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A theory of phenomenal geometry
and its applications

WALTER C. GOGEL
University of California, Santa Barbara, California

The geometry of perceived space (phenomenal geometry) is specified in terms of three basic
factors: the perception of direction, the perception of distance or depth, and the perception of the
observer’s own position or motion. The apparent spatial locations of stimulus points resulting
from these three factors thereupon determine the derived perceptions of size, orientation, shape,
and motion, Phenomenal geometry is expected to apply to both veridical and illusory perceptions.
It is applied here to explain a number of representative illusions, including the illusory rotation
of an inverted mask (Gregory, 1970), a trapezoidal window {Ames, 1952), and any single or mul-
tiple point stimuli in which errors in one or more of the three basic factors are present. It is con-
cluded from phenomenal geometry that the size-distance and motion-distance invariance
hypotheses are special cases of the head motion paradigm, and that proposed explanations in
terms of compensation, expectation, or logical processes often are unnecessary for predicting
responses to single or multiple stimuli involving head or stimulus motion. Two hypotheses are
identified in applying phenomenal geometry.'It is assumed that the perceptual localization of
stimulus points determines the same derived perceptions, regardless of the source of perceptual
information supporting the localizations, Thisassumption of cue equivalence or cue substitution
provides considerable parsimony to the geometry*Also, it is assumed that the perceptions speci-
fied by the geometry are internally consistent. Departures from this internal consistency, such
as those which occur in the size-distance paradox, are considered to often reflect the intrusion
of nonperceptual (cognitive) processes into the responses. Some theoretical implications of this
analysis of phenomenal geometry are discussed.

An observer, upon viewing a three-dimensional visual
scene, acquires an internal spatial representation, which
can then contribute to or determine responses to that
scene. This internal representation, usually supported by
sensory information, is an instance of phenomenal space.
The geometrical description of this phenomenat space will
be called phenomenal geometry. The purpose of this paper
is to summarize and provide examples of a theory of
phenomenal geometry, various portions of which have
been described in previous articles (Gogel, 1981a, 1982,
1983; Gogel & DaSilva, 1987a, 1987b; Gogel & Tietz,
1974). Two hypotheses underlying the theory and some
theoretical consequences of the theory will be discussed.
It will be shown that this theory can explain a number
of representative illusions, obviating the need to describe
these phenomena in other, usually more complex, terms.
The theory is expected to apply whether the observer
and/or the stimulus is physically moving or physically sta-
tionary and whether the perceptions are accurate or arc
in error.
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Examples of a partial phenomenal geometry are pro-
vided by hypotheses of invariance. These are equations
that express the interrelation of several perceptions. For
example, the size-distance invariance hypothesis and the
shape-slant invariance hypothesis state that a given reti-
nal (proximal) stimulus specifies a ratio of two percep-
tions—perceived size and perceived distance in the one case
and perceived shape and perceived slant in the
other. Such equations contain terms for proximal stimuli
(retinal size and retinal shape in the above examples), as
well as perceptual terms. A complete phenomenal geom-
etry that would reflect all aspects of the phenomenal
world, however, would involve only perceptual terms.
Such a complete phenomenal geometry, if it is to be
gencral, must be able to derive more complex perceptions
from the perceptual variables postulated to be basic. The
basic variables of the theory described here are (1) per-
ceived direction, (2) perceived distance or depth, and
(3) the observer's awareness (perception) of his or her
own position or motion. This theory asserts that these
three basic perceptual variables together determine the
perceived positions of points in perceptual three-
dimensional space. Numbers of such points at different
apparent spatial locations, or movement between these
different apparent locations, provide the derived percep-
tions of size, shape, orientation, and motion. Tt is useful
experimentally that each of the three basic variables can
be manipulated independently of the others. For exam-
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ple, the position of the observer and the stimulus can be
changed simultaneously in perceived space, keeping the
perceived direction and perceived distance of the stimu-
lus from the observer constant, Or, the accommeodation
or convergence to an object can be changed so as tolcharlagc
its apparent distance while leaving its perceived direction
and the perceived position of the observer unmndli_"ied.
The theory, however, does not assert that perceived dlrfzc—
tion, perceived distance, and the perception of sclf-mqtlon
or -position necessarily are independent of the matrix of
stimuli in which the point is embedded. It is proposcq,
instead, that when such context interactions occur, their
effects on perception can be identified as modifications
of perceived direction, perceived distance, and/or the.ob—
server’s perception of his or her own location or motion.

APPLICATION OF PHENOMENAL
GEOMETRY TO A SINGLE TEST OBJECT

Considerable evidence for the validity of the theory of
phenomenal geometry is found in a method of measuring
apparent distance called the head motion pracedure or
head mation paradigm (see Gogel, 1981a, for a rewe“f).
An application of this procedure consists of using thf: }!-
lusory motion of the test object (or the nulling of this il-
jusory motion by an opposite physical motion) that can
occur concomitantly with a lateral motion of the head,
to provide an indirect measure of the perceived distance
of the test object. The kind of situation in which this is
accomplished is shown in Figure IA. In Figure 1, and
throughout this article (except in Figure 3), the open ob-
jects (e.g., open circles in Figures 1A and 1B and open

rectangles in Figure 1C) and primed letters identify per-
ceived characteristics of the test objects. Filled circles or
filled rectangles and wnprimed letters identify physical
characteristics of the test objects. Figure 1A represents
a situation in which a stationary test point of light at the
physical distance D from the observer is viewed as the
observer’s head moves left and right repetitively through
a perceived lateral extent, K, which may or may not be
the same as the physical motion K of the head. If the test
point is made to appcar nearer, Dy, or farther, Dy, than
its physical distance D (perhaps by changing the con-
vergence 1o the test point using prisms), the point will
appear to move concomitantly with the head in the same
direction as the head motion or opposite to the direction
of the head motion, respectively. The physical distance,
Dn, of the physically stationary test point is the distance
around which the direction from the observer to the test
point intersects or pivots as the head is moved laterally.
This is called the pivot distance, and it is labeled Dy in
Figure 1A. It should be noted, however, that if the test
point had been physically moved laterally, concomitantly
with the head, in the same direction as, or opposite to,
the physical direction of the head motion, the pivot dis-
tance would have been greater than or less than the phys-
ical distance of the test point, respectively (also see Gogel,
1982, Figure 1). As predicted from phenomenal geome-
try, for a given perceived motion of the head, both the
perceived distance and pereeived direction of the test ob-
ject, with the latter modifiable by changing the pivot dis-
tance to the test object, will change the apparent concomi-
tant motion of the test object. The equation relating the
perceived (illusory) motion (W*) of the test object, the

Flgure 1. As ls illustrated in Figures I3 and 1C, respectively, the apparent size-distance
{5* = 2D’ tan(§'/2)] and the apparent motlon-distance invarlance hypothesis [M’ = 2D°

tan (0'/2)] are predicted from the head motion patadigm [W' =

K' — 2D 1an ('12)] shown

in Figure 1A, in this case for the conditlon in which ¢' = &',

perceived lateral motion (K’) of the head, the change in
the perceived direction {¢') of the point relative to the
head, and the perceived distance (D'} of the test point is

W' = K'-2D' tan(¢'/2). (n

If tang' = tand, and if X' = X, then Equation | can be
written as

W' = K(1-D'IDp), (2)

where Dy, is the pivot distance and tan(¢/2) = K/(2Dp)
{(see Gogel, 1983). The perception of lateral motion, W',
concomitant with the lateral motion of the head is posi-
tive if the test object is perceived to move in the same
direction as the lateral motion of the head, and it is nega-
tive if the test object is perceived to move opposite to the
direction of the lateral motion of the head. Equation 2 is
called the apparent distance, pivot distance hypothesis
{Gogel, 1982). It can be applied only if it is assumed that
tang’ = tan¢ and K’ = K. Equation 1, however, because
it is an instance of complete phenomenal geometry, does
not require these assumptions.

Figure 1B is similar to Figure 1A, except that the head
is perceived to be stationary (perhaps because it is sta-
tionary) and the perceived extent of lateral motion of the
stimulus point is M'. It is assumed that the perceived mo-
tion of the point at D, is K', which is the same at the per-
ceived motion of the head in Figure [A (that is, M’ at
D = K'). In this case, it is clear that the change in per-
ceived direction 8’ in Figure 1B equals ¢’ in Figure 1A.
It follows that, if the test point in Figure 1B is perceived
at D, or Df, its perceived motion M’ at these perceived
distances will equal X' — W and K’ + Wj, respectively,
where Wy and Wi in Figure 1B are the same as in
Figure 1A, The situation in Figure 1A is an instance of
the head motion paradigm; that in Figure 1B is an instance
of what can be called the motion-distance invariance
hypothesis (MDIH). Evidence for the validity of the
MDIH is found in experiments by Rock, Hill, and Fine-
man (1968) and by Wist, Diener, and Dichgans (1976).
An equation expressing the MDIH as a partial perceptual
equation replacing 6'/2 by 6/2 in Figure 1B is

M = 2D’ tan(6/2). (&)

An equation expressing the MDIH in completely percep-
tual terms consistent with Figure 1B is

M' = 2D an(9'/2). ()

Figure 1C represents an instance of the size-distance
invariance hypothesis (SDIH) in which a laterally extended
test object at a physical distance D from the observer
has a perceived width (§') equal to the X’ in Figure 1A,
Whenever the test object is perceived at Dy, or Dy, it is
expected from the SDIH that its perceived width §* will
equal K'— W, or K' + Wi, respectively. A partially per-
ceptual equation replacing 8'/2 by 8/2 in Figure 1C, which
often is used to express the SDIH, is

