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Abstract—We compared sensitivity to first- versus second-order motion in 5-year-olds and adults
tested with stimuli moving at slower (1.5° s~1) and faster (6° s~!) velocities. Amplitude modula-
tion thresholds were measured for the discrimination of the direction of motion (up vs. down) for
luminance-modulated (first-order) and contrast-modulated (second-order) horizontal sine-wave grat-
ings. At the slower velocity (1.5° s~1), the differences in threshold between 5-year-olds and adults
were small but significant for both first- and second-order stimuli (0.02 and 0.05 log units worse than
adults’ thresholds, respectively). However, at the faster velocity (6° s~!), the differences in thresh-
old between the children and adults were 8 times greater for second-order motion than for first-order
motion. Specifically, children’s thresholds were 0.16 log units worse than those of adults for second-
order motion compared to only 0.02 log units worse for first-order motion. The different pattern of
results for first-order and second-order motion at the faster velocity (6° s~1) is consistent with models
positing different mechanisms for the two types of motion and suggests that those mechanisms mature
at different rates.
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INTRODUCTION

The perception of motion can arise from displacements in luminance (first-order
cues) or from displacements in other physical characteristics of an image, such as
its texture, that are visible even when there is no change in mean luminance (second-
order cues). Mathematical models of the processing of first- and second-order
motion (Wilson et al., 1992), supported by psychophysical (Chubb and Sperling,
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1988; Ledgeway and Smith, 1994), electrophysiological (Zhou and Baker, 1993;
Mareschal and Baker, 1998, 1999), human imaging (Smith et al., 1998), and
neuropsychological (Vaina and Cowey, 1996; Greenlee and Smith, 1997; Vaina
et al., 1998) data, suggest that the processing of second-order motion involves
neuronal mechanisms that are different from those involved in the processing
of first-order motion. For example, humans do not integrate alternating frames
containing first- and second-order local motion into an unambiguous percept of
motion (Ledgeway and Smith, 1994), and their sensitivity to first- or second-order
local motion is not affected by adaptation to motion of the other type (Nishida
et al.,, 1997). Further, both the latency of the visual evoked potential and the
reaction time for a psychophysical response are longer for the onset of second-order
motion than for the onset of first-order motion (Ellemberg et al., 2003). Finally,
functional magnetic resonance imaging studies indicate that, although some visual
areas (including V1, V2, and V5) respond equally to both types of motion, areas V3
and VP respond more strongly to second-order motion than to first-order motion
(Smith et al., 1998).

Only one study has examined the perception of first-order versus second-order
motion during development (Atkinson et al., 1993; reviewed in Braddick et al.,
1996). Infants aged 8—12 weeks and 16—20 weeks spent more time looking
at a stimulus that contained either first- or second-order motion than at a non-
directional control stimulus, and the difference was larger for first- than for second-
order motion. These findings indicate that infants as young as 2 months of age
can detect both first- and second-order motion. However, it is difficult to draw
conclusions about the differential development of sensitivity to the two types of
motion because the authors did not measure thresholds. Several other studies tested
the development of motion perception (Volkmann and Dobson, 1976; Kaufmann
et al., 1985; Dannemiller and Freedland, 1989; Aslin and Shea, 1990; Bertenthal
and Bradbury, 1992; Dobkins and Teller, 1996; Roessler and Dannemiller, 1997),
but none compared sensitivity to first- versus second-order cues to motion. Despite
the wide differences in stimuli and threshold criteria amongst these studies, they
agree that until at least 6 months of age (the oldest age tested) sensitivity at slower
velocities is more immature than sensitivity at faster velocities (but see Wattam-
Bell, 1991). Because the perception of velocity is determined by the detection of
the spatial structure of the moving stimulus and by its rate of temporal change, it has
been suggested that infants’ especially poor sensitivity at slower velocities is related
to their poor spatial resolution (i.e. reduced sampling density of foveal receptors)
and especially poor contrast sensitivity at low temporal frequencies (Freedland and
Dannemiller, 1987; Kaufmann, 1995; Roessler and Dannemiller, 1997).

Thus, little is known about the development of motion perception beyond infancy
or about sensitivity to the direction of first- versus second-order motion at any time
during development. The goal of the present study was to compare sensitivity
to first- versus second-order motion in 5-year-olds and adults tested with stimuli
moving at slower (1.5° s~1) and faster (6° s~') velocities. We measured thresholds
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for the discrimination of direction using patterns of random noise that were either
added to (first-order stimulus) or multiplied by (second-order stimulus) a sinusoidal
grating modulated in luminance.

