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Cooperative tapping: Time control
under different feedback conditions
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The same isochronous tone sequence was presented simultaneously to two mutually isolated
subjects. In half the trials, accentuation in this sequence was accomplished by doubling the du-
ration of the first and then of every fourth tone; in the other half, by doubling the frequency
of those tones. The subjects’ task was to follow the rhythm of the resulting four-tone patterns
by finger tapping to tone onsets. There were four auditory feedback (FB) conditions: (1) no FB;
(2) FB from the subject’s own motor responses; (3) “alien” FB from the motor responses of the
other pair member who, in turn, was listening to FB from his/her own tapping; (4) mutually
“crossed” FB, where each pair member listened to FB from the tapping of the other. Tap onsets
regularly preceded stimulus onsets. The observed order of the amount of this anticipation (from
least to greatest) was: (1) own FB, (2) no FB, (3) alien FB, and (4) crossed FB. No mutual dynamic
influence between simultaneously performing subjects was detected. Anticipation was more pro-
nounced for sequences that were accentuated by frequency rather than by duration changes. The
type of accent also influenced timing of intertap intervals in the rhythmic patterns. For the fre-
quency accent, regular timing was produced, whereas for the durational accent, shortening of
the second and lengthening of the fourth (the last) intertap interval were observed. The presence
and source of feedback as well as the character of accentuation are therefore relevant factors

in the timing of auditorally controlled rhythmic motor behavior.

There are several possible internal sources of random
error in the precise timing of repetitive movements, such
as fluctuations in sensory transduction, variance in the mo-
tor system, and so forth (see, e.g., Vorberg & Hambuch,
1984; Vos & Ellermann, 1989; Wing, Keele, & Margo-
lin, 1984; Wing & Kristofferson, 1973). The same sources
also might be responsible for random and systematic er-
rors indicating the limits in precision and accuracy of the
underlying processes responsible for timing in sensori-
motor synchronization. Subjective timing in synchroni-
zation of simple motor responses with repetitive sequences
of stimuli has been studied by many authors over a long
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period of time (see reviews by Fraisse, 1978, 1982). The
synchronization of finger tapping with sequences of
acoustical stimuli, for example, can be conceived of as
a simple model of synchronization in music performance
(see, e.g., Clynes & Walker, 1982; Fraisse, 1978, 1982,
Fran¢k, Mates, Radil, Beck, & Poppel, 1991a, 1991b;
Fran&k et al., 1989).

Many external factors may also influence the accuracy
of timing when motor acts are used to follow or reproduce
repetitive stimulus sequences; these factors include the
modality of stimuli (Kolers & Brewster, 1985; Najenson,
Ron, & Behroozi, 1989), the length of interstimulus in-
tervals (Fraisse, 1978, 1982; Peters, 1989; Poppel,
Miiller, & Mates, 1990), the lateralization of stimuli (Ilm-
berger, Miiller, Poppel, Mates, & Radil, 1990), or the
rhythmic structure of the stimulus sequence (Franék et al.,
1991b). The rhythmic structure of a stimulus sequence
can be obtained by means of accentuation of some stim-
uli by differentiating their specific physical aspects, since
accentuation is one of the factors of grouping stimuli into
temporal, or rhythmic, patterns (Fraisse, 1978).

It is probable that feedback on movement execution
might be a further factor influencing stimulus-driven
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692  MATES, RADIL, AND POPPEL

repetitive movements. The influence of feedback on per-
formance in a synchronization task has been investigated
by Kolers and Brewster (1985), who used visual stimuli
and visual feedback from motor responses. The variabil-
ity of performance was larger than it was in tasks with-
out additional feedback, but the mean values were unin-
fluenced. Kolers and Brewster assumed that different
timing mechanisms operated in different sensory modal-
ities, so it is difficult to determine from their results what
would occur if both the stimuli and the feedback were in
the auditory modality. Fraisse (1982) reported lower ac-
curacy of foot-tapping in comparison with finger-tapping;
because a different motor effector was used, different pro-
prioceptive feedback was involved. The results of other
experiments demonstrate that increased proprioceptive
feedback improves the anticipatory timing of motor re-
sponses (Adams & Creamer, 1962; Schmidt & Christina,
1969). All these experimental results support the assump-
tion about the role of feedback information.

In the present study, we examined the effect of social
feedback based on cross-linking of the motor and sensory
systems of two individuals (Knight, 1987; Rosenberg &
Hall, 1958; Sauter & K. U. Smith, 1971; Smelser, 1961,
K. U. Smith & Arndt, 1969; K. U. Smith & Kao, 1971;
T. J. Smith & K. U. Smith, 1987a, 1987b; Wagner & Zea-
man, 1956). This is achieved by creating single or double
feedback loops so that the movements of 1 subject consti-
tute the source of sensory feedback to a 2nd subject and
vice versa. Specifically, we examined the influence of the
auditory feedback signal derived from the motor perfor-
mance of 1 subject on another one, both of whom were
working on the same task. Additionally, the effect of their
mutual interaction was investigated under a crossed feed-
back condition. As a control condition, the individual per-
formance of the subject was tested in isolation from any
additional signal, as well as with additional auditory feed-
back from his/her own performance. Systematic distortions
of the temporal relationships between stimulus and response
sequences typical for individual performance are mostly
reflected in stimulus anticipation (see, e.g., Hary & Moore,
1985; Kolers & Brewster, 1985; Radil, Mates, llmberger,
& Poppel, 1990b). The aim of this experiment was there-
fore to analyze whether or not these systematic distortions
might be compensated by means of feedback derived from
another subject, whether crossed feedback would time-lock
both subjects, and whether the presence or absence of an

additional external feedback loop would influence the tim-
ing of individual performance.

