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On the limits of perceptual complementarity
in the kinetic depth effect

TERRY CAELLI, PATRICK FLANAGAN, and STEPHEN GREEN
University ofNewcastle, Newcastle, N. S. W., Australia

In a series of experiments, we have investigated the abilities of human observers to perceive
geometric properties of moving three-dimensional objects as a function of their perspective and
rotational complexities. The results indicate a decreasing ability of observers to extract metric,
angular, and rigid motion as the perspectives and rotations depart from parallel projections and
one-parameter central rotations. In this way, quantitative limits are suggested for the principle
of perceptual complementarity suggested by Shepard (1981).

where {x(t),y(t),z(t)} corresponds to a 3D motion, and
{x'(t),y'(t)}, its 2D projection. Here (r,f) refer to the
viewing and projection plane distances from the ori
gins (Figure 1). Also, the transformations {x(t),y(t),
z(t}} are considered to assume the general linear form

x(t} = a1(t} cos O(t) . sin +(t) + al(t)

y(t) = b1(t) cos O(t) . cos +(t) + b1(t) (2)

z(t} = C1(t) sin O(t) +Cl(t)

From the earlier observations of Wallach and
O'Connell (1953) on the kinetic depth effect (KDE)
to more recent demonstrations by Shepard and his
associates (see Shepard, 1981, for a review), it is clear
that one can extract the percept of a rigid three
dimensional (3D) rotating object from a sequence of
two-dimensional (2D) perspective views when the
spatiotemporal display parameters are adequate for
apparent motion to occur. Such results have led
Shepard (1981) to propose a principle of "comple
mentarity" whereby percepts are argued to reflect the
nature of the three-dimensional spatial world where
objects are invariant under rigid motions. However,
to this stage, the specific parametric determinants of
this 2D-to-3D coding process have not been system
atically studied.

To reduce the problem to its simplest form, we
wish to know under what conditions the visual sys
tem can enact the inverse of the general projection
equation:
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for rotation angles O(t), +(t) about the z and x axes,
respectively1 (Figure 1), {ai(t), bi(t), Cj(t)} being linear
transformation coefficients.

By defining the "3D reconstruction" problem (2D
to-3D) as one of perceptually deducing {x,y,z} from
{x' ,y'}, it is clear (Equation 1) that, even if we cor
rectly code the perspective parameters (r,f), the prob
lem cannot be uniquely solved with one perspective
view. However, it can be solved when more than one
frame is taken-for example, when we have motion
or at least two perspective views. In this latter case,
it is easily shown that, from the two sets of observa
tions involving finite rand f values (infinite r corre
sponds to parallel projections),

(1)
[

x(t)/[r - z(t)] ]
(r-f)

y(t)/[r - z(t)]
=

[

x'(t) ]

y'(t)

The authors' complete address is: Department of Psychology, Figure 1. Definition of perspective parameters: r is the viewing
University of Newcastle, Newcastle, N.S.W. 2308, Australia. distance and f, the projection plane distance from a given origin.
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Figure 2. The relationship between linear perspective (Lp) and
(r,f) conditions illustrated in Figure 1.

EXPERIMENT 1:
ON PERCEIVED (r,f) VALUES
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these extreme values are the limiting cases of parallel
projections (observer's view is at infinity: r = 00, Lp =
1.0) and "infinite perspective" (the observer's view
ing position is at the projection plane: r = f, Lp = 0).
However, the measure does index perspective be
tween these two extremes, as shown in Figure 2.

This relationship between linear perspective and
projection distances implies that a necessary condi
tion for the ability to reconstruct a 3D object from
its projection is the veridical coding of the rand f
parameters. So, in the first experiment to be reported,
observers were asked to estimate their viewing dis
tance from the center of a rotating object and the
projection plane as a function of various perspective
views.

M" parallel
1.

Lp

.6

Method
Subjects. Seven undergraduate students from the University of

Newcastle were used (all volunteers). None had a history of visual
defects.

