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Children aged 3, 5, and 8 years received training on a temporal bisection task, with stan-
dard short and long durations being presented as visual stimuli lasting 1 and 4 s or 2 and 8 s.
Nonstandard comparison stimuli were spaced linearly between the standards. Psychophysical
functions showed increasing proportions of “long” responses (responses appropriate to the
long standard) with increasing stimulus duration, but were flatter in the younger children than
in the 8-year-olds. Bisection points (the stimulus duration giving rise to 50% “long” respons-
es) were close to the arithmetic mean of the short and long standards in most conditions.
Statistical analyses and results from different theoretical models of the data all suggested that
temporal sensitivity was higher in the 8-year-olds than in the younger groups, even when the
possibility of random responding was controlled fa.2001 Academic Press
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A recent article by Block, Zakay, and Hancock (1999) highlighted the pauci
of developmental studies of simple time perception. This may be in p:
explained by the influence of the Piagetian framework according to which
child’s estimation of time depends on the development of the capacity to integr
different sorts of information, such as that involving distance, time, and spe
(e.g., Levin, 1992). In this type of task, children’s difficulties with temporal judg
ment seem more appropriately attributed to general cognitive limitations in co
dinating information than on a specific problem of time perception (Levin, 197
1979; Richie & Bickhard, 1988; Wilkening, Levin, & Druyan, 1987), and chil-
dren below the age of about 8 years may lack the necessary cognitive skills to
form well on the tasks used.
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However, researchers have reported temporal judgments from younger c
dren when duration production or reproduction tasks are used (e.g., Ben
Lowe, & Beasty, 1985; Crowder & Hohle, 1970; Droit-Volet, 1999; Fraisse ¢
Orsini, 1958; Matsuda & Matsuda, 1983). Unfortunately, these methods, wh
use the temporal characteristics of responses such as their duration or spa
may inaccurately assess young children’s temporal abilities because of the ¢
dren’s difficulties in inhibiting their responses. Supporting this view, some stu
ies have shown that when problems of inhibition of responses are diminishec
the development of collateral behaviors (Pouthas, 1981, 1985) or by exten:
training with external supports (Droit, 1994, 1995) the temporal regulation sho
by young children improves.

A method which might help us to understand temporal abilities of children
young as 3, while minimizing problems of inhibition, is the temporal bisectio
method initially developed for use with rats (Church & Deluty, 1977) and lat
modified for human adults (Wearden, 1991). In bisection tasks with humans,
ticipants initially receive repeated presentations of two standard stimulus du
tions (identified as short and long standards) and then classify a range of d
tions (short and long, as well as intermediate stimuli) in terms of their similari
to short and long. The usual method of presenting data from such tasks i
derive a psychophysical function consisting of the proportion of “long” respon
es (i.e., classifications of a duration as more similar to long than to short) plot
against stimulus duration. Figure 1 shows some psychophysical functions wh
while invented as illustrations, are typical of results obtained.

What might developmental changes in bisection performance look like? T
upper panel of Fig. 1 shows one possibility, where different conditions (e.g., ¢
ferent age groups) produce psychophysical functions which clearly differ
slope. In bisection, the slope of a psychophysical function is an index of the s
sitivity to time manifested in the behavior observed, with steeper slopes indic
ing greater sensitivity. The first developmental possibility is some systema
change in sensitivity to duration, manifested in changes in psychophysical fu
tion slope, with changing age. More precisely, sensitivity to duration mig
increase with age, eventually reaching a level similar to that shown by adults

The lower panel of Fig. 1 shows a different possibility. Here, the two ps
chophysical functions have very similar slopes, but one shows higher proporti
of “long” responses to intermediate-duration stimuli than the other: the two p:
chophysical functions have the same slope, but one is laterally displaced, at |
over the middle part of its range, relative to the other. Such curves are consid
to differ in terms obiastoward responding “long” or “short” rather than sensi-
tivity. One measure of this bias is the bisection point, the stimulus value that gi
rise to 50% “long” responses. In the upper panel of Fig. 1, the curves have ic
tical bisection points, but different sensitivities; in the lower panel the bisecti
points differ but sensitivity does not. Thus, our second developmental possibi
is some shift of the psychophysical function laterally reflecting a developmen
change in bias toward responding “long” or “short.”
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FIG. 1. Invented psychophysical functions to illustrate potential developmental changes. T
mean proportion of “long” responses is plotted against stimulus duration. Stimulus number 1 is
short standard and stimulus number 7 the long standard, with durations spaced in equal linear
between them. Upper panel: psychophysical functions differing in sensitivity but not bias towe
responding “long.” Lower panel: psychophysical functions differing in bias but not sensitivity.