Thus the same stimulus sequences were presented simul-
taneously to 2 subjects sitting in separate rooms, their com-
mon task being to follow the stimuli by finger tapping under
four different conditions. Either there was no additional
auditory feedback available to the subjects at all, or the
subjects were provided with additional external auditory
feedback derived from their own motor responses, from
the responses of the other subject, who, in turn, was pro-
vided with his or her own feedback, or the feedback was
crossed between the subjects. Mutual stimulus and response
timing was analyzed under these conditions.

METHOD

Stimuli

Isochronous sequences of 220 tones were used. The first and every
fourth tone in a stimulus sequence were accentuated either by their
being of longer duration (D sequence) or by their having a higher
frequency (F sequence) in comparison with the remaining tone pulses
(see Figure 1). This accentuation perceptually chunked the sequence
into four-tone rhythmic patterns (Fraisse, 1978), so that each se-
quence comprised 55 equal patterns. The duration and the frequency
of each nonaccentuated tone (the second, third, and fourth tone of
each pattern) were 100 msec and 262 Hz, respectively. The accen-
tuated tones (the first tone of each pattern) were either twice as long
(200 msec) or double the frequency (524 Hz) of the remaining tones
in the patterns. Identical patterns followed one after the other con-
tinuously. The temporal intervals from onset to onset of tones in-
side the patterns (the interstimulus intervals), as well as the inter-
pattern intervals, were always 500 msec. It was found in previous
experiments that synchronization is most regular and the variance
of interresponse intervals length minimal if the tapping frequency
falls into the range of interval durations between approximately 200
and 1,000 msec (e.g., Fraisse, 1982). Given the interstimulus in-
terval above, one stimulus sequence of 220 tones lasted 110 sec.

Procedure

An identical stimulus sequence was presented simuitaneously to
a pair of subjects sitting in two acoustically shielded chambers. The
subjects had no direct knowledge of each other’s performance. The
subject’s task was to synchronize the tapping of his or her index
finger on a response key with the onset of the stimuli according
to the rhythm of the stimulus sequence. The subjects were asked
not to let the duration of stimulus tones affect the duration of their
taps. At the beginning of each sequence, the subjects had to listen
without responding to the first three repetitions of the four-tone pat-
tern, so that they could become familiar with the presented rhythm.
Fraisse (1982) has reported that synchronization with repetitive pat-
terns is usually established from the third pattern on. Thus, from
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Figure 1. Schematic representation of the two rhythmic stimulus sequences. The rhythmic structure was
created by accentuation of the first and then of every fourth tone in a sequence: (1) using tone-duration
difference (D sequence); (2) using tone-frequency difference (F sequence).
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Table 1
Five Experimental Conditions as Sources for Four Data Analysis Groups
Feedback Feedback
Experimental Source Receiver Data Analysis
Condition (Subject) (Subject) Group
No feedback none 1 no feedback
none 2 no feedback
Own feedback 1 1 own feedback
2 2 own feedback
Subject 1 feedback 1 1 own feedback
1 2 alien feedback
Subject 2 feedback 2 1 alien feedback
2 2 own feedback
Crossed feedback 2 1 crossed feedback
1 2 crossed feedback

Note—Eighteen individual subjects performed both types of stimulus sequences (D
and F sequences; see Figure 1) in each of 5 conditions, as members of one of 9 pairs

of subjects.

one stimulus sequence, we usually were able to record about 52
response patterns. A short training sequence of 20 pattern repeti-
tions (40 sec) preceded the experiment proper. Each member of
a subject pair was instructed separately; the subjects were not in-
formed of the experimental hypotheses.

For every tap in the sequence, the following three temporal in-
tervals were measured and analyzed: tap duration, intertap inter-
val (i.e., the temporal difference between successive tap onsets),
and synchronization error (i.e., the temporal difference between
the stimulus onset and the corresponding tap onset). If the tap on-
set precedes (‘‘anticipates’’) the stimulus onset in time, the syn-
chronization error is called the anticipation interval and it is repre-
sented by a negative value of the synchronization error. Positive
values of the synchronization error are connected with delayed taps.
We prefer this definition, in accordance with the definition used
by Hary and Moore (1985) for the identical quantity named ‘‘error
intervals,”” since it expresses the orientation in time of tap onset
with respect to stimulus onset better. The *‘response time’” defined
by Najenson et al. (1989) also indicates the same quantity, but it
bears negative values in case of delayed responses.

Concurrently with the stimuli, an acoustical feedback signal was
supplied to each subject. The feedback signal consisted of tones
separated by pauses, with the feedback tones being triggered by
tap onsets and the duration of feedback tones corresponding to tap
durations. There were five different combinations of feedback sig-
nals for each pair of subjects (see Table 1). It should be noticed,
however, that in all feedback conditions (i.e., even in the no-
feedback condition), the tactile-kinaesthetic feedback information
from the tapping responses was present. Thus, the synchronization
could always be judged on the basis of this information.

