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Interval timing allows organisms to predict environ-
mental events that occur in the seconds-to-minutes range.
A nearly universal feature of interval timing is the scalar
property that is observed across durations.The scalar prop-
erty refers to a proportional relationshipbetween the stan-
dard deviation of the response distribution and the dura-
tion being timed. Any perceptual process that obeys
Weber’s law implies such a relationship.Scalar expectancy
theory successfully accounts for this property by defining
the sources of timing variability that contribute to perfor-
mance (Gibbon, 1977). The primary sources of variability
derive from clock, memory, and decision processes (Gib-
bon & Church, 1984; Gibbon, Church, & Meck, 1984)

The scalar property has been observed across a variety
of species, including fish, birds, rodents, and humans
(Church, Getty, & Lerner, 1976; Gibbon, 1977; Rakitin
et al., 1998; Schneider, 1969; Talton, Higa, & Staddon,
1999), and it spans durations ranging from milliseconds
to hours (Crystal, 2001; Ivry & Hazeltine, 1995). The

scalar property is also evident in a wide range of nontem-
poral tasks that involvenumerical representations, includ-
ing number discrimination in animals (Mechner, 1958;
Meck & Church, 1983; Platt & Johnson, 1971), nonverbal
numerical representation in both animals and humans
(Gallistel & Gelman, 1992), and nonverbal counting in
humans (Cordes, Gelman, Gallistel, & Whalen, 2001;
Whalen, Gallistel, & Gelman, 1999).

Humans readily use languageto developcountingstrate-
gies, referred to as chronometric counting, to mark the
passage of time (Gilliland & Martin, 1940). One might
reasonably conclude that this form of verbal counting be-
havior also obeys the scalar property. Chronometric count-
ing enables the individual to divide a temporal duration
into rhythmic subintervals with verbal labels (e.g., “one-
thousand one . . . one-thousand two . . .”). Interval timing
studies in humans do not always control for chronometric
counting, yet timing with or without counting may have
different psychophysicalproperties. It is unknownwhether
chronometric counting obeys the scalar property.

Published reports regarding how counting variability
changeswith durationare conflictual.A mathematical treat-
ment that emphasized the contributionof counter error con-
cluded that “for long intervals, Weber’s constant for time
is shown to be the Weber constant for counting” (Killeen,
1991, p. 213). In addition, a number of authors have pre-
sentedempirical countingdata that generallyconform to the
scalar property, although their studies were not specifically
designed to assess variabilitychanges (Gilliland & Martin,
1940; Kruup, 1961; Spivack & Levine, 1964). A recent
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Weber’s law applied to intervaltiming is calledthe scalar property. A hallmarkof timing in the seconds-
to-minutes range, the scalar property is characterizedby proportionality between the standard devia-
tion of a response distribution and the duration being timed. In this temporal reproduction study, we
assessed whether the scalar property was upheld when participants chronometrically counted three
visually presented durations (8, 16, and 24 sec) as compared with explicitly timing durations without
counting. Accuracy for timing and accuracy for counting were similar. However, whereas timing vari-
ability showed the scalar property, counting variability did not. Counting variability across intervals
was accuratelymodeled by summing a random variable representing an individual count. A second ex-
periment replicatedthe first and demonstrated that taskdifferenceswere not due to presentation order
or practice effects. The distinct psychophysical properties of counting and timing behaviors argue for
greater attention to participant strategies in timing studies.
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study examined variability explicitly and found that count-
ing a 12-sec duration was more precise than timing the
same duration (Rakitin et al., 1998). Although this finding
indicates that response variability for counting and timing
can be distinguished, variability was not assessed across
multiple intervals, a necessity for examining the scalar
property.