METHODS
Subjects

The subjects were 24 adults (mean age = 20.4 years, range 19.1-22.9 years) and
24 children who were 5 years of age (1 month). None of the subjects had a
history of eye problems, and all met our criteria on a visual screening examination.
Specifically, 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.
Specifically, children were shown flash cards (Good-lite, catalogue # 1010), each
containing one letter (H, O, T, or V) flanked by six comparably-sized vertical bars
to the left and to the right. The smallest letter that children identified (by pointing
to the match on a hand-held card) provided a measure of visual acuity.

Apparatus and stimuli

The stimuli were generated by a Macintosh G3 computer by means of Pixx 1.55
software™, and were displayed on a Two-Page Display/21 gs Radius monochrome
monitor, 32° wide by 25° high. The monitor had a frame rate of 75 Hz and a pixel
resolution of 1152 x 870.

The stimuli consisted of 1 cdeg™! horizontal sinusoidal gratings, 10° wide by
10° high when viewed from a distance of 50 cm. The stimuli drifted either up or
down for 1.5 s at a velocity of 1.5 or 6° s~'. All stimuli consisted of static two-
dimensional random noise (referred to as the carrier), the luminance of which was
binary. Each noise element subtended 2 x 2 arc min, and was assigned independently
with a probability of 50% to be either ‘light’ or ‘dark’. The first-order stimuli were
created by adding the noise carrier to a luminance-modulated sinusoidal grating of
1 cdeg™!. This created a sinusoidal modulation of luminance across the carrier,
which appeared like a conventional luminance-modulated sinusoidal grating. The
amplitude of the luminance modulation (Michelson contrast or depth modulation)
was defined as:

depth modulation = (Liyax — Limin)/(Lmax + Lmin)

where L. and Ly, are the maximum and minimum mean local luminance
averaged over adjacent pairs of noise dots.
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The second-order stimuli were created by multiplying the carrier by a luminance-
modulated sinusoidal grating (e.g. Smith and Ledgeway, 1997). This produced
a sinusoidal modulation of the contrast of the carrier. The stimulus consisted of
a series of alternating regions of higher and lower contrast between noise dots,
with every region having the same mean luminance. The amplitude of the contrast
modulation (depth modulation) was defined as:

depth modulation = (Cpax — Ciin)/(Cimax + Ciin)»

where Cpax and Cp;, are the maximum and minimum mean local contrasts (Michel-
son) in the stimulus.

The space- and time-average luminance of the stimuli and background were main-
tained at 24 cd m~2. Gamma-correction was verified by means of a Minolta LS-100
photometer. The luminance contrast of the first-order images was linearly related to
the voltage of the Z-axis. Using the same procedure as Smith and Ledgeway (1997),
we calibrated the second-order images to ensure that gamma-correction was accu-
rate with respect to the characteristics of these stimuli. Specifically, we measured
the local luminance values of a stationary and of a drifting second-order stimulus,
and adjusted the gamma correction factor to eliminate any differences in luminance
between the high and low contrast regions of the envelope. The correction factor
was checked regularly throughout the course of the study. Further, small noise dots
(2 x 2 arc min) were used so that the second-order stimuli would not contain de-
tectable local luminance cues (Smith and Ledgeway, 1997).

Procedure

The procedures were explained and informed consent was obtained from the adults
and from parents of the 5-year-olds. The experimental protocol was approved by the
Committee on the Ethics of Research on Human Subjects, McMaster University.
Because the data are to be compared to those from children with monocular eye
problems, all subjects were tested monocularly, half in each group with the right
eye and half with the left eye. The eye not being tested was patched with 3M
Micropore” tape. The subject was seated 50 cm from the stimuli with the chin
positioned on a chin-rest. Parents sat in the testing room out of their child’s sight
and were asked to remain silent throughout the testing.

Subjects were instructed to fixate a target in the centre of the screen that appeared
between trails and then were asked to judge whether the stripes were moving upward
or downward. The experimenter said: “You will see a grey box with moving stripes.
Your job is to tell me if the stripes are moving up (experimenter points up) or down
(experimenter points down)’. The experimenter entered the responses by means of
the keyboard. The experimenter watched the participant’s viewing eye continuously
to ensure that he/she was looking at the centre of the screen. To verify that subjects
understood the task, they were first presented with a 10-trial block of second-order
stimuli at 100% depth modulation which were moving at 1.5° s!. To be included
in the study, participants had to judge correctly the direction of motion (up or down)
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on four consecutive trials. All subjects met this criterion, usually in the first four
trials.