The order of the experimental conditions was randomized among
subject pairs. In each experimental condition, both the D sequence
and the F sequence were used, also in a random order. Therefore,
10 different trials were presented altogether. Each subject pair per-
formed all 10 trials in one session, with the duration of a session
being approximately 40 min.

Apparatus

The stimulus tone sequence was controlled and the responses were
monitored by a special program on an IBM-PC-compatible com-
puter (Mates, 1990). The temporal resolution of interval measure-
ment was 250 usec. The stimulus sequences were generated with
the internal sound generator of the computer, producing a rectangular
signal of a given frequency, and they were presented to the sub-
jects over headphones. The signal was amplified to a comfortable

level for each subject individually and then kept constant through-
out the experiment.

The acoustical feedback signals were produced by an external
tone generator triggered directly by the response keys. The fre-
quency of the feedback tones was always equal to 2000 Hz, a fre-
quency substantially higher than that of the stimulus itself. The feed-
back signal was supplied to each subject by means of a loudspeaker,
which was positioned at a distance of approximately 1 m from the
subject. The response keys themselves produced no sound and were
identical to those commonly used in computer keyboards; this elimi-
nated possible false response detection, which can resuit from me-
chanical switch bouncing.

Subjects

Nine paid subject pairs (i.e., 18 subjects) participated in the ex-
periment (6 females, 12 males, from 26 to 55 years old). Sex and
age were not taken into consideration when the pairs were formed.

RESULTS

From every individual response sequence, the first and
the last pattern as well as incidental incomplete response
patterns were removed before data processing. If an in-
valid pattern was removed from the response sequence
of one member of a pair, the pattern of the same sequen-
tial order was also removed from the response sequence
of the other member of the pair. The sequential correspon-
dence of responses of both pair members was thus
preserved. All response sequences of each pair recorded
in the 10 trials were adjusted to the minimal common
length by removing a necessary number of response pat-
terns from the beginnings of longer sequences. Thus the
statistics from all experimental conditions for both sub-
jects of a pair were based on the same number of mea-
surements. The numbers of response patterns used for the
nine subject pairs were 48, 43, 45, 45, 46, 37, 45, 49,
and 47, respectively.

The data were combined for evaluation into four groups,
depending on the type of auditory feedback presented (see
Table 1). The four groups were: no feedback (NFB), own
feedback (OFB), alien feedback (AFB), and crossed feed-
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Table 2
Degrees of Freedom, F Ratios and Probability Levels of Within-Subject Effects
in Repeated Measures Analyses of Variance of Intertap Intervals (ITT),
Tap Durations (TD), and Synchronization Errors (SE)

ITI ~ D SE

Effect df F p* F 14 F p
ST 1,17 0.974 .337 0.330 573 5.617 .030
FC 3,51 0.821 471 0.215 .886 11.730 <.001
TP 3,51 0.734 516 15.329 <.001 0.764 519
ST x FC 3,51 1.254 299 2.519 .068 2.078 115
ST x TP 3,51 5.640 .007 9.060 <.001 5.932 .001
FC x TP 9,153 1.075 380 0.955 479 1.054 400
ST x FC x TP 9,153 0.896 464 0.823 .596 0.934 .497

Note—ST, sequence type; FC, feedback condition; TP, tap position.

probability.

back (CFB). Because of the likely within-trial correlations
between the successive intervals measured in a stream of
repetitive responses, the trial means were used in the sta-
tistical analyses. Such a correlation may result from an
error compensation mechanism or from the properties of
repetitive responding that follow from the timing model
developed by Wing and Kristofferson (1973; see also
Mates, 1991; Vos & Ellermann, 1989). Correlations be-
tween successive temporal parameters of a sequence of
repetitive responses have already been observed in earlier
experimental data (see, e.g., Fran€k et al., 1991b; Kolers
& Brewster, 1985; Peters, 1989; Vos & Ellermann, 1989).

Intertap Intervals

When the data were pooled for all subjects and all taps
in the patterns, there was remarkably little variation in
the duration of intertap intervals corresponding to inter-
stimulus intervals (always 500 msec). The intraindividual
standard deviations of intertap intervals varied in the range
from 15 to 50 msec. Because a synchronization tapping
task was used, the total mean value of intertap intervals
equaled the duration of the interstimulus interval; other-
wise there would have been a cumulative increase of syn-
chronization errors.

Detailed analysis, which took into account the sequen-
tial position of taps in the patterns, was done with a repeated
measures analysis of variance (ANOVA). The type of
experimental sequence (D or F; df = 1), type of feed-
back condition (NFB, OFB, AFB, CFB; df = 3) and po-
sition of the tap (T) in the patterns (T1-T4; df = 3) were
selected as trial (within-subject) factors, with subjects’
mean intertap intervals computed over each trial as repli-
cates (df = 17). The hypothesis of homogeneity of within-
cell variances, on the basis of Bartlett’s test, was rejected
[x*(31) = 77.53, p < .01}, so the Greenhouse-Geisser’s
adjusted probabilities were used to judge the significance
levels. The results of the ANOVA are presented in Ta-
ble 2. There were no significant main effects. The only
significant interaction occurred between sequence type and
tap position in the patterns. The total mean values of in-
tertap intervals grouped according to the detected differ-
ences are displayed in Figure 2.

