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Eye Movement as a Cue to Figure Motion in Anorthoscopic Perception

Irvin Rock, Fred Halper, Joseph DiVita, and Deborah Wheeler
Rutgers University

When a figure moves behind a narrow aperture in an opaque surface, if it is perceived as a figure, its
shape will often appear distorted. Under such anorthoscopic conditions, the speed or direction of the
object’s motion is ambigucus. However, when the observer simyHaneously tracks a moving target, a
figure is always perceived, and its precise shape is a function of the speed or direction of tracking.
The figure is seen as moving with the speed or in the direction of the target. Thus, it is argued that
eye movement serves as a cue to the figure’s motion, which, in turn, determines its perceived length

or orientation.

When a figure is moved back and forth behind a narrow slit
in an opaque surface, it is often perceived in its entirety and
veridically in regard to its direction of movement. This effect
has been referred to as anorthoscopic perception (Helmholtz,
1867/1962; Parks, 1965; Rock, 1981; Zéllner, 1862).! Because
only a small portion of the figure is visible at any one time, and
thus apparently cnly a narrow column of the retina is stimu-
lated, the effect poses a problem for any theory of form percep-
tion that assumes that an extended, simultaneous retinal image
is at least a necessary stimulus correlate of perceived form.

The Retinal-Painting Explanation

One explanation of form perception under anorthoscopic
conditions is that the observer’s eyes move back and forth in-
stead of remaining stationary (Anstis & Atkinson, 1967; Fen-
drich & Mack, 1981; Haber & Nathanson, 1968; Morgan, Find-
lay, & Watt, 1982; Steinbach, 1976). These eye movements are
said to produce an image of the figure spread over the retina so
that over time an extended image would be present. This expla-
nation has been called retinal painting. The width of the image
would depend upon the extent of eye movement so that move-
ments equal to that of the figure would yield veridical shape
perception, whereas lesser movements would lead to a com-
pressed shape perception. In fact, just such distorted shape is
often perceivd in anorthoscopic perception.

In referring to retinal painting as a possible explanation of
the anorthoscopic effect, we (and other authors before us) mean
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the foliowing. An image of the figure behind the slit is spread
aver the retina either because the eyes are stationary and the slit
moves over the figure (the moving-slit paradigm) or because the
eyes move and the slit is stationary as the figure moves behind
the slit (the moving-figure paradigm). This extended image is
then said to directly cause the perception of the figure in a man-
ner very much like the typical case of form perception in which
a simultaneous, extended image is present. It is presumed that
by virtue of neural persistence, those parts of this extended im-
age that had been stimulated by corresponding parts of the fig-
ure remain functionally active so that they transmit signals to
the brain, much as would be the case were the figure simulta-
neously visible in its entiretv. Whether such persistence takes
the form of a positive afterimage or iconic representation has
not been made explicit, although it seems to us that phenome-
nal representation is implicit in the retinal-painting hypothesis.
The clearest example to keep in mind in thinking about this
hypothesis is a rapidly moving spark or glowing cigarette seen in
the dark that gives rise to the impression of an extended figure
corresponding to the spark’s path of motion. Those advocating
this hypothesis have not dealt with the fact that in the moving-
figure paradigm the figure is usually perceived to be moving.
In any event, such perceived motion would not be considered
relevant to the hypothesis.

! The term anorthoscopic was first used by Plateau in 1836 (cited by
Helmbholtz, 1867/1962) to describe a rather complex display with slits
moving in front of figures and entailing distortions of shape. Later, Zot-
Iner {1862) referred to a procedure he used of moving the figure behind
a stationary slit as a new kind of anorthoscopic display. However, since
then the term has come to refer to either of these procedures, the com-
mon denominator being the perception of an entire figure on the basis
of successive exposure of its parts through the slit in contradistinction
to the ordinary case of form perception when the entire figure is seen
simultaneously. Although the term is perhaps quaint and uninformative
and might better be replaced by aperture viewing as some investigators
have suggested (Hochberg, 1968; Morgan et al., 1982), by now there are
encugh contemporary references to it to make a change in terminology
inadvisable. We, therefore, use it here to mean the perception of an
entire figure when it is presented successively through a narrow slit or
aperture.
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Inadequacy of the Painting Hypothesis

There are various reasons for questioning the correctness of
this explanation of anorthoscopic perception and distortion. It
has been shown that an extended figure is perceived when the
eyes remain stationary {Anstis, Rogers, & Steinbach, 1976,
Rock, 1981). We are referring here and in what follows (unless
explicitly stated to the contrary) to the moving-figure paradigm.
Unimpeachable evidence to the effect that anorthoscopic per-
ception occurs under conditions in which an image is not spread
over the retina derives from recent research using a stabilized
image of the slit (and thus of whatever appears through the slit)
from two different laboratories (Fendrich, 1983; Fendrich &
Mack, 1980; Morgan et al., 1982). In this technique, the sub-
jects fixate a spot, but any slight eye movement results in the
motion of the slit with the eyes. Therefore, it is now clear that
retinal painting is not a necessary basis of anorthoscopic per-
ception. Earlier research had demonstrated by eye-movement
recordings that an analogous effect occurs in the moving-slit
paradigm and the subject succeeds in tracking the slit (Rock &
Halper, 1969). Under these conditions too, then, retinal paint-
ing is not necessary for the perception of an extended figure (see
also Rock & Sigman, 1973; Rock & Gilchrist, 1975).

