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Abstract

We studied differences in the development of sensitivity to first-versus second-order global motion by comparing the motion

coherence thresholds of 5-year-olds and adults tested at three speeds (1.5, 6, and 9� s�1). We used Random–Gabor Kinematograms

(RGKs) formed with luminance-modulated (first-order) or contrast-modulated (second-order) concentric Gabor patterns with a sin-

usoidal spatial frequency of 3c deg�1. To achieve equal visibility, modulation depth was set at 30% for first-order Gabors and at

100% for second-order Gabors. Subjects were 24 adults and 24 5-year-olds. For both first- and second-order global motion, the

motion coherence threshold of 5-year-olds was less mature for the slowest speed (1.5� s�1) than for the two faster speeds (6 and

9� s�1). In addition, at the slowest speed, the immaturity was greater for second-order than for first-order global motion. The find-

ings suggest that the extrastriate mechanisms underlying the perception of global motion are different, at least in part, for first- ver-

sus second-order signals and for slower versus faster speeds. They also suggest that those separate mechanisms mature at different

rates during middle childhood.

� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Early stages of motion detection operate over small
regions of space. This creates ambiguity about the true

direction of motion of an object or display occupying

a larger region, ambiguity that is exemplified in the

well-known aperture problem (Horn & Schunck,

1981). To determine the overall direction of motion,

the outputs of local motion detectors must be integrated

over space and time (Smith, Snowden, & Milne, 1994;
0042-6989/$ - see front matter � 2004 Elsevier Ltd. All rights reserved.
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Williams & Sekuler, 1984). Converging evidence indi-

cates that cells in the primary visual cortex (area VI) sig-

nal the direction of motion in local regions of the visual
field and that cells in the middle temporal area (i.e.,

MT), that have much larger receptive fields, integrate

those signals over both space and time to give rise to

the perception of global motion (Barton, Sharpe, &

Raymond, 1995; Maunsell & Newsome, 1987; Maunsell

& Van Essen, 1983a; Newsome & Pare, 1988; O�Keefe &

Movshon, 1998; Scase, Horsfield, Wilcock, & Karwa-

towski, 1998; Watamanuik & Sekuler, 1992).
Evidence from non-human primates indicates that

neurons in area MT are sensitive to the direction of glo-

bal motion (Albright, 1984; Maunsell & Van Essen,
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1983b), and that the majority of these neurons become

labeled with 2-deoxyglucose during the presentation of

global motion stimuli (Born & Tootell, 1992). Area

MT also plays a key role in the processing of speed in-

formation, whereas the primary visual cortex is involved

primarily in the processing of spatial and temporal fre-
quency information (Perrone & Thiele, 2002). For ex-

ample, Perrone and Thiele (2001) found that the firing

of most MT cells is unaffected by changes in spatial or

temporal frequency if speed is kept constant.

Psychophysical experiments also indicate that the

human visual system has mechanisms that are specifi-

cally tuned to speed (Reisbeck & Gegenfurtner, 1999;

Schrater & Simoncelli, 1998), although these studies
do not distinguish among cortical levels. McKee, Siver-

man, and Nakayama (1986) found that speed judgments

are affected very little by random variations in temporal

frequency. Consistent with these findings, speed-tuned

mechanisms that operate independently of spatial and

temporal frequency mechanisms have been identified

with noise masking (Reisbeck & Gegenfurtner, 1999)

and adaptation experiments (Schrater & Simoncelli,
1998). Finally, Smith and Edgar (1991) found that tem-

poral frequency discriminations are affected little by ran-

dom variations in speed. Together the results of these

studies point to three separate sets of mechanisms in hu-

mans, one tuned to spatial frequency, a second tuned to

temporal frequency, and a third tuned to speed.

To detect cues to motion, the visual system must de-

code either changes in luminance or in other stimulus
properties such as contrast or texture (Badcock & Der-

rington, 1985; Cavanagh &Mather, 1989; Chubb & Sper-

ling, 1988, 1989). The perception of motion based on

variations in luminance is known as first-order motion.

