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B. Expectations from a Feedback Model of Production 

What relation might we expect between performances in the judgment and produc­
tion tasks? One appealing hypothesis is a simple feedback process in which a subject 
(I) judges the size of each produced fraction F with respect to the target-fraction name 
n using the same perceptual mechanisms in this judgment as in the judgment task 
itself, and (2) adjusts subsequent productions accordingly. 18 One would then expect 
systematic errors in judgment and production tasks to be equal to that P(n) = J(N) 
when n = N. For example, if an interval of 62 msec is judged to correspond to 118 of a 
I-sec beat [J(l/8) = 62], the same interval (after correction for differential subjective 
delays) should be produced for 1/8 of a beat [P(l/S) = 62]. 

C. One-Response Production (Experiment 3) 

On each trial in Experiment 3 (Fig. Ie), the subject attempted to respond with a 
single finger tap following the last beat click so as to produce a fraction F that 
corresponded to a specified fraction name n. The name remained the same for 25 
consecutive trials. We used the same fraction names as used in Experiment 1 to define 
a set of experimental conditions. For each condition we calculated a mean raw re­
sponse time, P'(n). 

In a synchronization condition, the subject attempted to synchronize the finger tap 
with a beat click added at the end of the normal stimulus pattern. The resulting values 
of8'(0) were -13.8 msec, -16.3 msec, and -9.0 msec, for subjects SB, PF, and PZ, 
respectively. 

The mean production function, P(n) = P'(n) - 8'(0) for the three subjects is 
presented in row 3 of Table I, individual proportional error data are shown in Figs. 2, 
3, and 4, and In(F) versus In(n) for PZ is shown in Fig. 5. PZ and SB show large posi­
tive proportional errors (overproduction) for fractions 1/8 and 1/6. Because PF does 
not show this effect, the error shown by the mean production time for small fractions 
is somewhat smaller; for only one of the eight means (for n = 1/6) is the inaccuracy 
significant. Proportional errors for larger fractions are small and of varying sign, with 
a slight tendency for produced intervals associated with the largest fractions (516, 7/8) 
to be too small (underproduction). 19 

18Carison and Feinberg (I968) and Adam, Castro, and Clark (I974) present data rhat favor an "internal 
clock" or counter model that applies to both judgment and production of time intervals in a range from 1 to· 
40 seconds. According to Carlson and Feinberg's model, systematic errors in production and judgment 
result from changes in the counter's rate between learning the count to be associated with a time interval 
specified by name and performing the experimental tasks. The resulting relation between errors in produc­
tion and judgment is consistent with a feedback model. Furthermore, because the counter rate is assumed 
not to change systematically between stimulus and response in an imitation (reproduction) task (Section 
IV), this kind of model requires imitation to be accurate. Given that fractions are being judged in our 
experiments, however, and the beat interval (which can "calibrate" the counting rate) is presented on each 
trial, the counter mechanism does not easily lend itself to explaining any systematic errors in our tasks. 

19This tendency can also be described as overproduction of the small "reverse fractions" 1/6 and 1/8 that 
are defined by the intervals between tap and subsequent beat. A tendency toward such symmetry in 



201 7. Timing by Skilled Musicians 

D. Rejection of the Feedback Model 

All three subjects show large discrepancies between P(n) and J(N) for the two 
smallest fractions. In row 6 of Table I are shown values of the difference P(n) - J(N) 
for the matched procedures of Experiments 1 and 3. The feedback model requires this 
difference to be zero for all values of n = N; for the two smallest fractions it is 
substantially greater than zero, especially in relation to the precision (Fig. 6) of 
perceptual judgments. The two largest fractions show smaller but directionally sym­
metric discrepancies. 20 

A numerical example based on mean data from Experiments 1 and 3 (rows 1 and 3 
of Table I) may help to clarify the failure of the feedback model. The mean interval 
produced to correspond to n = 1/8 was P(l/8) = 139.1 msec. To what fraction name N 
would this interval correspond if the same perceptual judgment mechanisms were 
used as in Experiment I? Since J(l/8) = 85.3 msec and J(l/6) = 125.5 msec, N is 
clearly greater than 1/6; since J(l/4) = 265.2 msec, it is clearly less than 1/4. To 
determine N exactly, we must solve J(N) = 139.1 msec for N. If we regard fraction 
names as lying on a continuum, and use linear interpolation, we find the correspond­
ing fractional interval to be 174.8 msec or slightly greater than 1/6 of a beat. Thus, if 
subjects perceived intervals between click and tap in the same way as intervals be­
tween two clicks, the average subject would perceive the interval he or she produced for 
1/8 as larger than 1/6. 