Stimulus and Apparatus. As already indicated, previous studies
of perceived rotations usually employ parallel projections with the
observer (theoretical) positioned at an infinite distance from the
source (Figure I). The role of linear perspective has been raised
in only a few studies (e.g., Braden, 1978). On the other hand, size
cues for depth perception have been extensively investigated both
with regard to magnitude estimation psychophysics (e.g., Gilinsky,
1951) and size constancy (Robinson, 1972). In a similar way to the
determination of linear perspective, size modulation may be de
termined by:

(3)

(x,y,z) are determined by

It is clear from this example that the 3D recon
struction process is dependent on how the (r,f) pro
jection constants are registered, such that if the ob
server does not veridically code these distances a cor
rect reconstruction would not be possible. Other lim
itations in the reconstruction process may include
temporal frequency and the spatiotemporal complex
ity of the images (Caelli, 1981a). For example, Braden
(1978) has shown that the amount of linear perspec
tive is a strong determinant of perceived (3D) oscil
lations with rotating trapezoidal windows. Equally,
Caelli (1980, 1981b) has also shown that the visual
system cannot fully process curvature or torsion in
formation in rotating 3D objects. Examples of spatio
temporal limitations include the fact that the KDE is
limited to temporal frequencies (of rotation) below
2 Hz and the fact that it exhibits a phase sensitivity
curve symmetrical about 90 degZ (Caelli, 1980, 1981b).
The point of these examples is that there are many
event configurations which do prohibit the extraction
of 3D objects by the human observer, so delimiting
the existence conditions for "perceptual complemen
tarity. "

The aim of the following experiments was to sys
tematically examine (under a variety of conditions
and tasks) the perspective and rotational determi
nants of the reconstruction process in such a way that
the underlying "perceptual geometry" could be de
fined.

To simplify matters, linear perspective may be de
fined as a number between 0 and 1, determined by
the ratio of the furthest/nearest possible extent changes
as a function of the (r,f) values (viewing distance and
projection plane distance from an object centered at
the origin). Since the projection extent along both x
and y axes is determined by Equation 1 as (r - f)/
(r - z) and the limiting depth values are z = ± f, the
linear perspective, Lp , is:

(rz - fz)x1r l - (rl - fl)xzrz
z=

xl(rl - z)
x =----

r-f
O<L =-< 1.

p r+f
(4) L=I---L

sr'
(5)

Conversely, both size and linear perspective information determine
In reality, Lp cannot be 1 or 0 due to the fact that rand f values.



These experiments were run entirely on a computer-driven (PDP
11140) display (HP 13IOA, PI5 phosphor) coupled to a HP 1350
graphics translator, so enabling real-time computer-generated ro
tating (or static) objects (Figure 3).

A cube and projection frame were computer generated and dis
played onto the CRT screen for the following (r ,f) values (Fig
ure 3):

r = 550, 1,100,2,200,4,400 (display units)

= 13.75, 27,55,108 em

f= 300, 400,500 (display units)

= 7.5, 10, 13.5 em.

Three different presentation conditions were employed: (I) the
image was statically presented for 4 sec from a "front-on" view;
(2) the cube was set rotating about the y-axis alone at 1 Hz; and
(3) the cube was set rotating about the x- and y-axes simultane
ously. These three conditions were used to investigate whether
the amount of dynamic change in the image induced more stable
and accurate percepts of 3D rotations and, so, depth information.

Although different r values were used, subjects were always
seated 1 m from the screen and viewed the CRT monocularly with
their dominant eye (Figure 3). Space average luminance of the
stimulus was 12 cd/m'.

Procedure. The subjects were given a brief verbal description
of the task and told that the experiment was concerned with their
ability to judge distances. The stimulus was described as a 4-in.
cube (all subjects preferred imperial measurements) with a small
centered dot. They were also told that the projection plane ref
erence square was 6 x 6 in. On anyone trial, the subject was to
judge the distance (feet and inches) between themselves and the
cube center, themselves and the projection plane, or the projection
plane and the cube center (this latter response was not used in the
analysis). The only other limitation imposed was that they were
told the total apparatus length (8 ft from viewing position to the
end; Figure 3). The whole device was covered by a black cloth
material to prohibit subjects from seeing where the actual CRT
screen was positioned.

observer
position

\

display

~
point

Figure 3. Viewing box and display conditions for Experiments
1, 2, and 3.