The perception of motion based only on variations in

other stimulus properties, such as texture or contrast, is

known as second-order motion. Several lines of evidence

suggest that, in the early stages of motion processing,
first- and second-order motion are analysed by different

signal processing mechanisms. For example, human

adults cannot integrate alternating frames containing

first- and second-order local motion into an unambigu-

ous motion percept (Legdeway & Smith, 1994), and their

sensitivity to first- or second-order local motion is not

affected by adaptation to motion of the other type

(Nishida, Ledgeway, & Edwards, 1997). Further, neurons
in areas 17 and 18 of the cat typically have different spa-

tial frequency tuning for first- versus second-order grat-

ings (Mareschal & Baker, 1998, 1999; Zhu & Baker,

1993). However, it still remains controversial whether,

in area MT, first- and second-order motion continue to

be processed by different neural mechanisms (Wilson,

Ferrara, & Yo, 1992). The finding that most neurons in

monkey area MT respond to both first- and second-order
stimuli is taken as evidence for a single motion pathway

that integrates both first- and second-order cues to mo-
tion (Albright, 1992; also see Wilson et al., 1992). More-

over, Edwards and Babcock (1995) found that the

detection of coherent motion was impaired when first-or-

der noise was added to the second-order signal, indicating

at least some level of integration. On the other hand,

some findings have been taken as evidence for the sepa-
rate processing of first- and second-order motion even

at the level of MT. Specifically, humans do not integrate

alternating frames containing first- and second-order glo-

bal motion into an unambiguous percept of motion (Ma-

ther & West, 1993), and their detection of coherent

motion is not affected when second-order noise is added

to the first-order signal (Edwards & Babcock, 1995).

The development of the mechanisms for the compu-
tation of speed is still largely unknown. Studies of in-

fants indicate that sensitivity to slower speeds develops

later than sensitivity to faster speeds (Aslin & Shea,

1990; Bertenthal & Bradbury, 1992; Dannemiller &

Freedland, 1989; Dobkins & Teller, 1996). Even at five

years of age, speed affects children�s sensitivity to direc-

tion of motion under some conditions. Whereas their

sensitivity to the direction of a moving first-order grat-
ing is nearly adult-like, regardless of whether it is mov-

ing at 1.5 or 6� s�1, their sensitivity to the direction of a

moving second-order grating is much less mature at the

faster than at the slower speed (Ellemberg et al., 2003).

However, those studies used stimuli designed to measure

sensitivity to local motion, rather than the integration of

local motion signals into a global percept to compute

overall direction and speed.
A comparison across two studies suggests that the

extrastriate mechanisms specialized for global motion

develop at different rates for different speeds. Using ran-

dom dot kinematograms that drifted at 5� s�1, Atkinson

et al. (1999) found that 5-year-olds� coherence thresh-

olds for global motion are worse than those of adults

by a factor of 2.5. In contrast, we presented dots that

drifted much faster (at a speed of 18� s�1) and found that
6-year-olds� coherence thresholds are adult-like (Ellem-

berg, Lewis, Maurer, Brar, & Brent, 2002). One possibil-

ity is that there is rapid development between 5 and 6

years of age. Alternatively, the developmental pattern

may vary for different speeds. Both studies used random

dot kinematograms that did not separate first- from sec-

ond-order cues to motion. No previous study has tested

whether the developmental pattern varies for different
types of global motion (viz., first- versus second-order

global motion), as is known to be true for local motion

(Ellemberg et al., 2003).

The purpose of the present study was to investigate

differences in the development of sensitivity for global

motion as a function of speed and of motion type

(first-order or second-order). We compared coherence

thresholds for 5-year-olds and adults tested at three
speeds, using limited lifetime random Gabor kinemato-

grams that contained either first- or second-order cues
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to motion. We computed coherence thresholds for 5-

year-olds and adults measured at three speeds, using

limited lifetime random Gabors formed from first- or

second-order cues, a percentage of which moved coher-

ently on each trial.
2. Methods

2.1. Observers

A group of 24 adults (18–23 years) and 24 5-year-olds

(±3 months) participated in the experiment. To be in-

cluded in the study, all subjects, including those from
the pilot study (see below), had to meet our criteria on

a visual screening examination. Adults had a linear letter

acuity (Lighthouse Visual Acuity Chart) of at least 20/20

in each eye without optical correction, worse acuity with

a +3 dioptre add (to rule out hypermetropia of greater

than 3 dioptres), fusion at near on the Worth four dot

test, and stereoacuity of at least 40 arc sec on the Titmus

test. The 5-year-olds met the same criteria except that
they were required to have a visual acuity of at least

20/25 when tested with the Good Lite Crowding cards.

