expansion of yd T cells in response to MT-
priming (16).

By all criteria of activation—high density
IL-2R expression, response to IL-2, and in
situ proliferation—the vd T cell subset ap-
pears to be roughly ten times as active as the
af T cell subset in the primary response to
MT. This finding, together with the large
amounts of IL-2 produced by isolated vy T
cells in response to MT stimulation, indi-
cates that vd T cells are important in gener-
ating lymphokines necessary for initiating
the immune response to MT. An intriguing
hypothesis is that yd T cells have been
evolutionarily selected to respond to certain
common microbial antigens, thus enabling
this population to respond quickly while the
population of antigen-specific af T cells
begins to expand. The secondary response
may involve a switch in receptor usage (yd
early in the response, then of eventually
taking over). Consistent with this notion is
the virtual absence of expansion of the y3 T
cell population after secondary MT immuni-
zation (17).

Among the many potential mycobacterial
antigens, certain proteins have been identi-
fied as common to all the mycobacterial
species and, furthermore, are homologous
to various Escherichia coli heat shock proteins.
A number of these proteins are important in
the cell-mediated response to mycobacteria
(18). A panel of unselected thymocyte TCR
¥d hybridomas has been found to react with
the 65-kD mycobacterial heat shock protein
(19).

The failure of antibodies to MHC class 1T
proteins to block the MT response of y3 T
cells contrasts with the response of aff T
cells, whose recognition of soluble exoge-
nous antigens (as confirmed in this study)
generally requires MHC class II presenta-
tion. This result indicates that y3 T cells and
af T cells recognize antigen differently and
implies that they have distinct roles in the
primary immune response. It will be of
interest to determine the in vivo responses
of y8 T cells to other bacterial pathogens.
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Neural Integration of Information Specifying
Structure from Stereopsis and Motion

MARK NAWROT AND RANDOLPH BLAKE

When one views a two-dimensional parallel projection of dots on the surface of a
rotating globe, the direction of rotation is ambiguous, and the perceived direction of
rotation of the two-dimensional figure is unstable over time. Stability can be
temporarily induced by adaptation to a three-dimensional globe with a direction of
rotation unambiguously specified by stereo disparity; adaptation causes the two-
dimensional figure to appear to rotate in the direction opposite that experienced
during stereoscopic adaptation. This adaptation effect is selective for axis of rotation
but is not shape-specific. It does depend on simultaneous stimulation by multiple
depth planes defined by elements moving in different directions. Evidently information
about stereopsis and information about structure from motion are integrated within a

common neural site in the brain.

HE HUMAN VISUAL SYSTEM HAS SEV-

eral sources of information for recov-

ering three-dimensional (3D) shape
from two-dimensional (2D) images. One
source is stereopsis, which arises from slight
horizontal disparities between the two eyes’
views. Indeed, so effective is stereopsis that
it can extract depth and shape information
from monocular images entirely devoid of
recognizable form (). A comparably effec-
tive source of information about 3D struc-
ture is relative motion (2). An object that
has a shape that is ill-defined when station-
ary can be immediately perceived when that
object moves (3). Both stereopsis and rela-
tive motion rely on multiple views of a scene
to recover 3D structure; in the case of
stereopsis the multiple views are provided
by the two retinal images, whereas with
relative motion the views are integrated over

time. It has been proposed that stereopsis
and relative motion are processed in com-
mon visual pathways (4). Here we report
direct evidence that the visual nervous sys-
tem integrates retinal disparity and relative
motion information in the processing of 3D
shape.