§ = 2D’ tan(8/2). (5
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The equation for the $DIH, expressed in completely per-
ceptual terms consistent with Figure I1C (see Gogel &
DaSilva, 1987b; McCready, 1985, 1986}, is

S = 2D an(0'/2). (6)

Since @' in Figure 1B is equal to 8’ in Figure 1C and equal
to ¢’ in Figure 1A, it follows that

M =S =K-W. M

Several aspects of Figure | are of particular interest for
the present discussion. One is that the relations expressed
by Equations 1, 4, 6, and 7 occur entirely between per-
ceptual variables. This means that whenever any of the
perceptual variables X', ¢, 8, or D' do not equal the cor-
responding physical variables X, ¢, 8, or D, it is the per-
ceptual and not the physical values that are considered
by the theory of phenomenal geometry to determine W*,
M, and §', Instances in which X’ does not equal X in-
clude an observer's underperception of motion when
seated in a moving vehicle or the perception of self-motion
(vection) that occurs when a stationary observer views
a large field of moving stripes (Wist, Diener, Dichgans,
& Brandt, 1975). Substantial errors in the perception of
visual direction can result from prolonged viewing of an
object moving concomitantly with a lateral motion of the
head (Hay, 1968, Hay & Goldsmith, 1973; Tietz & Gogel,
1978; Wallach & Floor, 1970). However, two studies in
which the head motion paradigm was used with less con-
tinucus viewing did not reveal significant errors in this
variable (Gogel, 1982; Gogel & Tietz, 1979). Conditions
under which D’ is not equal to D can occur frequently
in both natural and experimental situations. This can oc-
cur, for example, as a function of the distance of fixation
{Gogel, 1979a; Goge! & Tietz, 1977), or as a consequence
of modifying oculomotor cues of distance with physical
distance constant (Gogel & Tietz, 1979). Experiments in-
volving the latter condition have been used extensively
to examine the validity of Equation 2 (Gogel, 1983).

An aspect of special interest regarding Figure 1 is that
the MDIH (Figure 1B} and the variation on the SDIH
known as Emmert’s law (Figure 1C) are special cases of
the head motion paradigm applicable to a stationary head.
It follows that phenomenal geometry expressed in terms
of perceived distance, of perceived direction or changes
in perceived direction {perceived visual angle}, and of the
observer’s perception of the self as stationary or moving
can explain phenomena involving either a stationary or
moving observer viewing either a moving or a stationary
stimulus. The expression of the head motion paradigm
in completely perceptual terms (Equation 1) implies that
the MDIH (Equation 4) and SDIH (Equation 6) also must
contain only perceptual variables. The latter equation is
in agreement with McCready's formulation (McCready,
1965, 1985) of the SDIH in terms of perceived visual
angle rather than physical visual angle. It may not seem
particularly surprising that perceived direction and per-
ceived distance, together with the contribution of the ob-
server’s perception of self-motion or -position, can pro-
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vide perceptual localization in space and th'us can provide
a common explanation for a varicty of spatial phenomena.
As will be discussed, however, this approach can ex-
plain phenomena that have customarily been ppdcrstood
in terms of higher order factors, such as cognition, com-
pensation, or expectation,

Evidence Regarding Figure 1

There is evidence from three studies that W', M’, or
§' can provide similar or highly correlated measures of
D' and that they thus are likely to involve the same
processes.' In one study (Gogel, 1979a).. D’ was mea-
sured by the physical size adjusted ta achieve a particu-
lar perceived size, using a variation of the SDIH (Equnl-
tion 5) to compute D'. Also, D" was comgutfzd from W',
using the head motion procedure and a variation of Equa-
tion 2. The two measures of D’ varied in the same direc-
tion, although the measure using the SDIH gave larger
values of D' than those obtaincd from the head motion
procedure. In a later study (Gogel, Loomis, Newman. &
Sharkey, 1985), measures of D' from applying the head
motion procedure and from size adjustments using L.hc
SDIH were obtained. As expected, both measures in-
creased with increases in D', but again there was a ten-
dency for the measures obtained from the SDIH to be
larger than those from the head motion progedurc. The
correlation between the average values resulting from the
two kinds of measures in that study was very high {r =
0.981). A third study, in which methodological differences
were minimized in obtaining measures of D’ calculated
from W' and M’, was done by Gogel and Tietz (1979).
The conditions used in that study are illustrated in Fig-
ure 2. The situations represented in Figure %A are basi-
cally the same as those of Figure lA. ln' Figure 24, 8
physically stationary test point at !helphy‘smal distance D
appeared to move laterally in the direction of the head
motion whet it was perceived at D and against the head

motion when it was perceived at Dy. Figure 2B illustrates
the same conditions as those in Figure 2A, except that
the test point, rather than remaining physicallly station-
ary, physically moved vertically through a distance M,
concomitant with the lereral motion of the head. In this
case, the illusory perceived horizontal motion (W’) vec-
tored with the vertical perceived motion (M') resulting
from the physical vertical motion (M} to produceran ap-
parently tilted path of motion of the test point an at Dy,
and o at Df. The different values of M, illustrated in
Figure 2B, resulting from the different values of D" are
consistent with those expected from the MDIH, Since both
M* and W' determined o', measures of perceived distance
(D") obtained from o' would equal those obtained from
W' (for the same perceived distance Dy or Dr) only if the
MDIH illustrated in Figure 2B is a special case of the head
motion paradigm, In other words, the measurement of D'
from &' in the situation of Figure 2B involves the simul-
tancous solution of Equations 2 and 3 (computed in that
study using the assumptions that ¢ = ¢, 8’ = &, and XK'
= K). If, in Figure 2, the computed values of D' from
a’ and D' from W' are the same or are highly related,
it is Iikely that the same or similar processes are involved
in both the head motion paradigm and the MDIH (or
SDIH). The average D' results from the experiment are
shown in Figure 3 for two different methods of measuring
W' and ¢’. In one of these, the comparison method, the
observer adjusted the separation between posts or the tilt
of a rotatable rod to be the same as the perceived horizon-
tal motion (W) or perceived path of tilt (") of the dis-
play previously seen with a moving head. In the other,
the duplication method, the observer, with the head sta-
tionary, duplicated on the display monitor the lateral mo-
tion (W" or tilt (') of the path of motion previously seen
with a moving head. Three physical distances, 30,0, 55.9,
or 94.4 cm, were used with either monocular or binocu-
lar observation of the experimental display. The dashed

Figure 2. Drawings illustrating the vector addition of perceived horizental mation (W)
and percelved vertical motion (M}, concomitant with a perceived horizontal motion (K")
of the head, so as to determine the perceived filt (o'} of the apparent path of motion
of the test point. Modifled from “A Comparisen of Oculomotor and Motlon Parallax
Cues of Egoceniric Distance® by W. C. Gogel and J. D, Tietz, 1979, Vision Research,
19, p. 1162, Copyright 1979 by Pergamon Press. Adapted by permission.
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Figure 3, The average results of computing the perceived distance
[ of the test point fllustrated in Figure 2 from values of W' and
o' obtained using a comparisen and duplication method of mea-
surement and monocular or blnocular vision.

line in Figure 3 is the result expected if the D' values mea-
sured from W' were identical to the D' values measured
from «'. The obtained average values are closer to the
dashed line for the duplication method than for the com-
parison method. For either the comparison or duplication
method, however, the results clearly show that D' from
W'and D' from o' are highly related. Since the same D'
values were being measured by the duplication and com-
parison methods, the differences that remain between the
data from these two methods probably reflect the sensi-
tivity of measurement of D’ to procedural differences.
Thus, there is both logical and experimental evidence to
support the assertion that the MDIH and the SDIH are
special cases of the head motion paradigm. This conclu-
sion also suggests that the perception of extent obtained
with a stationary head is a special case of that obtained
with a moving head and that a theory of cither must ex-
plain both,

Other Explanations of the Perceptions
IMustrated by Figure 1

In a study by Post and Leibowitz (1982}, it was con-
cluded that the perception of illusory motion associated
with a stationary target and a laterally moving head (Fig-
ure 1A) is a consequence of two eye movement systems.
As the head is moved laterally, one, the older system,
acts t0 maintain fixation on the test object by means of
the vestibulo-ocular reflex (VOR), in which the gain of
the reflex varies with the convergence of the eyes to the
test object. If an error in convergence occurs, perhaps
because of a tendency for the convergence to be displaced
in the direction of its resting state, the eyes will tend to
turn too much or too little as the head is moved. To coun-
ter this potential or actual loss of fixation, pursuit eye mo-
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tions are initiated, which then determine the direction and
amount of perceived illusory motion of the test object con-
comitant with the molion of the head. This theory will
here be called the VOR theory.