2.2. Apparatus and stimuli

An Apple Macintosh G3 generated the motion stim-

uli on a Sony Trinitron Multiscan 200 GS computer

monitor. Pixel resolution was 1024 by 768 pixels with
a refresh rate of 75 Hz. The stimuli were produced by

means of a linearized subset of grey values. Mean screen

luminance was maintained at 35 cd m�2.

Studies of global motion typically use random dot ki-

nematograms that contain first- or second-order cues to

motion and are spatially and temporally broad-band.

Instead we used Gabors, which were narrow-band,

and which were defined by either first-order or second-
order cues (see Fig. 1 for details). The internal sinusoidal

structure was concentric and not striped, so that orien-

tation could not be used as a cue to the direction of mo-

tion. We call these new stimuli circular Random–Gabor

Kinematograms or RGKs.

The Gabor micropatterns were composed of concen-

tric sine-wave gratings multiplied by a Gaussian func-

tion in the horizontal (x) and vertical (y) dimensions. 1
1 The first-order Gabor is represented by the following equation:

Lðx;yÞ ¼ L0½1þ exp½�ðx2 þ y2Þ=2d2�Cg cosð2p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx2 þ y2Þ

p
=kÞ

þ CnN rnd� ð1Þ

where L0 is the mean luminance of the pattern, d is the standard devi-

ation of the Gaussian (0.24�), Cg is the modulation depth of the inter-

nal sinusoid, k is the sinusoidal spatial wavelength (3c deg�1) and Cn is

the contrast of the noise carrier Nrnd (chosen to be either �1 or +1 with

probability 0.5).
Each Gabor had a standard deviation of 0.24 deg. and

was truncated at two standard deviations. The first-

order (luminance-modulated) stimulus was created by

adding the micropatterns to a spatially two-dimensional,

binary, random noise carrier (see Fig. 1, left panel). The

resulting image contained an array of patches, within
each of which the mean luminance of the noise varied

according to the Gabor waveform (an example of the

stimulus is presented in Fig. 2a).

The second-order (contrast-modulated) Gabor was

created by multiplying the micropatterns with the ran-

dom noise carrier. 2 The construction of these stimuli

is described in the right panel of Fig. 1. The resulting im-

age contained an array of patches, within each of which
the mean contrast of the noise varied according to the

Gabor waveform. This produced Gabor micropatterns

in which average luminance was the same across the

high and the low contrast regions of the Gabor (an

example of the stimulus is presented in Fig. 2b).

Therefore, for both the first- and second-order

RGKs, the Gabors consisted of static two-dimensional

random noise (referred to as the carrier), the luminance
of which was binary. Each noise element subtended 2·2
arc min, and was assigned independently with a proba-

bility of 50% to be either �light� or �dark�.
The first- and second-order stimuli each consisted of

80 Gabors moving against a background of random

noise, with a limited lifetime for the direction of motion.

Just like the Gabors, the background consisted of binary

light and dark pixels. At a viewing distance of 57 cm, the
stimulus display subtended 20 by 20 degrees of visual

angle.

Coherence thresholds were measured for Gabors that

moved at speeds of 1.5, 6, and 9� s�1. The jump size or

displacement of each Gabor between frames was held

constant at 0.24�, and the duration of each trial was

1.5 s. In order to vary speed while keeping displacement

constant, we varied lifetime of the images for each speed.
We chose to manipulate lifetime, in order to keep speed

constant across the three speed conditions. Just like the

commonly used random-dot-kinematogrames, the over-

all direction of motion in RGKs cannot be determined

with local motion detectors. The direction of motion

in which each Gabor moves is limited in time so that

after a given lifetime, a new group of Gabors, deter-

mined randomly, move in the signal direction and the
remaining Gabors move in random directions. Thus, it
2 The second-order Gabor is represented by the following equation:

Lðx;yÞ ¼ L0½1þ ð1þ exp½�ðx2 þ y2Þ=2d2�Cg

� cosð2p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2

p
=kÞÞCnN rnd� ð2Þ

where L0, d, Cg, k, Cn and Nrnd refer to the same parameters as Eq. (1).



