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Abstract—Human infants' contrast thresholds for rectangular wave gratings differing in duty cycle were measured. The
forced-choice preferential looking technique was used to estimate thresholds in fifteen 8to 10-week old infants. The results
indicated that contrast threshold varied systematically with duty cycle. Our findings were consistent with the predictions of a
linear, multiple channel model and one version of alinear, single channel model but were inconsistent with the predictions of

acontour density and another version of a single channel model.

INTRODUCTION

Several aspects of pattern vision change dramatically during the
first year of life. Visua acuity and senstivity to contrast
increase (Dobson and Teller, 1978; Salapatek and Banks, 1978).
Pattern preferences undergo noteworthy change as well; older
infants exhibit stronger preferences for patterns composed of
small elements than younger infants do (Fantz et al., 1975).

Three groups of investigators have measured the contrast
sensitivity function (the function relating contrast threshold to
spatial frequency for sinusoidal gratings) at various ages in an
attempt to characterize the manner in which pattern vision
capabilities develop early in life (Atkinson et al., 1977; Banks
and Salapatek, 1978; Pirchio et al., 1978). The emphasisin this
line of work has been on characterizing pattern detection
thresholds rather than pattern preferences. Infant contrast
sensitivity functions (CSFs) reveal numerous age-related
changes. The most pronounced change, however, is the steady
increase in contrast sensitivity at medium and high spatial
frequencies from early to later infancy (Harriset al., 1976).

To what extent can the change in various aspects of infant
pattern vision be related to changes in the CSP Linear systems
theory states that the output of alinear system to any input can
be predicted if one knows the system's modulation transfer
function. This approach can be used justifiably to model the
optical processing of the eye since most optical systems are
linear. The optical quality of the young infant's eye exceeds the
demonstrable acuity of the system as a whole, however, so the
cause of the contrast sensitivity deficit appears to be primarily

of neural rather than optical origin”. Thus, the shape of the CSF
at agiven age and the way in which it changes during infancy is
probably mostly dependent on the characteristics of neural

interactions rather than optical processing. Since one does not
know to what extent linear systems assumptions are violated by
neural mechanisms in the infant visual system, it is unclear how
successful linear systems approaches might be in predicting
thresholds and preferences in young infants.

Banks and Salapatek (1981) showed that spatial frequency
cut-offs (acuity thresholds) for different types of gratings could
be predicted reasonably accurately from infant CSFs and linear
theory. Specifically, they reanalyzed two older studies of infant
acuity. In one case, they predicted the difference in cut-offs

" The evidence that optical defects are not the primary cause of infants
contrast sensitivity deficits is mostly indirect yet reasonably
convincing. Several types of optical defects can affect the contrast
sensitivity of a visual sygem. Three of these-spherical aberration,
chromatic aberration, and diffraction-have little effect on adult
sensitivity at the spatial frequencies to which the infant visual system is
sensitive (0-4c/deg) (Campbell and Gubisch, 1967; Westheimer, 1963).
Thus, barring the unlikely possibility that one or more of these three
defects is very much larger in infant eyes, they are unlikely to
contribute significantly to the sensitivity deficits observed in infants.
One optical defect which can constrain sensitivity to 0-4c/deg is
cloudiness or the presence of significant opacities in the optic media.
This defect can also be ruled out, however, because ophthalmoscopic
examinations indicate that the media are relatively free of opacities or
cloudiness early in life (e.g. Cook and Glasscock, 1951). Large spherical
refractive error or accommodative error are other defects which can
affect sensitivity to frequencies in the range of the infant CSF (Green et
el., 1980). These errors can also be ruled out though because most
infants in the age range tested can and do accommodate reasonably
accurately to the target distances used in infant CSF experiments (e.g.
Banks, 1980).



between rectangular wave and square wave gratings at three
ages. In another, they predicted the difference in cutoffs
between a square wave grating and a hand-drawn grating whose
duty cycle and period varied. Atkinson et al. (1977a) showed
that preferences for blurred faces could also be predicted from
infants' acuity cut-offs.