A limitation of the VOR theory is that it is incomplete,
Pursuit eye movements can specify changes in the angu-
lar direction and extent of perceived mation, but they can-
not by themselves determine a linear (metric) extent of
perceived motion, such as a perception that the test ob-
ject is maoving laterally for a distance of 2 ft or 2 in.
For a linear perception, a perception of distance in ad-
dition to the angular information is needed. It is clear,
however, that the perception of illusory motion concomi-
tant with head motion, as illustrated in Figure 1A, is
linear. In a variety of experiments: (Gogel, 1981a), ob-
servers had no difficulty in indicating linear judgments
of the lateral extent of the perceived illusory motion,
which they accomplished usually by tactually adjusting
the lateral separation of comparison rods. The inability
of the VOR theory to specify the linear extent of illusory
motion is indicated in Figure 4, in which the perception
of angular motion §' from VOR theory is compared with
W' from the head motion procedure, as the head moves
from Position 1 to Position 2. Suppose that in Figure 4
prisms are used to change the convergence distance (D)
of the test point {physically stationary at Dy,) to a distance
nearer than its physical distance (Figure 4A) or farther
than its physical distance (Figure 4B). Also, suppose for
convenience that, as a result of this change in conver-
gence, the perceived distance of the test point is at D;,
in Figure 4A and at Dfin Figure 4B. The apparent angu-
lar concomitant motion expected from the angular pur-

Figure 4. A comparison of the predictions from the vestibulo-ocular
reflex theory, and from the head motion paradigm theory for the
perceived motion (3 or W', respectively) of a single, physicaily sta-

tionary test point, apparently maving concomitantly with a lateral
motion of the head.
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suit eye movement, as postulated by VOR theory, is &',
which is added because the convergence and physical dis-
tance of the test point differ. If the arrow indicating 6'
is to represent the perception of illusory motion concomi-
tant with the motion of the head, it is unclear where it
should be drawn, In their Figure 1, Post and Leibowitz
(1982) place the arrow at the physical distance of the test
paint Dy, rather than, as might be expected from the con-
vergence cue of distance, at Dy, or Dy, If the arrow desig-
nating angle &' were placed at Dy, or Dy, it is evident from
Figure 4 that the magnitude and direction of the illusory
linear motion could depend upon apparent distance, as is
expected from the head motion paradigm but is unspeci-
fied from VOR theory. For the perceived linear motion
of a single test point viewed with a lateral motion of the
head, both the VOR and the theory advocated in this paper
could apply equally, but only if VOR theory incorporated
the factor of perceived distance. Perhaps the possibility
should be considered that the magnitude of the vestibulo-
ocular reflex is determined by the perceived distance of
the test point rather than by convergence per se.

In the situations of Figures 2A and 2B, the D' values
computed from W’ and ¢, particularly when using the
duplication procedure, are very similar (see Figure 3).
But, in the situation of Figure 2B, the VOR was not in-
volved in the component of perceived motion (M')
produced by the vertical motion of the test point.
However, the high correlations between D’ measures ob-
tained from the head motion procedure alone (Figure 2A),
presumably involving the VOR, and the added MDIH sit-
uation (Figure 2B), not involving the VOR, suggests that
the relation between convergence and the VOR added little
that was not also available from perceived distance. In
the case of the illusory motion of a single, physically sta-
tionary test object viewed with a laterally moving head,
it is often difficult to distinguish the possible contribu-
tions of these two theories. This is becanse convergence
can determine both the perceived distance of the test ob-
ject consistent with the head motion paradigm and the gain
of the VOR consistent with VOR theory.

Leibowitz (1971), Leibowitz and Moore (1966), and
Leibowitz, Shiina, and Hennessy {1972) have interpreted
the size perception obtained at near distances in terms of
the reafference principle and oculomator adjustments,
instead of perceived distance, as asserted by the SDIH.
According to these authors, it is expected from reaffer-
ence theory that the cculomotor adjustments initiated by
efference commands become associated with the image
changes expected on the retina when an object of con-
stant physical size is moved to a different distance from
the observer. If the change in the size of the retinal im-
age is consistent with that expected from the efference
command, the efference and reafference will be in agrec-
ment and the apparent size of the object will remain con-
stant (perfect size constancy). Conversely, if the visual
angle of the object is kept constant, the lack of change
in retinal size with changes in efference will result in the
perceived size decreasing with the increase in the magni-

tude of the oculomotor adjustments according to the
reafference principle. This result, using geometrical
stimitli, was obtained in the above studies by Leibowitz
and his associates. Although such results also would be
expected from the SDIH, the reafference interpretation
avoids the concept of perceived distance. But, as noted
by the authors, the reafference explanation can apply only
to the near distances over which oculomotor adjustments
are effective. A different explanation must be used to ex-
plain the application of the SDIH to distances greater than
several meters, Nor can the reafference explanation ap-
ply to the head motion procedure. Thus, an additional
advantage of the theory of phenomenal geometry, unlike
the VOR explanation of W’ in Figure A or the reaffer-
ence principle explanation of §’ in Figure IC, is that the
same theory applics to all of the situations illustrated in

Figure 1.

APPLICATION OF PHENOMENAL GEOMETRY
TO MULTIPLE OBJECTS OR TO
OBJECTS EXTENDED IN DEPTH

The above discussion of applications of phenomenal
geometry have been limited to a single test object. Phe-
nomenal geometry is also expected to apply to multiple
objects located at different perceived distances or to ob-
jeets extended in depth. Consider the phenomenon of the
illusary direction of ratation of Ames’s trapezoidal win-
dow, illustrated in Figure 5. This drawing represents top
views of the physical (solid lines and filled circles) and
perceived (dashed lines and open circles) orientations of
the trapezoidal window. In the situation shown, the small
end of the window (u) is physically closer to the observer
than is the large end (f), but it always appears (1') to
be the more distant end. When the window physically ro-
tates counterclockwise from ny fi to iy fo, it appears to ro-
tate clockwise from ni fi to n3f1. The explanation of this
iliusion that Ames (1952) propose is consistent with the
“best bet’ hypothesis of transactional theory. It is as-
sumed by the “*best bet'” hypothesis that two lactors are
responsible for the illusory pereeption of direction of ro-
tation in ihe sitvation illustrated in Figure 5. One iy the
illusory pereeption of the depth orientation of the win-
dow. The other is the decrease in the overall angular size
of the window (e, > o) as the window physically ro-
tates counterclockwise. The fogical conclusion for the ob-
servers from these two sources of information is that the
window is rotating clockwise. According to the present
theory of phenomenal geometry, however, logic is not
required. If the obscrver correctly senses his or her head
as stationary, the perceptual information provided by the
perspective cue to the distance of each end of the win-
dow, together with substantially accurate perceptions of
the directions to these ends, localizes the position of the
window in perceived space at any instant of time and is
sufficient 1o explain the illusory rotation, The logical con-
sequence of the change in the visual angle of the window
is superfluous. There is no need {o postulate a *‘best bet™

Retino

Figure 5. A top-view drawing lllustrating a perceived rotation of
an example of Ames’s trapezoidal window in a direction opposite
to that of its physical rotation. This llusory direction of votation
is consistent with the correct perception of the relative directions
of the parts of the window but an incerrect perception of their reia-
tive distances as produced by the illusory perspective of the win-
dow, The solid circles and nenprimed notations represent the phys-
ical pasitions of the two ends of the window as the window physically
rotates counterclockwise from n, f, to n, f2. The open circles and
primed notations represent the apparent positions of the two ends
of the window, which is perceived to rotate clockwise from n{ f te
n} fi. The physleal visual angles subtended by the window are «,
at n1, f, and o, at n, fy.

process. In addition, the same factors of perceived dis-
tance and perceived direction are expected to determine
the perceptions of object orientation, whether illusory per-
ceptions of orientation and rotation using a trapezoidal
window, or accurate perceptions of arientation and rota-
tion using a rectangular window, are produced.

Other phenomena associated with misperceptions of
orientation explained by exclusively considering the per-
ceived directions and perceived distances of the points or
parts of the display, together with the observer’s infor-
mation of a constant or changing position of the head, are
illustrated in Figure 6. The drawing of Figure 6A repre-
sents a situation in which an object physically oriented
at ef but perceptualty at an illusory orientation e'f’ (for
whatever reason) is viewed while the head is physically
moved, repetitively, left and right through a perceived
distance K'. The distance information producing the iltu-
sory perception of orientation might be misleading per-
spective cues (e.g., a trapezoidal window), or mislead-
ing cues of binocular disparity, or any other source of
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error in perceived depth combined with substantially ac-
curate perceptions of direction. At Head Position 1, the
object appears at e} f] and at Head Position 2, it appears
at 3 f1. Thus, point f' appears to move a lateral distance
Wt in the same direction as the head motion, and point
e’ appears to move a lateral distance W, opposite to the
direction of the head motion. If the perceived directions
to e and fare accurate, as is suggested in this case by the
solid direction lines, then the illusory apparent rotation
of the extended object, as indicated by the dashed lines
and the angle ', is due to the error in the perception of
depth. The same errors of orientation, e} ! or e} f3, also
can occur when the display is viewed statically—that is,
with the head physically stationary at different times at
head Position 1 or 2, respectively. However, the change
in the perceived orientation of ef, occurring in Figure 6A
between Position 1 and Position 2, will be the same us-
ing static or dynamic conditions of observation only if the
perceived error in depth is the same in the two conditions,
When the head moves left and right between Positions
1 and 2, the situatjon contains the cue of relative motion
parallax. If this depth cue, which is not present when one
is observing statically from Position 1 or 2, is effective
to a significant degree, it will result in a reduction in the
apparent rotation (3') of ef for the dynamic as compared
with the static condition. Such a result, however, would
remain consistent with the phenomenal geometry deter-
mined by the factors of perceived direction, perceived dis-
tance, and the observer’s awareness of being stationary
or moving,