Is retinal painting a sufficient basis of the anorthoscopic
effect? There is no question that under certain circumstances
when an image rapidly displaces over the retina, it leads to the
impression of an extended figure. The moving spark is a case in
point. Such effects can be produced in the laboratory by the
moving-slit paradigm, provided that the slit moves over the fig-
ure at a sufficiently fast speed. Therefore, one might say that
retinal painting is a sufficient basis of form perception via aper-
ture viewing.

However, it does not necessarily follow that retinal painting
can lead to anorthoscopic perception in the moving-figure para-
digm. For that to be true, the eyes must move fast enough for
the image of what is seen through the stationary slit to spread
over the retina within the same time period that it does when
the slit moves over a stationary figure; figure perception is
achieved by such painting. The speed requirement is governed
by the limits of neural persistence because one end of the figure
must still be visible when the other end arrives in the aperture
if it is to be seen as a simultaneous whole, in its entirety. Several
investigations suggest that this value is of the order of 200 to
300 ms (Fendrich & Mack, 1981; Haber & Nathanson, 1968;
Morgan et al., 1982). Thus, the requirement is that the eyes
track a target moving at this minimum speed. If, moreover, as
has been customary in anorthoscopic displays, the figure is re-
vealed cyclically, then the eyes must move back and forth. This
adds the further constraint that the eyes must stop and reverse
direction. In our laboratory in unpublished research using the
kind of display described below and elsewhere (Rock, 1981),
subjects are simply unable to keep up with the target moving at
the speed considered to be the minimum for achieving a paint-
ing effect.

In any event, until recently (Anstis & Atkinson, 1967), inves-
tigators did not use a moving target to enable tracking, so it is
unlikely that retinal painting could have been the explanation
of the anorthoscopic effect reported in any of the investigations

in the last century in which observers simply looked at the slit,
(Helmholtz's, 1867/1962, opinion to the contrary notwith-
standing). Therefore, the only question remaining as to the pos-
sible sufficiency of retinal painting as the cause of an anortho-
scopic effect concerns those few laboratory studies that have
used tracking. A few of these studies in which figure perception
is reported meet the speed preconditions.

However, because of the nature of the phenomenal experi-
ence, there is still reason to question whether even in these rap-
id-speed studies the anorthoscopic effect is based on retinal
painting. When a painting effect occurs at the necessary speed
in the case of the moving-slit paradigm, the observer perceives
the entire figure simultaneously, and it is seen within the wide
region established by the image of the slit that is also spread
over the retina. But this is not what is reported by Anstis and
Atkinson {1967) or by Fendrich and Mack (1981) for the mov-
ing-figure paradigm (see also Fendrich, 1983). Instead, their
subjects apparently perceive the extended figure but not all of
it simultaneously, and the slit is seen more or less veridically as
narrow. Consistent with this is the impression that the figure is
moving back and forth behind the aperture, a perception that
we believe is consistent with an outcome not based on retinal
painting. As far as we know, there is only one report in the litera-
ture of the moving-figure paradigm in which observers perceive
an extended figure simultaneously visible in its entirety wider
than warranted by the size of the slit and in which the figure
does not appear to be moving (Morgan et al., 1982).2

There is one further point requiring clarification. Several in-
vestigators report that at very fast speeds of the figure the im-
pression of an extended figure is achieved only if the subjects
move their eyes by tracking a moving target (Fendrich, 1983;
Fendrich & Mack, 1981; Morgan et al., 1982); free viewing will
not yield figure perception under these conditions. We have also
observed this fact. This in itself, however, cannot be taken as
evidence for retinal painting because it may well have another
explanation. At very rapid speeds the visible segments of the

2Tt is acknowledged by advocates of retinal painting that such per-
ceived motion is not germane to this hypothesis, occurring for some as
yet unknown reason but playing no causal role in the anorthoscopic
effect (see Fendrich, 1983). In the one experiment cited earlier where
retinal painting did seem to occur (Morgan et al., 1982), the figure was
perceived as stationary. However, an argument that wouid account for
this perceived motion maintains that each successively appearing ele-
ment of the figure gives rise to an afterimage that is perceived to move
with the eyes. Thus, the figure as a whole appears to move with the eyes.
It is a known fact that afterimages do appear to move across the field as
the eyes move (Mack & Bachant, 1969). According to such a sensory
account of the perceived motion, at any point in time all of the figure
that has already passed behind the slit ought to be simultaneously visible
and to appear to be growing in length as it moves. The slit too ought to
yield an afterimage that appears to move and to increase in width as it
moves. At the terminal positions of the target, the entire figure should
be simultaneously visible within an equally wide, bright rectangle. But
the fact is that the figure is generally not simultaneously visible and its
motion is seen through the slit (for the part now in it) and amodally
behind the opaque surface containing the slit (for the parts that are not
now visible). An explanation of why this kind of motion of the figure is
perceived is given later.
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figure move so rapidly within the slit in a vertical direction that
they are difficult to perceive (see Fendrich, 1983). The segments
may tend to mask one another, and neural persistence within
the narrow vertical column may have a negative effect, There-
fore, if anorthoscopic perception requires the clear perception
of the position, slope, and curvature of each visible segment, as
some have maintained {Rock, 1981; Rock & Sigman, 1973),
movement of the eyes may be necessary. When the eyes move,
the image is spread over the retina rather than along the same
retinal column, and this negative effect of rapid figure speed is
eliminated. Therefore, the spreading of the image over the ret-
ina may facilitate the anorthescopic effect, but that is by no
means the same as saying that retinal painting (as defined ear-
lier) causes the anorthoscopic effect.

