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Abstract

It has been suggested that there are systematic distortions in children’s memory for tempo-
ral durations, such that children’s memory is not just less accurate than that of adults but qual-
itatively different. Experiment 1 replicated the memory distortion effect by demonstrating
developmental change in the tendency to confuse a reference duration with one that is shorter
rather than longer than it. When the long-term memory demands of the task were reduced by
providing reminders of the reference duration on every trial, there were no such qualitative
changes in error patterns (Experiment 2). Further evidence for developmental changes in
memory distortion was found in the temporal generalization task of Experiment 3, in which
stimuli were spaced logarithmically rather than linearly. In Experiment 4, a similar distortion
pattern was absent in a task in which children made judgments about the pitch rather than the
duration of stimuli, suggesting the effect may be specific to time estimation.
© 2003 Elsevier Inc. All rights reserved.
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Introduction

The development of temporal processing seems likely to underpin growth in a
variety of cognitive and linguistic abilities. Developmental improvements in time
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estimation over childhood have been documented consistently in a large number of
studies, using a wide variety of tasks (e.g., Arlin, 1986; Droit-Volet, 1999; Friedman,
1977; Pouthas & Jacquet, 1987; for review, see Block, Zakay, & Hancock, 1999).

That temporal abilities should improve with development is unsurprising. How-
ever, recent research has suggested that young children’s memory for temporal dura-
tions is not just less accurate than that of older children and adults, but is instead
qualitatively different. More specifically, it has been proposed that there is a devel-
opmental change in the extent to which durations are remembered as being shorter
than they really are (Droit-Volet, Clement, & Wearden, 2001; McCormack, Brown,
Maylor, Darby, & Green, 1999). Such a claim is of general theoretical interest for at
least two reasons. First, the observation of a qualitative change rather than mere
quantitative change requires specific explanation. Second, the possibility that there
is memory distortion is specific to the temporal domain points to the possibility of
developmental dissociations between development of memory for temporal and non-
temporal quantities. This research addresses two key questions: Is the observed
memory distortion specific to temporal memory? And is the effect best conceived
of as memorial or perceptual in nature?

Recent attempts to examine the development of time estimation have been carried
out within the framework of Scalar Expectancy Theory (Droit-Volet, 2002; Droit-
Volet & Wearden, 2001; McCormack et al., 1999), the most widely applied theory
of human and animal timing (Gibbon, 1977; Gibbon, Church, & Meck, 1984; for re-
view, see Wearden, 2001). Such studies have used duration identification tasks, in
which participants are pre-exposed to one or more reference durations at the start
of the task. At test, participants are required to judge the similarity of test durations
to the reference duration(s) they encountered earlier.

According to Scalar Expectancy Theory, three types of processes are involved in
such tasks. First, internal clock processes time the presented durations and generate
representations of them that are passed to working memory. Second, long-term
memory processes are responsible for storing and maintaining representations of
the pre-exposed reference durations. Third, responses at test are based on the out-
come of decision processes that compare representations of the reference durations
with just-presented test durations. These processes are typically captured mathemat-
ically in scalar timing models (e.g., McCormack et al., 1999; Wearden, 1991, 1999;
Wearden, Wearden, & Rabbitt, 1997). A key advantage of carrying out developmen-
tal studies of timing within the Scalar Expectancy Theory framework is that such
formal models enable developmental changes to be pinpointed in particular compo-
nents of the processing stages. Specifically, developmental differences can be inter-
preted in terms of changes in one or more of the parameters specified in such models.

For present purposes, we highlight two important parameters. These parameters
correspond to two different ways in which time estimation abilities may develop. On
the one hand, there could be developmental changes in the amount of noise or var-
iability associated with one or more of the processing stages. A developmental de-
crease in the amount of noise would lead to increases in overall levels of
performance on duration identification tasks, but would not usually be associated
with striking developmental changes in the patterns of errors that are produced on
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such tasks (at least according to typical scalar timing models). Alternatively, there
could be qualitative developmental changes that are specific to the long-term mem-
ory processes recruited in the task. Scalar timing models assume that memory distor-
tion effects can occur in certain populations (Droit-Volet et al., 2001; Elvevag et al.,
2003b; Lejeune, Ferrara, Soffie, Bronchart, & Wearden, 1998; Malapani, Deweer, &
Gibbon, 2002; McCormack et al., 1999; McCormack, Brown, Maylor, Richardson,
& Darby, 2002; Meck, 1996) or under certain conditions (Meck, 1996; Meck &
Church, 1987). The idea is that durations can be systematically misrepresented in
memory as too short or as too long. Developmental changes in distortion would lead
not only to less accurate overall levels of performance, but also to characteristic
patterns of errors in participants of different ages.

The McCormack et al. (1999) study of the development of duration identification
employed a temporal generalization task to examine this issue. In the temporal gen-
eralization task, participants are presented with a single reference duration in an ini-
tial pre-exposure phase, and they then judge whether test durations are of the same
length as the reference duration. Data from this task yield temporal generalization
gradients, which are plots of the number of positive responses given to each test du-
ration (such as those plotted in Fig. 1). Typically, these peak at the reference dura-
tion, and decline with distance from it. In studies of adults’ performance on this task,
such gradients are typically skewed to the right (right asymmetry) when the stimuli
are spaced linearly, with more erroneous positive responses to stimuli longer than
the reference duration than to those shorter but of equal distance away (Wearden,
1992; Wearden, Denovan, Fakhri, & Haworth, 1997; Wearden, Wearden, et al.,
1997). Thus, in adults, the confusability of durations would appear to be a function
of the ratio between them, rather than the absolute distance. However, in the
McCormack et al. study, 5-year-olds made more erroneous responses to stimuli
shorter than rather than longer than the reference duration; that is, their gradients
showed left asymmetry rather than the more usual right asymmetry. This tendency
declined developmentally, with 10-year-olds producing symmetrical gradients. Thus,
McCormack et al. found qualitative developmental differences in addition to quan-
titative ones. Such qualitative differences can be particularly helpful in identifying the
specific aspects of cognitive processes that change developmentally.