The drawing of Figure 6B represents the same errors
in the perceived orientation, ef’, of an object, ef, extend-
ing in depth, as in Figure 6A. In this case, however, the
observer always is physically stationary and the extended
object physically moves left and right, repetitively,
through a perceived lateral distance, M', with M’ equal
to the perceived head motion X' in Figure 6A. The near
point e appears to move through K’ + W, and the far point
S through K'— W} where W, and W} are the same in
Figures 6A and 6B. If these perceptual conditions occur,
it follows that the perceived rotation, 8', will be the same
in the situations of Figures 6A and 6B. Again, if the ex-
tended object in Figure 6B is seen only when it is at the
right or at the left physical position (static stimulus con-
dition) instead of during the right or left motion of the
points (dynamic stimulus condition), the perception of
orientation e; f; and e; f; will be the same as in the dy-
namic condition, but only if the cue of relative motion
parallax in the dynamic condition is ineffective, Experi-
ments have been conducted to compare the results from
such static and dynamic conditions (Gogel & Tietz, 1990),
In this case, illusory orientations ¢} f{ and e} f; of the ob-
ject, similar in principle to those of Figures 6A and 68,
were produced by binocular disparity using a polarizing
stereoscope. It was found, from an analysis of variance
involving the situations of both Figure 6A and Figure 6B,
that the illusory rotations 3’ were not significantly differ-
ent (at the .05 level) when the terminal (right or left)
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i y cived angle @' between changes
Figure 6. Top vlew drawings illustrating the perceive

in Iilge“apparen[:nrienlntlun of an abject ef as o result of viewing the ohject nlithe
iilusory oricntations e} f1 and &3 3. In Figure 6A, the object is physically station-

ary and is viewed while ¢

he head is moved through a sensed laterat distance X',

i distance S’ equal
6B, the ohject is moved iaterally through a percelve ' .
}: FF(l'gll:xr;‘igure 6A. {t is likely, under these conditions, that 3 in the situntions
represented by Figure 6A and Figure 6B will be equal.

positions of the display relative to the head were lviewed
statically as compared with viewing the same lcrlpinal po-
sitions during continuous head or Stll‘l]ullll‘.i motion. Nor
from this analysis were the 3’ values sigmhcunuy dlf: ter-
cnt (at the .05 level) when the results from the situations
of Figures 6A and 6B were compared. It secms tlhat. lor
both the static and the dynamic conditions, the iliusory
rotations obtained in the situations of Figure 6 can b(? un-
derstood (assuming that the obscrver is awarc of his or
her own motion or lack of it) solely in terms of the sen-
sory cues determining the perceived directions and per-
ceived distances of the parts of the stimulus.
An object that produces illusory mplior? identical in prin-
ciple to the phenomena illustrated in Figures Sand 6is
a transparent face mask reversible in depth (see Gregory,
19703, The illusory motion of the face maskl is shown in
Figure 7 for the case of a physically stationary mask
viewed monocularly by an observer laterally moving l‘hc
head between Positions | and 2. As is shown in Fig-
ure 7A, the mask is physically oriented with the nose
pointing away from the observer, but the mask appears
inverted; for example, the nose appears to be pointing
toward the observer, Thus, the perceived depth (ef') qf
the parts of the mask is opposite in direction to thlc physi-
cal depth (ef) of these same paris. Figure 7B diagrams
the apparent rotation 8° of this physically stationary nms.k
as the head of the observer moves laterally, The similari-
ties between Figures 6A and 7 are obvious. An illusory

horizontal rotation of the mask also will be seen if the
observer is stationary and the mask is physica‘lly moved
laterally, or an illusory vertical rotation is seen if the mask
is slanted physically in depth toward or away from a sta-
tionary observer. The latter pereeptions .nlso are very
likely to be understood in terms of ])crccwcq distance,
perceived direction, and the observer’s pereeption of sell-
motion or stationariness.

Additiona! demonstrations of illusory motions ol ex-
tended stimuli that reflect the contribution of the basic fac-
tors involved in phenomenal geometry are available, I1-
lusory motions similar in principle o those illustrated in
Figures 5-7 can be scen when perceived depth is in er-
ror, using a Necker cube, or a Mach folded card, or a
stereogram. A colleague, Jack Loomis, has called my at-
tention to a demonstration likely to be of the same kind.
A strip of white paper fashioned into a short tube a'nd
placed upright on a surface will sometimes be seen as in-
verted in depth if it is viewed monocularly. When this
ocenrs, the tube will appear to be tilied at a shallm\f an-
gle with respect to the surface, rather than appear upright.
Movement of the head will cause the tube 1o appear to
wobble. Interesting effects also are obtained if the tupc
at its illusory orientation is rolled on the surface |wh1Ic
viewed with a stationary head. 11 a stercokinetic dlSpla.y
such as Duncan's *'Leaning Tower'' (Duncan, 1975} is
monocularly viewed during its rotation, it w'ill appear
vividly to be extended in depth, with the motion of the

Physical

Apparent

Figure 7. The effect of a perceptual reversal of the depth of a face
mask (Figure 7A) on the llusory rotation 3’ of the mask concomi-
tant with a lateral motion of the head (Figure 7B). Similar effects
are obtained if the head is stationary and the mask is moved (simi-
lar to Figure 6B) or the mask is stationary while viewed with a mov-
Ing head (similar 1o Figure 6A). The perceptions can be explained
by the correct perception of the directions to the parts of the mask,
the correct perception of the observer’s own motion, and the illu-
sory perception of depth within the mask.

tower tracing an inverted cone around the observer's line
of sight to the base of the tower. If, instead of viewing
the display from a position directly above the base of the
tower, the head is located to the right or left, the axis of
the cone of perceived rotation will change so as to remain
symmetrical to the observer’s line of sight, illustrating
the effect of varying perceived direction for a constant
error in perceived distance. Whatever the cause of the er-
ror in perceived depth in the stereokinetic phenomenon,
that error plus perceived direction and the apparent posi-
tion of the observer will predictably determine what is
perceived, consistent with phenomenal geometry,

Still further displays for which the theory of phenomenal
geometry has implications are the changes in the perceived
otientation of pictured objects designed to look three-
dimensional (Cutting, 1988; Ellis, Smith, & McGreevy,
1987, Goldstein, 1979, 1987, 1988) as a consequence of
changes in the viewing position of the observer. Such
phenomena are obviously related or identical to the orien-
tation in perceived depth associated with realistic pictures
of a face, or to the orientation in perceived depth between
parts of a stereogram, or o the description of the orien-
tation of the cone of perceived movement of a stereokinetic
display. As discussed in relation to Figures 5, 6, and 7,
the perceptions associated with distance, direction, and
observer position or motion are sufficient to specify the
perceived orientation of either real or simulated stimuli
as found either in two-dimensional drawings or pictures,
or in three-dimensional displays. For example, in Fig-
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ure 7, the perceived direction in which the portrayal of
a face appears to be pointing relative to the observer in-
volves the same processes, whether it is a realistic two-
dimensional portrait or actually a three-dimensional
replica in an illusory or a nonillusory orientation. The
magnitude or changes in direction of the perceived orien-
tation in depth af the stimulus in these several cases will
differ as the head or the stimulus is moved, but the pro-
cesses underlying these phenomena are expected to be the
same, consistent with phenomenal geometry.

It is asserted that all of the above phenomena involy-
ing single or multiple test objects or objects extended in
depth can be understood in terms of the theory of phe-
nomenal geometry. Also, consistent with the theory, if
in addition to the illusory rotations, the entire stimulus
configuration appears closer to or farther from the ob-
server than its physical distance, the entire configuration
will appear to move laterally with or against the motion
of the head.

SUMMARY OF THE EVIDENCE FOR
THE THREE BASIC FACTORS
IN PHENOMENAL GEOMETRY

The contribution of perceived distance or depth to the
perceptual localization of stimuli in phenomenal geome-
try is well established. Using the head motion procedure,
it has been found that distance or depth cues that would
be expected to modify perceived distance will also, as
predicted from phenomenal geometry, modify the illusory
translation (W') or illusory rotation (') concomitant with
a motion of the head. In practice, the procedure has been
simplified by assuming that the conditions are such that
Equation 2 can be used. According to Equation 2, for
known values of X and Dy, D' can be calculated from
the observer’s indication of W', Or, D; can be adjusted
by moving the test object physicaily (W) in a direction
(phase) opposite to its apparent motian (W') until W’ is
nulled (W' = Q). When this is achieved, it follows from
Equation 2 that Dp = D'; that is, D, at the null adjust-
ment is a measure of the perceived distance (D), Results
obtained using the head motion procedure have been ap-
plied to the measurement of perceived depth or distance
from oculomotor cues of convergence and accommoda-
tion (Gogel, 1977, 1982), perspective (Gogel & Tietz,
1974), relative size (Gogel, 1976), binocular disparity
(Gogel, 1980) the specific distance tendency (Gogel &
Tietz, 1973), the equidistance tendency (Gogel, 1979a;
Gogel & Tietz, 1977), familiar size (Gogel, 1976), and
absolute motion parallax (Gogel & Tietz, 1979). The im-
portance of perceived direction for the geometry also is
supported by the effect on ¥" in Equation 2 of changing
the pivot distance independently of the apparent distance,
as in the case of the null adjustment (Gogel, 1976, 1977,
1979a, 1982; Gogel & Tietz, 1974, 1979; MacCracken,
Gogel, & Blum, 1980). The extent of the lateral motion
of the head also has been found to be a significant factor
in determining W', as was demonstrated by the change
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in the magnitude of the illusory motion, as a consequence
of a change in the magnitude of the heaq motion, for a
constant perceived distance (Gogel & Tietz, 1977).