The two developmental change possibilities illustrated are distinct in the sel
that shifts in bisection point are not related to temporal sensitivity, nor a
changes in slope related to bias. However, they are not mutually exclusive,
younger children could differ in both behavioral sensitivity and bias from olde
ones.



TEMPORAL BISECTION IN CHILDREN 145

There are several models accounting for performance on bisection tasks (
Allan & Gibbon, 1991; Wearden, 1991; Wearden & Ferrara, 1995) which a
based on scalar timing theory (Gibbon, Church, & Meck, 1984; Wearden, 19€
Scalar timing theory proposes that the raw material for time judgments con
from a pacemaker-accumulator internal clock. However, the models also invo
memory and comparison processes. In the case of bisection, for example,
stimulus just presented is assumed to be stored in a working memory mechai
derived directly from the accumulator of the clock, whereas the standard st
and long standard durations are stored in a longer-term reference memory.

More specifically, themodified difference modelf Wearden (1991) assumes
that the decision whether to classify some stimulus valwes more similar to
short or long is essentially governed by the difference betwesid samples
taken from long-term memory representations of the short and long standa
Memory representations are stored as distributions rather than single vall
therefore, sampling from their distributions produces trial by trial variance.
general, the fuzzier the memory of the short and long standards (i.e., the hig
the variability of the distribution), the flatter the observed psychophysical fun
tion will be. The variability of memory of the short and long standards is thus
kind of sensitivity parameter controlling the slope of psychophysical functions

In the developmental psychology of time, memory for duration per se has b
largely neglected (Droit-Volet & Rattat, 1999). We suggest nevertheless that
observed increase in timing sensitivity with increasing age might in part be rel
ed to developmental changes in temporal memory representations (i.e., redi
variability of the long-term memory representations of the short and long stz
dards). In this article, the modified difference model of Wearden (1991) is us
to model obtained data and this allows a potential answer to the questior
whether there are developmental changes in temporal memory representatio

Two psychophysical functions can differ in slope (cf. upper panel of Fig.
because of different variability of memory representations, because of rand
responding, or both. Here, random responding would mean that “long” a
“short” responses were emitted with equal probability without regard to the sti
ulus duration presented on a trial, thus flattening the psychophysical function
determining the behavioral sensitivity to changing duration, different variabilitie
of memory representations and different levels of random responding are to s
degree confounded, as both increasing memory variability and increas
amounts of random responding tend to flatten observed slopes. Modeling <
gests, however, that the strongest impact of random responding is felt at
extremes of the psychophysical functions (that is, in responses to the short
long standards). In bisection with adults, the long and short standards are ha
ever confused (i.e., the short standard produces nearly zero “long” responses
the long standard nearly 100%), so random responding is not believed to play
significant role in the bisection performance of adults (Wearden, 1991). Howe\
children may be quite different, with some significant proportion of trials occu
ring in which the child responds without timing the stimulus presented at all.
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second model tests this possibility by using a version of the modified differen
model with the addition of random responding.

There is only one previous study of temporal bisection in children, which us
children of 5, 8, and 10 years of age, and short durations, a short/long pail
200/800 ms (McCormack, Brown, Maylor, Darby, & Green, 1999). In that stud
the psychophysical functions were flatter in the 5-year-olds than in older childre
whose behavior was very similar to that of adults. That is, there was an appa
increase in temporal sensitivity with increasing age. There was, however,
developmental change in bisection point values, and these were located clos
the arithmetic mean of the short and long standards, a result commonly obtai
in temporal bisection by adults (Wearden, 1991; Wearden & Ferrara, 1995, 19
Wearden, Rogers, & Thomas, 1997; Wearden, Wearden, & Rabbitt, 199
although not universally found (e.g., Allan & Gibbon, 1991).

The main aims of the present experiment were to extend the study of tempt
bisection in children both to a younger population (3 years of age) and to lon
durations (from 1 to 8 s) than used previously.