Differences between judgment and production procedures could, in principle, re­
sult from "constant errors" based on differential subjective delays for which we have 
not corrected. (We have not attempted to estimate or correct for any delay difference 
between beat click and marker click in the judgment task, partly because of findings 
discussed in Section VI. The synchronization-based correction that we did apply to 
the production data might be inappropriate.) But on the most straightforward view, 
the absolute effects of differential delays should be of the same size for all fraction 
values. Hence, insofar as the inconsistency between perception and production de­
pends on fraction size (which it does reliably, as shown below), we have to search 
elsewhere for an explanation. 

One possibility is that although discrepant feedback was available, the time interval 
between successive trials and the number of stimulus events between one response 
and the next prevented subjects from making appropriate corrections. Because our 
subjects said neither that they were dissatisfied with their productions nor that they 
"came in late," this possibility seems unlikely . Nonetheless, it was tested in Experi­
ment 4, which called for timed responses to 10 successive beat clicks on each trial. 

judgment performance was noted in footnote 10. Note, however, that when the precision of performance 
(Fig. 6) is considered, rather than its mean, performance at the two ends of the beat interval appears far from 
symmetric. 

20J~l) and P(l) can be regarded as alternative measures of the subjective beat interval. That they differ 
(significantly for PZ) suggests that this interval might be task dependent (also suggested by findings in 
Experiment 12). Deviations ofP(I) and J(l)from 1000 msec are sufficiently small, however,so that our use 
of the actual rather than subjective beat interval to define beat fractions makes little difference, especially 
for small fractions. 
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E. Repeated-Response Production (Experiment 4) 

On each trial in Experiment 4, we presented 12 beat clicks. As shown in Fig. ID, 
subjects attempted to make 10 consecutive finger-tap productions so as to produce a 
fraction that had been specified by name. The first response was produced after the 
third beat click. We used the fraction names 1/8, 117, 1/6, 1/4, 112,3/4,516, and 7/8; 
the name remained the same for 25 consecutive trials. For each fraction name nand 
each position k in the sequence of 10 responses, we determined the mean raw re­
sponse time, P; (n). 

In a synchronization condition, subjects attempted to make tap responses that 
coincided with each of the last 10 beat clicks, thereby generating values of 8k (0) for k 
= 1, ... , 10. The corrected response time was obtained by subtraction: Pk(n) = 

Pk(n)-8k(0). 

Trend over Repeated Responses 

Subjects produced large positive errors ("too late") for the smallest three fractions 
(1/8, 117, 1/6). Values ofPk(n) averaged over these fractions and the three subjects, 
for k = 1, ... , 10, were 168.4,172.9,176.9,180.0,175.4,181.4,176.3,184.5,176.6, 
and 16?8 msec, respectively. There is no evidence of a decrease in the size of the 
error over repetitions. (The slope of a line fitted to these values is .43 mseclrepetition.) 
It is also instructive to compare the time of the first response PI (n) (with synchroni­
zation correction 8 {(O) = -13.4 msec) with the time of the mean response P(n) (with 
8'(0) = -24.9 msec), separately for the three fractions. For 1/8, 117, and 1/6, values 
for the first response (mean response) are, respectively, 151.9 (156.8), 169.5 (181.4), 
and 183.9 (190.4) msec. 

There is no evidence that subjects used feedback from one response to the next in 
the repeated response procedure to reduce the size of their production errors. 

Means over Repeated Responses 

Further analyses were based on mean response times over the 10 positions. These 
were adjusted by the mean synchronization corrections; 8'(0) was -22.6, -35.2, and 
-16.9 msec for SB, PF, and PZ, respectively. 

The mean of the production functions, F = P(n), for the three subjects is presented 
in row 4 of Table I, individual proportional error data are shown in Figs. 2, 3, and 4, 
and In (F) versus In(n) for PZ is shown in Fig. 5. 21 As in Experiment 3, PZ and SB 
show large positive proportional errors for small fractions, whereas PF does not; in 
addition, PZ and SB show negative errors for large fractions, whereas PF does not, . 
providing further evidence for the symmetry in performance at the two ends of the 

21Like the judgment function, In(F) versus In(n) cannot be fitted by a single power function (straight 
line). A two-limb fit gives an exponent of about .57 for the range 1/8 .,;; n .,;; 1/4 and about 1.0 for n > 1/4. 
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beat interval mentioned in Sections II,A and III,C. Agreement between Experiments 
3 and 4 is best for PZ. Again, performance for large fractions is relatively accurate. 