PERCEPTUAL COMPLEMENTARITY 439

An experimental trial consisted of the presentation of one
(r,f) combination with only one of the distance responses defined
above. For each condition, the subjects received eight replications.
Each stimulus was exposed for 4 sec, after which they were asked
to respond as quickly and as accurately as possible. The subjects
were asked to fixate on the reference point for all trials, and all
observations were made monocularly with the dominant eye.

Results
Figure 4 illustrates the average perceived distances

for each judgment as a function of the size, perspec
tive, and rotation type.

Since no detectable differences were present in
these data as a function of the dynamic/static pre
sentation conditions, and within- and between-subject
variations were very small for both sets of distance
estimates (Figure 4), a multiple regression was com
puted on the distance judgments (JPd: subject to cube
center) as a function of the size (Ls) and perspective
(Lp) parameters resulting in

JPd = -88.05 Ls + 52.63 Lp + 73.27,

which explains 87070 of the total variance-54% for
size and 33% for perspective (R=.93, p< .01). It
should be noted that, although distance judgments
were linearly related to size and perspective param
eters, and varied monotonically with the specified
r,f values (Figure 4), the absolute distances were
generally overestimated. For example, when r was set
at 44 in. (110 cm) and fat 5 in. (12.5 cm), the judged
distance was almost twice the r value. Interestingly,
as perspective increased (r decreased), the distance
estimates became more accurate.

We can conclude from these results that, for rel
atively short distances (short in comparison with
those studied by Gilinsky, 1951, for example), we are
capable of adopting reference frames, other than the
observer's physical position, to judge projected dis
tances of objects as a function of the simplest of
cues: size and perspective. In all conditions, observers'
estimates of (r,f) values vary monotonically with ob
jective (r,f) values, although an absolute correspon
dence was not found.

These results indicate that the perspective and size
information portrayed in the 20 image provides not
only conditions of the underlying 30 image, but also
metric information about the observer's position and
projection plane. Specifically, with adult observers
the reference frame (defined by r,f) need not be ego
centric, but only internally consistent (see Caelli,
Hoffman, & Lindman, 1978, for further discussion
on the relativity of reference frames in motion).

The reconstruction process was defined as the abil
ity to enact the inverse of Equation 1, and this pro
cess is critically dependent on the (r,f) states. The
point of this first experiment is that we have found
that perceived (r,f) values are determined by perspec
tive and size parameters of the projected image. This,
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Figure 4. Perceived distance (PD) to center point and plane as a function of (r,O values and rotation
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in turn, suggests that observers may well use esti
mated (r,f) states to determine the 3D status of the
projected image. In the following experiment, the
aim was to investigate whether very primitive geo
metric properties of the subjectively reconstructed
3D image are euclidean in nature and determined by
the (r,f) reference frame and rotation information.

EXPERIMENT 2:
PROJECTION DETERMINANTS OF
PERCEIVED LENGTH AND ANGLE

Affine transformations (the geometry of perspec
tives; Caelli, 1981a), however, do not preserve lengths
but, rather, simply preserve angles. So far we have
simply demonstrated that observers have an "in
ternal perspective view" (or reference frame) consis
tent with the perspectivities involved in the 2D pro
jections. We have not explored the conditions under
which this situation allows the reconstruction of in
variant angles and/or lengths. Such conditions further
define the limits of perceptual complementarity.

Perhaps the two most important geometric prop
erties of objects are lengths and angles. It is also clear
that in order to perceive rigid motions of 3D objects,
perceived angles and lengths must be preserved. This
is the nature of euclidean geometry and motions.

Method
Subjects. Six undergraduate students from the University of

Newcastle were used (a.ll volunteers) having no history of visual
defects. (No common subjects were used in all the experiments
reported.)