OTHER EXPLANATIONS OF THE PERCEIVED
ROTATION OF MULTIPLE OBJECTS
OR OBJECTS EXTENDED IN DEPTH

The VOR theory cannot explain the illusory rotation
of stimuli extended in depth concomitant with head mo-

tion. An illusory rotation significs that different parts of

the object appear to move simultancously in opposite
directions, whereas only a perception of motion in one
direction can occur at any one time from pursuit eye
movements,

Another explanation of illusory rotation concomitant
with head motion is that it is a direct response to relative
motions on the retina (for discussions of this problem,
see Gogel, 1981a, 1983; Peterson & Shyi, 1988; Shebilske
& Proffitt, 1981, 1983), Whenever stimuli are distributed
in depth, their images on the eye will undergo different
motions as the head is moved laterally. But these reti-
nal motions are not sufficient to determine the perceived
illusory rotation, as is shown by keeping the same physi-
cal stimuius distribution in depth while varying the per-
ceived depth. In this case, the perceived rotation, accord-
ing to phenomenal geometry, will change systematically

and predictably as the perceived depth is changed (Gogel,
1980). Two situations illustrating this prediction are
shown in Figure 8. In this figure, a physically stationary
rod at a constant physical slant in depth is perceived at
a different illusory slant in Figures 8A and 8B, As a con-
sequence of the different errors in perceived depth in the
two situations, the apparent rotation shown by the angle
A" is predictably different in the two cases. This is ex-
peeted to oceur, according to phenomenal geometry, even
though the retinal motion of the top (¢} relative to the bot-
torn (b) of the rod, as determined by the physical slant
of the rod, is identical in the two instances. In Figure 8A,
the direction of the apparent rotation of the rod (although
not the amount) is consistent with that expected exclu-
sively from the retinal motion. In Figure 8B, neither the
direction of apparent rotation of the rod nor its apparent
amount is predictable exclusively from the retinal motion.
That results consistent with these predictions from phe-
nomenal geometry are obtained has been shown in the
study by Gogel (1980) of this phenomenon, The predict-
ability from phenoinenal geometry of these apparent rota-
tions obtained with a moving head provides clear limita-
tions of the ability to understand the geometry of perceived
space from retinal {or reafference) information without
considering the role of perceived depth or distance.
Stercograms, because they produce an illusory depth
between parts of the display, provide another example of

Figure 8. Appareat illusory rotation concomitant with « Iateral motlon of the
head of a line (b) slanted i depth, with ¢ physically more distant than b. In
Figure §A, the percelved slant is in the same dircetion as the physical slant but
is greater in magnltude, and the apparent cotation (') of the line s consistent
in direction (but not In magnitude) with that expected solely from the relative motion
on the retlna, In Figure 8B, the percelved stant of the line Is In a dircetion oppo-
site 1o the direction of the physical slant, and the apparent rotation ' of the line
is oppesite to that expected solely from the direction of the relative motion an the
reting, (From “The Sensing of Relinal Motlon” by W. C. Gogel, 1980, Perception
& Psychophysics, 18, p. 157, Copyright 1980 by The Psychonomle Society, Inc.

Reprinted by permission,)

the apparent rotation illustrated in Figures 6A, 7, and 8
and obtained as the head is moved laterally. Rock (1983)
has classified this and the similar apparent rotation ob-
tained with an apparent depth inversion of a Necker cube
as cases of perceptual intelligence. It is as though the per-
ceived depth generates certain expectations of stimulus
changes on the retina as the head is moved. Since these
changes do not occur or are inconsistent with the expec-
tations, a reasonable conclusion is that the scene must have
rotated in the direction required in order to produce the
stimulus changes obtained. As stated by Rock (1983): *‘It
would seem that the perceptual system ‘knows’ certain
laws of optics that normally obtain and then ‘interprets’
seeming departures from these laws in such a way as to
be compatible with them. In doing so, it invents or con-
structs environmental events that logically would have to
be occurring to account for the unexpected stimulus
change or lack of change’” (pp. 10-11). According to the
phenomenal geometry explanation favored in the present
article, the only requirement for explaining these phe-
nomena is that the object or parts be localized in percep-
tual space by whatever information is effectively avail-
able to determine perceived direction, perceived distance,
and the observer’s perception of self-motion or station-
ariness. The same localization processes—and, therefore,
the same explanation—apply whether either the observer
or the stimulus is moving or stationary and whether the
perception of direction and/or depth is veridical or grossly
in error. Knowledge of the laws of optics by the percep-
tual system is not needed.

Wallach (1985, 1987) explains the perception of illu-
sory rotation of a stationary object as viewed by a later-
ally moving observer in terms of compensation processes.
Consider the situation in which a stationary object that
is physicaily three-dimensional is viewed as the observer’s
head moves laterally, The changes in the position of the
head resuiting from the lateral motion will produce
changes in the image of the stalionary object on the ret-
ina. But, because the observer has knowledge of his own
motion, these changes will not result in the perception that
the object has rotated. The information about the motion
of the head compensates for the changing proximal stimu-
lus, so that the object is perceived to remain stationary.
Suppose, however, that instead of an actual three-dimen-
sional object, a realistic two-dimensional drawing of the
three-dimensional object is presented such that the object
is perceived to be three-dimensional. In this case, as the
observer's head moves laterally, the retinal image of the
drawing undergoes little, if any, change. But the com-
pensation will still be applied, resulting in the perception
that the object has rotated.

A limitation of compensation theory in explaining illu-
sory or lack of illusory rotation as the head is moved later-
ally is that it does not take into account the role of errors
in perceived depth in these phenomena. For example, in
the case just cited, a more exaggerated illusory rotation
of the object for the same perceived depth would have
been obtained, according to the theory of phenomenal ge-
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ometry, if a physically three-dimensional but perceptu-
ally depth-inverted object had been used instead of the
two-dimensional drawing. It is difficult 1o see how (hese
phenomena can be explained without considering the nuy.
nitude and direction of errors in perceived depth. This
limitation in the theory remains if the process of com
pensation expressed by the reaffercnce principle (von
Holst & Mittelstaedt, 1950) that normally is applicd 1o
eye movements is extended to situations involving a muo
tion of the head. The reafference principle is designed 1o
permit the observer to distinguish between proximal
changes produced by the observer's own motion
changes produced by motions of the physical stimulus,
When a lateral motion of the head is involved, it is obvi.
ous from the previous discussion that the ability to per
ceive a stationary object as stationary despite retinal mo-
tion will depend on the perceived distance of and perceived
depth within the stimulus object, in addition to infornu
tion about perceived directions and the observer's owa
motion. Indeed, it is unlikely, in the absence of a back.
ground environment, that the observer can discrimine
between illusory and real motion or rotation of a tes
stimulus. Evidence that real and illusory motion can be
perceptually equivalent is found in (1) studies that show
that illusory motion concomitant with head motion can
be nulled out by real motion (Gogel, 1977, 1979a, 19815,
1982; Gogel & Tietz, 1979; MacCracken et al., 19803,
{2) studies in which the illusory and real motion add vec-
torially (Gogel, 1979a; Gogel & Tietz, 1979), and (3) a
study indicating the inability to distinguish perceptually
between a real and an illusory rotation of a Necker cube
{Peterson & Shyi, 1988). Particularly difficult for cither
a compensation theory or a theory according to which per-
ception is similar to problem solving is the similarity vl
perceived differences in stimulus orientation that can w-
cur with static and dynamic stimulus/observer conditions,
as has been discussed with respect to Figure 6. Inthe vase
of the static stimulus/observer conditions, compensition
from observer motion is not available, nor is there a
problem to solve.

HYPOTHESES IN APPLYING THE
THEORY OF PHENOMENAL GEOMETRY

The Hypothesis of Cue Equivalence

In the interest of predictive parsimony, it is assumwd,
in applying the theoty of phenomenal geometry, that the
factors of perceived direction, perceived distance, or the
observer’s sensing of self-position will have the same con-
sequences for the perceived localization of stimulus points
and, hence, for the derived perceptions of size, shape,
orientation, and motion, regardless of which sources of
information determine these perceptions. For example,
the perceived width (§") of a stimulus extending between
two perceived directions (8) will have the same relation
to perceived distance (D'), regardiess of whether the per-
ceived distance is determined by one or another of the
binocular or monocular cues of distance or by any other
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factor capable of modifying perceived distance, such as
the effect of adjacent context (Gogel & Mershon, 1977,
ot the allocation of attention (Gogel et al., 1985). Simi-
larly, the effect of perceived direction on the derived. per-
ceptions will be the same, whether the perceived dlrec:
tion is modified by pursuit eye motions or by the Roelo_fs
effect (1935) or by any other factor, as long as the modifi-
cation is indeed perceptual. This hypothesis, called the
hypothesis of cue equivalence or cue substitution, has the
effect of making the phenomenal geometry very par-
simonious. Perception is the final channel through which
a variety of effects or cues are funnecled to produce a par-
ticular perceptual outcome. But this same perceptual out-
come can be produced by the appropriate values of any
other effective set or mixture of cues or other sources of
perceptual information.

There are at least threc kinds of evidence for the
hypothesis of cue equivalence—evidence, that is,- that
different sources of information or cues can contribule
to or determine the same perception. One kind results
from a procedure for measuring the perceiveq distance
of or depth between parts of the visual field, This m;lhod
consists of adjusting a probe object (often a luminocus
point) to appear at the same distance as the parts of the
visual scene of interest (Deregowski, 1980; Gogel, 1954,
1970; Gogel & Harker, 1955; Gregory, 1968). The probe
object may utilize cues of distance different from those
found in the portion of the visual field to which the probes’
perceived distance is adjusted. Or a comparison field,
again involving a configuration of distance or depth cues
different from those found in the test object, may be used

to measure the perceived distance of the test object (lttel-
son, 1952, chap. 7). A second kind of evidence is the abil-
ity of two motions involving different sources of perceived
motion {¢.g., real and illusory) to add vectorially (Gogel,
1979a, 1979b; Gogel & Tietz, 1977; Wallach, Bacon, &
Schulman, 1978, Wallach & Frey, 1969). Under these
conditions, the visual system presumably accepts both
sources as contributing to the same perception. A third
kind of evidence is found in situations in which the per-
ception represents a compromise between conflicting cues
(Gillam, 1968; Gogel, 1970; Ittelson, [968; Schriver,
1925 van der Meer, 1979}, In these situations, the differ-
ent sources contribute to the same final perception, which
quantitatively is often unlike the perception expected from
either source alone. A somewhat more elaborate discus-
sion of the cvidence for the assumption of cue equiva-
lence is found in Gogel (1984, pp. 32-36).