In the study by McCormack et al. (1999) only one range of time values w
used, thus precluding tests of whether timing in children conforms to the requi
ments of scalar timing theory. One general principle of this theory is that the ti
ing of absolutely different time intervals can be seen to be invariant when data
plotted on the same relative scale. A crude example is that although 1 and 1
might be easily discriminated, the same absolute difference between stimuli \
not always be equally discriminable: 10 and 10.5 s and 99 and 99.5 s will be ol
ously harder to tell apart. On the other hand, constant discriminability might
obtained more readily when stimuli have the same proportional difference,
when differences are scaled as a proportion of absolute stimulus value disct
inability remains constant as absolute duration varies.

On many timing tasks, conformity to scalar timing is tested by demonstratil
superimposition, the fact that data from different absolute duration ranges mi
superimpose when plotted on the same relative scale. For bisection, Allan
Gibbon (1991) suggest that the appropriate test for superimposition is that f
chophysical functions superimpose when absolute durations are plotted as a
portion of the bisection point for the condition in force, and this method will b
used here. If superimposition occurs, the sensitivity of the underlying timir
process is shown to be constant as absolute duration varies. As superimpos
can only be tested by using more than one range of time values, our experin
employed bisection tasks with two duration ranges (1-4 s vs 2-8 s).

METHOD
Participants

The participant sample was composed of 48 children. These made up th
equal-sized age groups, each consisting of 8 boys and 8 girls: (1) a 3-year
group (mean age 3.6 yearsSD = 0.33), (2) a 5-year-old group (mean age
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5.5 yearsSD = 0.29), and (3) an 8-year-old group (mean ag&.6 yearsSD =
0.71). All children came from nursery and primary schools in Clermont-Ferrar
France.

Materials

The children were tested individually in a quiet room in their schools. .
PowerMacintosh computer with a color monitor screen controlled experimen
events and recorded data with Psyscope (Cohen, McWhinney, Flatt, & Prov
1993). Responses were made on the left (red) and right (green) buttons
Psyscope response box, with the central (yellow) button being hidden. Two pa
circles, a smaller and bigger one, were stuck above the response buttons ¢
sponding to the short and long standards in the bisection task. The stimulus |
for the bisection task was a blue filled circle, 4.5 cm in diameter, presented in
center of the computer screen. During the training phase, postresponse feed
was given in the form of a picture of a clown who was either smiling (after cc
rect responses) or frowning (after incorrect ones). The clown picture was f
sented in the center of the monitor screen and was displayed for 2 s.

Procedure

Half the children in each age group (4 boys and 4 girls) were arbitrar
assigned to the 1/4-s bisection condition, and the other half to the 2/8-s hisec
condition. For the 1/4 s condition, short was 1 s and long was 4 s. The nons
dard stimulus durations were 1.5, 2, 2.5, 3, and 3.5 s. In the 2/8-s condition, s
and long were 2 and 8 s, and the nonstandard durations were 3, 4, 5, 6, and

The children received three successive phases: pretraining, training, and |
ing. In pretraining, the child was shown the short and long values appropriate
their duration group, with each standard being presented five times in alternat
These stimuli were accompanied by instructions given by the experimenter.
short these were “Look, it's the short circle. It stays on for a short time.” For lo
these were “Look, it's the long circle. It stays on for a long time.”

During the training phase, the child was trained to press one button on
response box (that associated with the small circle) after short and the other
ton (associated with the larger circle) after long. The association of short and I
with the left and right response buttons was counterbalanced. Each child
given successive blocks of eight trials, with each standard duration having a &
probability of appearance on each trial, with an intertrial interval that was a r
domly chosen value between 1 and 3 s. A correct response resulted in the ap
ance of the smiling clown and an incorrect one the appearance of the frowr
clown and repetition of the trial events. Training terminated when the child ma
no errors during a block of eight trials. If more than three training blocks we
required, training was continued the following day.

The testing phase was given on the same day just after a successful trai
block. It maintained the conditions of training, except that the feedback was c
continued. The experimenter said “It's the same game, but now the clown is
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here to tell you whether or not you've played well.” Each child received 1
blocks of 7 trials, the short and long standards being presented one each
block, as well as the intermediate-duration stimuli. The stimuli within each blo
were presented in a random order.