*Greenhouse-Geisser’s adjusted

To preserve a one-to-one correspondence of measures
by one subject from different levels of within-subject
(trial) factors, single-degree-of-freedom contrasts, instead
of any multiple comparison test (Tukey, etc.), were used
for all post hoc comparisons. Post hoc analysis of within-
subject differences showed no significant effect of tap po-
sition inside the patterns for the D sequence (p > .05)
or for the F sequence (p > .05). Within-subject differ-
ences between the two sequence types were significant
for the second and the fourth taps in the patterns
[F(1,17) = 14.76 for T2 and 13.51 for T4, p < .01] and
nonsignificant for the first and third taps (p > .05). Fur-
ther analysis showed (see Figure 2) that the second in-
tertap interval produced in the D sequence was signifi-
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Figure 2. Total average values with between-trial-blocks standard
errors of the mean of intertap intervals, plotted for both stimulus
sequences (empty bars, D sequence; filled bars, F sequence) and for
the four consecutive tap positions in the rhythmic patterns (T1 to
T4) separately. Subjects’ trial means were pooled over all feedback
conditions, which revealed no significant effect on duration of in-
tertap intervals. The dashed line represents the interstimulus inter-
val (500 msec).



cantly shorter than that produced in the F sequence, and
also that it was shorter than the duration of the interstimu-
lus interval (500 msec). The mean duration of the second
intertap interval (495.4 msec) was significantly less than
500 msec [one-sample ¢ test; #(17) = 2.35, p < .05],
being the (nonsignificantly) shortest in the patterns. This
shortening was compensated mostly by lengthening of the
fourth (i.e., the last) intertap interval in the patterns, whose
mean for the D sequence (504.1 msec) was significantly
longer than the mean for the F sequence and (nonsignifi-
cantly) longer than 500 msec [one-sample ¢ test; 1(17) =
1.88, p > .05]. No significant lengthening of the first in-
tertap interval ‘‘filled’” in the D sequence with the accen-
tuated double-lasting tone could be observed in compari-
son with its required duration. No significant deviations
of intertap intervals from the duration of the interstimu-
lus interval were found inside the patterns for the sequence
accentuated by the higher frequency of the first tone in
the patterns (F sequence).

The individual results, pooled according to the signifi-
cant effects observed in the preceding analysis, are shown
in Figure 3. Since there were no effects of the feedback
condition and since different individual strategies of tim-
ing of intertap intervals together with the influence of type
of accentuation on them have already been investigated
(Fran€k et al., 1991b), no other tests on interindividual
differences were performed.

Tap Durations

To investigate possible factors influencing these inter-
vals, a repeated measures ANOVA with the same factorial
design as that used for the intertap intervals was per-
formed. On the basis of a Bartlett’s test, the hypothesis
of overall within-cell homogeneity of variances was ac-
cepted [x*(31) = 5.46, p > .05]. The results of the
ANOVA are presented in Table 2. The main effect of tap
position in the patterns and the interaction between se-
quence type and tap position were significant. The total
mean values of tap durations grouped according to the
detected differences are displayed in Figure 4.

Post hoc within-subject comparisons showed a gradual
decrease of tap duration in the patterns. The values of the
F ratio and corresponding probability levels are shown
in Table 3. There were no within-subject differences be-
tween the two types of sequences for any tap position in
the patterns {F(1,17), p > .05]. Significant within-subject
differences with respect to the position of tap inside the
patterns were found for the D sequence [F(3,51) = 12.68,
p < .01] as well as for the F sequence [F(3,51) = 3.96,
p < .05]. The relationship between tap durations inside
the patterns for the D sequence was the same as it was
for the global data. For the F sequence, the duration of
only the fourth tap was significantly different (shorter)
than the duration of the other taps in the patterns. The
values of the F ratio and corresponding probability levels
of the preceding two tests are also shown in Table 3.
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The individual results, pooled according to the signifi-
cant effects observed in the preceding analysis, are shown
in Figure 5. Since there were no effects of the feedback
condition, and since interindividual differences in tap du-
rations as a consequence of different musical skill have
already been studied (Fran€k et al., 1991a), no other tests
on interindividual differences were performed.

Synchronization Errors

The influence of the various feedback conditions on the
synchronization errors (i.e., the temporal differences be-
tween stimulus onsets and corresponding tap onsets) was
analyzed in a repeated measures ANOVA with the same
factorial design as that for intertap intervals, in order to
find out more about the variables influencing these inter-
vals. The hypothesis of overall within-cell homogeneity
of variances was retained on the basis of a Bartlett’s test
[x*(31) = 35.47, p > .05]. The results of the ANOVA
are presented in Table 2. A significant main effect was
found for both sequence type and feedback condition. The
interaction between sequence type and tap position was
also significant. The total mean values of synchroniza-
tion errors, grouped according to the detected differences,
are displayed in Figure 6.