In modeling their data, McCormack et al. (1999) assumed that noise or variability
in performance decreased over childhood. This assumption captured the overall de-
cline in numbers of errors. However, to capture the distinctive pattern of errors made
by children, it was also necessary to assume that there was a developmental decline in
the extent to which memory representations of the reference duration were distorted.
Specifically, it was assumed that young children tend to remember the reference du-
ration as being shorter than it really was, and thus make more erroneous identifica-
tions of short test stimuli with the standard. Varying both these parameters in a
simple mathematical model of performance provided a good fit to the data from
child and adult groups.

The idea that young children’s temporal judgments are not simply less accurate
than those of adults but also qualitatively different is one that has historically been
the focus of much research on the development of timing. In the Piagetian
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framework, psychologists have been concerned with establishing whether children’s
duration judgments are susceptible to influence by nontemporal task features in the
pre-operational period (Levin, 1982; Piaget, 1969). Another strand of research has
explored whether young children systematically overestimate or underestimate tem-
poral intervals due to a failure to accurately employ strategies such as counting
(Levin & Wilkening, 1989; Pouthas, 1993) or due to differences in attentional or
physiological processes (e.g., Goldstone & Goldfarb, 1966; Hicks, Allen, & Mayo,
1984). However, as Block et al. (1999) discuss in their comprehensive meta-analytic
review of this research, the claim that children overestimate or underestimate dura-
tions can be meaningfully interpreted only within the context of the particular type
of timing task that is being employed. On the basis of their meta-analysis of studies
that have used different types of timing tasks, Block et al. conclude that young chil-
dren tend to make shorter reproductions of presented durations and make overesti-
mations in verbal estimation tasks. Although simple theoretical interpretations of
this pattern of findings are difficult, Block et al. interpret these findings in terms
of changes in attentional processes and changes in the translation of subjective units
of time to objective units of measurement (such as seconds or minutes).

Because the temporal generalization task involves making a duration judgment
relative to a previously presented standard, distinctive patterns of errors can also
be interpreted as overestimation or underestimation (i.e., overestimation or underes-
timation of the test interval relative to a remembered standard). The pattern of per-
formance observed in young children by McCormack et al. (1999) can be described
as overestimation, in that test durations that are shorter than the standard are erro-
neously judged to be of the same length as it. However, unlike in the verbal estima-
tion tasks reviewed by Block et al. (1999), young children’s pattern of errors in the
temporal generalization task cannot be explained in terms of difficulties with objec-
tive units of time, because the judgments made on this task do not involve such units.
The fact that McCormack et al. could successfully model their findings in terms of
the distortion in long-term memory of the representation of the standard suggests
that, in some circumstances, overestimation of durations by young children may
be a result of changes in long-term memory processes. However, two issues remain.
First, an explanation of the findings of McCormack et al. in terms of the perceptual
processes, rather than the long-term memory processes, involved in timing needs to
be ruled out. Second, the generality of the memory effect needs to be established.
Block et al. (1999) discuss the possibility that a general developmental change in
memory, such as a change in rate of forgetting, may lead to overestimation or under-
estimation of durations. However, the memory distortion process described by
McCormack et al. is one that has been posited specifically by Scalar Expectancy
Theory models of timing, and it is not, at least at present, assumed to be a general
memory effect that might extend to other perceptual dimensions.

As they stand, the McCormack et al. findings suggest that there may be interesting
developmental changes in long-term memory that may be specific to memory for du-
rations. Existing research provides only mixed support for this claim. The main
aim of this research was to establish whether this suggestion is correct. In another
developmental study of timing carried out within the Scalar Expectancy Theory
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framework, Droit-Volet et al. (2001) examined the performance of a wide age range
of children (their youngest group comprised 3-year-olds) on a duration identification
task. Their task had a structure similar to that of McCormack et al., although Droit-
Volet et al. used much longer temporal durations. They also found qualitative
changes in error patterns, and, like McCormack et al. (1999), assumed in modeling
their data that there was a decreasing tendency with age to misremember a reference
duration as shorter than it really was. In a more recent paper, however, Droit-Volet
(2002) argued that it is not in fact necessary to assume such memory distortion to
capture developmental changes in performance on temporal generalization tasks,
and she obtained statistically good fits to her data without varying the memory
distortion parameter in a scalar timing model.

Droit-Volet’s (2002) more recent findings raise the issue of whether there are al-
ternative explanations of the developmental changes in the asymmetry of temporal
generalisation gradients found by McCormack et al. (1999). One such alternative ex-
planation of the right asymmetry found in young children’s gradients could be in
terms of perceptual discrimination abilities. The basic finding of McCormack
et al. is that this group gave an unusually large number of positive responses to
the stimulus slightly shorter than the standard or reference duration and relatively
few positive responses to stimuli slightly longer than the standard (the opposite of
the pattern of errors in adults). Perhaps the specific short durations used in the
task were not sufficiently different to be reliably perceptually discriminated from
the standard by young children, even if there was no long-term memory component
to the task. In other words, perhaps erroneous positive responses to short stimuli
were not due to failure to remember the standard correctly but due to perceptual
discrimination processes in young children that were relatively inaccurate for the
specific range of short durations used in the task. We label this explanation the
perceptual discrimination account of right asymmetry, to contrast it with an account
in terms of a timing-specific memory distortion process.'

The aim of the current work was to reexamine the nature of young children’s
errors on a temporal generalization task, and to explore whether the memory
distortion account is correct. The first experiment was an attempt to replicate
the findings of McCormack et al. (1999) in a slightly older group of children
(6-year-olds), because McCormack et al. found that a number of 5-year-olds had
to be excluded from the study due to a failure to participate properly in the task.
In the second experiment, the long-term memory load of the task was considerably
reduced by providing reminders of the standard or reference duration on every trial.
We were interested in whether qualitative changes with development in error pat-
terns would be less evident when there was a low memory load, as a memory distor-
tion account would predict. The last two experiments examine the generalizability of
the developmental change in error patterns found by McCormack et al. (1999): Does
it extend to a temporal generalization task involving a very differently spaced set of

! We are grateful to Nelson Cowan for suggesting this alternative explanation of our findings.
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durations (Experiment 3)? And does it extend to a stimulus dimension other than
duration (Experiment 4)?

Experiment 1
Method

Participants

Nineteen 6-year-olds, twenty-eight 10-year-olds, and twenty adults participated in
the study. The children were recruited from a primary school local to the University
of Warwick and were tested individually in their school. The adults were undergrad-
uates who participated voluntarily and received no payment for their participation.