Stimulus and Apparatus. Stimuli were all generated on the
PDP-llI40-HP graphics translator system and displayed on the
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x center x subjects) yielded significant effects of
all conditions (and interactions) on angle-estimation
errors (p < .05). These estimation data include length
and angle estimates for configurations independent
of their perceived rigidity. The reason for including
both responses was simply because it is not neces
sarily the case that the rigidity judgment is contingent
on clear and distinct estimates of length and angle. In
an objective euclidean space, fixed lengths and angles
presume a rigid object, and vice versa. However, this
is not true here. For example, observers were very
consistent about the length of the line, although vari
ations in its rigidity were quite high, particularly with
nonparallel, two-parameter rotations and eccentric
views.

As the perspective view and transformation types
departed from the central parallel projection of an
object centrally rotating about the y-axis, the per
ceived rigidity (hence invariance under euclidean mo
tions) decreased. Also, perceived length was more
stable than perceived angle within the various experi
mental manipulations employed. Angle is a relational
structure involving, at least, the (local) comparison
of two contiguous lines, and in a more strict geo-

Figure 6. (a) Percentage of plasticity responses (PPR) over
perspective type (pol = polar, par = parallel), rotation center (c =
center, e = eccentric), rotation type (y-axis, yz-axes) for line and
angle stimuli. (b) Length estimation (l unit =.25 cm) and angle
estimation (AE: deg) for experimental conditions.

angle

display [;:]

adjustment [;]

line

EJ
Figure S. Stimulus types used in Experiment 2, including re

sponse apparatus.

HP 13IOA CRT. Figure 5 illustrates the two stimulus types em
ployed: single-line and double-line-angle cases. These simple stim
uli were used such that the basic parameters of length and angle
could be examined in isolation. This is not to imply that, with
more complex displays, different effects could occur (for example,
with the cube shape used in Experiment I). Rather, the point was
to investigate judgments in isolation and then to compare such
individual results to known effects on more complex images. Only
two perspective (r,f) values were used: [(r"f,) = (27, 13.5), (r2,f2) =
(l08, 13.5) cml in both distance and angle estimation tasks.

For both tasks, central (object centered at the origin, Figure I)
and eccentric (object centered 12 cm to the right of the origin on
the x-axis) projections were used. In addition, two rotation types
were employed-rotations about the y-axis alone and rotations
about the yz-axes simultaneously. The rotation speed was con
stant at 1 Hz, and subjects observed each condition three times
with 4-sec exposure time. Three different angles of the rotating
line were used (0, 45, and 60 deg in the xy plane), and three inter
sectionanglesof30,45,and90 deg were used in the angle-estimation
study (see Figure 5), one line fixed at 30 deg in the xy plane.

Procedure. The subjects were seated 1 m from the viewing screen
and told they would see an object moving on the screen (Figure 3).
When the motion was complete, they were to respond as to whether
they saw the motion as rigid or plastic (bending or object chang
ing in shape) and as to whether it was two-dimensional or three
dimensional; they were also to estimate angles or lengths. These
latter judgments were made by either adjusting the length of an
extendable slit or the angle between two slits shown in Figure 5.
Viewing and judgments were always made with the dominant eye.

For each of the length and angle estimation tasks, observers
received 72 trials: perspectives (2) x (central, eccentric: 2) x ro
tations (2) x angle (3) x replications (3). Here, as in all these ex
periments, only few replications were employed so as to avoid
possible development of strategies based on familiarization with
the specific configurations.

Results
Figure 6a illustrates the percentage of plasticity re

ports for both tasks as a function of the experimental
treatments, while Figure 6b shows the length and
angle estimations over observers.

No observable differences were found over length
estimates. However, a four-way repeated measures
analysis of variance (perspective x rotation X angle
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Figure 7. Displayed stimulus characteristics and wire objects
used in Experiment 3.

trials for each condition (180 in all per subject), allocated ran
domly over all trials.
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metric sense, their lengths (when triangles are of con
cern). In conjunction with the results of the previous
experiment, the stability of length judgments of such
simple 3D objects is consistent with observers' ability
to set their own reference frames for corresponding
perspective views. However, observers have consider
able problems with extracting 3D properties of rigid
motion and stable angle estimations with these two
line images.

These data suggest that, at least within the context
of the KDE, the "perceptual complementarity" or
correspondence between perceived and physical trans
formations holds for reference frames, simple length
estimations, but does not hold with the first level of
relational information-angles-particularly as the
object departs from a parallel, centered, single y-axis
rotation. Just how much these results are a function
of the displays used is the subject of the following
experiment, in which an attempt was made to inves
tigate how our perceptual reconstructions within this
context are invariant of the perspective view and are
identifiable with real 3D objects.