All subjects were tested in each of four conditions: first- and second-order
motion x two velocities (1.5 and 6° s~!). To control for any effects of fatigue and/or
practice, half of the participants in each group first completed trials with first-order
motion; the other half first completed trials with second-order motion. Within each
type of motion, the velocities were tested in a random order. Thresholds for the
discrimination of the direction of motion (up or down) were calculated with a ML-
TEST staircase procedure (Harvey, 1986), and were defined as the minimum depth
modulation necessary to detect the direction of motion. Before beginning the test
with each type of motion (first- or second-order), each subject was given a practice
staircase with feedback after each trail. At the end of each practice run, subjects
were asked if they understood the task and if so, testing began. No feedback was
given during the test but children were praised periodically and were reminded to
watch carefully. All adults completed testing in one session. Thirteen of the 5-year-
olds completed testing within one session, and the remaining 11 completed testing
within two testing sessions. Each session lasted no more than 1 hour.

RESULTS

The mean depth modulation thresholds for the 5-year-olds and for the adults are
presented in Fig. 1. Circles represent the mean thresholds for the 5-year-olds and
the squares represent the mean thresholds for the adults. Filled symbols represent
first-order motion and open symbols represent second-order motion. Because it
can be argued that thresholds for first- and second-order motion are on different
scales, we compared the thresholds of the adults and 5-year-olds for each of the four
conditions (two types of motion at two velocities) in separate two-tailed ¢-tests. The
results of these analyses indicate that for each of the four conditions, 5-year-olds
had significantly higher thresholds than adults (in all cases, p < 0.01). To compare
the data across the four conditions, we transformed the thresholds into immaturity
scores. For each condition, we paired each 5-year-old to the adult tested in the
same ordinal position and subtracted their log thresholds. These ratios, which we
call the immaturity scores, were then compared for each of the four conditions
in a repeated measures analysis of variance (ANOVA). The ANOVA revealed an
interaction between type of motion and velocity Fj .3 = 19.05 (p < 0.01). The
post-hoc analysis on the interaction revealed that the immaturity score for second-
order motion at the faster velocity (6° s~!), was significantly higher than that for
each of the three other conditions (p < 0.01). There were no other significant
differences. Together, these findings indicate that 5-year-olds are less sensitive than
adults for each condition, that the reductions in sensitivity are greatest for second-
order motion at the fastest speed, and that the reductions in sensitivity are equal for
the other three conditions.
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Figure 1. Mean thresholds (log depth modulation) for the discrimination of the direction of first-
versus second-order motion in 5-year-olds (circles) and in adults (squares). Solid symbols represent
the mean log thresholds for first-order motion and the open symbols represent the mean log thresholds
for second-order motion. Depth modulation represents modulation of the luminance of first-order
gratings and modulation of the contrast of second-order gratings.

DISCUSSION

Our findings indicate that, at least under some conditions, sensitivity to second-
order motion develops more slowly than sensitivity to first-order motion. Five-year-
olds were significantly less sensitive than adults for each condition tested. The
thresholds of 5-year-olds were elevated slightly and equally for first-order stripes
moving at 1.5° s~ or 6° s~! and for second-order stripes moving at 1.5° s~ (0.02
to 0.05 log units worse). However, at the faster velocity (6° s~ 1), the thresholds
of 5-year-olds were elevated 8 times more for second-order motion (0.16 log units
worse than adults) than for first-order motion (0.02 log units worse than adults).
The different pattern of result for first-order and second-order motion at the faster
velocity suggests that sensitivity to these two types of motion develops, at least
in part, at different rates. These results are akin to those for the development of
texture segmentation. In human infants and in kittens, segmentation of textures
based on orientation differences (a second-order cue) emerges later and is slower
to develop than segmentation based on luminance differences (a first-order cue)
(Atkinson and Braddick 1992; Sireteanu and Rieth, 1992; Wilkinson and Lessard,
1995; see Sireteanu, 2000 for a review).