Materials

The experimental stimuli were presented using an Apple Macintosh computer and
controlled by a program written in the Psyscope software package. The auditory
stimuli were 500-Hz tones of different durations produced by the computer’s speak-
ers, and the visual displays were presented on a colored screen. Participants
responded to stimuli by pointing to parts of the visual displays.

Procedure

Stimuli were presented in five blocks, with each block consisting of a series of
eight trials, making a total of 40 experimental trials. The standard (reference) stim-
ulus duration was 500 ms, and the nonstandard durations were 125, 250, 375, 625,
750, and 875 ms. Each series of eight stimulus presentations contained one example
of each of the nonstandard stimuli and two examples of the standard duration. Feed-
back was provided visually, and the delay between feedback and the next auditory
event was of a variable length of time.

All participants were tested individually by one experimenter. Participants were
told that they would hear some sounds and have to judge their length. The first phase
of the introduction to the experiment was an initial exposure to the standard or ref-
erence stimulus. In this phase, a colored photograph of an owl appeared in the center
of the screen. Participants were told that the owl’s name was Barney, and that he al-
ways made a sound of the same length. They were instructed to listen carefully to
how long the sound was. They then heard Barney’s 500-ms sound five times, while
the photograph of the owl remained in the center of the screen.

In the second phase of the introduction, participants were told that other owls,
which were Barney’s friends, made sounds of different lengths, some shorter and
some longer than Barney’s sound. A display appeared on the screen of two pictures
side by side: One was the picture of Barney, and the other was the same picture of
Barney, but with a large red cross through the picture. A nonstandard duration of
750-ms was played, and the experimenter explained that this was not Barney’s sound
because it was too long, and pointed to the crossed-out Barney. The 500-ms standard
duration was then played, and the experimenter reminded the participant that this
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was Barney’s sound, and pointed to the picture of Barney. Lastly, a 250-ms nonstan-
dard duration was played, with the experimenter explaining that this was not
Barney’s sound as it was too short, and pointing to the crossed-out Barney.

A practice trial followed this demonstration, in which participants heard one ex-
ample each of the four nonstandard durations that they had not yet encountered
(125, 375, 625, and 875 ms), plus another example of the standard duration. For each
trial, a picture of Barney alongside a picture of a crossed-out Barney was displayed
on the screen (an identical photograph overlaid with a large red cross), and partic-
ipants responded by pointing to one of the pictures. After each response, participants
were told whether they were correct.

Following the practice trial, participants were told that they would hear more
sounds, and would have to judge again whether they were or were not Barney’s sound.
The last phase of the introduction was a second exposure to the standard duration:
Barney’s sound was played five more times, with the photograph of Barney again dis-
played in the center of the screen. The first experimental trial began immediately after
these reminders. After the participant’s response on each trial, a message was dis-
played on the bottom the screen that read either “That was Barney’s sound” or ““That
was not Barney’s sound.” The experimenter also read this message aloud for child
participants. Between trials, a visual prompt “Ready?” appeared on the screen, and
participants were given the opportunity to have a short break if this were necessary.

Results and discussion

Fig. 1 shows the generalization gradients for each of the three age groups. It can
be seen from the figure that there appears to be a developmental improvement in
overall performance, as indicated by the group differences in the steepness of gradi-
ents. There also appears to be a developmental change in the symmetry of the gra-
dient. The 6-year-old group make more errors to the stimulus immediately adjacent
to but shorter than the 500-ms reference stimulus (375 ms) than to the stimulus im-
mediately adjacent to but longer than the 500-ms reference stimulus (625 ms), the
pattern we describe as left asymmetry. However, in the adult group this pattern is
reversed, with this group showing the right asymmetry that is typical of temporal
generalization gradients found in other studies of adults using similar stimulus sets.
We analyze the results of all the experiments in this article in two complementary
ways. First, conventional statistics are used to assess group differences and possible
asymmetries in the generalization gradient. However, such analyses can be mislead-
ing when examining and interpreting symmetry in generalization gradients, in partic-
ular because separate underlying processes that might lead to asymmetries in
opposite directions may interact in unpredictable ways. We therefore also interpreted
the results of each experiment within a simple mathematical modeling framework as
described subsequently.

A repeated-measures ANOVA was carried out on the proportion of positive re-
sponses to each stimulus, with a between-subject factor of group and a within-subject
factor of duration. The main effect of group was significant, F(2,64) = 4.90, p < .01,
as were the main effect of duration, F(6,384) = 98.78, p < .01, and the interaction
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Fig. 1. Proportion of positive responses as a function of stimulus duration and age group in Experiment 1.

between group and duration, F(12,384) = 4.34, p < .01. Post hoc analyses showed
that the effect of group was significant for all durations apart from the 125-, 625-,
and 750-ms stimuli (a significance level of p < .05 was set for these and subsequent
analyses).

The symmetry of the gradients was examined by comparing the proportion of po-
sitive responses given to the 375-ms stimulus with that given to 625-ms responses.
The adult group showed significant right asymmetry, giving more positive responses
to the 625-ms stimulus, #(19) = 2.94, p < .01, whereas the 6-year-old group showed
significant left asymmetry, producing more positive responses to the 375-ms stimu-
lus, #(18) = 2.16, p < .05. The 10-year-old group did not show significant asymmetry
of either type, #(27) = 0.97, p = .34.

We also addressed these findings using a simple mathematical model. A variety of
modeling frameworks have been applied to temporal generalization data; here we
adopted the simplest possible approach in an attempt to gain understanding of the
distortion effects and their developmental changes, even at the cost of possibly failing
to account for every nuance of the data as could be done with a more complex model
with a larger number of free parameters. The probability P(Y|S;), of responding
“yes” to a given stimulus S; was given by

PY[Si) = b1y,

where b is a scaling parameter and #; , is the similarity between the memory repre-
sentation of the standard and the psychological representation of S;. Standard
practice (e.g., Nosofsky, 1986; Shepard, 1957) assumes that psychological similarity
is an exponentially reducing function of psychological distance, but that a Gaussian
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function may provide the best fit when stimuli are perceptually confusable (see
Ennis, 1988; Nosofsky, 1988; Shepard, 1988). A Gaussian similarity-distance func-
tion was used in the current model. We also assumed that temporal durations were
represented internally on a logarithmic scale. (We note that alternative formulations,
in terms, for example, of ratio-based decision rules, are also extant in the literature
and are sometimes but not always equivalent to the formulation proposed here.)
Thus, R; = log(S;), where R; is the internal representation of S;. The internal repre-
sentation of the standard duration, R, is assumed to be a distorted version of the
veridical representation of the standard, which would be log(S,,). More specifically,
Ry, =log(Sy) + D, where D is the amount of distortion. Negative values of D would
result if the standard duration was remembered as shorter than it actually was.