The Hypothesis of Internal Consistency

A second hypothesis involved in the theory of phe-
nomenal geometry is that the geometry is internally con-
sistent. Internal consistency requires that the perceptions
of size, shape, orientation, and motion that are derived
from perceived spatial locations defined by perceptions
of direction, distance, and self-position must be consis-
tent with those perceived spatial locations. Examples of
responses (R) obtained from a stationary observer that
would indicate internal consistency or inconsistency, if
they were interpreted as measuring perceptions, are con-
trasted in Figure 9. In Figure 9, an observer presented
with a rectangular stimulus at some distance is instructed
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Figure 9, Drawings contrasting internnl consistency (Figure %A) nnd a inck
of internal conslstency (Figures 9B and 9C) in the ohserver's reports (R) of the
visual angle Oy, the distance Dy, and the size Sk of the stimulus object. Unlike
the situation of Figure 9A, in Figures 91t and 9C, the reported stze of the stimu-
lus is too large or too small, respectively, to be consistent with the reported visual
angle of the stimulus at its reported distance,

to indicate its perceived distance D', perceived size §',
and the change in perceived direction 8’ between its top
and bottom. The observer's responses (R) are labeled Sk,
Dy, and fg. Assuming that these responses are measures
of what is actually perceived, in Figure 9A, since Sz/Dr
= tanfy, it follows that §'/D' = tan#’, in agreement with
a strict form of the SDIH. It can be concluded in this case
that the phenomenal geometry is internatly consistent. In
Figures 9B and 9C, however, Sg/Dp # tanfg; that is,
Sgr does not fit the extent specified by the combined in-
formation given by Dy and 8g. If it can be assumed that
the responses shown in Figures 9B and 9C also measure
perceived characteristics, it can be concluded, in disagree-
ment with the strict form of the SDIH, that §'/D" # tang’.
In these cases, the hypothesis of internal consistency in
the phenomenal geometry is violated. It is seldom that
responses measuring all three perceptions (', D', and §')
are obtained in experiments. However, it is not unusual
to find instances often similar to those indicated by Figures
9B and 9C, in which the strict form of the SDIH exem-
plified by Figure 9A and Equation 6 and needed for phe-
nomenal internal consistency is not satisfied (see Epstein
& Landauer, 1969; Foley, 1968, 1972; Gogel, 1977,
Gogel et al., 1985; Gogel & Sturm, 1971).2

A still more extreme case in which the strict form of
the SDIH is not always consistent with the obtained
responses is called the size-distance paradox. This para-
dox is clearly inconsistent with the requirement of inter-
nal consistency in the phenomenal geometry if, indeed,
the measurements obtained in this paradox are purely per-
ceptual. In the size-distance paradox, objects of the same
shape (same possible identification) and subtending the
same visual angle are presented at different distances from
the observer, often with oculomotor cues being the only
source of distance information. It is found that although
the change in the perceived size of the test object is con-
sistent with its change in physical size, as is expected from
the SDIH, the change in its perceived distance is not con-
sistent with the SDIH (Biersdorf, 1966; Heinemann, Tul-
ving, & Nachmias, 1959; Komoda & Ono, 1974; Ono,
Muter, & Mitson, 1974). ‘Another example of this para-
dox is the moon illusion, in which the horizon moon ap-
pears larger than the zenith moon but often is reported
as being closer not farther than the zenith moon (as would
be required by the SDIH and by internal consistency). A
study by Swanston and Gogel (1986) provides another in-
stance of results grossly inconsistent with the SDIH. A
luminous line viewed monecularly in an otherwise dark
environment was made to increase or decrease in length
so as to represent approach or recession from the ob-
server, Although the expected changes in perceived depth
were obtained, it also was found that the perceived length
of the line changed by amounts approximating its change
in angular length. This result is inconsistent with the
SDIH. To the degree that the line appeared to approach
or recede, to that degree its perceived size should have
appeared to remain more constant than would be expected
from its changing visual angle.
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EXPLANATIONS FOR SEEMING FAILURES
OF INTERNAL CONSISTENCY IN
PHENOMENAL GEOMETRY

There are several possible explanations for these seem-
ing failures of internal consistency in the phenomenal ge-
ometry, as they are illustrated by failures of the SDIH.
Using binocularly viewed points of light in an otherwise
dark room, Foley (1972) found that observers adjusted
a frontal extent to be about one half as large as its dis-
tance from the observer in order for the two extents to
appear equal. This implies that the constant of propor-
tionality in the SDIH relating §/D' and tan@ is consider-
ably greater than unity. This result, together with that from
a previous study (Foley, 1963) in which it was found that
perceived visual angle usually exceeded physical visual
angle by about only 10%, suggested that the intrinsic ge-
ometry of visual space was non-Euclidean. It was found,
however, that subjective space became more Euclidean
as distance information was increased (Foley, 1972).
Also, it should be noted that the values of the constant
of proportionality in the SDIH obtained in various experi-
ments can vary considerably for different observers and
different procedures, with this value possibly becoming
less than one for quite small values of 8 (Gogel, 1977,
Gogel & Sturm, 1971; Landauer & Epstein, 1969). But,
whether the phenomenal geometry is described as Euclid-
ean or as non-Euclidean does not remove the need to con-
sider the geometry in terms of the three basic factors of
perceived direction, perceived distance, and the perceived
motion or stationariness of the observer.

McCready (1965, 1985, 1986) has advocated that the
perceived visual angle (0') be used instead of the physi-
cal visual angle (9) in the SDIH. Furthermore, McCready
(1985, 1986) has proposed that the size-distance paradox,
including the paradox of the moon illusion, can be ex-
plained in terms of variations in '. This explanation would
be plausible if sufficiently large changes in 8" (despite the
constant 8) eccurred in the object misjudged in distance
in the size-distance paradox. Similarly, if the 8 of the
moon on the horizon in the moon illusion were sufficiently
larger than the §' of the zenith moon, the paradox pro-
duced by the report that the horizon moon is seen as both
larger and nearer than the zenith moon would be resolved,
and in both cases the seeming inconsistency with respect
to the SDIH and phenomenal geometry would disappear.
Unfortunately, there is no evidence that the needed
changes in ¢’ do occur.

A third explanation of the internal geometrical incon-
sistencies indicated by failures of the SDIH is the modifi-
cation of the results by cognitive (nonperceptual) factors.
One such factor that has been identified is called off-sized
Jjudgments (or off-sized perceptions).® This is the notion
that an object seen to be larger or smaller than its assumed
or standard (normal) size is judged to be at a nearer or
farther distance, respectively, than the distance at which
it is perceived. Let S; be the remembered size of the stan-
dard (5). Let S( be the perceived size §’ of the test object
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(1) being viewed. Off-sized judgments occur whenever the
ratio of the assumed size ($;) provided by experience with
a standard size and the perceived size {S7) of the test ob-
ject differ—that is, whenever §./8 # 1, where 8;/8 is
the inverse of the off-sized judgment. For example, if a
playing card with a standard size of 3.7 X 8.9 cm is seen
to be 2.35 X 4.45 cm in size, it is seen as a half-sized
playing card (Ss/5; = 2). Since the standard or normal-
sized playing card is customarily seen at various distances
from the observer, it provides only a standard size, not
a standard distance. Some standard objects provide both.
For example, for a test object presented in the size-
distance paradox, the standard size (Ss) is the memory of
the perceived size of the object of the same shape pre-
sented first, and the standard distance (£2;) is the memory
of the perceived distance of this first presentation. The
standard size Ss and the standard distance D5, when ap-
plied in determining the observer’s response to the test
object, are considered to be cognitive. They both involve
the storage and retrieval of an internal (mental) represen-
tation associated with the standard object.

The equation for calculating the observer’s frequent
response to distance (Dr}, when the observer is presented
with a test object that is judged to be off-sized and for
which a standard distance is not available, is

Dr = D{ (5/8) (8)

In Equation 8, D is the perceived distance of the test
abject and Dx is the observer's response of the distance
of the test object reflecting the effect of the off-sized judg-
ment. In a situation such as the size-distance paradox or
the moon illusion, in which a standard distance (D) as
well as a standard size (S) is available from memory, the
remembered value of D; is likely to be used by the ob-
server in place of Dy, and Equation 8 then becomes

Dgp = D (SS'{S;) (9)

The consequences of Equation 8 for the SDIH and thus
by implication for the hypothesis of internal consistency
of phenomenal geometry are discussed in several articles
(Gogel & DaSilva, 1987a, 1987b; Gogel & Sturm, 1971;
Swanston & Gogel, 1986) and will only be summarized
here. As a hypothetical example of the effect of an off-
sized judgment on the response to distance Dy that is con-
sistent in principle with the results from several studies
(Gogel, 196%a; Gogel & DaSilva, 1987a; Gogel & New-
ton, 1969), consider the case of a familiar object (e.g.,
a guitar of normal size) located 9 m from an observer and
viewed monocularly in a dark cnvironment, In this case,
it is likely that the guitar will appear to the observer to
be at a closer distance, perhaps at about 3 m. This error
is considered to be a consequence of the “*specific dis-
tance tendency,’’ which, in the absence of effective

egocentric cues of distance, resuits in an object’s appear-
ing at a relatively near distance from the observer, regard-
less of its physical distance (Gogel, 1969b; Gogel & Tietz,
1973). Because the guitar appears at about one third of
its physical distance, in agreement with the SDIH, it will

be seen to be about one third the size of a normal guitar,
such that 5:/5! is about 3. The abserver's report of dis-
tance Dy, however, ofien will deviate from the perceived
distance toward the physical distance of the guitar as a
result of the off-sized judgment, If the off-sized judgment
were to completely determine the verbat report (usually
the effect is only partial), the report of distance would
be accurate; that is, Dg = 3 mt: 3 = 9 m, according to
Equation 8. As is indicated by this example, the useful-
ness of this cognitive process resulting from off-sized
judgments is that the verbal report of distance can be more
accurate than it would have been had it been based ex-
clusively on the erroncously perceived distance. But, it
seems that the observer, when asked to judge the perceived
size of the familiar object, oftcn responds with the size
as it is perceived rather than with the familiar size. The
combination of perceived size and cognitively modified
Dy produces sceming variations in the constant of propor-
tionality relating $'/D* and tan § in the SDIH. Results of
this kind are consistent with data obtained by Gogel
(1969a) and Gogel and DaSilva (1987a).