Despite the reasonably good optics of the young eye, spatial
frequency cut-offs are more likely to be influenced by optics
than are contrast thresholds for lower frequency stimuli.
Consequently, the present report investigates whether linear
theory can be used to predict contrast thresholds for relatively
low frequency rectangular wave gratings. The experiment is
similar conceptually to an adult psychophysical experiment
conducted by Campbell and Robson (1968). They showed that
adult CSFs and linear theory could be used to predict the
visibility of a variety of waveforms. In one experiment they
measured contrast thresholds as a function of the duty cycle of
an 11 c/deg rectangular wave grating. The luminance dis-
tributions of three rectangular wave gratings differing in duty
cycle are shown in Fig. 1. Duty cycle is defined as the ratio of
the width of a light bar to the combined widths of a light and
dark bar. The amplitudes of the first, second, third and
successive harmonics of a rectangular wave of contrast m and
duty cycler are respectively (4 m sin pr)/p, (4msin 2pr)/2p, (4 m
sin 3pr)/3p and so on. Thus, the amplitudes of all the higher
harmonics are less than that of the fundamental (first harmonic).
However, when duty cycle is very small or approaches unity,
the amplitudes of the first few higher harmonics are nearly as
great as that of the fundamental. Campbell and Robson
observed that contrast sensitivity for the 11 c/deg rectangular
wave grating was highest at a duty cycle of 0.5 and fell
symmetrically for lower or higher values. They noted that the
relation observed between sensitivity and duty cycle would be
obtained if only the fundamental component of the rectangular
wave grating contributed to its visibility. Other experiments
revealed that this relation held only for spatial frequencies
higher than 56 c/deg, the peak of the adult CSF. At lower
frequencies, contrast sensitivity could not be predicted so
easily presumably because the rectangular wave grating's higher
harmonics influenced its visibility in those cases. Thus, linear
systems theory and a multiple-channel model predicted their
results accurately for spatial frequencies above the peak of the
adult CSF. Campbell and Robson also examined the predictions
of a single-channel model. They found that the model did not
predict contrast sensitivity for rectangular wave gratings
accurately except at very high spatial frequencies approaching
the acuity cut-off. At those frequencies multiple- and
single-channel models yielded identical predictions simply
because the higher harmonics of the grating were beyond the
acuity cut-off and, consequently, could not influence its
visibility.

We have conducted an experiment analogous to Campbell
and Robson's in 8 to 10-week old infants. Contrast thresholds
were measured as a function of the duty cycle of al c/deg
rectangular wave grating using the forced-choice preferential
looking technique (Teller, 1979). The reasons for choosing |

c/deg rather than some other spatial frequency are described
below.

METHODS

Infants between 8 and 10 weeks of age were recruited by |etter
and telephone. Those with known ocular or general pathology
were excluded. Fifteen of the 21 infants who participated
provided complete data sets. The others did not complete the
experiment due to fussiness, sleepiness, or scheduling difficulty.
Multiple sessions were required to complete testing. The
longest time between the first and last session for any infant
was seven days. The average was four days.

Stimuli  were generated on a largescreen CRT
(Hewlett-Packard 1317A with P31 phosphor) using the method
of Campbell and Green (1965). Viewing distance was aways
40cm because 8 and 10-week olds are most likely to
accommodate accurately to this distance (Banks, 1980; Haynes
et a., 1965). At the 40cm distance the display subtended 48 x 37.
The surround was dark. Space-average luminance was 10.6 cd/m'’
for al stimuli regardiess of duty cycle. The forced-choice
preferential looking paradigm was employed (Teller, 1979).
Simultaneous presentation of avertical rectangular wave grating
and a uniform field was accomplished by splitting the screen
electronically at midline. Thus, the grating and blank field were
adjacent and equal in space-average luminance, hue, and size’.
The spatial frequency of the rectangular wave was | c¢/deg. This
frequency was chosen because at the ages tested it is about 3
times lower than the acuity cut-off yet 2 times higher than the
peak of the CSF (Atkinson et al., 1977; Banks and Salapatek,
1978). Based on Campbell and Robson's (1968) results, this
frequency should have been low enough to allow multiple- and
single-channel models to be distinguished yet high enough to
insure that multiple-channel predictions could be calculated
unambiguously. Five different duty cycles were presented: 0.15,
0.30, 0.50, 0.70 and 0.85. Contrast at each duty cycle was varied
in 6-dB steps according to a two-alternative, forced-choice
version of the method of constant stimuli. Step sizes of 5dB
were used for adults. Contrast (defined as (Lyax - Lmin)/2L) was
measured using a Photo Research Spectra Brightness Spot
Meter for each combination of duty cycle and dB employed.