Although non-visual factors, such as differences between the 5-year-olds and
adults in attention or eye movements, may have contributed to the difference
in threshold, they cannot account for the significant differences in the extent of
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the immaturity for different conditions. All tasks measured thresholds, yet the
difference between the thresholds of 5-year-olds and adults was much larger for
second-order motion at the faster velocity than for the other three conditions. The
5-year-olds’ performance also does not appear to be related to differences in the
adults’ sensitivity in the different conditions. For example, the 5-year-olds were
about 2 times less sensitive to the motion of second-order images at the faster than
at the slower velocities, whereas adults were almost equally sensitive in the two
conditions.

Our data indicate that for second-order stimuli, differences between 5-year-olds
and adults are three times greater at the faster than at the slower velocity (0.16 and
0.05 log units worse than adults at the faster and slower velocities, respectively).
This pattern of results is very different from that observed in young infants where
sensitivity to first-order stimuli moving at 1.5° s~! is far more immature than
sensitivity to first-order stimuli moving at faster velocities (Volkmann and Dobson,
1976; Kaufmann et al., 1985; Dannemiller and Freedland, 1989; Aslin and Shea,
1990; Bertenthal and Bradbury, 1992; Roessler and Dannemiller, 1997; but see
Wattam-Bell 1991). Therefore, our findings suggest that, contrary to the pattern for
first-order stimuli during infancy, sensitivity to second-order motion develops more
slowly at faster than at slower velocities during childhood.

Under the present testing conditions, we cannot determine whether the pattern
of results for the slower versus faster velocity is a consequence of differences
in sensitivity to velocity or to temporal frequency. Because temporal frequency
is equal to velocity multiplied by spatial frequency, and because we kept spatial
frequency constant at 1 cdeg™', temporal frequency varied directly with velocity:
1.5 and 6 Hz for the slower (1.5° s~!) and faster velocities (6° s™1), respectively.
Studies with adults have suggested that velocity, rather than temporal frequency, is
the critical variable for the velocities used in the current study (McKee et al., 1986).
Within this range, McKee et al. (1986) found that velocity discrimination is affected
little by large random changes in spatial frequency, and hence affected little by the
temporal frequency of the pattern to be discriminated (but see Burr and Ross, 1982;
Smith and Edgar, 1991).

The motion energy model, supported by both psychophysical and physiological
data, provides a structure for understanding the development of motion sensitivity
(Adelson and Bergen, 1985; Emerson et al., 1992). The model suggests that
sensitivity to first-order motion depends on the integration over space and time of
the outputs of bandpass linear spatio-temporal filters. However, this mechanism
is blind to second-order stimuli because it relies on the presence of spatial Fourier
components in the luminance domain. Therefore, sensitivity to second-order motion
depends on a non-linear transformation that introduces first-order characteristics
into the neural representation of the second-order image. Early distortion products
of pre-cortical origin (e.g. at the level of photoreceptors) have been suggested as a
possible source of non-linearity (Burton, 1973; Henning et al., 1975; Nachmias and
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Rogowitz, 1983). However, several studies refuted this hypothesis (Langley et al.,
1996; Badcock and Derrington, 1989; Zhou and Baker, 1993, 1994).

Computational modeling supported by psychophysical and electrophysiological
data suggests that the detection of second-order motion requires at least two
additional processing steps that are subsequent to the first stage linear filter in
the primary visual cortex (Chubb and Sperling, 1988, 1989; Wilson et al., 1992;
Baker, 1999). The ‘filter-rectify-filter’ model suggests that early linear filtering is
followed by a non-linear processing stage (e.g. full-wave rectification, half-wave
rectification, or squaring) that introduces first-order characteristics into the neural
representation of the second-order image, and a second stage filtering at a lower
scale. Despite the fact that the bulk of the data supports this two-stream model,
there are some findings that seem to support single pathway models (Johnston and
Clifford, 1995; Taub et al., 1997; Baloch et al., 1999). Although our data cannot
distinguish between these models, they are consistent with the hypothesis that each
type of motion is processed, at least in part, by separate mechanisms. Because
the immaturities were greater for second-order motion, our results suggest that
the additional non-linear processing necessary for the extraction of second-order
motion matures more slowly than the mechanisms underlying the extraction of first-
order motion.

In summary, we found a different developmental pattern for sensitivity to first-
order versus second-order local motion when stripes moved at 6° s™!. At that
velocity, 5-year-olds were especially immature for second-order motion but nearly
adult-like for first-order motion. These findings are consistent with the hypothesis
that each type of motion is processed, at least in part, by separate mechanisms.
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