When one views a 2D parallel projection
of dots on the surface of an object rotating
about an axis, the direction of rotation is
ambiguous; for instance, when rotation is
about the vertical axis, observers experience
a bistable percept whereby the figure’s direc-
tion of rotation alternates over time between
clockwise (CW) (that is, dots on the front
surface move from right to left) and coun-
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terclockwise (CCW). The perceptual insta-
bility when viewing a kinetic 2D image can
be ecliminated by presenting stereoscopic
views of the kinetic 2D figure (5). In this
case, observers reliably see rotation in just
one direction or the other, dependent on the
geometry of the retinal disparities. We have
used an adaptation procedure to discover
whether prolonged exposure to unambigu-
ous 3D motion from stereopsis can bias the
perceived direction of rotation of an ambig-
uous 2D figure. We reasoned that adapta-
tion, a useful strategy for isolating sensory
processes (6), should be effective if informa-
ton about structure from stereopsis and
information about structure from motion
are integrated within common pathways.
The 2D and 3D displays were generated
by a Macintosh II computer on two
matched video monitors viewed through a
mirror stereoscope. In the initial experi-
ment, each monocular display consisted of
the parallel projection of a rotating, trans-
parent globe with a shape defined by 200
small (2-min arc) dots scattered randomly
over its surface (Fig. 1A). The diameter of
the globe was 2.5° and it rotated 2° about
its vertical axis every 33.4 ms; at this frame-
rate, the globe appeared to rotate smoothly
and continuously at ten revolutions per min-
ute. By presenting to the right eye a view of
the globe one frame in advance of or one
frame behind the view of the globe seen by
the left eye (5), the direction of rotation was
unambiguously specified as CW or CCW.
When the rotation angle was identical to the
two eyes, the direction of rotation was am-
biguous. In all experiments, a trial consisted
of a 90-s period of adaptation followed by a
15-s period of exposure to a test display.
During adaptation and test, the observer
stared at a small cross, 6 min by 6 min,
located at zero disparity in the center of the
globe. The observer’s task was to indicate by
a key press which direction the ambiguous
2D test figure appeared to rotate, CW or
CCW. Rest periods between test episodes
were of sufficient duration to dissipate any

Fig. 1. Total duration of perceived direction of rotation of a 2D figure after
different conditions of adaptation. For duration values labeled “opposite” (histo-
grams above the horizontal axis), the test globe appeared to rotate in a direction
opposite that experienced during adaptation; for values labeled “same” (histo-
grams below the horizontal axis), the test globe appeared to rotate in the same
direction as that experienced during adaptation. Each value is an arithmetic
average based on at least eight observations; the bars denote =1 SD. (A) The
observer viewed a 3D globe and then tracked the direction of rotation of the
ambiguous 2D figure. Both directions of rotation (CW and CCW) were randomly
intermixed over conditions of adaptation; results for these two conditions are D
pooled. (B) The observer adapted to the 3D stereoscopic globe rotating either
CW or CCW and was tested on a 2D figure with a horizontal axis of rotation; the
test figure appeared either to roll forward (“down”) or backward (“up”).
Perceived direction of rotation of the 2D figure was independent of rotation of the
3D adaptation globe. (C) Direction of 2D rotation about the vertical axis
following adaptation to unambiguous rotation of a 3D cube. (D) Direction of 2D
rotation about the vertical axis after adaptation to unambiguous rotation of a 3D

wire figure.
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effects of prior adaptation. Four observers
participated in formal testing, and the main
phenomena have been confirmed by infor-
mal testing of other people.

When identical versions of the 2D rotat-
ing figure were viewed by the two eyes,
reversals in the perceived direction of rota-
tion were readily experienced (7), confirm-
ing the ambiguity of the rotation of the 2D
figure. Adaptation to a globe with a direc-
tion of rotation that was rendered unambig-
uous by stereopsis caused the nonstereosco-
pic 2D figure to appear to rotate in the
direction opposite that experienced during
stereoscopic adaptation. Thus, adaptation to
3D CW rotation caused the 2D figure to
appear to rotate CCW, whereas adaptation
to 3D CCW rotation caused the 2D figure
to rotate CW (Fig. 1A). The aftereffect of
stereoscopic adaptation lasted no longer
than approximately half a minute. More-
over, adaptation and test displays had to be
imaged on the same retinal location for one
to bias the other. We found the same pattern
of results when the stereoscopic adapting
globe and the ambiguous 2D figure rotated
about the horizontal axis. Without prior
adaptation, the ambiguous 2D figure some-
times appeared to be rolling forward and
other times appeared to be rolling back-
ward. Unambiguous stercoscopic adapta-
tion to forward roll now caused the 2D
figure to appear to roll backward, and vice
versa. Adaptation is specific to rotation
about a given axis since adaptation to stereo-
scopic rotation about the vertical axis did

Same Opposite
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not affect perception of 2D rotation about
the horizontal axis (Fig. 1B).