" To hold space-average luminance constant, the d.c. level for each duty
cycle was adjusted by eye so as to match the luminance of the adjacent,
uniform field. This was accomplished by presenting a high-frequency
grating of the appropriate duty cycle at the highest contrast to be used.
The experimenter, who was far enough from the screen to be unable to
resolve the grating. then adjusted the grating luminance to match that
of the uniform field. Adult increment thresholds are significantly lower
than infant (Peeples and Teller, 1975), so the match should have been
more than adequate.
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Fig. 1. Luminance distributions of rectangular wave gratings differing in
duty cycle. Duty cycleis the width of alight bar divided by the combined
width of alight and dark bar. Duty cycles of 0.15, 0.30 and 0.50 are
displayed from left to right. Space-average luminance isindicated

by dashed lines. The contrast of each grating is defined by (Lax - Lmin)/2L
where L is the space-average luminance and isgiven by r ¢ Lo+ (1 -1) ©
Lvin-

During testing the parent held the infant on the lap or over
the shoulder. The parent's view of the display screen was
occluded by a curtain. An observer who also could not see the
stimuli viewed the infant through a 1 cm peephole just to the
right of the CRT. Between trials the display screen was
uniformly illuminated. To attract the infant's attention, the ob-
server lowered a noisemaking toy to the middle of the screen.
Once he judged that the infant was fixating midline, the observer
lifted the toy from view and initiated stimulus presentation with
a button press. A rectangular wave grating appeared
immediately on either the left or right half of the screen. Unless
the infant simply did not attend to the display, the observer
guessed which side the grating had appeared on based on the
infant's eye and head movements. A TRS-80 microprocessor
recorded the observer's responses and provided feedback. A
trial was terminated when the observer responded which was
usually 515 sec after stimulus onset. Generally three contrast
levels were presented at each duty cycle athough four were
presented in a few cases. Twenty trials were presented at each
level in blocks of five. Presentation order was random and the
observer was unaware of the mntrast being presented in any
given block of trials.

Four of the infants completed testing at al five duty cycles.
For these infants three to six 45-min sessions were required. Five
completed testing at 0.15, 0.30 and 0.50 only and six completed
testing at 0.50, 0.70 and 0.85 only. For these infants two to four
45-min sessions were required.

One emmetropic adult was aso tested using the same
apparatus and the two-alternative, forced-choice version of the
method of constant stimuli. This subject viewed the stimuli
binocularly with natural pupils from a distance of 280 cm. The
gratings were the same frequency expressed in c/cm as
presented to the infants. Thus, the spatial frequency was 7
c/deg, a frequency roughly five times lower than the adult's
acuity cutoff, yet two times higher than the peak of the adult's
CSF measured in this apparatus.

RESULTS AND DISCUSSION

For both the infant and adult data, the observer's percent correct was
plotted as a function of log contrast for each duty cycle. Probit

analysis (Finney, 1971) was used to find the contrast associated with
70% correct and this value was taken as the contrast threshold.

Figure 2 displays individual subject data for the four infants who
completed testing at all five duty cycles. Contrast sensitivity, the
reciprocal of contrast threshold, is plotted as a function of duty cycle.
Despite considerable variability, sensitivity is generally higher at a
duty cycle of 0.5 and lower for duty cycles of 0.15 and 0.85. Once the
results from all 15 infants are averaged, the relation between duty cycle
and contrast sensitivity is more apparent. Figure 3, which shows mean
contrast sensitivity as afunction of duty cycle, illustrates this. Because
some infants were tested at three duty cycles and the others at all five
(see Methods), the plotted points at duty cycles of 0.15 and 0.30 are
the geometric means of nine individual sensitivity values; points at 0.70
and 0.85 are the geometric means of 10 values and the point at 0.5 is
the geometric mean of 15 values. The error bars are standard errors of
each point once overall subject differences in sensitivity are partialled
out”.