During a counting task, participants divide a duration
into a series of smaller subintervals. The variability of
these subintervals exhibits the scalar property over a 0.5-
to 1.3-sec range, suggesting that participants are in fact
timing the subintervals(Wearden & McShane, 1988). Sev-
eral theorists have predicted reduced variability during
counting based on the mathematical property that total
variance consists of the sum of variances of individual
counts (Fetterman & Killeen, 1990; Getty, 1976; Killeen
& Weiss, 1987). In this circumstance, variance (rather
than the standard deviation) should scale proportionally
with duration.Such a relationship is equivalent to the vari-
ability scaling with the square root of the duration being
timed (which we refer to as the square-root model, SRM).
An experiment examining duration discrimination in the
range of 0.7–1.9 sec generally bore out these predictions
when participants counted fast or did not count (Grondin,
Meilleur-Wells, & Lachance, 1999). However, a subse-
quent experiment within the same study produced con-
trary results: when participants were given more practice
and tested with twice as many trials, the variability in the
counting condition remained constant from 1.3 to 1.9 sec.
This observation is inconsistent with counting following
either scalar or square-root variability, and it led to the
suggestion that “when human observers are allowed to
keep track of time as efficiently as they can, Weber’s law
encounters violations” (Grondin, 2001, p. 32).

Given these inconclusive findings, we sought to deter-
mine empiricallywhether countingvariability exhibits the
scalar, the square-root, or another property. In the present
study, we explicitly compared counting and timing of
three durations within the same group of subjects using
the peak-interval timing procedure, also known as the
“peak procedure” (Catania, 1970; Roberts, 1981). In Ex-
periment 1, all participants first timed and then counted
each duration. In Experiment 2, the tasks were presented
in the opposite order to a different group of participants.
The purpose of Experiment 2 was to assess the reliability
of the findings of Experiment 1 and to determine whether
those results were significantlyinfluencedby task order or
practice effects.

METHOD

Experiment 1

Participants
Thirteen healthy adults (ages 24–46; 6 males) participated. They

were recruited from students and staff at the Medical College of
Wisconsin (MCW) and were compensated $12/h. All provided writ-
ten informed consent consistent with MCW Institutional Review
Board guidelines.

Apparatus
Data were collected on an IBM-compatible personal computer

with a 33-MHz AMD 80386SX microprocessor. Stimuli were pre-
sented and responses recorded with millisecond precision using a
custom DOS-based application written in Turbo Pascal. Timing of
events was controlled by assembly language residual-count process-
ing of the 8254 timing chip (Bovens & Brysbaert, 1990; Graves &
Bradley, 1987). Accuracy was within approximately 15 msec as a re-
sult of both keyboard imprecision and software keyboard polling rate.

Design and Procedure
All participants were tested at the same time of day over two ses-

sions separated by at least 1 day. Each testing session lasted approx-
imately 1 h. Because of practical considerations (e.g., subject fa-
tigue), the three target durations (8, 16, and 24 sec) were presented
in two successive blocks of trials, counterbalanced across partici-
pants. On one testing day, either two blocks of the 8-sec duration
preceded two blocks of the 16-sec duration or vice versa, and on the
other testing day, two blocks of the 24-sec duration were presented.
For each duration, timing always preceded counting, in order to dis-
courage participants from associating a particular verbal label with
the duration prior to timing. Each block consisted of 5 fixed-time
training trials and 40 testing trials.

The participant sat approximately 80 cm from the computer mon-
itor and pressed the Enter key to begin each training trial. After a
random variable delay ranging from 0.5 to 1.5 sec in 100-msec in-
crements, a blue rectangle 10.6 cm wide 3 12.5 cm long appeared
on the computer monitor, indicating the beginning of the interval to
be timed. The participants were instructed to attend to the interval
during which the rectangle appeared blue. When the target duration
was reached, the blue rectangle changed color to magenta and re-
mained on the monitor for 1.5 sec. At the end of the color change,
the monitor went black and a continuation prompt appeared: “press
Enter to begin the next trial.”

After 5 training trials, the testing phase of 40 trials began. These
trials used the same stimulus as that described for training, except
that the color change marking the end of the interval did not occur.
The participants were instructed to produce a continual range of re-
sponses such that the target duration was centered within that range.
They were told to tap the space bar at a comfortable rate while re-
sponding and to make at least five responses per trial. The partici-
pants could terminate the trial by pressing the Enter key when they
had finished responding.