RESULTS
Performance Measures

Table 1 shows the number of children in the different age groups meeting
training criterion (eight consecutive correct responses to the short and long s
dards) in from one to six training blocks. The 8-year-olds took at most two trai
ing blocks, the 5-year-olds up to three blocks, and the 3-year-olds up to six
Kruskal-Wallis test showed that the number of blocks needed varied significa
ly with age, x*(2) = 6.92, p < .05, and between-age comparisons using
Mann-WhitneyJ tests found a significant difference between 3- and 8-year-old
U = 71, p < .05, whereas neither the difference between the 3- and 5-year-o
nor the difference between the 5- and 8-year-olds was significant (Mann-Whitr
U = 90 and 101p = .20 andp = .16, respectively)

Figure 2 shows the mean proportion of “long” responses during the testi
phase, plotted against stimulus duration. Inspection of individual psychophysi
functions showed that one 3-year-old child in the 1/4 s condition and one 5-ye
old in the same condition produced very disorderly functions. Data from the
two children were dropped for calculation of the means shown in Fig. 2 and
subsequent analyses. No other children were excluded for any other reason (
chronometric counting). The upper panel shows data from the 3-year-olds,
center panel data from the 5-year-olds, and the lower panel data from the 8-y
olds. Inspection of the results shows that all psychophysical functions were orc
ly and that the mean proportion of “long” responses increased monotonically w
stimulus duration at both the standard short/long pairs used and whatever the
of the children tested. Inspection of the averaged psychophysical functions s
gests, however, that there might be age effects on the steepness of their s
with the older children producing psychophysical functions which increase
more abruptly with increasing stimulus duration.

TABLE 1
Number of Children in Each Age Group Requiring Different Numbers of Training Blocks
to Meet the Learning Criterion (8 Consecutive Correct Responses) in the Training Phase

Number of blocks required 3-year-olds 5-year-olds 8-year-olds
1 7 10 13
2 3 4 3
3 1 2 0
4 4 0 0
5 0 0 0
6 1 0 0




TEMPORAL BISECTION IN CHILDREN 149

1.0

0.8

061 —@— 1/4 sec

-7 2/8 sec

0.4 4

0.2 -‘

Mean proportion of "long" responses

0.0 T T T )

Stimulus duration (seconds)
1.0 4

0.8

06
{ —@— 1/4sec

—/— 2/8 sec

0.4

0.2

Mean proportion of "long" responses

0.0 T T T )
0 2 4 6 8

Stimulus duration (seconds)
1.0

0.8

—@— 1/4 sec
04 | —~/— 2/8 sec

0.2 4

Mean proportion of "long"” responses

0.0 - r -
0 2 4 6 8

Stimulus duration (seconds)

FIG. 2. Mean proportion of “long” responses plotted against stimulus duration from the testir
phase of the experiment. Data are shown separately for the 1/4-s and 2/8-s bisection condit
Upper panel: data from the 3-year-olds; center panel: data from the 5-year-olds; lowest panel:
from the 8-year-olds.
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An analysis of variance conducted on the proportion of “long” response
using age-group and stimulus duration as factors found, for the 1/4-s conditiol
that the age-group effect was not significaft2, 19)= 0.61, but obtained a sig-
nificant effect of stimulus duratior;(6, 114)= 81.6,p < .001, and a signifi-
cant age-group< stimulus duration interactior(12, 114)= 3.09,p < .001.
This latter result statistically supports the suggestion that the psychophysit
functions for the different age groups differed in shape, although another mc
detailed analysis is presented later. The same analysis on data from the 2
conditions produced the same pattern of results: there was no significant eff
of age-groupF(2, 21) = 1.67, but there was a significant effect of stimulus
duration,F(6, 126)= 102.56,p < .001, and a significant age-group stimulus
duration interactionF(12, 126)= 3.74,p < .001. All age groups showed sig-
nificant increases in the proportion of “long” responses with increasing stimult
duration, smallesk(6, 36) = 10.02, largesE(6, 36) = 78.63, bothp < .001.