Comparison of the two types of stimulus sequences
showed that anticipation intervals were longer for the ac-
centuation by frequency of the first tone in the patterns
(F sequence; M = —69 msec) than for the accentuation
by duration (D sequence; M = —59 msec) (see Figure 6).
Post hoc within-subject comparison of the influence of
different feedback conditions showed that feedback con-
ditions AFB and CFB resulted in a significant lengthen-
ing of these intervals in comparison with the conditions
NFB and OFB. The values of the F ratio and correspond-
ing probability levels are shown in Table 4. Since there
was no interaction between sequence type and feedback
condition, both of which revealed significant main effects,
we conclude that the influence of feedback conditions on
synchronization errors was similar for both sequence
types. With regard to the interaction between sequence
type and tap position, within-subject differences between
the two types of sequences were significant for the first
and second taps in the patterns [F(1,17) = 11.63 for T1,
p < .01, and 6.44 for T2, p < .05] and nonsignificant
for the third and fourth taps (p > .05). Significant within-
subject differences with respect to the position of taps in-
side the patterns were found for the D sequence [F(3,51) =
2.87, p < .05], the first and the second taps being as-
sociated with a significantly shorter anticipation than was
the third one. The values of the F ratio and correspond-
ing probability levels are shown in Table 5. No differences
according to the tap position were found for the F sequence
(p > .05).

The individual results, pooled according to the signifi-
cant main effects observed in the preceding analysis, are
shown in Figure 7. Using a Tukey’s post hoc compari-
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Figure 3. Individual means with between-trial-blocks standard deviations of intertap intervals plotted for both stimulus sequences
and for the four consecutive tap positions in the rhythmic patterns separately (DT1-DT4, Taps 1-4 for the D sequence; FT1-FT4,
Taps 1-4 for the F sequence). The data are grouped according to the experimental pairs (Pairs 1-9; circles, Subject 1; triangles,
Subject 2 in one pair). Subjects’ trial means were pooled over all feedback conditions, which revealed no significant effect on the
duration of intertap intervals. The dashed line represents the interstimulus interval (500 msec). (Tick marks on the abscissas are not
a scale; points are connected with lines to aid the eye.)



150 T T T T

125 =
©
3
£
C
2100 oo S [EEEESN [EEEEREN [EEREEN EEEREE g
©
5
°
Q
o]
°

75 B

50

T1 T2 T3 T4
Tap position

Figure 4. Total average values with between-trial-blocks standard
errors of the mean of tap durations plotted for both stimulus se-
quences (empty bars, D sequence; filled bars, F sequence) and for
the four consecutive tap positions in the rhythmic patterns (T1-T4)
separately. Subjects’ trial means were pooled over all feedback con-
ditions, which revealed no significant effect on tap durations. The
corresponding stimulus-tone duration was for the first tone in the
D sequence equal to 200 msec; otherwise it was 100 msec (repre-
sented by the dashed line). (Cf. Figure 1.)

son, interindividual differences of synchronization errors
were found (p < .001). The subjects’ total means and
between-trials standard deviations are shown in Figure 8.

The series of successive anticipation intervals in each
trial were also tested with simple linear regression to ex-
amine trends in their duration during the sequence. With
the use of the ¢ statistic, the trend slopes were found to
be significantly positive in 49% of cases for the D se-
quence and in 44 % of cases for the F sequence (p < .05).
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The possible factors influencing the slopes of these trends
were investigated by means of a repeated measures
ANOVA. Type of experimental sequence (D or F;
df = 1) and type of feedback condition (NFB, OFB, AFB,
CFB; df = 3) were selected as trial (within-subject) fac-
tors with the slopes of trends computed in each trial for
all subjects as replicates (df = 17). The hypothesis of ho-
mogeneity of within-cell variances, on the basis of a Bart-
lett’s test, was rejected [x*(7) = 15.89, p < .05], so again
the Greenhouse-Geisser’s adjusted probabilities were used
to judge the significance levels. There was no significant
main effect of sequence type (p > .05) or of feedback
condition (p > .05), nor was their interaction significant
(p > .05). The mutual dependencies between slopes of
trends of series of anticipation intervals for the simulta-
neously performing members of a subject pair were tested
by using correlation coefficients computed for all pairs
of subjects and all experimental conditions. These corre-
lations were not significant for any feedback condition or
for any sequence.

For conditions AFB and CFB for both the D sequence
and the F sequence, the values of cross-correlation func-
tions (for lag equal to 0 and 1) between the series of suc-
cessive anticipation intervals of pair members from each
experimental pair in one trial were also computed. No
systematic significant cross-correlations were found be-
tween pairs of subjects in the two feedback conditions or
with the D sequence and the F sequence.

DISCUSSION

The present experiment, in a sense, represents a model
of a maximally simplified musical duet with and without
feedback between both performers, with the computer pro-
viding the external timing template and to a certain extent
playing the role of a conductor. Fraisse (1982) hypothe-
sized that the unity of musicians playing together is possible
only when they are capable of anticipation. It is obvious

Table 3
F Ratios and Probability Levels of Post Hoc Within-Subject
Comparison of Tap Durations According to Tap Position (1-4) for
Both Sequences Together and for the D and F Sequences Separately

Tap Position
Tap 4 3 2
Position F p F p F P
Both Sequences

1 18.330  .001 15.564  .001 12.648  .002
2 14.548  .001 2,513 131
3 12.471 .003

D sequence
1 14.037  .002 12.868  .002 11.521  .003
2 9.664  .006 1.629 219
3 8.687  .009