During the intertrial interval, feedback was provided in the form
of a histogram that displayed the distribution of the participant’s re-
sponses in the previous trial on relative time and response scales (see
Rakitin et al., 1998, Figure 2). The target duration was indicated on
the x-axis by a green letter “T,” to exclude information about its ab-
solute duration. A total period of twice the target duration was dis-
played in the histogram. The histogram was presented in bins of 10%
of the target duration, and the height of the bars represented the pro-
portion of the maximum number of responses per bin. The region of
the feedback graph within 630% of the target duration had a green bar
above it, indicating a range of good performance, whereas earlier and
later regions had a red bar above them. The feedback was designed to
encourage evenly distributed responses ranging symmetrically around
the target duration. Pressing the Enter key a second time allowed the
participant to continue to the next trial after a short, variable delay.

In a timing block, the participants were instructed not to count or
use any other process of subdivision (such as foot tapping, hum-
ming, singing, etc.) nor to use any external timing mechanism. They
were instructed to use their internalized perception of the temporal
duration of the blue rectangle presented during the training trials to
guide their performance during the testing trials. In the subsequent
counting block, the participants were instructed to count silently dur-
ing the training trials to determine a count corresponding to the du-
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ration that had elapsed when the color change occurred and to use
that information to determine when to respond.

Data Analysis
We refer to a combination of a particular duration (8, 16, 24 sec)

and task (counting, timing) as a condition . For each condition, all re-
sponses from all trials were pooled into a single frequency distribu-
tion with 0.5-sec bins to generate a peak function, which was nor-
malized by maximum response rate to allow comparison across
individuals. These normalized peak functions were fit with two-
parameter (mean and standard deviation) Gaussian curves using the
SPSS PeakFit program (v. 4.11, SYSTAT Software, 2001). A least-
squares method that minimized the residuals determined the best-
fitting Gaussian function. Two measures of interest were extracted
from the fitted curves: the peak time or center of the distribution and
the width of the distribution at half the maximum height (full width at
half-maximum, FWHM). Center is a measure of timing accuracy, and
FWHM is a measure of timing precision. A measure of error was de-
rived by subtracting the expected value for each duration from the cen-
ter. The FWHM of a Gaussian distribution is numerically equivalent

to 2.355 standard deviations. A coefficient of variation (CV) was cal-
culated by dividing the standard deviation (FWHM/2.355) by the cen-
ter. CV is a proportionality measure of relative precision that remains
constant across durations when the scalar property is upheld.

Error, FWHM, and CV were subjected to a 3 3 2 (duration 3
task) repeated measures analysis of variance (SPSS for Windows,
release 8.0.0, 1997). The Wilks’ lambda test within the multivariate
repeated-measures analysis was used whenever there were signifi-
cant departures from sphericity; otherwise univariate analyses were
used. Planned comparisons using paired t tests (two-tailed signifi-
cance levels) were performed between counting and timing at each
duration for error, FWHM, and CV. Regression analyses were per-
formed on FWHM to assess the ability of different models to char-
acterize its change with duration. The CV was plotted by condition
for each individual in log–log coordinates. Linear regression equa-
tions and 95% confidence intervals for the two tasks were calculated
using SPSS.

Some theoretical accounts suggest that the counting data collected
in the present study might be modeled as a sum of random variables
(Fetterman & Killeen, 1990; Getty, 1976; Killeen & Weiss, 1987).

Figure 1. (A) Response distributions (peak functions) for Experiment 1 averaged across 13
subjects sorted by task (T, timing; C, counting) and target duration (8, 16, 24 sec) plotted in
half-second bins on a relative response scale. Timing preceded counting for all conditions.
(B) Peak functions for the Experiment 1 counting data (C) and a simulation (S) displayed by
target duration (8, 16, 24 sec). See text for details of simulation.
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The rand function in Excel was used to generate random numbers
having a uniform distribution from 0 to 1 (Microsoft Excel 2000,
v. 9.0.3821 SR-1). The observed data were fit well by a simulation
in which four of these random numbers represented each second of
the total duration (e.g., 32 draws for the 8-sec duration). 1 The sum
of all the samples was divided by 2 to produce an individual “repro-
duction” trial, so that the sum corresponded approximately to the
target duration. The simulation included 10,000 trials per condition.