Similarities and differences between the psychophysical functions produced
children of different ages and in different conditions were examined by calcul
ing the bisection point and Weber ratio from the psychophysical functions. T
bisection point is the stimulus duration giving rise to 50% “long” response
There are various ways of calculating the bisection point (Wearden & Ferra
1995), but these generally yield nearly identical results. Here, we used the reg
sion method introduced by Church and Deluty (1977) and employed by varic
authors since (Wearden, 1991; Wearden & Ferrara, 1995, 1996). The data
were the psychophysical functions produced by the different groups as a wh
(i.e., the functions shown in Fig. 2). Linear regression of the part of the ps
chophysical function that was steepest was used to derive slope and inter
parameters, and these were used to calculate the bisection point. For exan
consider the psychophysical functions shown in the upper panel of Fig. 1. |
both functions shown, the proportion of “long” responses was flatter at ti
extremities of the curve than in the middle. The steepest part comes from
stimulus 3—-6 range for the steeper function and the stimulus 2-5 range for
flatter one, and these parts of the curve would be used to calculate the regres
line. All regressions calculated on our data produéedhlues of at least 0.95.
The resulting bisection point values are shown in Table 2 and can be compe
with the arithmetic mean (average of the short and long standards) and the ¢
metric mean (square root of the product of the short and long standards) for
1/4- and 2/8-s conditions.

It is clear from Table 2 that most bisection points (all from the 1/4-s conditiol
and two of the three from the 2/8-s conditions) were closer than the geome
mean to the arithmetic mean of the short and long standards, although the 8-y
olds in the 2/8-s condition produced a hisection point very close to the geome
mean. Also shown in Table 2 is tiieber ratig a measure of the steepness of the
psychophysical function which is an index of temporal sensitivity. This is calci
lated from the regression line by first determining difeerence limer(half the
difference between the stimulus duration giving rise to 75% “long” responses &
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TABLE 2
Bisection Points and Weber Ratios Derived from the Psychophysical Functions Shown in Fig.
1/4 s 2/8s
Group BP WR BP WR
3-year-olds 2.56 0.42 5.21 0.35
5-year-olds 2.32 0.32 5.09 0.41
8-year-olds 2.40 0.23 4.06 0.20

Note The arithmetic mean for the 1/4-s pair was 2.5 s, the geometric mean 2 s. The arithmetic n
for the 2/8-s pair was 5 s, the arithmetic mean 4 s. BP, bisection point (in seconds); WR, Weber rati

that giving rise to 25% “long” responses) and then dividing this difference lime
by the bisection point value. Smaller Weber ratios indicate steeper psychoph
cal functions and hence greater temporal sensitivity. Obviously, the 8-year-
children produced smaller Weber ratios than the two younger groups, consis
with the greater apparent steepness of their psychophysical functions.

However, perhaps the most convincing way of investigating whether there we
changes in psychophysical function slopes with increasing age would be to exe
ine slopes from individual subjects in the different age groups. Linear regressi
was used to determine the slope values, with data points coming from the ste
est part of the psychophysical function for each individual child, as discuss
above. Consider first data from the 1/4-s bisection conditions. A Kruskal-Wall
ANOVA on the slopes showed an overall between-age differexf¢2) = 13.00,

p = .02, and subsequent Mann—Whitney tests between pairs of age groups fo
significant differences between all of them: 3 vs 5 yebkrs; 6,p = 0.18; 3vs 8
yearsU = 2,p = .003; 5 vs 8 years) = 8,p = .02. For the 2/8-s bisection con-
ditions, there was an overall difference in slopé(2) = 7.49,p = .02, and
between-group Mann—Whitney tests found significant differences between the
and 8 year-olds and 5- and 8 year-olds, Hdgh= 10,p = .02, whereas there was
no significant difference between the slopes of the 3- and 5-yearidlds?5, ns

Our next analysis tested whether the bisection performance of the child
exhibited thescalar propertyof time found in many other data from bisection
studies with humans (e.g., Allan & Gibbon, 1991; Wearden & Ferrara, 19¢
Wearden, Rogers, & Thomas, 1997) by examining superimposition, the requ
ment that psychophysical functions from judgments of absolutely different tir
intervals superimpose when plotted on the same relative scale. Figure 3 sh
data from the three age groups when this is done.

Inspection of the data in the different panels of Fig. 3 shows that superimpc
tion was reasonably good, with the data points from the 1/4-s condition and
2/8-s condition overlapping well, at least in the middle part of the range. Taki
the psychophysical functions overall, inspection suggests that the 3-year-olds
steeper functions for the 2/8-s condition than the 1/4-s one, that this differe
was reversed for the 5-year-olds, and that there was little difference for
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8-year-olds. This is consistent with the Weber ratios shown in Table 1, wh
smaller values indicate steeper functions, and also with a comparison of the s
values produced by individual children in the different conditions. In a compa
son of slope values, the only significant difference between the 1/4-s and 2
conditions came from the 5-year-old children.