Thus, if the figure is a rear-illuminated cut-out stencil viewed
in the dark, but the slit itself is not visible, then the figure is not
perceived even when eye movement is facilitated by introducing
a rapidly moving target point.’> Under these conditions, the re-
ported percept is that of a point of light moving up and down
afong a vertical axis, or because of z slight component of hori-
zontal drifi in the direction opposite tracking motion, the point
of light appears to move obliguely by a few degrees off the verti-
cal. This kind of experiment serves to remind us that the
spreading of an image over the retina as a result of eye move-
ment can ordinarily be expected to yield the perception of sta-
tionary objects that remain in a particular direction with re-
spect to the observer (position and direction constancy). Thus,
the visible part of the figure in the experiment described ap-
pears to move only vertically as the eyes move horizontally (or
rather it appears to move marginally off vertical because of a
slight departure from constancy). This makes it clear that the
anorthoscopic effect requires something mare for its occur-
rence, namely, information and stimulus support for the “solu-
tion™ that a figure is moving behind and orthogonal to the slit.
{See Rock & Sigman, 1973}, For the reasons suggested, the
spreading of the image wher: the figure moves very rapidly can
thus facilitate figure perception but not directly cause it.

Despite these facts and arguments, one finding provides ele-
gant support for the retinal-painting hypothesis (Anstis & At-
kinson, 1967). Observers tracked a target point moving back
and forth around the slit, and the speed or direction of the target
was systeratically varied while a circle or an ellipse was moved
behind the slit, Such tracking has the effect of varying the width
of the image of the figure spread over the retina or of the direc-
tion in which it is spread. One can thus make predictions of the
width or of lef-right orientation of the figure that should be
perceived on the basis of the retinal image established; these
predictions were borne out exactly by the perceptions of the
observers. For example, when the target moved twice as fast as
the figure, which thus produced an elongated image of the ellip-
tical figure, observers perceived it as an eflipse whose horizontal
axis was twice its objective length; when an asymmetrical arget
such as the letter R moved left and the figure moved right, ob-
servers perceived a figure that was the mirror image of the actual

figure.
The Construction Explanation

We propose another explanation of anorthoscopic perception
in general and of the foregoing findings in particular. Unless

information about the direction of motion is provided, the per-
ceptual system interprets the anorthoscopic pattern as an ele-
ment moving in a column along the aperture. (With a vertical
slit and a figure moving horizoatally behind it as is typically the
case, one thus tends to perceive the element moving vertically.)
In fact, vertical motion is what one would predict in this situa-
tion, on the basis of Wallach’s (1935) demonstration that line
contours moving through an aperture will be perceived as mov-
ing in the direction of the long axis of the aperture.

Information that an entity is moving horizontally behind the
slit enables the perceptual system to overcome this impression
of vertical motion and to construct a figure on the basis of the
temporally given information about the position of the figure’s
parts relative to one another. The percept is not a simultaneous
one, but the impression that an entire figure is moving behind
the slit is nonetheless compelling. It is a temporally extended
percept and not merely a cognitive inference that a figure is
behind the slit. We have found that whether or not one achieves
the anorthoscopic effect depends very much on the kind of fig-
ure displayed as well as on other information such as sight of its
ends. As will be seen in Experiment 4, a horizontal straight line
will never vield the effect even if iis ends are visibie, and when
the eyes are stationary, an oblique straight line will rarely, if
ever, yield it, whereas a curved line that allows detection of con-
tinuous change of slope and curvature (provided the aperture
slit is wide enough) usually will vield the effect (see Rock, 1981},
Note that these different outcomes are not at all predictable in
terms of the painting hypothesis.

The essence of this kind of explanation, in contradistinction
1o a retinal-painting explanation, is in the term construction.
The perceptual system achieves the form percept not simply by
the registration and processing of an extended retinal image but
rather by integrating information over time about where the
parts of the figure are in relation to one another. So, for exam-
ple, suppose at Time | an element is visible at the top of the slit
and that information is available that this element is moving fo
the right. If at Time 2 the element visible through the slit is
lower, the system can “infer” that the two elements together
form a clockwise oblicue line segment. The precise slope of that
line segment would depend upon the perceived speed of the ele-
ments: If it is very slow, the slope would be steep; if it is very
fast, the slope wouid be slight. Such a constructive process can
be achieved even if the eyes are stationary so that the successive
visible elements stimulate only a narrow column of the retina.
However, as we noted earlier, the anorthoscopic effect depends

> We believe that if the slit itself is not visible, there is no stimulus
support for the anorthoscopic “solution™ of a figure, most of which is
occiuded at any moment. I is true that investigators have shown that
the slit contours revealing the figure need not be visible for an anortho-
scopic effect (Fendrich, 1983; Morgan et al., 1982), but the fact is that
the effect is not likely to occur without instructions to look for it and,
at that, has a long latency. Moreover, when it does occur, a phenomenal
aperture with illusory contours emerges at the same time (Fendrich,
1983). That we did not obtain even this kind of effect when the slit was
invisible may be explained by the kind of figure we typically use,
namely, a single line, only one small part of which is visible through the
slit at any moment.
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critically on information that the element visible in the slit is
part of a larger structure that is moving behind the slit, orthogo-
nal to it. If the slit is too narrow to allow detection of changing
slope and curvature of the visible element or if the figure is a
straight line or if there are no sharp discontinuities in the figure
to allow detection of their actual direction of moticn, then the
anorthoscopic effect will probably not occur.