Experiment 2
Experiment 2 was identical to Experiment 1, except that 8 healthy

adults (ages 21–41; 4 males) participated, and counting preceded tim-
ing for each duration. Planned comparisons between Experiment 1
and Experiment 2 were performed using unpaired t tests (two-tailed
significance levels) on error, FWHM, and CV for each condition.

RESULTS

Experiment 1
The normalized response distributionsaveraged across

participants for each conditionare displayed in Figure 1A.
Each condition for each participant was modeled by a
Gaussian distribution(goodnessof fit was greater than .93
for all conditions), and the results are reported in terms of
measures derived from these fitted functions.

Error (the deviation between the observed center and
the target value) did not differ between timing and count-
ing for 8 or 16 sec (Figure 2A). However, counting was
significantlymore accurate at the longestduration [t(12) 5
2.50, p , 0.03; F(2,11) 5 4.64, p , .04, for the interac-
tion between task and duration]. Although accuracy was
similar between the two tasks, precision was quite differ-
ent, and counting produced significantly narrower distri-
butions (FWHM) at all durations (Figure 2B) [F(2,11) 5
102, p , .001].

The FWHM data for timing were fit with a linearmodel
with a negative intercept, although fixing the intercept at
0 fit equallywell (FWHM 5 0.41* T 2 0.42and FWHM 5
0.39 * T; r 2 5 .73 for both). The FWHM data for count-
ing were well characterized both by the SRM (FWHM 5
0.67/T 2, r 2 5 .55) and by a linear model with a constant
intercept (FWHM 5 0.099 * T 1 1.03, r2 5 .57).

The CVs were constant for the timing task (the scalar
property), but they decreased with increasing duration for
the counting task (Figure 3). The best-fitting linear re-
gression to the log–log plot for timing was CV 5 0.00 * T
2 0.81 (r2 5 .00, slope parameter 95% confidence inter-
vals 20.15 to 0.14). For counting, it was CV 5 20.40 * T
2 0.69 (r2 5 .40, slope parameter 95% confidence inter-
vals 20.23 to 20.56). With the slope held constant at
20.5, the best-fitting equation was CV 5 20.5 * T 2
0.58 (r2 5 .37).

The simulation of counting closely modeled the ob-
served counting data (Figure 1B).

Experiment 2
Experiment 1 and Experiment 2 did not differ signifi-

cantly in any condition for error, FWHM, or CV (all ps .
.22; see Figure 4 and Table 1).

DISCUSSION

These experiments have shown that counting and timing
producesimilar accuracy in temporal reproduction(Table 1,
Figure1A, Figure 2A, Figure 4). However, the FWHM of re-
sponse distributions increases substantiallyless with count-
ing than it does with timing (Table 1, Figure 1A, Figure 2B,
Figure 4). In fact, the CV is constant for timing but de-
creases with increasing duration for counting (Table 1,
Figure 3). These observations were replicated in Experi-
ment 2, which generated comparable results and demon-
strated that task order or practiceeffects cannotplausiblyac-

Figure 2. (A) Error measures by task and target duration for
Experiment 1. Error is defined as the difference between the ob-
served (O) and expected (E) centers of the Gaussian functions fit
to individual participants’ response distributions. Error bars
represent ±1 SD. (B) Variability for Experiment 1 by task and
target duration, defined as the full width at half-maximum
(FWHM) in seconds of the Gaussian functions fit to individual
participants’ response distributions. Error bars represent ±1 SD.
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count for the data of Experiment1 (Table 1, Figure 4). These
experiments convincingly demonstrate that counting vio-
lates the scalar property, which requires a constant CV
across durations. Nonetheless, how best to characterize
changes in counting variability as a function of duration re-
mains an openquestion.The simulationof the countingdata
(Figure 1B) and the plotsof CV in log–log coordinates(Fig-
ure 3) suggest that the FWHM of the countingdistributions

are proportional to the square root of duration (FWHM 5
a * ÏT ), unlike the timing distributions,in which FWHM
scales linearly with duration (FWHM 5 b * T ). However,
a generalized version of Weber’s law (GWL) also fits the
counting data well (FWHM 5 c * T 1 d ).