As noted previously, similarity of any two items is a reducing Gaussian function
of their separation in psychological space. Thus, if ¢ is the parameter governing the
rate at which similarity decreases with distance,

ni,m = e*C\Ri*RMZ.
In psychological terms, this simple model instantiates two basic assumptions. The
first assumption is that the psychological similarity of any two temporal durations is
related to the ratio of the shorter to the longer, subject also to perceptual noise. The
second assumption is that the probability of responding “yes” to any given temporal
duration in a temporal generalization task is directly proportional to the psycho-
logical similarity between the test duration and the remembered standard duration.
The key question to be answered by the model is whether a memory distortion
parameter is consistently estimated as positive or negative across participants. We
therefore fitted the model to the generalization curve of individual participants in
each age group separately (minimizing sum-squared deviation between model and
data?). This procedure enables statistical examination of the best-fitting parameter
values. In particular, this procedure enables examination of whether estimates of
the distortion parameter differ significantly from zero. If there is no systematic dis-
tortion in the data, then for any individual participant a better fit may be obtained
by including either a small positive or small negative parameter (because parameter
addition will almost invariably lead to improved fit). However, if the sign of the dis-
tortion parameter is consistent across participants (i.e., significantly different from
zero), then it is reasonable to conclude that systematic distortion is present in the
data. In some cases, modeling of the individual participant data revealed that no sen-
sible model could be constructed due to deviant performance by an individual
(e.g., when an individual responded “yes” on very few occasions throughout the

2 Maximum likelihoods can be calculated directly from the response probabilities in this and
subsequent experiments, but because of the high weight given to low observed response probabilities the
resulting fits sometimes did less well at capturing the key effects relating to memory distortion. Rather than
include additional parameters into the model to accommodate guessing or random responding, we report
maximum likelihood parameters and test statistical significance by minimizing summed squared error.
However, we carried out the model fitting and comparison both ways, and a qualitatively identical pattern
of results was obtained in all cases.
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experiment). Data from such participants (two of the 10-year-olds in the present ex-
periment) were not modeled. The resulting best-fit parameter values (averaged over
participants) and mean and median R? values for the fit of the model to individual
participants’ data (with distortion included) are given in Table 1. All parameters var-
ied in a meaningful way across age group. The ¢ parameter increased with age, as
would be expected (see, e.g., McCormack et al., 2002). The distortion parameter,
D, was negative for both 6-year-olds and 10-year-olds, consistent with the suggestion
that the children were remembering the standard as shorter than its true value. The
estimated distortion value for the adults was smaller in magnitude and opposite in
direction, consistent with the suggestion that little or no distortion is involved in
adult performance. The right asymmetry that is observed in the adult data is as-
sumed in the model to be a straightforward consequence of representing durations
internally on a logarithmic scale (see Wearden, 1992, for an alternative explanation
in terms of the decision rule). The scaling parameter b increased systematically with
age. The main theoretical interest concerns the individual estimates of the distortion
parameter D. Distortion was negative and significantly different from zero for the
6-year-olds, #(18) = 3.2, p < .01, and for the 10-year-olds, #(25) = 2.7, p < .05, but
was nonsignificant for the adults, #(19) = 1.04, p > .10.

In summary, the findings of this study closely replicate those of McCormack et al.
(1999), in that both quantitative and qualitative developmental changes in errors
were found. There was an overall significant improvement in performance, as indi-
cated by the developmental change in the steepness of the generalization gradient.
Furthermore, there was a change in error patterns, with the groups of children pro-
ducing more errors to the stimulus adjacent to but shorter than the reference dura-
tion, and the adult group showing the reverse pattern of errors. Specifically, the
findings suggest that younger children remember durations as shorter than they

Table 1
Parameter values and model fits
Age group Parameter R> mean R’ median
¢ (SE) D (SE) b (SE)
Experiment 1 6-year-olds 7.7 (1.4) —-.15 (.05) .76 (.05) 798 818
10-year-olds 10.0 (1.1) -.07 (.03) .87 (.03) .884 930
Adults 20.6 (3.0) .02 (.02) 93 (.02) 946 975
Experiment 2 6-year-olds 7.6 (1.5) .13 (.09) .76 (.05) .862 919
10-year-olds 21.2 (4.5) —-.03 (.03) 88 (.04) 945 .879
Adults 33.7 (8.7) .02 (.01) 97 (.01)  .983 .993
Experiment 3 6-year-olds 7.1 (1.3) —-.10 (.06) .72 (.06) .839 911
10-year-olds 9.3 (1.6) —.11 (.03) 88 (.04) 932 979
Adults 14.1 (1.5) .02 (.02) 95(02)  .969 .995
Experiment 4 6-year-olds 80.7 (22.9) .007 (.02) .75 (.05) .809 .899
10-year-olds 88.3 (11.6) .004 (.009) .84 (.03)  .865 921

Adults 133 (18.5) 025 (.009) .92 (.03) .874 947
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actually were. These conclusions were supported by parameter estimates derived
from fitting a simple mathematical model to the data (see also McCormack et al.,
1999, 2002).

Experiment 2

Scalar Expectancy Theory models of performance on the standard temporal gen-
eralization task assume that a representation of the reference duration is held in
long-term memory and subsequently retrieved and compared with durations pre-
sented at test. The distortion process is assumed to occur in the transfer (Meck,
1996) or maintenance of reference durations in long-term memory. This assumption
leads to the prediction that such distortion effects will be seen only on tasks that re-
quire use of long-term memory representations, and that similar patterns of errors
will be produced by all age groups in tasks that do not involve use of such represen-
tations. In Experiment 2, reminders of the reference duration were provided on every
trial, allowing performance to be based primarily on working memory rather than
long-term memory representations. Thus, each trial consisted of participants judging
whether two stimuli were of the same duration, although the first stimulus in every
pair was always the reference duration. The memory distortion account predicts that
all age groups should show similar error patterns in these circumstances, because
distortion effects may be absent (or at least reduced), given the reduced reliance
on long-term memory representations.

