explained by fertilization of a polar
body and ovum, and because fewer
embryologic processes are involved in
this method, it may be that most chi-
meras are cohceived by this mechanism.
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Abstract. Stereoscopic depth perception was tested in human infants by a new
method based on attracting the infant’s attention through movement of a stereo-
scopic contour formed from a dynamic random-element stereogram. The results re-
veal that stereopsis emerges at 3'/2 to 6 months of age, an outcome consistent with
evidence for rapid postnatal development of the visual system.

Although stereoscopic depth percep-
tion is typically present in adults, little is
known about its ontogenetic develop-
ment. Despite great interest, efforts to
investigate stereopsis in infants have en-
countered formidable- difficulties posed
by labile attention and limited response
repertoire. As a consequence, the results
have been inconclusive (/). We now re-
port an investigation of stereopsis in in-
fants based on a new method that in-
volves engaging an infant’s attention
through the apparent motion in visual
space of a stereoscopic form contained
within a random-element stereogram.

Random-element stereograms, unlike
conventional ones, contain no discrete
contours or other monocular cues. Only
viewers with stereopsis can perceive ster-
eoscopic contours—without stereopsis
only a random distribution of minute
dots or elements is perceived (2). The
stereogram display we used consists of a
large array of red and green dots gener-
ated on a projection-type color television
receiver. The red and green dots stimu-
late separate eyes when the array is
viewed through red and green filters; this
is the well-established anaglyph method
of stereoscopic presentation. All stereo-
gram dots are replaced randomly 60
times per second, which produces appar-
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ent random motion of individual dots but
does not impair perceptibility of the ster-
eoscopic form, at least for normal
adults; however, it does camouflage lo-
cal changes in dots that, under static
conditions, might serve as a nonster-
eoscopic cue to changes in position of
the stereoscopic form (3).

We used the capability of the stereo-
gram generation system to produce mov-
ing stereoscopic forms in order to exploit
the tendency of infants to track moving
objects visually. Visual tracking of a ran-
dom-element stereoscopic form would
be compelling evidence of the possession
of stereopsis, since stereopsis is a pre-
condition for the perception of such a
form. In the testing procedure, each in-
fant was held by a parent approximately
130 cm in front of a large rear-projection
screen upon which the stereogram was
displayed. A spectacle frame containing
one red and one green filter (Wratten 29
and 58) was placed on the infant’s face.
The stereoscopic form, a 10° by 15° verti-
cally oriented rectangle, was positioned
in the center of the screen at the begin-
ning of each stereoscopic test trial @).
Whenever the infant’s attention ap-
peared to be directed toward the center
of the screen, a concealed observer sig-
naled the operator of the stereogram gen-

erator. The operator then moved the
form laterally, left or right, in accord
with a random schedule unknown to the
observer. After 2 seconds, the operator
returned the form to screen center and
signaled the observer to make a forced-
choice judgment as to the direction of
form movement, a judgment based solely
on the infant’s visual behavior (5). To
minimize bias, the observer received no
feedback from the operator about the di-
rection of movement, the operator re-
ceived no feedback about the observer’s
judgment, and the parent could not de-
tect the location of the stereoscopic
form.

Before starting the stereoscopic test
trials, the attentive state of each infant
was assessed by a series of trials in
which a physical analog of the stereo-
scopic form was the stimulus (6). If the
observer could correctly detect direction
of movement of the physical form at
least 75 percent of the time, the infant
was deemed suitable for stereoscopic
testing. For stereoscopic trials the in-
fants were tested for 40 trials, or fewer if
they became uncooperative. Infants
were excluded from the data analysis if
they were not attentive for at least the
first ten stereoscopic trials (7).

In experiment 1, infants were recruit-
ed to form three age groups—2!/2, 3/2,
and 4!/ months (8) (Fig. 1A). Perform-
ance of the 2!/2-month group did not dif-
fer from chance [t (14) = 1.79, P > .10].
Performance was greater than chance for
both the 3!/2-month group [ (14) = 5.02,
P < .001] and the 4'/>-month group [t
(9) = 11.61, P < .001]. The age trend
across groups was significant [F (2,
37) = 8.37, P < .0013].