Fig. 1. Space–space (x–y) plots demonstrating the construction of a single first-order (luminance-defined) and second-order (contrast-defined) Gabor

patch analogous to those used in the actual experiments. To the right of each image is a power spectrum, computed by applying a Fast Fourier

Transform to the 128·128 pixel array representing that image. The power spectrum represents the power (amplitude squared) at each spatial

frequency and orientation, with brighter values indicating greater power. For clarity the d.c. components were omitted and the intensity values were

scaled to cover the available range of brightness. Panel (a) shows a concentric sinusoidal grating pattern. Its spectrum is both spatially narrowband

and effectively isotopic in orientation (as indicated by the circular locus of power about the origin). Multiplying the concentric grating with a 2-d

Gaussian window (b) results in a Gabor patch (c) that has power at all orientations. However, that power is still confined to a relatively narrow range

of spatial frequencies (indicated by the circular �donut� region in the Fourier spectrum). The Gabor patch was then either added to, or multiplied

with, a spatially 2-d noise carrier (d) to create a first-order stimulus (e) or a second-order stimulus (f). Although the first-order image shown in (e) is

spectrally broadband (due to the numerous Fourier components contributed by the noise carrier), the dominant power is still centered on a relatively

limited range of spatial frequencies that span all possible orientations. Second-order stimuli (f) also exhibit the same properties when their spectral

characteristics are considered in the contrast, rather than the luminance, domain.

2406 D. Ellemberg et al. / Vision Research 44 (2004) 2403–2411



Fig. 2. Example of the stimulus configuration for (a) the first-order

(luminance modulated) RGKs and (b) the second-order (contrast

modulated) RGKs. The modulation depth of the first- and second-

order RGKs were 30% and 100%, respectively. In the study, each

Gabor had a vertical and horizontal space constant (standard

deviation of the Gaussian) of 0.24� and an internal sinusoidal spatial

frequency of 3c deg�1. In the schematic, the space constant and the

modulation depth of the Gabors were modified in order to improve the

visibility of the stimuli when static.
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is not possible to determine the direction of the entire
pattern by following a single dot, but rather this config-

uration requires the integration of local signals over a

larger summation field.

2.3. Procedure

The procedure was explained and written consent was

obtained from the parents of the children and from the
adults who participated. The experimental protocol was

approved by the Committee on the Ethics of Research

on Human Subjects, McMaster University. Participants

viewed the screen binocularly from a distance of 57 cm

with their chin in a chin rest and were instructed to fixate

a central mark (a cross) that was present throughout the
procedure. Parents sat in the testing room out of their

child�s sight and were asked to remain silent during test-

ing.

Coherence thresholds were measured using limited

lifetime Random–Gabor Kinematograms. The subjects�
task on each trial was to say whether the global direction
of motion was up or down. The percentage of ‘‘signal’’

Gabors moving up or down varied across trials by a

2-down, 1-up staircase (Levitt, 1971). The remaining

percentage of ‘‘noise’’ Gabors on each trial moved ran-

domly. The threshold was defined as the percentage of

Gabors moving in the same direction for 71% correct

performance and was obtained by averaging the results

from the last six reversals of the staircase. More specif-
ically, the experimenter told the 5-year-olds: ‘‘You will

see a grey cloud filled with raindrops on the computer

screen. Your job is to tell me if the raindrops are moving

up (experimenter points up) or down (experimenter

points down).’’ The experimenter watched the subjects

to ensure that they maintained central fixation, provided

regular reminders to do so, and began trials only

when the subjects were looking at the fixation cross in
the middle of the screen. To familiarize them with the

RGKs, the participants experienced four demonstration

trials, two with each type of motion, one with upward

motion and one with downward motion. Then, to en-

sure that the subjects understood the task, criterion tri-

als were presented. To pass criterion, subjects had to

achieve two correct judgements at 100% coherence and

two correct judgements at 50% coherence on four con-
secutive trials. The subjects were given three chances

to achieve criterion, and all met this criterion. After

passing the criterion, the subjects received a practice

run that consisted of an entire staircase, that matched

the type of motion (i.e., first-order or second-order)

on which they would be tested first. The experimenter

was aware of the direction of motion on each trial

and, when the subjects committed an error, provided
feedback.