Values of the difference P(n)-J(N) appropriate for another test of the feedback 
model are provided in row 7 of Table 1. We used judgment data from Experiment 2 
because it provides values that are independent of Experiment 1, because it was run in 
close temporal proximity to Experiment 4, and because the stimulus conditions (Figs. 
IB and ID) were similar. All three subjects show large discrepancies between judg­
ment and production of small fractions. Each of the five mean values of the difference 
in row 7 of Table I (values for all the fractions n = N that were common to the two 
experiments) is significantly and substantially greater than zero; the difference di­
minishes reliably as fraction size increases. (This implies, of course, that the propor­
tional difference decreases to an even greater extent.) The failure of the feedback 
model is even more dramatic for these data than for the initial test (row 6 of Table 1).22 

Our best estimates of production-perception discrepancies are obtained by combin­
ing the two tests; means for the fraction values that are common to the four experi­
ments are given in row 8 of Table I. The mean contrast is significantly greater than 
zero (t 7 = 4.41; P < .005), and the difference depends significantly on fraction size 
(F3 ,6 = 7.56;p <.025). 

F. Production Precision: Evidence against a Reaction-Time 
Explanation of the Production Error 

Average SDs of production and synchronization times are included in Fig. 6 for 
Experiments 3 and 4. Data from the two experiments are in good agreement; data 
from each of the three subjects averaged over the two experiments produced a 
U-shaped function with a minimum SD (maximum precision) between n = 114 and n 
= 112. 23 The precision of synchronization performance, with mean 8'(0), is slight­
ly but not reliably greater than the precision of production of a whole beat, with 
mean p'(l). 

For fractions n ~ 114, production precision exceeds judgment precision, but this 

221t remains a puzzle how production performance might be calibrated (or learned) by players without 
feedback about the timing of individual responses. One possibility is that the association of produced 
fractions with fraction names is learned through attempts to produce extended sequences of temporally 
regular notes that fully occupy the interval between one beat and the next. Counting, rather than the timing 
of individual responses, could then provide a measure by which to adjust the rate. Given this possibility 
(and also to assess the generality of our findings), it is interesting to ask whether the first response by a 
subject attempting to produce a temporally regular sequence displays the same pattern of errors as that 
obtained with a single response. This question is considered in Section VII,C, in a study of multiple 
divisions of the beat. 

23A u-shaped function with a minimum in this range has also been obtained from one subject in a time 
production task by A. B. Kristofferson (1976; Experiment 11). Experimental conditions differed considera­
bly from ours, with feedback provided on each trial, and the one subject had about 10 times as much 
practice in the experimental task as ours did. Nonetheless, his minimum SO (about 12.7 msec) did not 
differ significantly from the minimum (22.2 msec) of the mean SO produced by our subjects. 
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relation is reversed for small fractions. Insofar as subjects do not experience their 
productions of small fractions as highly variable, we therefore have further evidence 
against the feed back model. 

One explanation of the production errors for small fractions (but not the similar 
errors for small "reverse fractions") attributes them to a combination of musical 
training and the existence of a minimum reaction time (RT). The minimum voluntary 
RT to auditory stimuli is between 100 and 150 msec. Furthermore, there are delays 
(which differ across instruments) between excitation and acoustic response. The com­
bination of these two effects makes it virtually impossible to produce a note 125 msec 
after a signal to respond such as a beat, when the event that triggers the response is the 
beat itself. Players could try to "anticipate" the beat (by timing their responses from 
the penultimate beat), but since the occurrence of the beat in musical performance is 
variable, this might be risky. Players therefore appear to be in a situation in which 
they are musically required to produce discriminably different response delays, some 
of which are less than the minimum RT. 

One possible solution would be to time responses from the final beat, but bias the 
productions so that the intervals for small fractions are both greater than the 
minimum RT and distinctive. For example, if to respond later than the minimum 
reaction time a subject produces an interval of 150 msec (rather than 125 msec) for 1/8 
of a beat, then an interval greater than 150 msec must be produced for 1/7 of a beat, 
etc. 

However, the variability of the production-time distributions suggests that re­
sponses associated with small fractions may be timed from the penultimate beat. 
(Synchronization responses presumably must be timed from this beat.) Hence, the 
production errors may not be due to a constraint imposed by a minimum RT. The 
argument (whose impetus and conceptual framework is provided by Snodgrass, Luce, 
and Galanter, 1967) is as follows. 