The fits to the counting data are similar for the SRM
and GWL (r2 5 .55 and .57, respectively), and so the data
themselves do not give a compelling reason to prefer one

Figure 3. Coefficients of variation (CV) by task and target duration plotted
in log–log coordinates for Experiment 1. The CV is derived by dividing the
standard deviation (FWHM/2.355) by the center. Dashed lines indicate 95%
confidence intervals. The slope for timing is not different from zero, indicating
the scalar property, while the slope for counting is not different from 20.5, in-
dicating the square-root property.

Figure 4. Peak functions for Experiment 2 averaged across 8 subjects sorted by task (T, tim-
ing; C, counting) and target duration (8, 16, 24 sec) plotted in half-second bins on a relative
response scale. Counting preceded timing for all conditions.
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over the other. However, the SRM is more parsimonious
because it requires only a single free parameter to the
GWL’s two, and it makes intuitivesense because it reflects
a mathematical truth derived from what we believepeople
are doing when they count: summing random variables. If
a participant counts at a regular rate, the distribution of
those counts has a reliable mean with relatively little vari-
ability, and the sum of individualcounts represents the es-
timated duration. The standard deviation of a sum of ran-
dom variables increases with the square root of the number
of random variables, which is the mathematical basis of
the SRM. If participants count at similar rates for all three
durations, their count will be proportional to duration.
Consequently, the standard deviations of their counting
distributions will be proportional to the square root of the
duration. Behavioral data are rarely so well modeled by
such a simple process, and the simulation’s close fit af-
firms common-sense notions about what participants are
doing when they count (Figure 1B).

Some other objections to the GWL are also worth not-
ing. In the log–log plot of the counting CV data in Fig-
ure 3, the GWL predicts a hyperbolic function of some
form (CV 5 a/x 1 b) but makes no specific prediction
about the value of the slope constant a. In contrast, the
SRM specifically predicts that the CV for counting plot-
ted in log–log coordinates will conform to a linear func-
tion with a slope of 21/2, which it does. In addition, the
positive intercept modeled by the GWL asserts that all es-
timates based on counting must have a constant duration
added to them that is independent of the duration being
estimated. The value of this constant in terms of FWHM
is 1.03 sec. Note that for the 8-sec duration, this constant
accounts for 56% of the FWHM; for counting a 1-sec du-
ration, this constant would account for 91% of the
FWHM. When the timing data are so well fit by the clas-
sic version of Weber’s law (FWHM 5 c * T ), it seems

problematic that counting would require the addition of
such a substantial constant independent of time. The
GWL provides no theoreticallymotivated account for this
parameter, and the counting data are already well de-
scribed by the simpler model, the SRM.

These experiments suggest that one can determine
purely from behavioral data whether or not people are
counting in order to estimate time, in that timing exhibits
the scalar property whereas counting does not. The very
different psychophysical characteristics exhibited by tim-
ing and counting further emphasize the critical impor-
tance of instructing participantsnot to count when one in-
tends to study timing behavior.
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NOTE

1. Let us assume that n represents the number of independent samples
(i.e., count) used to estimate a target duration T. Let us further assume that
those samples are drawn from a distributionD that has a mean of t, such that
T 5 n* t. The variance, var(D), applies to any particular distributionof the
samples, including Gaussian. A uniform distribution was chosen in this
analysis merely for convenience of calculation. The same results could be
obtained with many other possible combinations of n and var(D), as long
as a proportional relationship was maintained between them. Mathemati-
cally, n trades off inversely with var(D) to keep the total variance of T con-
stant. In other words, one would find the same result for T with twice as
many samples taken from a distributionwith half the variance, and so forth.
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