Test of thresholds. Each subject was tested on six

thresholds consisting of first- and second-order global

motion, each at three speeds (1.5, 6, and 9� s�1). The

procedure for measuring each threshold was identical

to that for the practice run except that the experimenter

was unaware of the direction of motion on each trial and

no feedback was provided. Subjects indicated their an-
swer by providing a verbal response and/or by pointing

up or down. The experimenter keyed in those responses.

Regardless of their response, children were praised peri-

odically and were reminded to watch carefully. All

adults completed testing in one session. The 5-year-olds

were tested during two separate one-hour sittings, both

of which were completed within the specified age range.

Half the subjects were tested first on RGKs formed from
first-order Gabors, whilst the remaining subjects were

tested first on RGKs formed from second-order Gabors.
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9� s�1).
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Within each type of motion, the three speeds were pre-

sented in random order. The procedure for the type of

motion tested second was identical except that the crite-

rion and practice phases were omitted.

2.4. Pilot studies to equate the visibility of the two types of

motion

We conducted a series of pilot experiments to deter-

mine the modulation depths of the first- and second-

order Gabors that make them equally perceptible for

judgements of global motion. We tested 12 adults (mean

age=20.7 years) and 12 5-years-olds (±3 months) in or-

der to determine the range of amplitude modulation of
the first- and second-order Gabors that produce maxi-

mum performance (i.e., lowest coherence thresholds)

on the Global motion task, for each of the conditions

to be tested. Specifically, using the same procedures

and stimuli described above, we measured coherence

thresholds using first- and second-order RGKs that

had different levels of modulation depth. We found that

coherence threshold decreased with increasing modula-
tion depth, for each condition, to reach asymptote at a

given depth modulation. For first-order RGKs at all

three speeds and at both ages, thresholds were best

and consistent within subject (within a factor of 2) when

modulation depth was above about 30% (20–40%,

depending on the subject). For second-order RGKs at

all three speeds and both ages, thresholds were best

and consistent within subject only when modulation
depth was above 90% for 5-year-olds and 60% for

adults.

For the main experiment, we chose a modulation

depth of 30% for first-order motion and 100% for sec-

ond-order motion. Both values were within the range

of best performance for both 5-year-olds and adults,

and hence ensured that subjects would not have per-

formed better had we chosen different values. Their
appropriateness was confirmed with 6 adults who were

asked to match the visibility of a first- and second-order

Gabors moving at each of the three speeds. Those

subjects reported that a first-order Gabor at 30% mod-

ulation depth was equal in perceptibility to a second-

order Gabor at 100% modulation depth.

2.5. Data analysis

For each of the conditions, we replaced deviant

scores using Kirk�s (1989) outlier procedure. Specifi-

cally, each coherence threshold was converted to a Z-

score using the group mean and standard deviation for

that condition. Z-scores greater than +2.5 or less than

�2.5 were replaced with the original group mean for

that condition. Nine data points were replaced: six from
three of the 5-year-olds and one from each of three

adults. The maximum number of data points eliminated
from the same condition was two. All further analyses

used the revised data sets.

The data were analysed by a 3-way mixed analysis of

variance (ANOVA). The ANOVA had one between-

subjects factor of age with two levels (5-year-olds,

adults), a within-subjects factor of speed with three lev-
els (1.5, 6, and 9� s�1), and a within-subjects factor of

type of motion with two levels (first-order, second-

order). The significant 3-way interaction was analysed

further with separate 2-way ANOVAs for each type of

motion, in which each ANOVA had a between-subjects

factor of age and a within-subjects factor of speed. Anal-

yses of simple effects were used to analyse all significant

2-way interactions.
3. Results

Fig. 3 shows coherence thresholds for 5-year-olds

(circles) and adults (squares) for first-order (solid sym-

bols) and second-order (open symbols) RGKs at each

of the three speeds.
The 3-way ANOVA revealed an interaction amongst

age, type of motion, and speed, F2,92=5.02 (p<0.01).

The other significant effects were interactions between

age and motion type, F1,46=6.80 (p<0.02), age and

speed F1,46=27.93 (p<0.0001), motion type and

speed, F1,46=9.46 (p<0.01), a main effect of age,

F1,46=31.44, (p<0.01), a main effect of motion type,

F1,46=9.19 (p<0.01), and a main effect of speed,
F1,46=44.55 (p<0.01).