Eye Movement as a Cue to Motion

We have discovered a factor that will virtually guarantee the
effect even for a straight oblique line and also increase the simi-
larity of figure perception under anorthoscopic conditions to
the more typical perception of an entire visible figure. When
the eyes move in tracking a moving target, this immediately cre-
ates the impression that the sesgment seen through the slit is part
of a figure moving in the direction and speed of the target. That
it is the tracking of the target and not the mere presence of the
moving target that produces this effect is easily proved by in-
structing observers to hold their eyes on the slit and not track
the target.

From the standpoint of the construction type of explanation,
the movement of the figure is perceived because eye movement
“suggests” that one is viewing a figure moving through the nar-
row aperture and behind the opaque surfaces on either side, but
the information registered must support or be compatible with
such a perceptual interpretation. Thus, a visible element that
does not move up or down the slit (see Experiment 4) will not
be perceived to move, and a spot that does move vertically but
is not seen within a slit will not appear to move with the eyes as
they track a horizontally moving target. Note that these out-
comes differ from what one would predict were the perceived
motion of the figure elements based on afterimages interpreted
as moving with the eyes as discussed in Footnote 2.

Thus, eye movement seems to serve as a powerful cue to fig-
ure motion without which such figure motion—and, therefore,
anorthoscopic perception—ofien will not occur at all. More-
over, it serves as a cue as to the speed and direction of figure
motion. When a figure passes behind a narrow slit, its speed
and extent are ambiguous because a wider figure moving at a
certain speed or a narrower figure moving at an appropriately
slower speed would equally account for the appearance of its
endpoints at given times. (Eye movement during the anortho-
scopic presentation also seems to lead to other important
effects. It can eliminate interference effects when a rapidly mov-
ing figure stimulates the same retinal column, as was noted ¢ar-
lier. Moreover, because it causes the image of the figure to be
spread over the retina, it leads to a facilitation of the anortho-
scopic percept. We return to this effect in the Discussion. )

We thus propose that the distortions of shape obtained in the
experiment by Anstis and Atkinson (1967) resulted not from
the extent or orientation of the image painted over the retina
but from the cuing effect of eye movement on the speed or direc-
tion of figure motion. That in turn accounts for the perceived
shape of the figure. The experiments reported here attempted
to provide evidence for this interpretation.

Experiment 1: Effect of Varying Speed
and Direction of Target

Method

Apparatus and stimuli. In the first experiment, we presented a line
figure similar to a sine curve, .32 cm thick moving behind a slit 0.12
cm wide (4.8 min arc) X 12 cm long {8°, 8.0 min arc) at a speed of one
pass per second. The figure was drawn in black ink on plain white paper
that was affixed 10 a panel driven back and forth in sinusoidal motion
by an arm attached to a rotating disk. The slit was cut out of black
cardboard affixed to a stationary panel 1.5 cm in front of the moving
one. A clear Plexiglas panel was positioned 1.0 cm in front of the screen
with the slit. A luminous target 0.7 cm in diameter (28.6 min arc) was
attached to the Plexiglas panel and thus could be moved back and forth
in front of the slit. This panel’s speed and direction could be varied
independently of the figure panel with a separate arm attached to an-
other rotating disk. The target served as the tracking spot. Thus, the
figure, slit, and target were in three separate planes: The figure was far-
thest from the observer, the slit was in an opaque panel in between, and
the target was on a transparent panel in front. The figure panel and
target panel could be moved back and forth horizontally and indepen-
dently of one another while the slit remained stationary. Thus, the figure
moved sideways relative to the observer and stationary slit (although the
directly visible stimulus change was essentially one of vertical displace-
ment of the parts of the figure within the slit). The target also moved
relative to the observer and the slit. The slit and figure were illuminated
from behind so that the figure appeared black on the bright white
ground of the slit surrounded by a dark opaque region.

For judgments of the perceived length of the anorthoscopically pre-
sented figure, subjects viewed a shadow on a milk-glass screen produced
by a replica of the figure drawn on glass. The glass could be rotated
about a vertical axis by turning a knob. A distant light source cast a
sharp shadow of the figure on the screen, the length (but not the height)
of which could thus be varied by the subject.

Procedure. The observer viewed five back-and-forth excursions of
the figure from a distance of 0.84 m. There were several conditions of
viewing (described below) in which each of 9 observers participated
with the conditions separated from one another by at least a day.

Subjects.  All 9 subjects were members of a graduate psychology de-
partment (7 students, 2 faculty members) and experienced observers of
anorthoscopic perception. Three observers knew the hypothesis of the
experiment but were unaware of the condition they were in at the time
of participation.

Results

Free viewing. This condition served as a control. The observ-
ers were told to look at the slit while a 10.2-cm-long figure (6.9°)
moved behind it. Because the figure cycled at 1 pass per second,
its speed was 6.9°/s. As expected, when the narrow slit was used,
8 of the 9 observers did not see a figure at all, and the 9th re-
ported seeing a figure only 3.8 cm long. This result indicates
that without the eye movements introduced in the other condi-
tions, anorthoscopic perception does not occur. The result is
predicted by the two thearies but for different reasons. Because
there is no extended image, retinal painting predicts no anor-
thoscopic effect; because there is no usable information about
the figure’s motion through the narrow slit and no eye move-
ments to cue such motion, the alternative theory advocated here
also predicts no anorthoscopic effect. There is simply no reason
for the perceptual system to construct a percept of a moving
extended figure.
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Table 1
Perceived Length of Figure Relative to Objective Length and Perceived Speed or Direction of its Motion Relative to Target Motion
Same speed Double speed Half speed
Speed Speed Speed {pposite direction
Experiment N Lemgth E F S§ 1length E F S ILemgth E F 8§ Orientation Direction
1. Narrow slit 9 7 8 1 0 1.65 15 0 0 .50 6 2 i 9 Rev. 8 Sa.
1.84*