This experimental manipulation also allows us to test the perceptual discrimina-
tion account of left asymmetry described above. According to this alternative ac-
count, children’s positive responses to the stimulus shorter than the standard may
be due to children’s inability to discriminate between this specific short stimulus
and the (accurately remembered) standard when they are held and compared in
working memory, because of relatively inaccurate perceptual discrimination of short
stimuli. If the perceptual discrimination account is correct, right asymmetry should
still be observed even if reminders of the standard are provided on every trial, be-
cause the asymmetry is not thought to be due to a problem with long-term memory
for the standard.

Method

Participants

Seventeen 6-year-olds, eighteen 10-year-olds, and twenty-two adults participated
in the study. The children were recruited from a primary school local to the Univer-
sity of Warwick, and were tested individually in their schools. The adults were pri-
marily undergraduates at the University of Warwick, who participated voluntarily
and received no payment. None of the participants had taken part in Experiment 1.

Materials
The materials used were identical to those in Experiment 1.
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Procedure

The procedure differed from that used in Experiment 1 in only two respects. First,
the standard stimulus was introduced to participants as ““Marvin the mouse’s sound”
(rather than that of Barney the owl), and the pictures used on the computer display
were a photograph of a mouse and a crossed-out mouse. Second, participants were
reminded of Marvin’s sound before they made each judgement. On each experimen-
tal trial, the photograph of Marvin appeared on the top of the screen. After 1000 ms,
the 500-ms standard sound was played. After a further 1000 ms, the screen went
blank for 1000 ms, and then a photograph of Marvin alongside a crossed-out photo-
graph of Marvin appeared at the bottom of the screen. After a further 1000 ms, the
test stimulus was presented. Thus, each experimental trial consisted of a presentation
of Marvin’s sound, an interstimulus interval of 3000 ms, and finally presentation of
the test stimulus. Participants were asked to judge whether the second stimulus in
each pair was Marvin’s sound.

Results and discussion

Fig. 2 shows the generalization gradients for all three groups of participants. All
three groups have generalization gradients that show some degree of right asymme-
try (i.e., typically, more errors are made to stimuli longer rather than shorter than the
standard). This can be contrasted with the findings of Experiment 1, in which the
youngest group showed significant left asymmetry.

A repeated-measures ANOVA was carried out on the proportion of positive
responses given to each stimulus, with a between-subject factor of group and a
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Fig. 2. Proportion of positive responses as a function of stimulus duration and age group in Experiment 2.
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within-subject factor of duration. There was a significant main effect of group,
F(2,53) =5.92, p < .01, a significant effect of duration, F(6,318) = 152.51, p < .01,
and a significant interaction between group and duration, F(12,318) = 6.21,
p < .01. Post hoc analyses revealed that the group effect was significant for the 500-,
750-, and 875-ms durations only, with the only significant differences being between
the 6-year-olds and the older two groups.

To examine asymmetry, the proportions of positive responses given to each of the
pair of durations adjacent to the reference duration (i.e., 375 and 625 ms) were com-
pared using ¢ tests. In the 6-year-old group and in the adult group, significantly more
errors were made to the longer stimulus in the pair, #(16) = 2.75, p < .02, and
1(20) = 4.02, p < .01 respectively. Although the 10-year-old group tended to make
more errors to the longer stimulus, this difference was not significant, #(17) = 0.86,
p = .40.

We applied the same model as was used for Experiment 1 to the data and the best-
fitting parameter estimates are shown in Table 1. As for Experiment 1, estimates for
both the ¢ and b parameters increased in an orderly way with age. More importantly,
in no age group did the parameter estimates indicate a significant tendency to mis-
remember the standard duration as too short. Indeed, if anything, the youngest chil-
dren behaved more like the adults in both Experiments 1 and 2 in that a small
amount of positive distortion was possibly evident. Analysis of the individual param-
eter estimates, after exclusion of one participant from each age group for whom a
meaningful model could not be constructed, found no significant distortion for the
6-year-olds, #(15) = 1.6, p > .10, the 10-year olds, #(16) = 1.3, p > .10, or the adults,
t(20) = 1.5, p > .10.

In this experiment, participants received a reminder of the reference duration on
each trial, which allowed judgments to be made on the basis of working memory rep-
resentations rather than primarily on long-term memory representations. In such cir-
cumstances, although there were still significant improvements in performance with
age, the striking qualitative developmental differences in error patterns that had been
found in Experiment 1 and by McCormack et al. (1999) were not present. Parameter
estimates derived from the model led to converging conclusions, in that no negative
distortion was evident in any of the groups. This suggests that the findings of the pre-
vious studies are indeed due to the demands on long-term memory of the tasks em-
ployed in those studies. These findings are evidence against what we have described
as the perceptual discrimination account of right asymmetry. When the participant’s
task was simply to discriminate between two just-presented durations, no left asym-
metry was observed, even in the youngest group. This suggests that young children
do not have particular difficulties discriminating between the short stimulus
durations used in the task.

Experiment 3

According to a memory distortion account, young children should make more
errors to stimuli shorter than the reference stimulus, regardless of the spacing of the
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stimuliin the set. An alternative account remains to be excluded however. In magnitude
estimation tasks using nontemporal stimuli (e.g., weights or light intensities), it is often
found that the psychological mean of a set of stimuli is influenced by the spacing of the
stimuli within the set (see e.g., Parducci, 1995, for a review). It is at least possible, there-
fore, that if participants’ memory of the standard duration is in some way contami-
nated with the psychological mean of the stimulus set, distortion effects might be
removed or reduced when the spacing of stimuli changes. To ensure the generalizability
of the distortion-based account, we decided to replicate the basic effect using logarith-
mically based stimuli, as no previous experiment has examined developmental changes
in temporal generalization using stimuli spaced in this way.

In Experiment 3, participants completed a temporal generalization task again, with
the minimum and maximum test stimuli being identical to those in Experiments 1 and
2 (125 and 875 ms), but with the intermediate five stimuli arranged so that they were
evenly spaced on a logarithmic rather than linear scale. A memory distortion account
again predicts left asymmetry in young children’s generalization gradients, because re-
membering the reference duration as shorter than it actually is should result in a
greater number of erroneous positive responses to stimuli shorter than the reference
duration. Based on the findings of previous studies of temporal generalization using
log-spaced stimuli in adults, the generalization gradients of the adult group in Exper-
iment 3 are predicted to be approximately symmetrical (Wearden, Denovan, et al.,
1997). Finally, it was predicted that model-based estimation of distortion parameters
would lead to parameter values close to those obtained in Experiment 1.