EXPERIMENT 3:
PERSPECTIVE PREFERENCE

AND OBJECT CORRESPONDENCE

The results of Experiments 1 and 2 indicate that, to
a large extent, our "view" of 3D space from its 2D
projections (in the context of the KDE) is determined
by the perspective information, per se, and the intrin
sic geometry used to generate the percept of a depth
space. Although the basic properties of perspective
view, angle, length, and perceived rigidity were ex
amined above, the ability to recognize a 3D object
under these conditions has not been studied or re
lated to these results. In this experiment we have
studied the ability to identify such objects.

Method
Subjects. The subjects were six graduate students at the University

of Newcastle with no known visual defects.
Stimulus and Apparatus. Two stimulus objects (a square and

cube) were computer generated and displayed under identical KOE
conditions, as in the previous experiment, except for the use of
only three perspective values with linear perspectives (Lp values)
of .3, .7, .8 (Figure 7). These objects were then rotated about the
y-, xy-, and yz-axes, resulting in 2 (objects) x 3 (perspective) x
3 (rotation type) = 18 display conditions. Wire objects were com
posed with linear perspectives' (4) of: .2, .3, .S, .7, 1.0 for the
square and .2, .3, .S, .7, .9, 1.0 for the cube (Figure 7). One side
of the square ("nearest") and face of the cube were 10 cm and
10 x 10 cm, respectively, the "farthest" (smaller) elements being
determined by the perspective value.

Procedure. A trial consisted of the observer's monocularly view
ing a particular rotating object for a period of 4 sec through the
viewing box used in Experiment I. As in previous KOE studies,
the observer was to respond as to whether the object was rigid or
elastic and 20 or 3D. After making these judgments, the subject
was asked to rate the wire objects as to their similarity to what had
been perceived and to rotate the most similar object according to
how the motion had been perceived. After 10 training trials and
the subject felt comfortable with the task, he or she received 10

Results
Figures 8 and 9 illustrate results for the two objects

as a function of the perspective and rotation vari
ables.

Analyses of variance on rigidity and veridical mo
tion reports [object (2) x perspective (3) x rotation
type (3) x subjects] yielded significant effects of ro
tation type and perspective view in both cases [rigidity
and perspective, F(2, 10) = 29.82, p < .01; rotation,
F(2,1O)= 13.97, p < .01; veridical motion and per
spective, F(2, 10) = 24.39, p < .01; rotation, F(2,1O)
= 34.57, p < .01].

Additional analyses of variance were computed on
first preferences for the wire objects as a function of
rotation type and perspective (rotation x perspective
x object x subjects). Results indicated significant
perspective [square, F(2,1O)= 15.0, p < 0.01; cube,
F(2,1O) = 13.99, p < .01], object perspective [square,
F(4,20) = 140.41, p< .01; cube, F(5,25) = 135.0,
p < .01], and rotation [square, F(2,1O)=7.89, p < .01;
cube, F(2,10) = 5.07, p < .01] effects.

These data illustrate the difficulty observers have
identifying the "true" 3D nature (although the 3D
objects were squares and cubes-Lp = 1.0-the ob
servers were not told so) and motion of objects, par
ticularly when viewed from perspectives and rota
tions which depart significantly from the parallel,
central view with only one-parameter rotations. Of
specific interest here is the discrepancy between ob
ject identification and rotation detection. That is, al
though observers could accurately describe the mo-
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Figure 8. Proportion of (a) rigidity (PR) and (b) veridical motion reports (PVM) for
the cube stimulus as a function of perspective (I;. values). (c-e) Percen~e of times
(PC). wire cubes were rated as similar (each wire cube defined by a~ I;. value) over
rotation types. .

tion path in the simple rotation about the y-axis, they
could not estimate its nature" consistently and in
dependently of the perspective view. In addition,
when more complex motions were used (xY-, yz-axes
rotations), the object's motion, which was accom
panied by a loss of perceived object rigidity, was con
siderably more difficult to describe. This was also tbe
case in the previous experiment in which the angular
stimulus was particularly difficult to perceive as rigid.

