
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Notes

F1. In the simulations, the means and variances for
the interval distributions were based on estimates of
the central variance in Helmuth and Ivry (1996),
derived according to the two-process model of Wing
and Kristofferson (1973). We aso added an
additional delay to represent the time required to
implement a motor command. The delay
distributions were independently sampled for the left
and right hands, using a fixed mean for the two hands
and distribution variances based on the observed
unimanual data.

F2. To minimize feedback even further, we would
have preferred to have the participants produce a
single response for each interval. We piloted a study
in which the onset of the interval wasindicated by a
tone and the participants were instructed to produce
one tap, marking the end of the interval. However,
the participants were considerably more variable,
both in terms of the mean interval produced and
variability of the produced intervals with this
method. Another alternative would have been to ask
the participants to make one response by pressing
and holding the key for the requisite interval.
However, this type of movement would also likely
involve two sub-movements, one related to the hold
phase and the other related to the lift.

F3. One participant produced a negative slope in two
of the conditions, indicating that she was more
variable when tapping at the faster rates. The
statistics were run twice, once with her data included,
and once with her data excluded. No differences
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were seen in the two analyses © we only report the
statistics involving the complete data set.

F4. We thank Gregor Schorer for his helpful
discussonsin developing these idesas.
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