Method

Participants

Twenty five 6-year-olds (M = 6 years, 2 months; 14 males and 11 females), twenty-
five 10-year-olds (M = 10 years, 4 months; 10 males and 15 females), and twenty-five
adults (9 males and 16 females) took part in the study. The adults were undergraduate
students who took part in a 30-min testing session during which they completed the
current task plus an unrelated visual discrimination task. They were paid 5 UK
pounds for their participation in the testing session.

Materials

The materials were identical to those used in Experiment 1, except for the dura-
tions of the test stimuli which were 125, 173, 239, 331, 457, 633, and 875 ms, with
331 ms being the standard stimulus.

Procedure
The procedure was identical to that used in Experiment 1.

Results and discussion

The data for two of the 6-year-olds who produced similar numbers of positive
responses for all stimulus durations were removed from the analyses, as it was judged
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that they were unlikely to have understood or followed task instructions. Fig. 3
shows the temporal generalization gradients for the remaining participants in each
of the three groups. The generalization gradients are steeper in the older groups, in-
dicating a developmental improvement in overall levels of performance. It can be
seen from the figure that the generalization gradient of the adult group is approxi-
mately symmetrical. The gradient for the 6-year-old group showed partial evidence
of left asymmetry in that “yes” responses were somewhat more likely for stimuli
shorter than the standard than those longer than the standard. However, the left
asymmetry appeared less clear than in the gradient of the 10-year-old group, who
showed such an effect strongly.

A repeated-measures ANOVA with a between-subject factor of group and a with-
in-subject factor of duration was used to examine the data. The main effect of group
was not significant, F(2,70) = 1.29, p = .28, indicating similar levels of overall num-
ber of positive responses across groups. The main effect of duration was significant,
F(6,420) = 133.36, p < .01, and there was also a significant interaction between
group and duration, F(12,420) = 5.98, p < .01. Post hoc analyses showed that age
effects were significant at the 125-, 239-, 331-, and 633-ms durations. To examine
the symmetry of the gradients, ¢ tests were used to compare the proportion of posi-
tive responses to the two stimuli immediately adjacent to the 500-ms reference stim-
ulus. There was no significant difference between these proportions in the 6-year-old
group, #(22) = 0.43, p = .67, or in the adult group, #(24) = 0.92, p = .37, but the 10-
year-old group made significantly more positive responses to the stimulus adjacent to
but shorter than 500 ms, #(24) = 3.57, p < .01.
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Fig. 3. Proportion of positive responses as a function of stimulus duration and age group in Experiment 3.
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The apparent absence of left asymmetry in the youngest group is difficult to inter-
pret on the basis of the data alone, because of the relatively low level of performance
in the youngest group, as compared with the equivalent group in Experiment 1. We
therefore examined the findings using the same simple mathematical model as used
previously.

The resulting parameter estimates are given in Table 1. As in the previous two exper-
iments, estimates of the ¢ and the b parameters increased with age. Of critical interest
were the estimates of the distortion parameter. As in the model of the data from Exper-
iment 1, the mean individual distortion parameter estimates were negative for the two
groups of children but small and positive for the adult group. Prior to modeling, data
from two of the 6-year-olds were excluded as a meaningful model could not be con-
structed. Analysis of the individual parameter estimates just failed to find significant
distortion for the 6-year-olds, #(20) = 1.8, p > .10, but found a clear effect for the
10-year-olds, #(24) = 3.4, p < .01, whereas no effect was found for the adults, #(24)
=0.8, p > .10.

In summary, as in previous studies, there was a significant developmental im-
provement in overall performance on a temporal generalization task. The finding
of symmetrical generalization gradients in adults when log-spaced stimulus sets
are used is compatible with previous studies (Wearden, Denovan, et al., 1997),
and is predicted by typical Scalar Expectancy Theory models of human timing.
Model-based estimates of distortion were generally consistent with those obtained
in Experiment 1, and consistent with the hypothesis that distortion effects do not
depend on the spacing (linear versus logarithmic) of the stimuli.

Experiment 4

The findings of Experiments 1-3 are all compatible with the memory distortion
account. In attributing developmental changes in the shape of the generalization gra-
dient to a memory distortion effect, we are suggesting that the observed developmen-
tal differences are due to a process that may be unique to timing. The long-term
memory distortion process has been posited specifically in the temporal domain by
Scalar Expectancy Theory models of time estimation (Lejeune et al., 1998; Meck,
1983, 1996), and we are not aware of any similar claims regarding the memory for
representations of other stimulus dimensions.

In a previous study of developmental decline in stimulus identification in old age,
we found evidence for a memory distortion effect in a duration identification task,
but not in a pitch identification task (McCormack et al., 2002). In that study, error
patterns in the duration identification task were modeled by assuming that elderly
adults remembered the reference durations as longer than they really were—in ef-
fect, the opposite type of distortion that appears to be evident in children’s perfor-
mance. The findings from the duration identification task of McCormack et al. were
compatible with those of Lejeune et al. (1998) in their study of rats, who found ev-
idence that aging rats seemed to remember a reference duration as longer than it
really was.
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On the basis of the McCormack et al. (2002) findings of a duration-specific mem-
ory distortion effect in elderly adults, we might expect to find the developmental ef-
fect in children also to be specific to duration. This possibility was examined in
Experiment 4 using a modified version of the generalization task, in which the di-
mension along which stimuli varied was pitch rather than duration. We predicted
that there would be overall age-related changes in levels of performance, but that
there would not be developmental changes in the nature of error patterns. Specifi-
cally, we predicted that the children’s generalization gradients would not show the
left asymmetry found in our previous experiments.

Method

Participants

Twenty five 6-year-olds (M = 6 years, 5 months; 13 males and 12 females), twenty-
five 10-year-olds (M = 10 years, 3 months; 11 males and 14 females), and twenty-five
adults (17 males and 8 females) took part in the study. The adults were undergraduate
students who took part in a 20-min testing session during which they completed
the current task and an unrelated time estimation task. They were paid 4 UK pounds
for their participation. Children were recruited from primary schools in Birmingham,
UK, and were tested individually in their schools.