The performance of the older infants
strongly suggests that they possess stere-
opsis, since the random-element stereo-
gram prevents the use of nonstereo-
scopic cues. It is logically possible,
however, that the lateral position of the
form was detected even though it was
not perceived in depth. To check on this
we ran a second experiment with five
disparity values, including two very
large values that exceed adult fusional
limits and do not induce stereopsis. Sev-
enteen infants were tested (seven at 3!/2
months and ten at 4!/2 months); ten in-
fants had served in experiment 1 (Fig. 2).
The above-chance performance on the
two intermediate disparities, 45 minutes
[t (13) = 3.12, P < .01] and 134 minutes
[t (15) = 7.21, P < .001], and the chance
performance on the two largest dispari-
ties, 313 and 447 minutes [combined ¢
(7) = —2.34, P > .05], suggest that per-
formance is related to the stereoscopic
depth position of the form, a result con-
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sistent with the hypothesis that these in-
fants have stereopsis.

To examine more closely the relation-
ship between age and emergence of ster-
eopsis, we recruited eight 3-month-old
infants and tested them periodically until
6 months of age. This third experiment
was similar to the first except for an addi-
tional crossed disparity (45 minutes) and
an uncrossed disparity (45 minutes), in
which the stereoscopic form appears to
lie in depth behind the plane of the pro-
jection screen. To accommodate these
two new conditions we made no more
than 15 observations for any one condi-
tion, and we interspersed physical-form
trials between conditions in an effort to
maintain interest. The infants were test-
ed weekly until 4!/> months of age; holi-
days and academic conflicts prevented
further testing until 6 months of age. Al-
though the performance of three infants
was above chance by 4'/> months (9), the
group performance (Fig. 1B) did not ex-
ceed chance until testing resumed at 6
months.

These data, which are consistent with
our earlier results, raise the question,
What is responsible for the chance per-
formance of the younger infants? Two
possible explanations are reduced acuity
and inadequate attention. Both are un-
likely. The dot size of the stereogram (45
minutes) exceeds the acuity threshold of
2-month infants (/0). And their satisfac-
tory performance on the physical-form
trials rules out a simple failure of atten-
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Fig. 1 (left). (A) Correct discriminations

(mean = standard error) by each of three age
groups. Chance discrimination is 50 percent.
Groups that differed significantly from chance
are indicated by asterisks. (B) Correct dis-
criminations plotted for the same group of in-
fants tested periodically from 3 to 4 months
and again at 6 months. Crossed and uncrossed
refer to the direction and magnitude of dis-
parities used in each testing session. Fig.
2 (right). Correct discriminations plotted for
varying disparities of the stereoscopic form
and for the physical counterpart of the form

@.

tion. Two more likely and not incompati-
ble explanations are the inability of
younger infants to maintain consistent
binocular fusion and the incomplete neu-
ral development of the binocular visual
system (//, 12). On the latter point (/2),
physiological evidence from animals sug-
gests that, while basic structures for vi-
sion are present at birth, there remains a
postnatal period during which neural
connections undergo substantial growth
and elaboration.

It should be possible, through the
method described here, to investigate
behavioral milestones corresponding to
this early period of neural development.
Further, the presence or absence of ster-
eopsis in children 2!/2 years and older is
well established as a good predictor of
binocular integrity (/3). The method may
lend itself to even earlier detection of
anomalies of binocular vision suffered by
human infants.