F sequence
1 6.070  .025 1.789 .19 0.571 .460
2 9.234 007 1.724 207
3 7776  .013

Note—The degrees of freedom in all cases are 1,17. Single-degree-of-freedom contrasts

were used for pairwise comparisons.
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Figure 5. Individual means with between-trial-blocks standard deviations of tap durations plotted for both stimulus sequences and
for the four consecutive tap positions in the rhythmic patterns separately (DT1-DT4, Taps 1-4 for the D sequence; FT1-FT4,
Taps 1-4 for the F sequence). The data are grouped according to the experimental pairs (Pairs 1-9; circles, Subject 1; triangles,
Subject 2 in one pair). Subjects’ trial means were pooled over all feedback conditions, which revealed no significant effect on tap
durations. The corresponding stimulus-tone duration was for the first tone in the D sequence equal to 200 msec; otherwise it was
100 msec (represented by the dashed lines). (Cf. Figure 1.) (Tick marks on the abscissas are not a scale; points are connected with
lines to aid the eye.)
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Figure 6. Total average values with between-trial-blocks standard
errors of the mean of synchronization errors plotted for both stim-
ulus sequences (empty bars, D sequence; filled bars, F sequence)
and for the four feedback conditions (NFB, C...}, AFB, CFB) sep-
arately. Subjects’ trial means were pooled over all consecutive tap
positions in the rhythmic patterns, which revealed no significant main
effect on synchronization errors. The dashed line represents the onset
of stimuli; the zero level means perfect synchronization; and the area
below this level corresponds to responses in advance of stimulus pre-
sentation.

Table 4
F Ratios and Probability Levels of Post Hoc Within-Subject
Comparison of Synchronization Errors According to the Feedback
Condition (NFB, OFB, AFB, CFB) for Both Sequences Together

CFB AFB OFB
F )4 F P F 4
NFB 7.790 .013 10.852 004 2458 135
OFB 17.566  .001 36.746  <.001
AFB 0.048 .829

Note—The degrees of freedom in all cases are 1,17. Single-degree-of-
freedom contrasts were used for pairwise comparisons. CFB, crossed
feedback; NFB, no feedback; AFB, alien feedback; OFB, own feedback.
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that not only the capability of anticipation, but also the abil-
ity to synchronize one’s own activity with the activity of
other players, is the necessary condition of unity. In this
study, the effect of social feedback, or *‘cross-yoking™’ (see
Smith & Kao, 1971) the sensory and motor systems of two
individuals, performing identical tasks, by means of feed-
back loops, was examined. The results showed that uni-
or bilateral cooperation of the type adopted in our experi-
ment neither contributed to more accurate performance of
the subjects (in the sense of reducing differences between
stimulus and response timing) nor mutually synchronized
the activity of both subjects. Thus, in the *‘social feedback’’
paradigm used in this study, which differs from those men-
tioned in the introduction mostly in the impossibility of add-
ing up the effort of both participants in a direct way and
in the lack of any type of learning and apparent adaptive
behavior, no signs of real collaboration between the sub-
jects could be found. Also, we did not observe the higher
types of cooperation or competition detectable in and usually
studied by means of two-person mixed-motive games (Gallo
& McClintock, 1965; Marwell & Schmitt, 1975; Rapoport
& Chammak, 1965; Smead, 1972; Wichman, 1970).

The significance of feedback in musical performance
is a complex matter that has been studied relatively little
(Shaffer, 1984). The stimulus sequences in experiments
like ours should be more multifarious (multitonal and with
more durations) to study this problem more adequately.
On the basis of our observations, we would expect that
the more complex a musical piece is (complex time struc-
ture and more musicians playing together), the greater
the anticipation necessary in order to obtain subjectively
acceptable synchronization.

The results showed that the different feedback condi-
tions used in our experiment primarily influenced the tem-
poral difference between the stimulus onsets and the cor-
responding tap onsets (synchronization error), with the
latter ones usually preceding the former ones. The other
measured temporal characteristics of the subjects’ perfor-
mance did not vary systematically with respect to the so-
cial feedback conditions adopted.

Table §
F Ratios and Probability Levels of Post Hoc Within-Subject Comparison
of Synchronization Errors According to Tap Position (1-4) for the D Sequence

Tap Position

Tap 4 3 2
Position F P F p F 14
1 2.737 .116 7.674 .013 0.096 .761
2 1.397 .253 5.325 .034
3 0.972 .338

Note—The degrees of freedom in all cases are 1,17. Single-degree-of-freedom contrasts

were used for pairwise comparisons.
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Figure 7. Individual trial means with between-trial-blocks standard deviations of synchronization errors plotted for both stimulus
sequences and for the four feedback conditions separately (DN, DO, DA, DC: Conditions NFB, OFB, AFB, and CFB for the D se-
quence; FN, FO, FA, FC: Conditions NFB, OFB, AFB, and CFB for the F sequence). The data are grouped according to the ex-
perimental pairs (Pairs 1-9; circles, Subject 1; triangles, Subject 2 in one pair). Subjects’ trial means were pooled over all consecutive
tap positions in the rhythmic patterns, which revealed no significant main effect on synchronization errors. The zero lines represent
the onset of stimuli; the zero level means perfect synchronization; and the area below this level corresponds to responses in advance
of stimulus presentation. (Tick marks on the abscissas are not a scale; points are connected with lines to aid the eye.)
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Figure 8. Individual total means with between-trial-blocks standard deviations of syn-
chronization errors. Subjects’ trial means were pooled over all consecutive tap posi-
tions in the rhythmic patterns, for both stimulus sequences, and for the four feedback
conditions. Abscissa: 11-91, Pairs 1-9, Subject 1; 12-92, Pairs 1-9, Subject 2. The
dashed line represents the onset of stimuli; the zero level means perfect synchroniza-
tion; and the area below this level corresponds to responses in advance of stimulus pre-

sentation.