We start by assuming that the variance of a distribution of response delays increases 
monotonically (or at least does not decrease) as the mean of the distribution increases, 
where the mean is measured relative to the reference signal from which subjects time 
their responses. 24 Therefore, if all responses were timed from the final beat click, we 
would expect the variance to increase monotonically with fraction size. As we have 
seen, this expectation is violated by our data. One interpretation of the increased 
variability for small fractions is that subjects were timing their responses from the 
penultimate beat click in these conditions. The most salient errors in production are 
then not the result of a constraint imposed by the minimum RT. 

If subjects timed small fractions from the penultimate beat click but large fractions 
from the final beat click, the argument above, in its simplest form, implies that no 
large-n productions should have variances greater than the small-n productions. One 
difficulty is the suggestion in the data (Fig. 6) of a peak in the SD-function when n = 

7/8. (Because this difference between the SD at n = 7/8 and n = 1/8 is shown only by 

24See, e.g., Snodgrass, Luce, and Galanter (1967) for intervals;;. .6 sec, Treisman (1963) for intervals 
~ .25 sec, and references cited therein. 
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SB and PZ, the mean difference is not reliable, however.) A slight elaboration of our 
account can deal with this difficulty. Suppose that the response for small fractions can 
be triggered either by perception of the final beat click or by a timing process initiated 
by the penultimate beat click, whichever occurs first. This could shorten production 
delays that would otherwise be exceptionally long, thereby reducing the variance. 
(See Kornblum, 1973.) Evidence favorable to such a facilitation effect of the final beat 
click is provided by a comparison we made with PZ between one-response production 
of n = 1/8 and the same procedure with the final beat click replaced by a "rest" (or an 
"imaginary beat"). Omission of the click increased the mean response delay by about 
17% (from 149.5 to 175.5 msec), thereby increasing the mean error, but more than 
doubled the SD (from 26.0 to 70.2 msec).25 

However, our argument for the idea that subjects timed their productions of small 
fractions from the penultimate beat click depends on the assumption, introduced 
above, that the variance of a produced time interval cannot decrease as its mean 
increases. Even if true for time intervals defined in isolation, this assumption may be 
false for intervals that are defined as different fractions (or multiples) of a standard 
interval, as in our production task. Perhaps fractions that are "simpler," or more 
practiced, or that require less "computation" (such as n = 1) are produced more 
reliably. In models in which timing is accomplished by counting a stream of internal 
events until a criterion is reached, the reliability with which the criterion count is set 
may have to be considered as well as the variability of the inter-event intervals. This 
possibility is supported in our data by the (statistically significant) reduction in var­
iability from P(7/8) to P(1). 

G. Implications of Other Analyses of Psychophysical Scaling 
for the Production-Perception Disparity 

Readers with a special interest in psychophysical scaling may find it interesting to 
consider our perception and production experiments in relation to the "magnitude 
estimation" and "magnitude production" methods used to investigate many percep­
tual domains. These methods often produce power-function relations between 
stimulus and response values; such psychophysical scales are often summarized by 
power-function exponents. The exponent f3 determines how ratios of stimuli (epJ <ep.J 
are mapped onto ratios of the numerical magnitudes or names (tJ1J <tJl2) associated with 
them: t/12!tJh = (ep2 lepd3 

• An exponent larger (smaller) than 1.0 implies that the name 
ratio is larger (smaller) than the stimulus ratio. 

Partly because there is a "correct" relation between nand F that musicians are 
presumably trained to achieve, we are interested in the relation between n-values and 
F-values and not merely in the relation between ratios of pairs of n-values and pairs of 
F-values. (The latter relation, but not the former, is captured by the exponent of a 
fitted power function.) Sizes of the exponents are nonetheless useful to consider. We 

25This comparison also suggests that the existence of a positive production error for small fractions does 
not depend on the presence of an actual beat click. 
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have already noted that both J(N) and P(n) deviate dramatically from power 
functions if the full range of fractions is considered. However, power functions fitted 
only to the data for small fractions fit reasonably well and do capture one aspect of the 
discrepancy between perception and production. A power function fitted to the data 
for small fractions in our experiments has an exponent greater than 1.0 for production 
but less than 1.0 for perception. 