2. Dashed line, wide slit 9 97 9 0 0 1.55 9 0o 0 55 g 0 0 9NF -
3. Moving slit 4 4 Rev. 4 0 0 4 EL 4 8a.
4. Control: horizontal line 4 .08 —_—— = At _ = ==

Note. For the free-viewing condition: Experiment 1, no figure was perceived by 8 of the 9 subjects; Experiment 2, length = 1.02. NF = no figure
perceived; E = equal; F = faster than; S = siower than; EL = elongated; Sa. = same; Rev. = reversed. The speed, length, orientation, and direction
are as perceived by the subject. The dashes in cells indicate that speed or direction data were not obtained because a moving figure was not perceived.

Empty cells indicate that the condition was not included.

* N = 6, This result refers to the 6 additional subjects who viewed a smaller figure; thus the eatry under Speed is 15 instead of 9.

Target mation twice that of figure. In another condition, the
observers tracked the luminous target, which moved back and
forth in front of the slit at twice the speed of the figure. The
velocity of the figure was 13.8°/s, When a 10.2-cm figure was
displaved, the average judgment of its length was 16,8 cm. In
Table 1 the results for perceived length are given relative to ob-
jective figure length. That ratio was 1.65.

Because in this condition the target necessarily moved far
from the slit, the ends of the rather long figure were visible only
by quite peripheral vision (7°). Therefore, the condition was re-
peated with 6 subjects and a smaller, 5.1-cm-long {3.4%) figure
(velocity: 6.8°/s). In this case the average match of its length was
9.4 cm, which, relative to the true length of 5.1 cm, was 1.84.
This perceived elongation of almost twice the figure’s length can
in principle be explained by the retinal-painting hypothesis.
However, we also required the observers to judge the perceived
speed of the figure in refation to the tracked target by indicating
whether it appeared to be moving faster than, slower than, or at
the same speed as the target. Of the 15 observers, all reported
the speed to be the same or approximately the same as that of
the target. Table 1 gives data on perceived speed as well as on
perceived length ratio of the figure for this and all other experi-
ments, This finding concerning perceived speed is not relevant
to the retinal-painting hypothesis for the simpie reason that the
image spread over the retina is considered to be the necessary
and sufficient explanation of the anorthoscopic perception; per-
ceived motion of the figure either is not predicted or is consid-
ered epiphenomenal. However, both the perceived motion and
perceived length follow from the eye-movement-cuing hypothe-
sis. To be specific, given the “belief™ (based on eye-movement
cuing) that a figure is moving behind the siit and that it is doing
50 at the speed the eyes are moving, the perceptual system will
construct a percept of a figure that is roughly twice the objective
length of the stimulus figure. That is, if the figure’s left end ar-
rives in the slit at Time 1, if it is moving to the left at the rate of
#°/s, and if s right end arrives in the slit at Time 2, then 1n the
1 s between Time | and Time 2 (the speed for one pass) the
figure can be inferred to be #° long. # here is given by the regis-

tered speed of eve movement during smooth pursuit of the
farget.

Target motion half that of figure motion and equal to that of
Jigure motion. In another condition, the target moved at half
the speed of the figure (velocity = 3.4°/s). The average match of
the figure's length for the 9 observers was exactly half of its ac-
tual length {ratio of .50). Of these 9 observers, 6 said that the
figure's speed was equal to that of the target, 1 that it was slower,
and 2 that it was faster. In still another condition, the target
moved at the same speed as the figure. The average match in
this case was .77 of the objective length. Of the 9 observers, 8
reported the figure was moving at the same speed as the target
and | as moving faster Here again, both theories predict the
length of the figure reported in the two conditions, but only
the construction theory predicts the perception of the perceived
speed in these two conditions.

Target motion opposite direction of figure motion. In this
final condition, a figure moved in one direction while the target
moved the same distance and speed in the opposite direction
(in antiphase). The focus of interest here was in the perceived
orientation of the figure as well as in its perceived direction of
motion. All 9 observers perceived the mirror image of the actual
figure as was ascertained by a sketch they were required to
make. This much is predictable in terms of the reversal of the
retinal image. However, & observers reported the direction of
the figure’s motion 1o be the same as that of the target, which, of
course, was incorrect.® Thus, the phenomenal reversal of figure
orientation is explicable in terms of the misperception of direc-
tion of figure motion, which, in turn, is explicable in terms of

* One subject reported that the figure appeared 10 move in a direction
opposite to that of the target, which was in fact the case, Such a percep-
tion is not compatible with the perception of the mirror-image shape
according to our hypothesis, However, this sarne subject reported such
opposite direction of figure motion in the conditions (described earlier)
where target and figure move in the same direction, a perception which
no other subject ever reported and for which there is no plausible expla-
nation. Therefore, we feel we are justified in discounting this subject’s
deviant report in the condition under discussion.
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the cuing effect of eye movement. To be specific, if the percep-
tual system “assumes” (in this case incorrectly) that a figure is
moving, say, leftward, then the orientation of the figure con-
structed will be based on this assumption together with the time
of arrival within the slit of the elements of the figure. For exam-
ple, if the top arrives first and the bottom last, then the figure
must be one that is tilted counterclockwise. But for rightward
movement, the figure would have to be tilted clockwise.