One might expect the adult results at 7 c/deg to be similar to the
infant results at | c/deg because those spatial frequencies are dout
twice the peak frequencies of the adult CSF and infant CSF
respectively. Thus, Fig. 3 also displays the contrast sensitivity values
for the adult tested at 7 c/deg. The adult results exhibit the same
relation between sensitivity and duty cycle that Campbell and Robson
(1968) observed at | 1 c/deg and hence replicate their findings.
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Fig. 2. Contrast sensitivity as afunction of the duty cycle of | c/deg
rectangular wave gratings. The results from the four infants who
completed testin'9 at all five duty cycles are shown.

The large difference in Fig. 3 between infant and adult
contrast sensitivity issimilar to that observed previously
(Atkinson et al., 1977; Banks and Salapatek, 1978; Pirchioet al.,
1978). However, both sets of data exhibit the same relation
between sensitivity and duty cycle. If multiple-channel

Overall subject differences in mean contrast sensitivity were partialled
out in the following manner. Each subject's mean contrast sensitivity,
averaged across duty cycles, was calculated. This value was then
compared to the group's mean contrast sensitivity. also averaged across
duty cycles, in order to estimate a vertical shift factor. The shift factor
was then applied to each of the subject's data points so as to equate the
subject's mean sensitivity to the group's. The standard error bars shown
in Fig. 3 were calculated on these shifted data.



processing obtained at 8-10 weeks of age, one would expect the
fundamental of our gratings to be more visible than the higher
harmonics because infant CSFs exhibit greater sensitivity at |
c/deg than at higher frequencies. One would, of course, expect
the same for the adult since 7 c/deg is above the peak of the
adult CSF. The solid lines in the Figure represent multiple-chan-
nel predictions; that is, the sensitivity values that would be
obtained if only the fundamental component of the rectangular
wave grating contributed to itsvisibility. Thetwo lines are
identical in shape; they have been shifted vertically to obtain
the best least squares fits. The multiple-channel predictions
match both data sets quite well.

L T T L T T T T T

1000 t 3

r n ]

300 | 1

> | .
L
2

= 100 | 3

‘g s ~—— Predictions of multiple ]

w B channel modei E

L i u Adults, 7 c/deg ]

[ ® Infants, | ¢/d )

|.u., 10 [ nfants, | c/deg ]
<

[+ i 3
-
Z
o

© 10 E 3

3| J

?
| L L H i j 1 i d 1
0 2 4 (3] 8 |
DUTY CYCLE

Fig. 3. Average contrast sensitivity for infants and the adult as a function
of duty cycle. The infant data are rep resented by filled circles. The
sensitivity values are for | c/deg rectangular wave gratings. The error bars
represent the standard errors of each point once overall subject dif-
ferences in contrast sensitivity are partialled out. The adult data are
represented by filled squares. Those sensitivity values are for a7 c/deg
grating. The two curves represent the predictions of the multiple-channel
model. They are identical in shape but have been shifted vertically for
best fit.

Figure 4 shows the same data expressed in terms of relative
sensitivity. The adult data have been shifted vertically by a
constant factor to match the infant data. The predictions of the
multiple-channel model are represented by the solid line. Again,
the fit between the predictions and the infant data (r' = 0.96) and
the adult data (r' ='0.88) is quite good. We have investigated
whether multiple channels must be assumed to account for the
results of Figs 3 and 4. Specifically, we have calculated the
predictions of two single-channel models which have appeared
previously in the psychophysical literature. Campbell and
Robson (1968) considered the behavior of a linear,
single-channel model in which threshold is determined by the

peak or trough value (whichever deviates most from the DC
level) of the grating waveform once it has been filtered by the
CSF. For the infant calculations, the grating waveforms werefil-
tered according to the 2month CSF of Banks and Salapatek
(1978). The relation between duty cycle and sensitivity ratio for
such a "peak or trough detector" is shown by the dotted linein
Fig. 4. For simplicity, only predictions for infants are displayed
but the adult predictions are quite similar. The "peak or trough”
function is clearly inconsistent with both the infant data (r' =
0.66) and adult data (r' = 0.61) and, consequently, does not
account for our findings.
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Fig. 4. Relative contrast sensitivity for infants and the adult at various
duty cycles. Average relative sensitivity for infantsis represented by filled
circles. Average sensitivity for the adult is represented by filled squares.
The predictions of alinear, single-channel model assuming a "peak

or trough detector” are indicated by the dotted line. The line represents
the predictions for infants but the adult predictions are quite similar.
Predictions of alinear, single channel model assuming a"peak minus
trough detector" are represented by the dashed line. Predictions of a
linear, multiple-channel model are indicated by the solid line.