Materials

The materials were identical to those used in Experiment 1, except for the stimulus
set. The stimuli were 500-ms tones that varied in frequency; the standard stimulus
was 900 Hz and the nonstandard stimuli were 600, 700, 800, 1000, 1100, and
1200 Hz.

Procedure

The procedure was identical to that of Experiment 1, except that, during the train-
ing phase, nonstandard stimuli were described as “too high” or “too low” to be
Barney’s sound.

Results and discussion

Six 6-year-olds were excluded from the analysis because they produced similar
numbers of positive responses to the extreme nonstandard stimuli as they did to
the standard, suggesting that they did not understand the task. Fig. 4 shows the gra-
dients for each of the three age groups on the pitch version of the generalization task.
It can be seen from the figure that there is an overall improvement in level of perfor-
mance with age, with steeper generalization gradients in the older groups. However,
the general pattern of errors seems to be reasonably similar for all three age groups,
with none of the groups showing the distinctive left asymmetry observed in our stud-
ies of temporal generalization (see Fig. 1). A two-way ANOVA on the proportion of
positive responses to each stimulus, with a between-subject factor of group and a
within-subject factor of pitch, confirmed these findings. There was a main effect of
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Fig. 4. Proportion of positive responses as a function of pitch and age group in Experiment 4.

pitch, F(6,396) = 108.45, p < .001, but no significant main effect of age,
F(2,66) = 1.92, p = .16, indicating participants of all age groups gave similar num-
bers of positive responses. The interaction between age and pitch was significant,
F(12,396) = 5.38, p < .001, and subsequent analyses showed that the effect of age
was significant for the 700-, 800-, 900-, and 1100-Hz stimuli. To examine asymmetry,
the proportion of positive responses to the 800-Hz stimulus was compared with the
proportion of positive responses to the 1000-Hz stimulus for each group. These pro-
portions were significantly different for the adult group, #(24) = 3.27, p < .01, but
the difference failed to reach significance for the 6-year-old group, #(18) = 1.34,
p = .20, and the 10-year-old group, #(24) = .62, p = .54.

We examined the findings using the same simple mathematical model as used to
examine temporal generalization in Experiments 1 through 3. Prior to modeling,
data from four of the 6-year-olds, three of the 10-year-olds, and four of the adults
were excluded as a meaningful model could not be constructed for the data from
these participants. The parameter estimates are shown in Table 1. As in the previous
experiments, estimates of the ¢ and the b parameters increased systematically with
age group. Of critical interest were the estimates of the distortion parameter. The
mean individual distortion parameter estimates were small in magnitude and positive
in sign for all groups. Analysis of the individual parameter estimates found that the
estimated distortion parameter value did not differ from zero for the 6-year-olds,
t(14) = 0.31, p > .10, or for the 10-year olds, #(21) = 0.41, p > .10, but was signifi-
cantly greater than zero for the adults, #(20) = 2.74, p < .05.
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General discussion

The aim of this article was to examine further the claim made by McCormack
et al. (1999) and Droit-Volet et al. (2001) that there are qualitative, in addition to
quantitative, developmental changes in performance on duration identification tasks.
Specifically, McCormack et al. suggested that younger children, unlike adults of
undergraduate age, have distorted memories for brief durations: Such durations
are remembered as being shorter than they actually were. This claim was made on
the basis of successfully modeling data from a temporal generalization task by vary-
ing the memory distortion parameter in a simple model of timing similar to those
typically employed in the Scalar Expectancy Theory framework. Experiment 1
closely replicated the findings of the previous study of McCormack et al. with the
modeling of the data again being compatible with a distortion account. When the
spacing of the stimuli in the set was altered (Experiment 3), so that the test durations
were equally spaced psychologically (i.e., logarithmically rather than linearly
spaced), qualitative developmental changes in error patterns were again found,
and these patterns were successfully modeled by assuming distortion in children’s
long-term memory for durations.

The findings of Experiment 2 ruled out an alternative explanation of the left asym-
metry found in young children’s temporal generalization gradients. According to a
perceptual discrimination account, errors to stimuli shorter than the standard are
not due to a distorted memory for the standard, but are due instead to children’s dif-
ficulties actually discriminating between a pair of relatively short stimuli (i.e., the short
nonstandard test stimulus and an accurately remembered standard). In Experiment 2,
the heavy demands of the generalization task on long-term or reference memory were
reduced, with participants required on each test trial to discriminate between a just-
presented pair of stimuli that could both be held in working memory. Performance still
improved developmentally, but there were no striking qualitative changes in error pat-
terns. These findings suggested that interesting developmental changes may indeed lie
in the accurate recruitment of long-term memory representations of the pre-exposed
reference duration, rather than merely in the discrimination of durations.

Perhaps the most important findings were those of Experiment 4, in which partic-
ipants completed a pitch rather than a temporal generalization task. As in studies of
temporal generalization, there were age-related improvements in overall levels of
performance. However, the patterns of errors were similar for all age groups, and
there was no evidence of distortion effects. Overall levels of performance for each
age group were similar to those in Experiment 1, suggesting that the differences be-
tween the tasks in error patterns were not simply due to differential task difficulty.
Although we have examined only one other perceptual dimension, the findings
suggest that the developmental changes in memory distortion may be specific to
long-term memory for durations (see also McCormack et al., 2002). This finding
is important, because it suggests that changes in a general memory process, such
as domain-general changes in rate of forgetting, cannot explain the findings of
Experiment 1. Rather, the long-term memory process in question may be one that
is specific to the representation and storage of duration information.
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The idea that representations of durations can be distorted in memory stems from
neuropharmacological studies with animals (see Gibbon, Malapani, Dale, & Galli-
stel, 1997; Meck, 1983, 1996). Based on such studies, Meck (1996) has suggested that
transferring a representation of a duration from working memory to long-term or
reference memory may involve a translation process that is prone to systematic error.
Put simply, » units of time in working memory may be translated as » - x units of
time in long-term memory. If x is less than 1, durations will be stored as shorter than
they really were, whereas if x is greater than 1, durations will be stored as longer than
they really were. They found that the changes in the patterns of errors made by rats
when administered drugs that altered levels of cholinergic activity were consistent
with the idea that neuropharmacological manipulations affected a hypothesized
timing-specific translation process in systematic ways.