Having established the robustness and
selectivity of this adaptation effect, we tested
its generality under various stimulus condi-
tions. We found that adaptation to the
stereoscopic globe also biased the direction
of rotation of a 2D figure viewed monocu-
larly. Of course, binocular viewing is re-
quired for stereoscopic adaptation, but evi-
dently those neural elements activated dur-
ing binocular adaptation are also stimulated
during monocular viewing. We also found
that a rotating 3D cube (defined by dots
scattered over its surface) was an equally
effective adapting stimulus (8), in that it
strongly biased the subsequent direction of
rotation of the 2D figure (Fig. 1C). Even
adapting stereoscopically to a “wire” figure
constructed from randomly oriented lines
(9) significantly biased perception of the
ambiguous 2D figure (Fig. 1D). These last
two conditions imply that stereopsis influ-
ences relative motion even when the shape
of a stereoscopic adaptation object differs
from that of a test object defined by relative
motion.

We tried adapting observers to a flat plane
of dots moving in a single direction. This
stimulus had no effect on perception of the
2D figure, regardless if the plane appeared
in front of, on, or behind the fixation cross.
However, adapting simultaneously with
two sheets of dots that were stereoscopically
segregated into separate depth planes in
front of and behind the fixation point did

MN
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RB DT
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influence perceived rotation of the 2D fig-
ure. Specifically, when the front plane of
dots moved rightward and the back plane
moved leftward, the 2D figure appeared to
rotate CW; reversing the conditions of ad-
aptation reversed the direction of the afteref-
fect. Evidently the necessary condition for
adaptation of motion by stereopsis is the
presence of complex disparity fields carrying
information about different directions of
motion. In this respect, the present adapta-
tion effect represents a more complex ver-
sion of the disparity specific motion afteref-
fect studied by others (10).

For a final set of experiments, we devised
a 2D figure which, though ambiguous in
principle, nearly always appeared to rotate in
one direction only. This figure was generat-
ed by restricting the display to just those
100 dots moving in a single direction, such
that their frame-to-frame trajectories corre-
sponded to one-half of the rotating 2D
figure. In principle, this display could corre-
spond to the forward-facing convex surface
of a globe rotating in one direction or the
rearward-facing concave surface of a globe
rotating in the opposite direction. However,
in fact, observers nearly always perceived the
2D figure as convex, the percept consistent
with viewing a solid (that is, nontranspar-
ent) rotating globe; perceiving the textured
surface of the globe as concave would imply
a peculiar object, that is, a globe with an
invisible front surface. With no prior adap-
tation, observers reliably saw this opaque
2D figure rotating in the direction specified
by the dot motion. Adaptation to a full 3D
stereo globe rotating in that direction, how-
ever, now caused the opaque 2D figure to
appear to rotate in the opposite direction,
such that its perceived surface curvature was
concave, not convex. Thus stereoscopic ad-
aptation forced the 2D figure to assume a
direction of rotation and a transparency
seldom experienced in the absence of adap-
tation.

Lastly, we determined whether adapta-
tion to the 2D opaque globe would subse-
quently bias the perceived direction of rota-
tion of the ambiguous 2D figure. To the
extent that unambiguous motion per se is
sufficient for adaptation, the 2D opaque
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globe should be an effective adapting stimu-
lus. For the opaque 2D globe, like the stereo
3D globe, maintains a single direction of
rotation throughout the adaptation period,
but, unlike the 3D globe, it relies on non-
stereoscopic information for disambigua-
tion. We found that perception of the 2D
figure remained unstable after adaptation to
the opaque globe. This indicates that disam-
biguation of motion per se is insufficient to
produce adaptation; evidently it is the con-
fluence of stereo and motion information
that enpowered the 3D globe in the previ-
ous experiments.

Considered together, our results demon-
strate that extended exposure to structure
from stereopsis subsequently influences the
perception of structure from motion. It fol-
lows, therefore, that information for stere-
opsis and for relative motion is integrated
somewhere within the nervous system. It is
tempting to conjecture that this integration
occurs in the middle temporal visual area
(MT), a site in the brain known to be
specialized for analysis of relative motion
(11). After all, a large percéntage of neurons
in MT, besides being selective for direction
of motion, respond only within limited
ranges of horizontal retinal disparity and,
hence, can signal stereoscopic depth (12).
Moreover, MT neurons show an enhanced
responsiveness to their preferred direction
of motion after exposure to motion in the
opposite direction (13), an effect that could
parallel the adaptation phenomenon de-
scribed here. Whatever the locus of the
mechanisms implicated by our findings, it
makes sense from a computational stand-
point to embody these two processes in the
same neural network, since motion informa-
tion can resolve ambiguities inherent in
stereopsis and vice versa (14).