Campbell et a. (1969) investigated a linear, single-channel
model in which threshold is determined by the arithmetic
difference between the peak and trough values of the grating
waveform once filtered by the CSF. The predictions of this
"peak minus trough detector" are represented by the dashed
line in Fig. 4. Again only the infant values are shown but the
adult values are very similar. The "peak minus trough” function

" We have not included the effects of probability summation between a
peak detector and a trough detector in the calculation of this function.
Probability summation would have the effect of increasing the predicted
sensitivity ratio for a duty cycle of 0.5 relative to the other duty cycles.
Thus, this model with probability summation incorporated would be
somewhat more consistent with our results.



is quite close to the multiple-channel function and,
consequently, is consistent with both the infant results (r' =
0.94) and adult results (r2 = 0.88). At this point then the relation
between duty cycle and contrast sensitivity can be accounted
for equally well by a linear, multiple-channel model (which
assumes that only the most visible component contributes to
the rectangular wave grating's visibility) and by a linear,
single-channel model (which assumes that visibility is governed
by the peak-to-trough difference in the grating waveform once
filtered by the CSF).

It is interesting to note that Campbell and Robson (1968) did
not investigate the behavior of a peak-minus-trough detector
mechanism in their single-channel simulations. We have
reanalyzed their four detection experiments and found that such
a single-channel model predicts quite accurately the results of
their rectangular wave experiments (their Figs 5 and 6) and their
sawtooth wave experiment (p. 559)* The predictions for their
square wave experiment do not depend on the detector
mechanism chosen, so a peak-minus-trough model yields the
single-channel predictions shown in their Fig. 3.

Several models of infant pattern perception have appeared in
the child development literature (reviewed by Banks and
Salapatek, 1981). The only one which is sufficiently quantitative
to test isthe contour density model of Karmel and Maisel (1975).
We have also investigated the ability of this model to predict
our results. The contour density model states that infants
preferential looking is governed by the pattern's contour density
(total length of contour divided by stimulus area) and that
optimal contour density increases with age. Thus, Karmel and
Maisel claim that a pattern whose contour density is close to
optimal for the age tested will be preferred over a pattern whose
contour density is lower or higher. Likewise, patterns of equal
contour density will be equally preferred. The contour density
model was originally proposed to account for suprathreshold
pattern preferences, so it has not been extended to pattern
detection thresholds previously. The number of light and dark
barsin arectangular wave grating does not vary with duty cycle
so long as its spatial frequency is constant. In other words,
contour density does not vary with duty cycle. A contour
density model would thus predict that contrast threshold does
not vary with duty cycle. This prediction would yield a
horizontal linein Fig. 4. Clearly the data are inconsistent with the
contour density prediction. Therefore, we conclude that contour
density is not auseful metric for modeling infants' thresholds for
periodic patterns.

We have shown that linear systems theory enables one to
predict young infants' contrast sensitivity to | c/deg periodic
patterns differing in duty cycle. The result is non-trivial because
infants' contrast sensitivity at | c/deg probably reflects mostly
neural rather than optical processes. The result does not
necessarily imply, however, that the neural processes in-theim
mature system are approximately linear. Different sorts of
systems with highly nonlinear stages could yield results similar
to those of Figs 3 and 4. For example, consider a linear filtering
stage followed by bandpass mechanisms whose responses are
highly non-linear functions of the filter output. The system's
relative thresholds among gratings differing in duty cycle would

be identical to our observations and Campbell and Robson's as
well.

In summary, we have shown that linear theory can be used to
predict human infants' contrast thresholds for gratings varying
in duty cycle. The contrast sensitivity of young infants appears
to be constrained more by neural processes than by optical
processes, so linear theory's utility extends to situations in
which optics are unlikely to be amajor constraint.