Although the findings of Meck and colleagues have supported the idea that mem-
ory distortion can occur in timing tasks, it is not clear whether all distortion effects
observed in humans have the same underlying basis. For example, there may be ways
of explaining some distortion effects that do not appeal to the notion of erroneous
translation processes: Representations of reference durations might become dis-
torted not as a result of how they are encoded into long-term memory, but as a result
of memory degradation that occurs during storage or through a faulty retrieval pro-
cess (see Malapani et al., 2002). At present, further research is necessary investigating
the details of the processes that lead to memory distortion, and indeed to establish
whether effects seen in human populations share an underlying basis with those seen
in animals.

Although the details of the processes underlying memory distortion may be un-
clear, the idea that timing-specific long-term memory processes have a distinctive ef-
fect on children’s duration judgments is important in the light of previous cognitive
explanations of the development of timing. The current tasks involve making com-
parative judgments about durations in the range of milliseconds. Strategies such as
counting cannot be employed and the tasks also do not require familiarity with stan-
dard units used to measure time. Thus, many previous explanations of group differ-
ences in terms of higher-level cognitive developmental changes are unlikely to be
appropriate (Block et al., 1999; Pouthas, 1993). However, an important issue raised
by the current study is whether memory distortion effects that we have observed also
occur in situations in which judgments about much longer durations are required.
Arguably, the finding of Block et al. (from their meta-analysis of a number of stud-
ies) that young children tend to produce shorter reproductions of durations in the
range of seconds (rather than milliseconds) could also be explained in terms of dis-
torted memory for the to-be-reproduced duration. Block et al. suggest that young
children make shorter reproductions simply because they are impatient and thus ter-
minate their reproduction too soon. However, they point out that, alternatively, chil-
dren’s difficulty in waiting during empty time intervals may be a result of
experiencing the duration as being longer than it actually is. The idea that children
have distorted long-term memory representations of durations may be a way of
giving substance to the idea that young children’s experiences of time periods is
distorted in some way.
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The final, broader, theoretical issue that we consider concerns the similarity of the
processes used in duration identification and those used in perceptual identification.
Historically, Scalar Expectancy Theory models of timing and duration identification
have been developed largely independently of more general models of perceptual
identification. However, in our own modeling work (McCormack et al., 1999,
2002), we have used a model that has been influenced by previous research on iden-
tification and categorization (e.g., Brown, Neath, & Chater, 2002; Nosofsky, 1986).
Furthermore, we have found that human temporal processing can be accounted for
with the same models that have been used to model processing of other perceptual
dimensions such as pitch (Brown, McCormack, Smith, & Stewart, 2003). However,
despite the formal similarities between models, there are also good reasons to believe
that timing and duration identification may be served by mechanisms that are neu-
ropsychologically dissociable from those employed in the processing and identifica-
tion of other perceptual dimensions. First, clinical research has found impairments in
certain populations that appear to be specific to duration identification (e.g., Elvevag
et al., 2003a; Nichelli, Alway, & Grafman, 1996). Second, we have found that elderly
adults’ patterns of errors on a duration identification task are qualitatively different
from those on a pitch identification task of equal difficulty (McCormack et al., 2002),
a finding that is reminiscent of the current findings. A third relevant finding comes
from Wearden’s (Wearden, Parry, & Stamp, 2002) recent work on “‘subjective short-
ening”’ (see also Spetch & Wilkie, 1983), in which varying retention interval seems to
have a distinctive effect on error patterns that is specific to duration judgments, and
is not found when the judgments involve another perceptual dimension such as line
length.

The current findings are compatible with the claim that duration identification in-
volves mechanisms that are developmentally dissociable from those used in other
types of perceptual identification. However, we note that our specific interpretation
of our findings hinges on taking measures of asymmetry of generalization gradients
as an index of memory distortion. Although we have tried to rule out at least one
alternative interpretation of developmental change in the asymmetry of such gradi-
ents, it is clear from the literature on temporal generalization in humans and animals
that interpreting the shape of generalization gradients is not straightforward. Studies
with animals tend to yield symmetrical gradients (Church & Gibbon, 1982), whereas
studies with human adults tend to find gradients with right asymmetry (McCormack
et al., 1999; Wearden, 1992; Wearden, Wearden, et al., 1997), with the human-—
animal difference sometimes accounted for in terms of differences in decision rules
(Wearden, 1992; Wearden, Denovan, et al., 1997). The shape of adult temporal
generalization gradients is also affected by whether feedback is provided (Wearden,
Pilkington, & Carter, 1999) and by task instructions that may affect decision rules
(Wearden & Grindrod, 2003).

Although, as far as we are aware, gradients with left asymmetry have not been
reported in any studies of human adults, the possibility remains that the patterns
of errors that we have found in young children may result from a factor or combi-
nation of factors that is yet to be identified, rather than from memory distortion.
Indeed, we note that the findings of Droit-Volet’s (2002) study, which used a similar
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range of stimuli, are less compatible with such an account (although there was some
evidence of left asymmetry in her younger two groups of children). How can we rec-
oncile the current findings with those of Droit-Volet (2002)? One possibility is that
distortion effects are more evident when performance is relatively uncontaminated
by random positive responses (see Droit-Volet, 2002), and performance is relatively
accurate (as in the current study, especially in Experiment 1). Another possibility is
that differences in procedural details and sample sizes are somehow responsible for
the contrasting findings. Additional research on developmental changes in time esti-
mation within the Scalar Expectancy Theory framework is necessary to resolve these
issues.

Although such issues remain unresolved, the findings of the current study and the
success of fitting the results using a simple mathematical model of timing provide
further evidence that research on developmental changes in timing within the broad
framework of Scalar Expectancy Theory is fruitful. An advantage of carrying out de-
velopmental research within this framework is that it allows comparison of children’s
performance on timing tasks with that of other groups, such as the elderly
(McCormack et al., 1999; Wearden, Wearden, et al., 1997) and clinical groups
(Elvevag et al., 2003a, 2003b). Rather than simply comparing overall levels of
performance across such groups, modeling the data allows us to examine whether
parameters need to be varied in contrasting ways to capture different types of group
differences. The findings of the current studies suggest that there may be develop-
mental changes in a memory distortion process that lead young children to remem-
ber durations as being shorter than they really were, and that these developmental
changes in memory distortion may be specific to duration identification.
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