REFERENCES AND NOTES

1. B.Julesz, Foundations of Cyclopean Perception (Univ. of
Chicago Press, Chicago, 1971).

2. B. Rogers and M. Graham, Vision Res. 22, 261
(1982).

3. H. Wallach and D. N. O’Connell, J. Exp. Psychol.
45, 205 (1953); M. L. Braunstein, Depth Perception
Through Motion (Academic Press, New York, 1976).

4. M. Livingstone and D. Hubel, Science 240, 740
(1988).

5. B. A. Dosher et al., Vision Res. 26, 973 (1986).

6. Visual adaptation has been used to isolate and study
mechanisms involved in motion perception [R. W.
Sekuler and L. Ganz, Science 139, 419 (1963)],
spatial vision [C. Blakemore and F. W. Campbell, J.
Physiol. Lond. 203, 237 (1969)], stercopsis [C.
Blakemore and B. Julesz, Science 171, 286 (1971)],
and color [G. Wyszecki, in Handbook of Perception and
Human Performance, K. R. Boff, L. Kaufman, J. P.
Thomas, Eds. (Wiley, New York, 1986), vol. 1, pp.
9.23-9.32].

7. It was necessary to lower the luminance of the left-
eye display by 0.4 log unit to achieve binocular
stimulation devoid of stereoscopic cues. This slight
luminance mismatch counteracted the brief intero-
cular time disparity created because of sequential
presentation of frames on the two monitors. This
temporal disparity, in the absence of luminance
compensation, gave rise to a noticeable stereoscopic
sensation in the absence of spatial disparity [D. C.
Burr and J. Ross, Vision Res. 19, 523 (1979)]. With
luminance compensation, the 2D globe carried no
disparity information and therefore appeared bista-
ble.

8. A random-dot cube was generated as a parallel
projection of a cube, 80-min arc per side, tilted 45°
about its x and z axes (Fig. 1B, right). The cube,
again defined by 200 dots drawn on its surfaces, was
rotated about its vertical axis, which now ran
through two opposing corners of the cube. The
rotational parameters were equivalent to those used
in the case of the rotating globe. Advancing the
rotation by 2° to one eye caused the cube to appear
to rotate in vivid stereoscopic relief.

9. A random wire figure was generated by drawing 40
continuous and connected lines, random in length
and orientation, within the coordinates of the cube
surface. The wire figure rotated at the same rate as
the globe and the cube, and its direction of rotation
was specified unambiguously by phase shifting the
angle of rotation 2° in one eye relative to the other.

10. Conventional motion aftereffects contingent on bin-
ocular disparity have been described [S. M. Anstis
and J. P. Harris, Perception (London) 3, 153 (1974);
R. Fox, R. Patterson, S. Lehmkuhle, Invest. Ophthal-
mol. Visual Sci. 22, 144 (1982)]. In those experi-
ments, observers adapted to a moving target imaged
at a particular disparity. A subsequently viewed
stationary target appeared to move only when it was
imaged at the same disparity as the adapting target:
the motion aftereffect was contingent on depth. In
our experiments, both adaptation and test targets
moved, and adaptation affected the perceived plane
of depth of the two directions of motion in the 2D
test figure. This constitutes a depth and structure
aftereffect contingent on direction of motion. Anstis
and Harris also mentioned that the perceived plane
of depth of a moving test target could be influenced
by adaptation to motion in depth; that aftereffect
may represent a simpler version of the one described
here.

11. J. H. R. Maunsell and W. T. Newsome, Annu. Rev.
Neurosci. 10, 363 (1987).

12. J. H. R. Maunsell and D. C. Van Essen, J. Neuro-
physiol. 49, 1148 (1983).

13. S. E. Petersen et al., Brain Res. 346, 146 (1985).

14. W. Richards, J. Opt. Soc. Am. 2, 343 (1985).

15. Supported by NIH grant EY07760 and NSF grant
BNS 8418731. We thank Y. Yang, J. Lappin, L.
Mowafy, and H. Wiesenfelder for comments on an
carlier version of the manuscript.

20 December 1988; accepted 17 March 1989

SCIENCE, VOL. 244