Experiment 2: Effects of Introducing Good Horizontal
Direction Information

Method

In a variation of this experiment, a dashed-line figure instead of a
solid-line figure was used, and the slit was widened to 0.48 cm (19.8
min arc). These changes were expected to provide good information
concerning the direction or speed of figure motion. One can now readily
detect that the endpoints of each dash are moving left or right, whereas
with the continuous solid line and narrow slit used in Experiment 1
such information is not available. Indeed, now in a free-viewing condi-
tion, all 9 observers perceived a figure, and their average match of its
length was very close to that of the actual figure. The question posed
was whether this direct information concerning the motion of the figure
would overpower or be overpowered by the eye-cuing effect in those con-
ditions where a conflict existed.

Results

The result was that with figure and target moving at the same
speed, the average match was 0.97 of the actual length. All of
these observers reported the figure’s speed to be the same as that
of the target. When, however, the target moved at either half the
speed or twice the speed of the figure, the eyecuing effect was
strong enough to cause an appreciable distortion. The average
relative length match was 0.55 in the first case and 1.55 in the
second case. Moreover, all 9 observers in both cases reported
the figure 10 be moving at the same speed as the target despite
the potentially good information as to its actual speed. Of spe-
cial interest in this experiment was the condition in which figure
and target moved in antiphase. Not a single observer perceived
a figure. Subjects reported seeing a small flickering element
moving up and down the slit. We interpret this to mean that
a conflict existed. The information through the slit as to the
direction of figure motion and the effect of eye-moverment cuing
opposed each other so that no figure motion at all was per-
ceived. Consequently, anorthoscopic perception did not occur.
This condition poses particular difficulties for the retinal-paint-
ing hypothesis because the image of the figure would be spread
over the retina in reversed direction just as in the corresponding
condition of the previous experiment and, thus, should lead to
anorthoscopic perception with left-right reversal.

Experiment 3: Moving Slit Variation

Method

The power of the effect of eye movement as a cue to figure motion
was brought out in another experiment in which we reversed the usual
procedure by moving the slit over a stationary figure. The target moved

with the slit, in phase with it, but at twice its speed. We had intended this
experiment as a control because we expected the figure to be perceived
veridically, nonreversed and stationary—which it always is when the
observer simply looks at the moving slit and no moving target is pres-
ent—despite the reversal of the retinal image produced by the moving
target.

Results

The result, however, was that the figure was incorrectly per-
ceived as moving behind the slit by all of 4 observers in the di-
rection and at the speed of the target, with the consequence that
it was seen as left-right reversed. In a variation of this proce-
dure, the target moved in antiphase to the slit but at the same
speed, again with the figure stationary. Here the figure appeared
very elongated and seemed to be moving in the same direction
as the target. So in this experiment the perceived orientation or
length of the figure is again predictable on the basis of either
the image painted over the retina or of the figure’s perceived
direction and speed of motion. However, once again, the retinal-
painting theory does not consider the perception of figure mo-
tion to be relevant.

Experiment 4: Horizontal Line Figure Control

Method

As a final control for the possibility that all of our results concerning
perceived distortion are explicable on the basis of the image paintad
over the retina and that the results concerning perceived motion of the
figure are somehow irrelevant, we moved a 10.2-cm-long horizontal
straight line behind the slit. The target moved at either the same speed
or twice the speed of the figure. Because such a figure does not displace
up or down the slit, there is no motion visible whatsoever, only a station-
ary display, and, therefore, there is no reason to expect eye movement
to cue figure motion. The situation is much like the one that occurs in
daily life when one views a stationary object while tracking another ob-
ject. Yet an image of a horizontal line is painted over the retina, and all
conditions of stimulatien, such as speeds, luminance, and contrast, are
the same here as in Experiment 1.

Results

The results for 4 observers were that none perceived an ex-
tended figure, and none perceived anything like figure motion.
There was a tendency to perceive the line as slightly longer than
the segment that was visible at any moment, the average for the
same-speed condition being 0.80 cm. (32.7 min arc) and for
the double-speed condition, 1.1 cm (45 min arc). The slit also
seemed to be slightly wider than its actual width, at least for
brief moments during the tracking. These slight enlargements
can be attributed to a partial retinal-painting effect, but they
are qualitatively and quantitatively totally different from the an-
orthoscopic perception that occurred in the previous experi-
ments. Qualitatively, there is no impression of a figure moving
behind the slit; quantitatively, the length perceived is only 1/
10th of the figure’s objective length.

Discussion

Despite all these arguments and evidence, one might remain
unconvinced that retinal painting is not the basis of the findings
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reported here. Afier all, in almost every case, what is perceived
is perfectly correlated with the retinal image of the figure estab-
lished: whether no extended figure is perceived (Experiment 1,
free viewing); whether the figure is perceived as compressed,
actuat length, or elongated (Experiment 1); whether the figure
is perceived as left-right reversed or not (Experiment | and Ex-
periment 3). Admittedly, this is formidable evidence, but most
of it was available earlier (Anstis & Atkinson, 1967), and we
have attempted to offer a different account of why there occurs
such a correlation between image established and figure per-
ceived. However, as we mentioned earlier, we now know with
ceriainty that retinal painting is not a necessary condition for
the anorthoscopic effect. One can achieve the effect in viewing
a stationary slit with eyes stationary even though under the par-
ticular conditions of free viewing in Experiment 1 no such effect
was obtained. (Note, however, that it was obtained in a free-
viewing variation of Experiment 2.) Moreover, we have now also
seen that retinal painting is not a sufficient basis of the anortho-
scopic effect. It does not occur in the antiphase condition of
Experiment 2 and in Experiment 4. Therefore, all these facts
must be taken into account in assessing the meaning of the ex-
periments we describe here.