Modeling of Data

The data in the present experiment were modeled by two different computer <
ulations. The first was the modified difference model of Wearden (1991). To prodt
bisection performance this model calculates two differences. One of B{{gs8€,
is the absolute difference between the stimulus duration to be judgssiimed to
be timed without error, arst , a sample drawn from the long-term memory of the
short standard. The oth&(l*,t,), is the absolute difference betwaemd a sample
drawn from the memory of the long standaids* and I* differ from trial to trial
and are drawn from Gaussian distributions with means equal to the values of s
and long standards, respectively, and some coefficient of varigtishjch is one
of the two parameters of the model. If the difference betiésnt) andD(1*,t) is
less than some threshold valbethe model responds “long.” If this difference is
greater tha, the model responds “short’[if(s*,t) < D(I*,t) and responds “long”
if D(s*,t) > D(I*,1). bis the second parameter of the model.

Expressed less formally, if the model cannot tell whetkecloser to the short
or long standard it responds “long.” If the differences are more clearly discrin
nated, the model chooses the smaller difference between a standard duratior
t. b is thus a kind of bias toward responding “long” which is the default i
ambiguous conditions. With close to zero, the model will bisect at the arith-
metic mean of the short and long standards, but largalues push the bisection
point toward the geometric mean or even below it. Using the model examg
shown in Fig. 1, the coefficient of variation parametgsteepens or flattens the
psychophysical function (upper panel), whereas the bias parameter displace:
curve laterally (lower panel) but does not alter the slope.

The modified difference model just described was embodied in a program w
ten in Visual Basic 6 (Microsoft Corporation), and the conditions of the expe
ment were simulated with 1000 trials with each comparison stimulus being us
c andb were varied over a wide range and the values producing the smallest m
absolute deviations between the simulation and data are shown in the upper
of Table 3. Inspection of the parameter values suggests, tthat coefficient of
variation of the representation of the short and long standards, varied with ¢
being highest in the 3-year-olds and lowest in the 8-year-olds. Here, stvaller
ues indicate more precise temporal representation, so the variance of rememit
times decreases with increasing age. Bias vahjesdre usually small, except
for the 2/8 s condition with the 8-year-olds, consistent with their bisection poi
in this condition being close to the geometric mean of the standards. M
absolute deviation values were generally small (all 0.05 or less), indicating a 1
sonable fit between the model and data.
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TABLE 3
Parameter Values Derived from Fits of the Models Described in the Text to the Psychophysica
Functions
1/4's 2/8s
Group c b p MAD c b p MAD
Model 1
3-year-olds 1.24 0.70 0.03 0.80 0.50 0.04
5-year-olds 0.55 0.40 0.03 0.70 0.20 0.05
8-year-olds 0.46 0.20 0.04 0.25 1.50 0.03
Model 2
3-year-olds 1.00 0.25 0.20 0.03 0.65 0.25 0.10 0.03
5-year-olds 0.50 0.30 0.10 0.02 0.65 0.20 0.15 0.04
8-year-olds 0.38 0.05 0.01 0.04 0.23 1.60 0.01 0.03

Note Model 1 is the modified difference model from Wearden (1991); Model 2 is the same moc
with the addition of random responding. The data points and the best fitting function derived frc
Model 2 are shown in Fig. 4.is coefficient of variation of the short and long memory representa-
tions,b the bias toward “long” responses, gn(for Model 2) the probability of random responding.
MAD is the mean absolute deviation, the sum of absolute differences between the data points an
fitted functions divided by 7, the number of data points.

The second model fitted to the data was identical to the first except for t
addition of a parametep, This was the probability, on each trial, of emitting a
response at random (i.e., “short” and “long” responses being equally likel
without regard to stimulus duration. On nonrandom trials, the same rules as
model described above were followed, and all other details were as for the pr
ous model. The lower part of Table 3 shows the parameter values from t
model, and Fig. 4 shows fits of the model to data.