RoBERT Fox
Department of Psychology,
Vanderbilt University,
Nashville, Tennessee 37240
RiCHARD N. ASLIN
Department of Psychology,
Indiana University,
Bloomington 47401
SANDRA L. SHEA
Department of Psychology,
Vanderbilt University
SusaN T. Dumais
Department of Psychology,
Indiana University

References and Notes

1. T. G. R. Bower, Proc. Assoc. Res. Nerv. Ment.
Dis. 48, 193 (1968); J. Atkinson and O. Brad-
dick, Perception §, 29 (1976); F. R. Gordon and
A. Yonas,J. Exp. Child Psychol. 22, 413 (1976);
M. A. Appel and J. J. Campos, ibid. 23, 47
(1977); A. Yonas, C. Oberg, A. Norcia, Dev.
Psychol. 14, 147 (1978). This research is difficult
to summarize succinctly, but a critical review is
forthcoming (R. N. Aslin and S. T. Dumais, in
preparation). A major issue is method. Earlier
positive results (such as Bower’s) based on nat-
uralistic observation have not been replicable,
and more rigorous methodology has not as yet
provided convincing evidence of stereopsis. In
view of our results, it is of interest that infants
less than 3 months of age were studied in several
of the earlier experiments.

2. B. Julesz, Bell Syst. Tech. J. 39, 1125 (1960); B.
Julesz, Foundations of Cyclopean Perception
(Univ. of Chicago Press, Chicago, 1971).

3. This method of stereogram generation resem-
bles the one we developed for the investigation
of stereopsis in the falcon and the cat [R. Fox, S.
W. Lehmkuhle, R. C. Bush, Science 197, 79
(1977); R. Fox, S. W. Lehmkuhle, L. E. Le-
guire, Vision Res. 18, 1189 (1978); R. Fox, in
Frontiers in Visual Science, S.J. Cooland E. L.
Smith, Eds. (Springer-Verlag, New York, 1978).

4. Retinal disparity was calculated according to the
standard formula for geometric disparity of dis-
crete contours [W. L. Gulick and R. B. Lawson,
Human Stereopsis: A Psychophysical Analysis
(Oxford Univ. Press, London, 1976)]. With a
viewing distance of 130 cm and an interpupillary
distance of 4 cm, the disparity of the stereo-
scopic form was 134 minutes; it resulted in a
form that appeared to lie in a depth plane in front
of the screen.

5. Our observational procedure was a variant of
the forced-choice preferential looking technique
[D. R. Peeples and D. Y. Teller, Science 189,
1102 (1975); D. Y. Teller, Infant Behavior and
Development, in press]. This technique capital-
izes on research [R. L. Fantz, Ann. N. Y. Acad.
Sci. 118, 793 (1965)] that demonstrated that in-
fants prefer to fixate stimuli composed of con-
tours. The technique can also be used to mea-
sure detection of other stimulus parameters
(such as brightness, hue, movement).

6. The physical form consisted of a red and black
10° by 15° random-element rectangle on a black
background.

7. A total of 51 infants were tested; five failed to
meet the 75 percent criterion for physical-form
trials, and six did not provide data for ten stereo-
scopic-form trials.

8. The age groups had the following character-
istics: 2!/2 months: N = 15, range 72 to 81 days;
3'/2 months: N = 15, range 97 to 108 days; and
4'/> months: N = 10, range 120 to 157 days.

9. The differences among the disparity conditions
were never significant (F = 1.7). At 6 months,
performance averaged across disparities was
significantly different from chance [z (7) = 8.08,
P < .001]. The appearance of stereopsis in the
longitudinal study was delayed relative to that in
the cross-sectional studies. The reasons for this
difference are not readily apparent. Differences
in number of trials per condition is not a likely
factor, since these proved to be quite com-
parable for all studies. We suspect that the more
extended and repeated testing of the longitudinal
group produced cumulative effects that de-
pressed infant performance. Further, the possi-
bility of sampling variation cannot be dis-
counted.

10. For a general review, see V. Dobson and D. Y.
Teller [Vision Res. 18, 1469 (1978)].

11. B. C. Ling,J. Genet. Psychol. 61,227 (1942); L.
Wickelgren, J. Exp. Child Psychol. 5, 74 (1967);
A. Slater and J. M. Findlay, ibid. 20, 248 (1975);
R. N. Aslin, ibid. 23, 133 (1977).