Can the findings concerning perceived speed and direction of
figure motion be explained in a way that would be consistent
with the retinal-painting hypothesis? Suppose the perceived
shape of the figure is the cause rather than, as we have argued,
the effect of the perceived speed and direction of motion. Sup-
pose that the perceived shape were to derive directly from the
image painted over the retina as Anstis and Atkinson (1967)
maintained. Given a particular perceived shape, the observer
might then infer its speed accordingly. For example, an elon-
gated figure would have to be moving much faster than a com-
pressed one to account for the same time of arrival in the slit of
its endpoints. Similarly, a clockwise oblique line figure moving
leftward that appeared counterclockwise oblique could be in-
ferred to be moving rightward if its bottom end appeared at the
beginning and its top end at the termination of its motion.

The difficulties with this argument can be summarized as fol-
lows: (a) [t is based on the presupposition that the anorthoscopic
effect of an extended phenomenal shape in our experiments de-
rives from retinal painting although the speed we used of one
pass per second is far too stow to achieve such an effect: Experi-
ment 4 shows directly that no such effect occurs under our ex-
perimental conditions. (b) As we noted earlier, if the perceived
figure is the result of retinal painting, it cught to appear as a
simultaneously given whole, not as a moving figure, only part
of which is visible at a time. On the other hand, the impression
of a figure in motion, the parts of which are seen only succes-
sively, is at the very heart of our explanation of the effect. (c)
The impression of a figure moving at the predicted speed or
direction occurs from the very outset, whereas according to the
foregoing explanation such speed or direction could be inferred
only after the figure’s shape was perceived.

Fendrich (1983) has sought to test the eye-movement-cuing
hypothesis by creating conditions in which such cuing would
be separated from retinal painting. Subjects tracked a moving
target as in the experiments reported here, but the image of the
slit was stabilized by moving it in tandem with the eves. This

procedure failed to yield the kind of effect reported here. For
example, figure perception was no better under such conditions
than when the subject was required to fixate a stationary target;
figure perception was not left-right reversed if a target moved
in one direction and the figure moved in the opposite direction
when stabilization was used to move the slit with the eyes. Un-
fortunately, however, this technique is not suitable for testing
the hypathesis, because what the hypothesis maintains is that
the figure seen through the slit appears to move with respect to
it, at the speed or in the direction that the eyes move with re-
spect to it. If the slit is constrained to remain in the same posi-
tion relative to the target as in Fendrich’s method, then there is
10 reason to predict that the figure will be cued to move across
it at or at least to do so by virtue of what the eyes are doigg.
Thus, for a proper test of the hypothesis, the eyes must be mov-
ing with respect to the slit.

Some results reported by Morgan et al. (1982) may be expli-
cable in terms of the eye-cuing hypothesis rather than, as those
authors believe, in terms of retinal painting. They used the same
method that Fendrich (1983) did, namely, one in which subjects
tracked a moving target while viewing a figure through a slit,
the motion of which was stabilized, only partially stabilized, or
not stabilized at all. When they sought to directly test the effect
of degree of retinal painting on the perceived width of the figure
presented, they found that the perceived width of the figure did
correlate significantly with the width of the image spread over
the retina by virtue of eye movements: By and large, perceived
figure width was maximum with no stabilization and minimum
with perfect stabilization. Reinterpreting this finding in terms
of our comments in the previous paragraph, these results may
mean that a strong eye-cuing effect occurred with no stabiliza-
tion, so that the figure appeared to move across the slit as much
as the target moved, and that no such cuing effect occurred with
stabilization, so that the figure did not appear to move much, if
at all (unless the aperture was relatively wide and the speed of
figure motion relatively slow). With rapid speed and narrow ap-
erture, conditions are poor for the anorthoscopic effect unless
facilitation is provided by eye movement in the manner sug-
gested here.’

The evidence would thus seem to rule out retinal painting
as the basis for the anorthoscopic perception and the specific
distortions obtained in our experiments. Yet the effects ob-
tained here are vivid, sensory-like shape percepts. These effects
are no doubt at least partially based on the fact that the image
is spread over the retina because the percept obtained under the
conditions of tracking used is “better” than the anorthoscopic
effect obtained when the eyes remain stationary. Also, we found
a similar facilitation of anorthoscopic perception when, in the
moving-slit paradigm, the eyes are held stationary rather than
tracking the slit. In this situation cuing via eye movement is not
a factor. Thus, we believe two factors explain our results in the
moving-figure paradigm: the cuing of figure motion by eye

3 Of course, if these subjects experienced the entire figure simulta-
neously and did not have any impression of figure motion as was the
case in Morgan et al’s (1982) Experiment 1 described earlier, then our
speculations here about an eye-movement cuing rather than a retinal-
painting explanation would be incorrect.
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movement and the facilitation of anorthoscopic perception by
the presence of an image spread over the retina.