As is suggested by the discussion of the size-distance
paradox, off-sized judgments are not limited to familiar
objects. They can occur in any situation in which a stan-
dard size is remembered as different from the size of the
test object. Coltheart (1968) and Gogel and Sturm (1971)
have proposed that test objects such as a disk or rectangle
that have a range of physical sizes nevertheless often tend
to have an assumed or standard size. The ranges of such
““nonfamiliar’’ objects generally are greater than those
of more **familiar’* objects, such as a guitar, so that the
judgment that the disk or rectangle is off-sized is likely
to be less precise than in the case of the guitar. Neverthe-
less, off-sized judgments with plain geometrical objects
seem to occur. This is supported by the study of Gogel
and Sturm (1971) in which it was found, cven on the first
presentation of a rectangle viewed under reduced condi-
tions, thal substantial deviations from unity occurred for
the proportionality constant relating $'/D" and tanf. These
deviations were explained by the effect of off-sized judg-
ments. Consistent with this interpretation, it is sometimes
found that the reported distance of the first presentation
of a large gcometrical stimulus is less than that of a small
geometrical stimulus, even though a successive compari-
son between the stimuli is avoided (Coltheart, 1968, Ex-
periment 5; Gogel & Sturm, 1971). If it is possible for
off-sized judgments to occur with any frontal extent, the
results obtained by Foley (1972} might be explained by
Equation 8 and by the notion that the frontal extent, be-
cause of its large ofl-sized appearance, was judged to be
closer than it would if it were not judged as off-sized and
that this occurred without a proportionate change in its
perceived visuat angle. IT this were found to be the case,
ant explanation in terms of non-Euclidean gecometry would
be unnccessary.

Off-sized judgments also have been applied as an ex-
planation of the failure of the SDIH to predict the Dr
results obtained in the optical expansion of a luminous

line presented in an otherwise dark environment (Swan-
ston & Gogel, 1986). It was assumed that the perceived
size of the initial presentation in the expansion series
provided the standard size 8; for judging the subsequent
stimuli in the expansion as continuously larger off-sized
objects. Equation 9, which involves the memory of both
a standard size, §;, and a standard distance, 1, is designed
to predict the reports of distance Dg obtained from the
size-distance paradox. In this case, the Ss, to be used in
the off-sized judgment of the test object, is the memory
of the perceived size of the identically shaped standard
object presented previously; Ds is the memory of the per-
ceived distance of this standard object; and S is the per-
ceived size of the test object presented second. For the
moon illusion, in which the horizon moon is reported to
be larger and closer than the zenith moon, in Equation 9,
Ss and Dy are the remembered size and distance of the
zenith moon, and §; is the perceived size of the moon on
the horizon,

According to this account, the internal congistency of
phenomenal geometry can be disturbed by the intrusion
of memories of the perceived size and sometimes the per-
ceived distance of standard objects observed, often repeat-
edly, in the immediate or more remote past. But, if this
seeming inconsistency is only found in the responses and
not in the perceptions, which the responses are intended
to measure, the phenomenal geometry itself cannot be said
to be disturbed. Clearly, off-sized judgments contain a
cognitive component that makes their possible contribution
to the response of size inappropriate for an examination
of the SDIH, which is concerned only with perceived
characteristics. It is of interest, however, whether off-
sized perceptions under any conditions can modify the per-
ception of distance or, as in the example of the guitar,
can modify only the judgment of or response to distance,
with the actual perception of distance unchanged. This
question is considered in three studies discussed in Gogel
and DaSilva (1987b). To examine this question, measures
of perceived distance, using the head motion procedure
of Figure 1A and Equation 2, were compared with more
direct measures of perceived distance, such as verbal
reports. Unlike direct measures, the head motion proce-
dure is assumed to be essentially immune to cognitive in-
trusions based on off-sized judgments. 1t was found
(Gogel, 1981b) that information leading to off-sized judg-
ments of the test object, provided by presenting large or
small examples of familiar objects of the same shape as
the test object, had no effect on perceived distance as
measured by the head motion procedure. But, such infor-
mation had a large effect on verbal reports of the distance
of the test object. If, however, the information determin-
ing the familiar size was contained in the test stimulus
(i.e., the test object was a familiar object), it had a small
effect on perceived distance as measured by the head mo-
tion procedure, but it had a large effect on the verbal
report of distance (Gogel, 1976). In the case of optical
expansion (Swanston & Gogel, 1986, Experiment 3), it
seems that the off-sized judgments hypothesized to occur
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had a clear effect on both indirect measures of perceived
sagittal motion obtained with the head motion procedure
and direct sagittal measures obtained from adjustments
of the separation of comparison rods. If it can be assurned
that the perceived and physical visual angle were approx-
imately equal in Experiment 3 of the Swanston and Gogel
study, the results suggest that at least under rather spe-
cial conditions a cognitive process can disturb the inter-
nal consistency of phenomenal geometry. Effects super-
posed on the primary (phenomenal) process by cognitive
factors, such as off-sized judgments, whether or not they
modify perceived distance, are called the secondary
process. The secondary process normally tends to reduce
systematic errors found in the primary process and caused
by limitations in sensory information. Such limitations oc-
cur in reduced conditions of observation, or at far dis-
tances, or for isolated stimuli. As suggested by Equations
8 and 9, the primary process provides a basis for the
secondary process. The contribution of the secondary pro-
cess necessarily decreases, however, as the primary pro-
cess becomes the main determiner of the response,

Day and Parks (1989) have recently discussed the
problems presented by a number of paradoxes. It seems
difficult to achieve general laws of visual perception in
view of the seeming inconsistencies demonstrated by the
paradoxes. For example, the SDIH clearly is necessary
for the explanation of many phenomena. But, also, it fails
to explain other (e.g., paradoxical) data to which it might
be expected to apply. Hopefully, the distinction between
primary processes, as defined by phenomenal geometry,
and secondary processes, involving cognitive effects, can
contribute to the resolution of some of these difficulties.
The combination of the two different processes, since they
sometimes follow different rules, can result in data that
seem paradoxical. The study of the modification or dis-
tortion of responses by cognition is in its early stages.
1t is possible that, through investigation of a number of
these paradoxes, the distinction between perceptual and
cognitive processes can be sharpened, so that the conse-
quences of cognitive effects are not confused with the
purely perceptual processes associated with phenomenal
geometry.

IMPLICATIONS OF
PHENOMENAL GEOMETRY

The Role of Perceived Distance

According to phenomenal geometry, the localization of
a stimulus in phenomenal space requires a combination
of perceived distance, perceived direction, and the per-
ception of the position or motion of the self. Only when
perceptual values of each of these factors are available
are perceptions of size, motion, orientation, or shape pos-
sible. A size or motion on the retina essentially is speci-
fied by the distribution of visual directions or changes in
visual direction produced by the parts of the stimuli at
the nodal point of the eye. Without a perception of dis-
tance, however, neither the retinal image nor the perceived
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directions associated with the parts of the retinal image
alone can produce a linear perceplion of size or motion.
Conversely, if a change in the linear perception of size
or motion occurs with the perceived directions to the
stimulus and the perceived position of the self held con-
stant, the linear change in perceived size or motion must
be attributed to a change in perceived distance. Thus, in
Figure 1A, the linear change in the magnitude and direc-
tion of the perceived motion Wy and Wy for the same 6’
and K' is the result of the difference between Dy and Dr.
Similarly, the changes in perceived lateral (linear) mo-
tion of stimuli diagrammed in Figures 2, 4, 5, 6, 7, and
8 can be understoed in terms of differences in perceived
distance for a constant change in perceived direction and
for a constant perceived motion of the observer’s head.
The research associated with Figure 8 clearly demon-
strates the inability of retinal (or directional) changes in-
dependently of perceived distances to determine the per-
ceived rotation, 8, of the stimulus. This is clear, because
' is opposite in direction in Situations A and B, whereas
the direction of relative retinal motion on the retina is the
same for the two situations. It seems unlikely from the
research associated with these demonstrations that linear
perceptions of size, motion, shape, and orientation can
be explained in any situation by perceptions determined
exclusively by the size, motion, shape, or orientation of
the retinal image.

A point of view seemingly at variance with the above
comments reflects the observation that as distance infor-
mation is increasingly reduced, either by removing cues
of distance or by withdrawing attention from the stimu-
lus, the perceptions of size and shape increasingly resem-
be the proximal stimulus. This has resulted in the postula-
tion of different modes of perception. One mode involves
a direct response to the retinal image and is not depen-
dent on perceived distance. The other is capabie of pro-
ducing size and shape constancy or, more generally, is
consistent with the requirements of the size-distance and
shape-slant invariance hypotheses (Boring, 1946; Epsicin
& Babler, 1989; Epstein & Broota, 1986; Epstein &
Lovitts, 1985; Holway & Boring, 1941; Mack, 1978,
Rock, 1977, 1983). In terms of the theory presented in
this paper, a seeming regression toward the proximal
stimulus and, thus, toward independence from perceived
distance as cue effectiveness is lessened either by cue
reduction or by withdrawal of attention is misleading
(Gogel & DaSilva, 1987b; Gogel & Sharkey, 1989). In-
stead of indicating independence from perceived distance,
such results indicate only that the stimuli are perceived
as displaced toward a constant perceived distance defined
by the specific distance tendency and/or the equidistance
tendency. The lawter tendency refers 1o the finding that

stimuli or parts of stimuli at different physical distances
increasingly tend to appear at the same distance (equidis-
tant} as information about their actual distances is increas-
ingly reduced (Gogel, 1965). Whenever stimuli are per-
ceived to be at the same distance from the observer (for
whatever reason), regardless of their physical distances,

they will appear to be essentially proportional in size and
shape to the retinal image. But, that is simply a happen-
stance of their perceived equidistance.