Synchronization Errors

Linked (cooperative) performances. The systematic
advance of responses with respect to stimulus occurrence
has been observed in previous synchronization studies
(see, e.g., Fraisse, 1978, 1982; Hary & Moore, 1985;
Kolers & Brewster, 1985; Radil et al., 1990b). Responses
to predictable stimuli should be considered as anticipa-
tory not only in the case when they appear objectively
in advance with respect to stimuli, but also when the re-
sponses are delayed by an interval shorter than the usual
reaction time of at least 150 msec (Adams & Creamer,
1962; Najenson et al., 1989; Schmidt, 1968; Schmidt &
Christina, 1969).

The cause of motor anticipation of a sequential predict-
able series of stimuli is still obscure (Radil et al., 1990b)
and deserves special analysis. Other studies have dem-
onstrated that anticipation is suppressed by shortening the
available interstimulus intervals, either through increas-
ing the stimulation rate (Miiller, Ilmberger, Poppel,
Mates, & Radil, 1990) or through increasing the stimu-
lus duration during these intervals (Frangk et al., 1989).
A transition from anticipative toward pure reactive
(delayed) responses has been observed when the inter-
stimulus interval duration is lengthened above an individ-

ual threshold of a few seconds (Najenson et al., 1989;
Péppel, Miiller, & Mates, 1990). On the other hand, an-
ticipation remains present even when some of the tones
in the patterns are missing. Moreover, a general tendency
to lengthen anticipation under these conditions has been
observed (Radil, Mates, Ilmberger, & Poppel, 1990a).
We also observed that anticipation intervals were signifi-
cantly longer when sequences were accentuated by fre-
quency rather than by duration changes, and significantly
longer under Conditions AFB and CFB than under Con-
ditions NFB and OFB.

The findings above concerning anticipation intervals in-
dicate that greater task “‘difficulty’’ (i.e., higher infor-
mation load as expressed in the absence of some stimuli,
or in different frequencies of some tones, or in unpredict-
ability caused by alien feedback) might result in a higher
activation, with a likely alteration of corresponding mo-
tor programs and/or further decision making, hence re-
quiring additional processing time. Consequently, the du-
ration of anticipation increases.

We do not possess explicit knowledge about the tem-
poral scheme of events taking place under the AFB and
CFB conditions. Due to interindividual differences and
uncorrelated variance in performance and brain timing in
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both subjects, there might be in both cases a certain tem-
poral incongruity between auditory and tactile-kinaesthetic
feedback which makes the programming of rhythmic mo-
tor activity more difficult. An additional factor under the
CFB condition could be the mutual dynamic influence be-
tween both incongruent systems, which further increases
the complexity of the programming task for the brain and
which is reflected in larger anticipation intervals.

There were no differences in time trends of individual
series of synchronization errors, no correlations between
these trends, and no cross-correlations between the syn-
chronization error series of ‘‘cooperating’’ subjects in a
pair under the experimental conditions studied. There
seems to have been no ‘‘cooperation’’ between subjects
in the sense of instantaneous unidirectional or bidirectional
influence on each other’s performance. The influence
from the other subject resulted only in an increase of mean
anticipation interval without any relation to the instanta-
neous value of the anticipation interval of that subject.
This influence seems to have been established at the be-
ginning of each trial, and it did not change over the
sequence.

Separated performances. The objectively measured
dissynchrony of motor response and stimulus does not
necessarily mean that these events are also dissynchronous
in the brain. Let us assume, as Hary and Moore (1985)
did, that ‘‘the neural events corresponding to the two ex-
ternal events, observed to be dis-synchronous in the lab-
oratory, could occur synchronously at some point in the
nervous system’’ (p. 78). This synchronous occurrence
may also be understood in terms of a *‘temporal window’’
of nonzero duration, which can perhaps be created by a
neuronal oscillator. One period of such an oscillation may
define a time zone (temporal window), within which the
before-after relationship is not defined (Poppel, 1970;
Poppel, Schill, & von Steinbiichel, 1990). The analogous
hypothesis of a ‘‘psychological moment’’ (Fraisse, 1978)
could be considered, too.

Mutual timing in ‘‘temporal central availability’” (Pop-
pel, Schill, & von Steinbiichel, 1990) of the feedback sig-
nals and proper auditory stimuli might just be the impor-
tant factor that determines anticipation, although its exact
mechanisms are not understood yet. It is of potential im-
portance that the time of transduction (‘‘conduction de-
lay’’ in Hary & Moore, 1985; ‘‘perception latency’” in
Fraisse, 1978) to the cortex for the auditory pathway is
shorter than that for the tactile-kinesthetic one, resulting
in different temporal central availability of both signals.
Under the NFB condition, the longer delay is in the feed-
back (tactile-kinesthetic) pathway, so that the response
observed from the outside has to be in advance of the re-
lated stimulus in order that delayed feedback information
about it may appear simultaneously (in some of the mean-
ings of simultaneity given above) with the stimulus in the
central nervous system.