It may seem confusing to say that an extended image of the
figure can facilitate the anorthoscopic effect but yet deny that
this outcome is based on retinal painting. Referring to the defi-
nition of retinal painting given earlier, we argue that the anor-
thoscopic percept is not a simultaneous one and the presence of
the extended image is neither a necessary nor a sufficient cause
of the percept as it should be if retinal painting were the expla-
nation. To repeat, it is not necessary because the effect occurs
in the absence of any extended image (Fendrich, 1983; Fendrich
& Mack, 1980; Morgan et al., 1982), and it is not sufficient for
a variety of reasons (see Rock, 1981), including the fact that
no such effect occurs when a horizontal line is exposed (as in
Experiment 4), Therefore, we believe that anorthoscopic per-
ception requires a constructive process of inferring shape from
successive views of the parts of the figure interpreted by the per-
ceptual system as successive adjacent spatial regions of the fig-
ure. Apparently, this process is facilitated when the successive
views ar¢ spread out appropriately over the retina. In the mov-
ing-figure paradigm, however, the facilitation does not occur in
the absence of the eye-movement-cuing effect. The evidence
suggests that the perceptual system constructs a figure of a cer-
tain length and orientation based on the “suggestion” of the
moving eyes that a structure is moving behind the slit at a cer-
tain speed and direction.

What is not yet entirely clear is the explanation of the ten-
dency of eye movement to serve as a cue to figure motion. This
tendency is broader than its application to the anorthoscopic
paradigm. We suggest that eye movement plays this cuing role
whenever a display is ambiguous as to the specifics of its motion.
The speed and direction of motion of the element or elements
within a narrow slit are ambiguous, but the slit itself, being con-
tinuously visible, is, of course, unambiguously stationary and
thus does not partake in the cued motion of the elements within
the slit. There is evidence of such an effect in certain other situa-
tions. When obligue lines are viewed moving behind a square
aperture, the perceived direction of line motion is ambiguous
and often reverses (Wallach, 1935). If a target is introduced,
moving in phase with what the lines’ horizontal or vertical dis-
placement would be if they were actually moving in one of these
directions, we have found that the lines will almost always ap-
pear to move in the direction of that target, provided that the
observer tracks it. Thus, the experimenter can easily induce the
observer to reverse by the simple expedient of changing the path
of the target.

Another instance in which eye movement influences the di-
rection of perceived motion occurs in the kinds of display stud-
ied by Johansson (1950). For example, in his well-known dem-
onstration in which two points move along the paths of the arms
of an L, they tend to appear to move apart or together along an
oblique path rather than (veridically) along paths at right angles
to one another. However, if one point is deliberately tracked,
it tends to be scen veridically as moving either horizontally or
vertically. Presumably, then, the direction of eye movement
serves as a cue to veridical perception that otherwise, in this
example, would not occur. Still another instance in which eye
movement can affect motion perception is with ambiguous ap-

parent metion displays. If a multiple-dot display can appear to
oscillate or to move continuously clockwise or counterclock-
wise, then instructions to move the eyes in one of these alterna-
tive sequences will bias the outcome accordingly. Ward and
Morgan (1978) reported that dots in a visual noise display wili
appear to move along with pursuit eye movements, a kind of
entraining effect. The common denominator in these various
cases would seem to be an “assumption” on the part of the per-
ceptual system that the eyes are tracking the moving object or
an object keeping pace with the moving one. Therefore, the di-
rection or speed of eye movement informs about the direction
or speed of the object’s motion.

In the experiments reported here, we have examined only the
distortion of anorthoscopic perception that occurs on the basis
of eye movement. But distortion of shape also occurs in the
more typical experiment where tracking of a target is not intro-
duced. Under conditions of free viewing, particularly when the
figure moves rapidly, the shape perceived is often compressed
along its axis of motion. Distortions also occur when the slit
is curved or slanted away from rather than orthogonal to the
direction of figure motion (Anstis & Atkinson, 1967; Hecht,
1924). One might seek to explain such distortion directly in
terms of the retinal image produced on the basis of eye move-
ments, but we believe it is based upon the misperception of the
figure’s speed, which is most typically an underestimation. Be-
cause information about figure speed from the vertical displace-
ment of its contour through the slit is poor, it would not be
surprising if its speed were misperceived. Underestimation may
be a conservative tendency under such conditions. Moreover, if
perceived speed increases very little or not at all as actual figure
speed is increased, we should expect that the distortion would
increase with figure speed, as seems to be the case. We have
shown in an as yet unpublished study that figure speed is indeed
underestimated under free-viewing anorthoscopic conditions
(Rock & DiVita, 1981). Given underestimation, form construc-
tion based on perceived speed should predictably lead to a com-
pression effect, and slanted apertures should yield the distor-
tions they do because the region of the figure crossing the aper-
ture first would not appear to be as far from the region crossing
it last as it actually is.

S 1t has been suggested 10 us by Arien Mack (personal communica-
tion, 1985) that this effect, the tendency to perceive the lines moving in
the direction of a tracked target, is explicable in terms of the more gen-
eral principle that images that remain stationary on the retina will ap-
pear to move with the eyes. If this principle can indeed be extended to
account for this effect, then although eye movement would play a crucial
role in determining the perceived direction of motion of the visible con-
tours, it would do so somewhat more automatically than we have sug-
gested by our use of the word cue. Stationary images on the retina ap-
pear to move because the perceptual system lawfully integrates infor-
mation about retinal locus and eye position in achieving perception of
radial (or egocentric) direction as in position and direction constancy.
The difficulty with this argument, however, is the question of whether it
iscorrect to say that the images of the moving lines are indeed stationary
during tracking when their direction of motion over the retina can be
regarded as ambiguous.
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