Acknowledgements—Research  supported by NIH Research Grant
HD-12572 and NIMH Research Scientist Development Grant MH-00318
to MSB. The Institute of Human Development at the University of Texas
aided in subject recruitment. We thank Robert Brandon, James Danne-
miller and Janet Weaver for assistance in data collection, Wilson Geisler,
Gorden Legge and Davida Teller for comments on an earlier draft and
Tom Cloud for technical assistance.

REFERENCES

Atkinson J., Braddick 0. and Moar K. (1977) Development of contrast
sensitivity over the first 3 months of life in the human infant. Vision
Res. 17, 1045-1047.

Atkinson J., Braddick 0. and Moar K. (1977a) Infants' detection of image
defocus. Vision Res. 17, 1125-1126.

Banks M. S. (1980) The development of visual accommodation during
early infancy. Child Dev. 51, 646-666.

Banks M. S. and Salapatek P. (1978) Acuity and contrast sensitivity in 1-.
2-, and 3month-old human infants. invest. Ophthal. visual Sci. 17,
361-365.

Banks M. S. and Salapatek P. (1981) Infant pattern vision: A new
approach based on the contrast sensitivity function. J. exp. Child
Psychol. 31, 1-45.

Campbell F. W., Carpenter R. H. S. and Levinson J. Z. (1969) Visibility of
aperiodic patterns compared with that of sinusoidal gratings. J. Physiol.
204, 283-298.

Campbell F. W. and Green D. G. (1965) Optical and retinal factors
affecting visual resolution. J. Physiol. 181, 576-593.

Campbell F. W. and Gubisch R. W. (1967) The effect of chromatic
aberration on visual ., acuity. J. Physiol. 192, 345-358.

Campbell F. W. and Robson J. G. (1968) Application of Fourier analysis

to the visibility of gratings. J. Physiol. 197, 551-566.

Cook R. C. and Glasscock R. E. (1951) Refractive and ocular findings in
the new-born. Am. J. Ophthal. 34, 1407-1413.

Dobson V. and Teller D. Y. (1978) Visua acuity in human infants: a
review and comparison of behavioral and electrophysiological studies.
Vision Res. 18, 1469-1483.

Fantz R. L., Fagan J. F., Ill and Miranda S. B. (1975) Early visual
selectivity as a function of pattern variables, previous exposure, age
from birth and conception, and expected cognitive deficit. In Infant
Perception: From Sensation to Cognition, Vol. 1: Basic Visual Processes
(Edited by Cohen L. B. and Salapatek P.). Academic Press, New Y ork.

Finney D. J. (1971) Probit Analysis. The University Press, Cambridge.

Green D. G., Powers M. K. and Banks M. S. (1980) Depth of focus, eye
size, and visual acuity. Vision Res. 20, 827-835.

Harris L. A., Atkinson J. and Braddick 0. (1976) Visua contrast
sensitivity of a 6-month-old infant measured by the evoked potential.
Nature 264, 570-571.

Haynes H., White B. L. and Held R. (1965) Visual accommodation in
human infants. Science 148, 528-530.



Karmel B. Z. and Maisel E. B. (1975) A neuronal activity model for
infant visual attention. In Infant Perception: From Sensation to
Cognition, Vol. 1: Basic Visua Processes (Edited by Cohen L. B. and
Salapatek P.). Academic Press, New Y ork.

Peeples D. R. and Teller D. Y. (1975) Color vision and brightness
discrimination in two-month-old human infants. Science 189,
1102-1103.

Pirchio M., Spinelli D., Fiorentini A. and Maffei L. (1978) Infant
contrast sensitivity evaluated by evoked potentials. Brain Res. 141,
179-184.

Salapatek P. and Banks M. S. (1978J Infant sensory assessment: Vision. In
Communicative and Cognitive Abilities: Earl), Behavioral Assessment
(Edited by MinifieF. D. and Lloyd L. L.). Univ. Park Press. Baltimore.

Teller D. Y. (1979) The forced-choice preferential looking procedure: A
psychophysical technique for use with human infants. Infant Behav.
Dev. 2, 135-153.

Westheimer G. (1963) Optical and neural factors in the formation of the
retinal image. J. opt. Soc. Am. 53, 86-93.