To evaluate the 3-way interaction further, we con-

ducted 2-way ANOVAs comparing age to speed for

each of the two types of motion. The 2-way ANOVA

for first-order motion revealed a significant interaction

between age and speed, F1,92=17.77 (p<0.001), a main

effect of age, F1,46=24.03 (p<0.001), and a main effect



D. Ellemberg et al. / Vision Research 44 (2004) 2403–2411 2409
of speed, F2,46=26.80 (p<0.001). An analysis of simple

effects on the interaction revealed that 5-year-olds�
thresholds were worse than those of adults for each of

the three speeds. Inspection of Fig. 3 shows that the

interaction arose because, compared to adults, the 5-

year-olds thresholds were much worse (5 times) at the
slowest speed compared to the two faster speeds.

The 2-way ANOVA for second-order motion also re-

vealed a significant interaction between age and speed,

F1,92=24.57 (p<0.001), a main effect of age,

F1,46=27.51 (p<0.001), and a main effect of speed,

F2,46=40.53 (p<0.001). An analysis of simple effects

on the interaction revealed that 5-year-olds� thresholds
were worse than those of adults for each of the three
speeds. Again, inspection of Fig. 2 shows that compared

to adults, the 5-year-olds thresholds were much worse (6

times) at the slowest speed compared to the two faster

speeds. Inspection of Fig. 3 also indicates that at the

slowest speed (1.5� s�1), 5-year-olds� thresholds were

even worse for second-order than for first-order motion

and that the adults� thresholds were equally good for the

two types of motion.
4. Discussion

We found that 5-year-olds were immature both for

first- and second-order global motion at every speed.

The extent of the immaturity varied with condition: it

was larger for the slowest speed than for the two faster
speeds and it was especially large for second-order mo-

tion at the slowest speed (see Fig. 3). These findings indi-

cate that the extrastriate mechanisms that integrate local

motion cues over time and across space to produce the

perception of global motion are still immature at 5-years

of age, and that, these mechanisms mature more slowly

for slower speeds and under some conditions, for sec-

ond-order global motion.
Non-visual factors, such as differences between the 5-

year-olds and the adults in attention, criterion, or eye

movements may have contributed to some of the age dif-

ferences in performance, but are unlikely to account for

the overall pattern of results. All tasks measured thresh-

olds; yet the children�s performance was more mature

for some conditions than for others. For example, 5-

year-olds were less than two times worse than adults
at the faster speeds (6 and 9� s�1), compared to five times

worse than adults at the slowest speed (1.5� s�1). At the

slowest speed, the 5-year-olds were also more mature for

first-order global motion than for second-order global

motion. Further, this differential performance cannot

be explained by differences in adult sensitivity because

adults� coherence thresholds did not differ for the three

speeds and the two types of motion (see Fig. 3). Rather,
the differential elevation of threshold in the 5-year-olds

is likely to be related to motion-sensitive mechanisms
that develop more slowly for slower speeds and for sec-

ond-order global motion.

Recent findings by Scott-Samuel and Georgeson

(1999) suggest that when temporal frequency (spatial fre-

quency· speed) is above 7.5 Hz, first-order artefacts may

be introduced into the perception of second-order mo-
tion. This could potentially pose a problem in our study

because the Gabors that moved at speeds of 6 and 9� s�1

had nominal temporal frequencies of 18 and 27 Hz

respectively (i.e., because the internal spatial frequency

of the Gabors was 3c deg�1). However, because the spa-

tial frequency of the second-order contrast modulation

used by Scott-Samuel and Georgeson (1999) was fixed

at 0.6c deg�1, it is entirely possible that the presence of
first-order artefacts is dependent on image speed rather

than drift temporal frequency. If this is indeed the case

then such artefacts are non-existent unless the image

speed exceeds 12.5� s�1 (a value much greater than the

maximum speed used in the present study). More impor-

tantly, Smith and Ledgeway (1997) found no such arte-

facts when the carrier consisted of high spatial

frequency random noise dots instead of amplitude mod-
ulated gratings with a high contrast like those used by

Scott-Samuel and Georgeson. Because the carrier for

our stimuli consisted of small random noise dots (each

composed of a single screen pixel subtending 2·2 arc

min), and there was no luminance variation within each

noise dot, it is unlikely that our second-order stimuli con-

tained any such first-order artefacts. Nonetheless, this

concern cannot account for 5-year-olds� greater immatu-
rity for first-order motion at the slowest speed than at the

two faster speeds, nor for their even larger immaturity

for second-order motion, at least at the slowest speed.