The random responding model (model 2 in Table 3) generally fitted data we
with most deviation coming from a single point (as in the 2/8-s conditions fro
3- and 5-year-olds). Parameter valuescfollowed the same pattern as for the
modified difference model without random responding: highealues were
obtained in the younger children than in the older ones. In the random respc
ing version of the model, the bias paramétevas usually smaller than in the
modified difference model itself, and of small absolute value, except for the 2/¢
condition with 8-year-olds, who needed a largeralue to produce their near-
geometric mean bisection. Perhaps of most interest is the added parpmete
This was substantial in fits to data produced by the younger children, wi
between 10 and 20% of responses being generated randomly, but negligibly si
for the 8-year-olds. Thus, at least according to this model, part of the reason
the flatness of the psychophysical functions in the younger children results fr
random “short” and “long” responses which take no account of actual stimul



TEMPORAL BISECTION IN CHILDREN 155

2

3 104

c

2

g 08 oV

h R
-g, T
S 061 v Vv
5 v»' @ 1/dsec
€ g4 E VvV 2/8sec
'% —— 1/4 model
g- ~~~~~ 2/8 model
o 024

a

§ 0.0 v

e

Stimulus duration (seconds)

(723

& 1.0,

c

9]

&

o 0.8 - . Rv/

o v

S 06 -

.'.6 @ 1/dsec
£ 04| VvV 28sec
2 - —— 1/4 model
E ----- 2/8 model
o

o 0.2

=%

c

8 Q.0

= 0 8

8 10

g 10 e e

§ vV

$ 08 v

£ .
o
=9. 0.6 1 ® 1/4sec
S VvV 2/8 sec
g 0.4 —— 1/4 model
£ | &« g 2/8 model
2

o 02

o

c

3 0.0

= 6 8

Stimulus duration (seconds)

FIG. 4. Unconnected symbols show psychophysical functions from the three age groups (plo
as Fig. 2). Lines without symbols show the best fitting function derived from the modified differen
model with random responding (Model 2). Parameter values for the fitted functions are given in
lower part of Table 3.



156 DROIT-VOLET AND WEARDEN

duration, but these random responses are infrequent in the oldest subject
should be noted, however, that according to the model the differential flatness
the psychophysical function is not solely the result of random responding: t
variability of remembered standard durations also varies with age.

DISCUSSION

Data presented above support several conclusions. First, the bisection me
can yield orderly data from children, even those as young as 3 years old. Meth
involving the production or reproduction of temporal intervals have frequent
encountered problems in showing temporal regulation in young childre
(although some other methods may fare better; see Darcheville, Riviére,
Wearden, 1993). In contrast, bisection methods produce orderly data from ani
subjects (Church & Deluty, 1977), as well as from children, young adults, a
the elderly (McCormack et al., 1999; Wearden, Wearden, & Rabbitt, 1997), st
gesting common timing abilities which are functional even at an early age
humans and which continue to operate well throughout the lifespan. Seco
acquisition of the initial temporal discrimination between the short and long ste
dards was more rapid in 8-year-olds than in the 3- and 5-year-olds. Third, bis
tion points were usually closer to the arithmetic mean of the short and long st
dards than the geometric mean, at least with the short/long values used in
study. Fourth, temporal sensitivity increased with age, with the 8-year-olds shc
ing greater temporal sensitivity than the younger children.

In our study, the use of multisecond duration raises the issue of chronome
counting. Wearden, Rogers, and Thomas (1997) prevented chronometric co
ing during bisection with a concurrent digit-shadowing task. Such a task cani
be readily used with children, as it would probably divert their attention from tt
timing task itself (Arlin, 1986, 1989; Droit-Volet & Gautier, 2000). However, the
use of chronometric counting to time continuous durations is less frequent in cl
dren than in adults. Three-year-old children do not count during continuous du
tions and although 5- and 8-year-olds can count, they do not spontaneously d
when timing (Wilkening et al., 1987). According to Wilkening et al. (1987) chil-
dren up to the age of 8 evaluate duration not in quantitative but in qualitati
terms. In our study, children would have been excluded from the experimen
they counted overtly, or reported in a postexperimental interview that they h
counted although, in fact, none overtly employed or reported counting.

Some of our results can be compared directly with those from previous wo
For example, the bisection experiment by McCormack et al. (1999) employ
children of 5, 8, and 10 years of age and an undergraduate comparison grou
their study, short-duration tones (200 and 800 ms) were used as short/long s
dards. When just the data obtained from children in their study are considered
age effect on the steepness of the psychophysical function was found, as in
work, but the difference was between the 5-year-olds and the two older grou
who did not differ between themselves. Bisection points obtained by McCorma
et al. were almost exactly mid-way between the arithmetic (500 ms) and the g
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metric (400 ms) means of their short/long pair. The undergraduate group’s bis
tion point (487.5 ms) was clearly closer to the arithmetic mean of the pair th
the geometric mean (cf. Wearden, 1991).