Under some conditions with other perceptual continua, magnitude production 
exponents are larger than those obtained in magnitude estimation. There are at least 
three reasons why our finding may not be an instance of the same phenomenon. First, 
Teghtsoonian and Teghtsoonian (I 978) have shown that the difference between expo­
nents depends on the stimulus range and, indeed, is reversed for narrow ranges. 
Stimulus ranges in our two perception experiments differed greatly; their endpoints 
were about 50 and 850 msec in Experiment 2, but only about 90 and 140 msec (for PZ 
and n = 116), for example, in Experiment 1. Nonetheless, we obtained good agree­
ment between experiments for PZ and PF. In both production experiments, the 
stimulus (fraction name) was fixed for a long series of responses (25 and 250 responses 
in Experiments 3 and 4, respectively). The best description to assign to the stimulus 
range in this case would therefore appear to be "narrow." 

Second, the Teghtsoonians argued that the effect depends on the avoidance by 
subjects of extreme response ratios (i.e., either much larger or much smaller than 
unity). This analysis seems inapplicable in a straightforward way to Experiment 1, 
where the overt responses were "larger than N" and "smaller than N." (To make it 
applicable, one could assume that subjects produce covert responses of particular 
N-values that they then categorize in terms of the specified target N-value to deter­
mine the overt response.) 

Third, if mechanisms of the kind discussed by the Teghtsoonians were responsible 
for the difference we observed between J(N) and P(n) for small fractions, we would 
expect a difference in the same direction for large fractions, contrary to what we 
observed. 

In the discussion above we have assumed that time ratios For f (between produced 
or stimulus intervals and the beat interval) are the objects to be produced or judged. A 
less obvious alternative is to consider these objects to be time intervals bF or bf In that 
case, a procedural difference between our experiments and many others becomes 
important. The T eghtsoonians argue persuasively that in choosing a response on one 
continuum to associate with a stimulus on another, subjects refer to the prior stimulus 
and prior response and choose a response that generates a response ratio equal to the 
subjective stimulus ratio. With traditional methods the prior stimulus and response 
are those from the previous trial and usually vary from one trial to the next. In 
contrast, with our methods the (large) beat interval b-corresponding to fixed prior 
values ("standards") f = 1 and N = 1 on the two continua-is presented on each trial, 
becomes a prior stimulus, and can perhaps be regarded as generating a prior response. 
Suppose that we accept this alternative analysis (together with the idea that subjects 
produce covert N-responses in Experiment 1). Then, if subjects tend to avoid extreme 
response ratios, they would both overproduce and overestimate small fractions but 
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not large ones, as observed. The Teghtsoonians' analysis can therefore provide one 
viable account of the perception-production difference, if we combine it with rejec­
tion of the feedback model. 26 27 

Two findings incline us against the interval alternative. The first, by Michon 
(1967), is the absence of effects of stimulus range in an experiment on magnitude 
estimation of time intervals. Given this finding, one would have to argue that the 
psychophysics of beat fractions and of time intervals differ, with the former more like 
other sensory domains, or that although the standard interval (like a beat interval) was 
not presented on each trial in Michon''S experiment, subjects presented a fixed stan­
dard to themselves. 

The second finding is o~r own, emerging from a comparison of perceptual judg­
ments of beat fractions across different beat intervals (described in Section VI,E). 
This experiment permitted us to remove the confounding of the duration of the 
interval being judged with its fraction value. A straightforward application of the 
interval alternative, based on avoidance of extreme response ratios, implies that the 
judgment error depends only on the response (the N value) and therefore on the 
fraction f rather than the interval bf; in contrast, we found that the error depends on 
both fraction value and interval duration. 

IV. IMITATION OF BEAT FRACTIONS 

In both the judgment and production tasks, subjects must associate beat fractions 
and their names. In the imitation task (sometimes called the method of reproduction), 
this association is not called for, at least not explicitly: the "input" is the same stimulus 
f, as in the judgment task, and the "output" is a timed response F, as in the production 
task. The relation, F = I(j), between f and F in the imitation task may therefore tell 
us whether the systematic errors found in the other tasks depend on the requirement 
to associate names with beat fractions. More generally, by exploring the imitation task 
and its relation to the judgment and production tasks, we hoped to explain or describe 
the production-perception disparity in terms of characteristics of internal transforma­
tions, some of which may be shared by pairs of the three tasks and some of which may 
be task-specific. 

A. Four Simple Alternatives for Imitation 

There are four simple and interesting possible outcomes of the imitation experi­
ment, two of which have been explicitly considered in studies of time-interval percep­
tion. 

26The possible inconsistency in conventional procedures between magnitude estimates (of stimuli con­
trolled by the experimenter) and feedback from magnitude productions (controlled by the subject) is also a 
puzzle, of course. 

27Insofar as symmetric errors are found for large fractions-as discussed in Sections Il,A; III,e; and 
III,E-this account would, of course, have to be elaborated. 
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