For first- and second-order global motion, the differ-

ence between the 5-year-old and adult thresholds is 3

times larger at the slower speed (1.5�s�1) than at the

two faster speeds (6 and 9�s�1). Although there is some

evidence (e.g., Seiffert & Cavanagh, 1999) using sinusoidal
gratings that positional mechanisms could limit motion

discrimination under some conditions for both first- and

second-order motion, this does not appear to be the case

when modulation depth (e.g., contrast) or speed is high.

Further, there is independent evidence from adults that

global-motion extraction, at least for first-order stimuli,

occurs within two independent speed tuned systems––

one sensitive to �high� speeds and the other to �low� speeds
(Edwards, Badcock, & Smith, 1998). Thus, our results

suggest that children have greater immaturities for global

motion carried by the system sensitive to �slowly� moving

dots than the system sensitive to faster moving dots.

The present findings differ from the pattern we found

previously for sensitivity to the direction of local motion

at two of these speeds (1.5 and 6� s�1). For direction of

first-order local motion, 5-year-olds are nearly adult-like
at both the slower and faster speeds, whilst for second-

order local motion, they are especially immature at the
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faster speed and nearly adult-like at the slower one

(Ellemberg et al., 2003). Together these results suggest

that the speed-tuned mechanisms for local versus global

motion undergo different patterns of developmental

change, with those that have been identified in area

MT for global motion (Perrone & Thiele, 2001) likely
maturing more rapidly for faster speeds compared to

slower speeds.

The comparison between the present study and our

previous study on first-versus second-order local motion

(Ellemberg et al., 2003) indicates that in 5-year-olds,

sensitivity to the direction of global motion is less ma-

ture than sensitivity to the direction of local motion.

For the first-order stimuli, 5-year-olds were about 9
times less sensitive for global than for local motion at

1.5� s�1 and 15 times less sensitive at 6� s�1. For sec-

ond-order stimuli, 5-year-olds were 10 times less sensi-

tive for global than for local motion at 1.5� s�1 and 2

times less sensitive at 6� s�1. (Note that in these compar-

isons, we are comparing the size of the gap between 5-

year-olds and adults for local versus global motion,

not making direct comparisons between different thresh-
olds obtained from the 5-year-olds). These results sug-

gest that, at least for the motion pathway, aspects of

vision mediated by structures higher in the neuronal

hierarchy develop more slowly. However, it is not clear

whether this is a general developmental principle. There-

fore, more evidence in needed to determine whether

development is also slower beyond the primary visual

cortex for other aspects of visual processing.
The findings from the present study indicate that

first- and second-order global motion are processed, at

least in part, by different mechanisms in the extrastriate

areas that pool local motion signals to give rise to the

percept of global motion. This conclusion is supported

by the greater immaturites in the 5-year-olds� sensitivity
to second-order than to first-order global motion at 1.5�
s�1. Overall, our findings agree with those from previous
psychophysical studies that indicate some degree of sep-

arability between the signal processing mechanisms of

first- versus second-order global motion (Edwards &

Babcock, 1995; Mather & West, 1993). Our findings

are inconsistent with a straightforward interpretation

of a mathematically and theoretically driven model pro-

posed by Wilson et al. (1992), that the outputs of sepa-

rate first- and second-order motion pathways are fully
integrated (in a strictly equivalent manner) at the level

of the extrastriate visual cortex (area MT) that processes

global motion.
5. Conclusions

The present findings indicate that the extrastriate
mechanisms that integrate local motion cues over time
and across space to produce the perception of global

motion are still immature at 5-years of age. Both for

first- and second-order global motion, these mechanisms

mature more slowly for slower than for faster speeds.

Further, at the slowest speed, sensitivity to second-order

global motion matures less rapidly than sensitivity to
first-order global motion.
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