Another comparison that might be made is between the performance of the «
dren in our study, in terms of bisection point location and Weber ratios, and tha
adults in some previous experiments. Perhaps the most direct comparison possi
with the data in Wearden, Rogers, and Thomas (1997), where young adults bise
stimulus sets with short/long values of 1/4 and 2/8 s, when counting was prevel
by a concurrent digit-shadowing task. The bisection point from the 1/4-s stand
pair was 2.48 s and that from the 2/8-s condition was 5.05 s, values close to ma
those shown in the present Table 1. Weber ratio values were 0.17 for the 1/4-s
dards and 0.18 for 2/8-s standards, when nonstandard stimuli were linearly sp
between the standards, and 0.17 and 0.15 in the 1/4-and 2/8-s conditions with |
rithmic spacing of nonstandard stimuli. These values are much smaller than exh
ed by the two younger groups of children in the present experiment (i.e., the ac
showed higher temporal sensitivity), although values from our 8-year-ol
approached those of adults. Similar Weber ratio values were reported from adult
Wearden (1991), when short/long pairs of 0.2/0.8 s (the same short/long ratic
employed in the present study) produced values of 0.20 and 0.18, in this case
lapping with Weber ratios from the 8-year-olds in the present study.

An unexpected feature of the data we obtained was the shift from arithme
mean to geometric mean bhisection in the 8-year-olds when the short/long va
changed from 1 and 4 s to 2 and 8 s. Such geometric mean hisection is re
found in adults, although it is not unknown (e.g., Allan & Gibbon, 1991; Weard:e
& Ferrara, 1996), and we have no ready explanation of why it occurred in ¢
study. The theoretical models we used all accommodated this change in bise
point by changing the bias parameter, but the models offer no psychologi
explanation of why this should occur.

Our data and theoretical modeling support the first of the theoretical possib
ties shown in Fig. 1, a change in timing sensitivity with age and, furthermore, 1
models attribute this developmental change to a change in the variability of
representation of short and long standards in reference memory. Although
modeling suggested that random responding may play some role in determir
the slope of bisection functions in the younger children, it also showed that t
is probably not the sole explanation of developmental changes and that chal
in temporal memory are also implicated. The developmental change in the ni
ber of training blocks needed for mastery of the initial short/long discriminatic
may also point to developmental differences in the acquisition of memories
important durations. Our results may thus parallel the development of other s
of memory in children (Cowan, 1997).

Although our study seems to clearly demonstrate changes in timing sensiti
with increasing age, what is much less clear is whether the data we obtai
exhibited the scalar property of superimposition. Comparison of the pres
superimposition plot (Fig. 3) with that obtained from young adults by Wearde
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Rogers, and Thomas (1997) from the same short/long pairs (the upper pane
their Fig. 3, p. 88) very clearly shows that the superimposition obtained frc
adults was better, even though, as in the present study, a between-group de
was used with different groups receiving the different short/long values. On t
other hand, the present Weber ratios (Table 2) offer a slightly different picture:
year-olds had lower Weber ratios at 2/8 s than at the shorter times, for 5-year-
the reverse was obtained, whereas for the 8-year-olds the Weber ratios from
two different conditions were very similar. The sensitivity parametérom the
different models (Table 3) likewise failed to shed some light on whether und
lying temporal sensitivity was constant when the absolute times used varied,
changing markedly between conditions, but in a way that was inconsistent for
different age groups. Overall, therefore, although our data do not directly cont
dict the scalar principle of superimpaosition by showing systematic deviation frc
it, they are too inconclusive to definitely support it.

Our results, analyses, and theoretical modeling join work by McCormack et
(1999) in showing that not only can methods derived from contemporary timil
theory be used successfully with children (in our case as young as 3), but also
theoretical models derived from recent work on timing in adults can provic
some insight into underlying psychological processes supporting in particular
finding of McCormack et al. (1999) that there are systematic changes in timi
sensitivity between younger children and those of 8 or 10 years of age. Within
framework of models like scalar timing theory, it appears that developmen
changes in timing behavior are best explained by quantitative changes in proc
es such as reference memory rather than by fundamental qualitative change
the way that timing is performed. If an internal clock and the related parts of t
timing system proposed by contemporary timing models really exist, it seems t
they are present in an intact form from an early age.
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