The faster auditory feedback pathway involved in the
OFB condition may have supplied information about one’s
own response earlier than in the NFB condition, when

the subject’s brain did rely upon tactile-kinesthetic infor-
mation only. Therefore, in the former case, the motor
command could have been sent later, causing the antici-
pation intervals to be shorter. Fraisse (1982) mentioned
a greater anticipation in synchronization performed by foot
than by finger; this can also be explained by the longer
time of transduction of peripheral information. Compar-
ison of Conditions NFB (i.e., no additional feedback) and
OFB (i.e., own feedback) showed that the auditory feed-
back derived from the subject’s own taps could influence
positively his or her performance in the sense that the syn-
chronization errors became smaller; however, significance
was not achieved.

Kolers and Brewster (1985) have hypothesized that the
use of the tactile feedback information is inconsistent, if
there is any at all. Nevertheless, the tactile-kinesthetic
feedback coming from the motor effector and from touch-
ing the response key remained constant across experimen-
tal conditions; only the external auditory feedback loop
created additional variance. Thus, the tactile-kinesthetic
feedback could have determined the results in all the ex-
perimental conditions and could have suppressed the ex-
pected positive influence of additional auditory feedback.
It resulted in a nonzero anticipation even in the OFB con-
dition, where both signals were coming through the same
sensory pathway (i.e., with the same delay). Persisting
anticipation when both the feedback signal and the stim-
ulus were in the visual modality has also been observed
by Kolers and Brewster. They found a larger variability
of synchronization errors in the intramodal (visual) stim-
ulus and feedback setting as opposed to the intermodal
(visual-tactile) condition; the mean values were not dif-
ferent. It might be possible that subjects use the available
feedback information according to the accuracy that it
offers for their judgment about the stimulus-response syn-
chrony. The larger variability mentioned can be a result
of a more frequent intervention of feedback regarding the
subject’s strategy in the intramodal condition, in accordance
with this ‘‘accuracy’’-determined preference. Nevertheless,
it is obvious that feedback can directly influence the tim-
ing of subsequent movements only and not those that have
already been executed. Rather, the instantaneous feedback
information in performing a sequence of repetitive mo-
tor acts is used to tune or update programs of correspond-
ing motor- and timing-control systems.

We found that in Conditions NFB and OFB the aver-
age anticipation interval was somewhat longer than what
we observed in the previous study, in which the tapping
of single subjects was investigated and no additional sig-
nals were provided (Radil et al., 1990b). This was prob-
ably caused by the fact that synchronization errors vary
interindividually, as can be seen from the individual re-
sults shown in Figure 7.

Intertap Intervals

The individual intertap intervals shown in Figure 3 sup-
port the hypothesis that different strategies used for tim-
ing of rhythmic patterns result in subjective deformation



of regular patterns (Franék et al., 1991b). Fran€k and co-
workers discussed the systematic shortening of the sec-
ond intertap interval in comparison with the first one in
the patterns as one possible strategy used in rhythmic pat-
terns. Both the results of experiments performed by Fra-
nck et al. (1991b), in which various frequency accents were
used, and the present observed differences in the timing
of intertap intervals in the patterns between the D and F
sequences show that these strategies are influenced by the
type of accent. In 63% of the cases, our subjects used
the long-short strategy (i.e., they made the first intertap
interval longer than the second one) for the D sequence.
The prevailing use of this strategy might be connected with
the differences in tap durations in the patterns observed
for this sequence (see below).

In the study by Franék et al. (1991b) a lengthening of
the fifth intertap interval in six-tone patterns was also ob-
served. It was suggested that the prolongation was caused
by a subjective accentuation that was needed as a control
point for timing at the end of a temporal interval, reflect-
ing the duration of a ‘‘psychological present’’ (Fraisse,
1984) or the limited capacity of a ‘‘central integration
mechanism”’ (e.g., Poppel, 1988). Such a subjective ac-
centuation might be one of the sources of the (nonsignifi-
cant) prolongation of the fourth intertap interval that was
observed in our experiment for the D sequence as well.

The present observed distortions in intertap interval du-
rations were not influenced by the type of auditory feed-
back condition used.

Tap Durations

A brief discussion of further distortions in performance
timing that were not influenced by the type of external feed-
back adopted is in order. The subjects were always in-
structed to tap synchronously only with stimulus onsets and
not to follow the duration of stimulus tones. Despite this
instruction, we observed a systematic decrease of tap du-
rations in the reproductions of the D sequence, where the
first tap, corresponding to the accentuated tone, was the
(significantly) longest tap in the patterns. No such phenom-
enon was observed for the F sequence, where the first tone
was accentuated by frequency changes. However, in both
sequence types, the fourth tap was the (significantly) short-
est one. The technique that we used did not allow us to
measure the tapping force; stronger taps could be assessed
in terms of the lengthening of the tap durations only. The
results could mean that the differences in duration of the
differing tones are perceived as stronger accents than are
the differences in frequency. On the basis of the observed
(nonsignificant) prolongation of the last (i.e., the fourth)
intertap interval in the patterns for the D sequence, it could
be assumed that in connection with the perceived stronger
accent, there is also a stronger tendency to group tones
in the rhythmic patterns together. This grouping tendency
is reflected by the separation of patterns by longer pauses.
The shortening of the second intertap interval for the D
sequence might be a subjective compensation for the longer
first tap duration in the patterns, although the durations of
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the first intertap intervals did not differ from the interstimu-
lus interval for this sequence. The striking interindividual
differences in tap durations evident in Figure 5 might
reflect different levels in the subjects’ musical skill. It has
already been reported (Fran€k et al., 1991a) that musical
skill influences tap durations.
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