12. J. L. Conel, The Postnatal Development of the
Human Cerebral Cortex (Harvard Univ. Press,
Cambridge, Mass., 1939-1963), vols. 1 to 7; T.
L. Hickey, Science 198, 836 (1977); P. Rakic,
Philos. Trans. R. Soc. London Ser. B 278, 245
(1977); D. H. Hubel and T. N. Wiesel, Proc. R.
Soc. London Ser. B 198, 1 (1977).

13. P. E. Romano, J. A. Romano, J. E. Pulkin, Am.
J. Ophthalmol. 79, 966 (1975); R. D. Reinecke
and K. Simons, ibid. 78, 714 (1974); J. Walra-
ven, ibid. 80, 893 (1975).

14. We thank S. Shetty for technical assistance and
M. Banks and J. Reiser for assistance in early
phases of this project. Supported by NIH grant
EYb(I)OIigO to R.F. and NSF grant 77-04580 to
R.N.A.

25 May 1979; revised 21 August 1979
SCIENCE, VOL. 207



	Article Contents
	p.323
	p.324

	Issue Table of Contents
	Science, Vol. 207, No. 4428, Jan. 18, 1980
	Front Matter [pp.233-264]
	Letters
	Cat Signing? [p.258]
	Diet and Cancer [pp.258-261]

	Erratum: Park is Sought to Save Indian Tribe in Brazil [p.261]
	A Modest Basis for Energy Optimism [p.263]
	Ocean Energy: Forms and Prospects [pp.265-273]
	Receptors for the Age of Anxiety: Pharmacology of the Benzodiazepines [pp.274-281]
	News and Comment
	The Pahlavi Problem: A Superficial Diagnosis Brought the Shah into the United States [pp.282-287]
	For the 1980's, Beware All Expert Predictions [pp.287-288]
	Trade Bans are Hard Weapons to Use [p.288]

	Briefing
	Diesel Makers Win Waiver from EPA [p.284]
	A Clinical Trial for Laetrile this Spring? [pp.284-285]
	Engineers Form a New National Association [p.285]
	Western Efficiency not Welcome in Boston [p.285]

	Research News
	Venus: Not Simple or Familiar, but Interesting [pp.289-293]

	Book Reviews
	The Switch to Evolutionism [pp.294-295]
	Hunter-Gatherer Demography [pp.295-296]
	An Updating in Petrology [pp.296-297]
	Space Research [pp.297-298]

	Reports
	Thermal Evolution of Plutons: A Parameterized Approach [pp.299-301]
	Corotation Lag in Jupiter's Magnetosphere: Comparison of Observation and Theory [pp.301-302]
	Net Energy Analysis of Alcohol Production from Sugarcane [pp.302-304]
	Graphoglyptid Burrows in Modern Deep-Sea Sediment [pp.304-306]
	Myosin Heads do not Move on Activation in Highly Stretched Vertebrate Striated Muscle [pp.307-308]
	Vesicle Targeting: Timed Release and Specificity for Leukocytes in Mice by Subcutaneous Injection [pp.309-311]
	Asbestos-Induced Epithelial Changes in Organ Cultures of Hamster Trachea: Inhibition by Retinyl Methyl Ether [pp.311-313]
	Retina-Dependent Activation by Apomorphine of Metabolic Activity in the Superficial Layer of the Superior Colliculus [pp.313-315]
	Placental Luteinizing Hormone-Releasing Factor and its Synthesis [pp.315-317]
	Toward a Functional Architecture of the Retina: Serial Reconstruction of Adjacent Ganglion Cells [pp.317-319]
	Reduction of the Isoproterenol-Induced Alterations in Cardiac Adenine Nucleotides and Morphology by Ribose [pp.319-321]
	Origin of chi46, XX/46,XY Chimerism in a Human True Hermaphrodite [pp.321-323]
	Stereopsis in Human Infants [pp.323-324]
	Neurotrophic Influence on Lobster Skeletal Muscle [pp.325-327]
	Maternal Stress Alters Plasma Testosterone in Fetal Males [pp.328-329]
	Interchangeability of Stress and Amphetamine in Sensitization [pp.329-331]
	Schizophrenia: Elevated Cerebrospinal Fluid Norepinephrine [pp.331-333]

	Back Matter [pp.298-348]