A perceptual aspect of stimuli, termed phenomenal ex-
tensity, is described by Rock (1977, 1983} and Rock and
McDermott {1964). Probably phenomenal extensity is
similar to, or the same as, the perceived visual angle ',
In the context of phenomenal geometry, it is important
to be able to distinguish experimentally between the per-
ception of visual angle, §’, and the perception of lincar
size, §'. A method for achieving this is suggested by Gogel
and Eby (1990). The method involves the tactile adjust-
ment of the lateral separation of two unseen posts that,
as a pair, can be positioned at different distances from
a stationary observer while always remaining in a {ronto-
parallel plane, To measure ¢ (and probably phenomenal
extensity), the observer js instructed to adjust the lateral
position of the right post until it appears to be on the direc-
tion from the observer to the right edge of the stimulus.
Similarly, the left post is adjusted laterally until it appears
to be on the direction to the left edge of the stimulus. This
is repeated with the pair of posts physically positioned
at several different distances from the observer while re-
maining in a frontoparallel plane. IF 8" is being measured,
the lateral separation between the posts resulting from
their adjustment will increase with increases in the phys-
ical distance of the pair of posts from the observer, To
measure S, the observer is instructed to separate the posts
laterally until the distance between the posts is the same
as the perceived lateral extent of the stimulus. If §” is be-
ing measured, the lateral separation of the posts should
not systematically change with a change in the distance
from the observer of the frontoparallel plane containing
the posts. The angle obtained {rom the former adjustments
is a measure of §’. The constant lateral extent obtained
from the latter adjustments is a measure of 8.

The Common Occurrence of Errors
in Percelved Distance

The theory of phenomenal geometry asserts that the per-
ceived distance of a stimulus is essential to its location
in phenomenal space. 1T it can be assumed in a situation
that 0' = § and K' = K in Equation [, it follows that an
illusery lateral motion (W') of the test object concomi-
tant with the lateral motion of the head indicates that the
perception of the distance of the test object is in error.
This relationship can be used to identify the kinds of con-
ditions in which errors in perceived distance are likely
to be found, As indicated throughout this paper, the usual
cues of distance or depth, such as convergence, binocu-
{ar disparity, or perspective, can readily be manipulated
to produce large crrors in D' as signaled by substantial
values of W', Also, errors in perceived distance can oc-
cur from less traditional distance or depth factors, such
as the specific distance and equidistance tendencies, the
distanee at which the eyes are fixated, and possibly the
distance to which attention is directed (Gogel, 1979a;
Gogel & Tietz, 1973, 1977). Several of these less tradi-

tional factors can produce clear values of W' even for sit-
uations involving distances from the observer within
which traditional cues are available and are considered
to be quite effective. Two factors likely to be involved
in producing errors in perceived distance under these con-
ditions are the equidistance tendency combined with the
distance at which the gaze is fixated. In a study by Gogel
and Tietz {1977), a vertically moving test point at a con-
stant distance from the observer was suspended in a visual
field. The flocr of the alley was covered with black cloth
containing white polka dots. The observation was either
binocular or monocular, and the cbservers fixated either
the luminous test point or a fixation object resting on the
alley floor and physically closer or farther than the dis-
tance of the test point. To measure W' in order to calcu-
late D', measures of the apparent tilt (') of the vertically
moving test point, viewed with a lateral motion of the
head, were obtained (see Figure 2B for a similar proce-
dure). The perceived distance of the test point was found
to vary directly with changes in the distance of fixation
for binocular as well as monocular observation. In other
words, the nonfixated test point was perceptually displaced
toward the perceived distance of the fixated object, and,
in the case of binocular observation, this occurred despite
the binocular disparity between the test point and fixa-
tion object or between the test point and the dots on the
alley floor. Attending to the near or far object while fix-
ating the test point had a similar but smaller effect. The
robust effect of fixation can be attributed to a tendency
{the equidistance tendency) for objects closer than or be-
yond the distance of the fixated object to appear displaced
toward the distance of fixation. This result agrees with
data obtained in a study by Wist and Summons (1976).

The effect of the combination of fixation distance and
the equidistance tendency, illustrated in the above experi-
ment, can explain the apparent concomitant motion (W')
obtained in most situations in which the head is moved
laterally while, for example, two fingers located at differ-
ent physical distances are viewed. Usually, the nonfix-
ated finger will appear to move more than the fixated
finger. This is consistent with the presence of oculomotor
cues appropriate to the distance of the fixated, but not the
nonfixated, finger. The nonfixated finger will appear to
move in the same direction as the motion of the head if
it is physically more distant than the fixated finger, or
opposite to the direction of the head motion if it is the
physically closer finger. The values of W’ obtained in this
case often are cited as an example of the effect of relative
motion parallax. On the contrary, they represent a failure
of relative motion parallax to determine the correct depth
between the fingers. If it were completely effective, rela-
tive motion paratlax would resuit in both fingers’ appear-
ing stationary and located at their physical distances as
the head moved laterally. Also, although the illusory rela-
tive motions of the fingers produced in this manner are
consistent in direction with the image motions on the eye,
as has been discussed, they cannot be explained by only
the retinal motions. Instead, the most likely cause is a
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decrease in the perceived depth between the fingers, which
is produced by the equidistance tendency and augmented
by the distance of fixation. Similar results can be obtained
between other objects in the visual field when one of them
is fixated. Results of this kind present difficulties for the
theory of direct perception (Gibson, 1950, 1966), which
assumes that the visual perception of the world is essen-
tially veridical. In general, as the observer moves through
space, nonfixated objects, although physically stationary,
often appear to move. This illusory motion usually is dis-
regarded by the observer, because the nonfixated objects
are part of the surrounding visual field, which the observer
knows to be physically stationary. However, if this sur-
rounding field is absent, the illusory motion becomes in-
distinguishable from real motion (Peterson & Shyi, 1988).
But, whether or not the illusory motion is disregarded by
the observer, the errors in perceived depth producing the
illusory motion remain undiminished.

Indirect Measures of Perceived Distance

According to phenomenal geometry, errors in the per-
ception of motions, orientations, sizes, or shapes, as the
observer moves through the environment, reflect the
presence of errors in the perception of distance, direc-
tion, or self-motion. The rclation between these derived
and basic characteristics can be measured by indirect
procedures that significantly exclude cognitive processes
from modifying the abserver’s responses. The use of per-
ceived size to measure perceived distance, as expressed
by Equation 5 or 6 of the SDIH, is one such indirect proce-
dure. Unfortunately for this procedure, the response to
size can be modified by a remembered standard, as is
found in off-sized judgments, and it scems that this can
occur even though plain geometrical shapes are used as
test objects. An indirect procedure that is apt to be very
efficient both in avoiding cognitive effeets and in not in-
troducing any medifications of the perceived distance lo
be measured is the null adjustment method used with the
head motion procedure, It avoids the need to judge an ex-
tended W', because at the null setting W' = 0. Also, since
at the null setting the pivot distance (Equation 2) equals
the perceived distance of the test object, any motion paral-
lax that might be introduced by the head motion should
agree with the perceived distance of the test object in the
absence of head motion. In principle, a variety of indirect
measures applicable to measuring various aspecis of phe-
nomenal geometry are possible, For example, in Figure 6,
the magnitude of ' is related to the magnitude of errors
in the depth perceived between the two test points.

Indirect measures, to the degree that they are insensi-
tive to cognitive effects, are useful, particularly when they
are compared with more direct measures, in distinguishing
experimentally between primary (perceptual) processes
and secondary (cognitive) processes. The ability to make
this distinction is important for the separation of the rules
or laws that apply to these different domains. This dis-
tinction also is likely to be important for the evaluation
of the development of spatial responses as organisms ma-
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ture. It is suggested that phenomenal geometry is a pri-
mary system that is available innately as soon as infor-
mation regarding the three basic factors is capable of being
used. Secondary processes that require experience can
provide a supplement or correction to spatial responses
that is needed because of limitations in the information
provided by the primary system. Thus, secondary pro-
cesses can contribute to the increased accuracy of spatial
responses often characteristic of experienced observers.
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NOTES

1. A paper concerning evidence relevant to Figure 1 was presented
at the 27th Annual Meeting of the Psychonomic Society, New Orleans,
LA, November 1986.

2. Often deviations from the strict form of the SDIH are indicated
by values different from unity of a constant of proportionality between
S$/D" and tan®' (derived from the responses shown in Figure 9} or, in
the case of Equation 6, between §'/2D' and tan(§/2) (derived from
Figure 1C). In Figure 9, this constant is unity in A, is greater than unity
in B, and is less than unity in C. It akso is possible to express this devia-
tion in terms of a power function in which either the constant of propor-
tionality or the exponent differs from unity, or in which both of them
do (Foley, 1968; Gogel, 1971).

3. It is equally appropriate to call the ratio 5/, either an off-sized
judgment or an off-sized perception, since it involves both a memory
S, and a perception S| (see Gogel, 1981b, note 1),
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