DISCUSSION

The results delimit the domain of "perceptual
complementarity" by indicating the types of per-

spective conditions, subjective estimation tasks, and
percepts which underlie the reconstruction process,
at least in the KDE. In the three experiments reported,
data were collected on: (l) the ability of observers to
adjust their perspective view as a function of the 20
perspective information given; (2) the ability of ob
servers to extract length and angle information as a
function of perspective, rotational and eccentricity
components of the object; and, (3) the ability of ob
servers to identify an object and its motion under
various perspective and rotational conditions.

Although a variety of stimulus objects were used,
the results across the three experiments combine to
depict a limited geometry for the reconstruction pro-
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cess. The results, particularly those for angle estima
tion in Experiment 1 and object identity in Experi
ment 3, indicate that the perspective information
(that is, the relative lengths of lines on the 20 projec
tion surface) is, in various degrees, confused with the
underlying 3D object.

Traditional studies of the KDE have centered on
percepts of 3D rotations or oscillations and have gen
erally not varied the projection geometry or observed
how subjects perceive the distances, lengths, angles,
motion paths, and object identities studied here. For
this reason, these data cannot be directly compared
with past results except to the extent that they dem
onstrate, as with past results (Caelli, 1981a; Wallach

& O'Connell, 1953), that our abilities to reconstruct
3D objects are limited to a spatiotemporal "win
dow." This window corresponds to linear perspec
tives greater than about .7, since at or above this
value subjects could readily extract the cube or square
structure (that is, the wire object with Lp = 1.0).
Furthermore, consistent across all the tasks and stim
uli used, the only rotation which produced percepts
highly consistent with the physical states was the one
parameter y-axis rotation of an object centered about
the origin. Considered in the light of the temporal
limitation (that the effect significantly declines
above 2 Hz, zero at about 4 Hz) for the KDE already
investigated by Caelli (1980), these data restrict the



reconstruction process to a very small combination
of spatiotemporal states.

Standards for optimizing the 3D effects can be es
tablished from these data. For example, (1) the view
ing distance should be at least six times more than the
projection plane distance (r ~ 6f, from Lp ~ .7),
(2) eccentric projections should be less than an equiv
alent of 6 deg of visual angle (from the loss of consis
tent estimations in Experiment 2 with the 12-cm eccen
tricity), and (3) only single parameter rotations of
less than 2 Hz should be employed.

Shepard's (1981) concept of "perceptual comple
mentarity," in the context of apparent motion and
mental rotations, deals with the ability of observers
to perform mental transformations consistent with
rigid euclidean motions of objects. In a more direct
way, the KDE involves the extraction of rigid mo
tions from projection information. Whether equiv
alent restrictions occur with the mental rotation
task (MRT), as have been found here, is a subject
for further experimentation. However, it should be
noted that the actual stimulus configurations used
probably affect what is perceived. In an experiment
on the effects of perspective and rotation type on the
MRT with compound cube stimuli, we have found
that observers' RT are not significantly affected by
such parameters. We do not know is these stable re
sults are due to the use of such compound spatial in
formation (presumably additive in effect) or whether
the MRT involves cognitive processes that are less de
pendent on perspective information than the KDE is.

In a similar way, the major difficulty with the ex
periments reported here is that they each involved
different images as well as tasks. The reason for this
is clear: the aim in each experiment was to isolate and
measure different aspects of the reconstruction pro
cess. However, in doing so, comparisons across tasks
must be qualified. For example, loss of rigidity and
object identity in Experiment 3 must relate to loss of
angle and length information, as measured in Experi
ment 2, but since no equivalent to a spatial summa
tion experiment has yet been performed, no exact
comparison is possible. That is, can a given object's
reconstruction properties (rigidity, angles, etc.) be
predicted from the reconstruction properties of iso
lated segments which compose the object?

Although object identification, motion paths, and
angle perception were all significantly affected by the
perspective views involved, length and distance infor-
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mation were preserved (at least up to a linear trans
formation). Results from Experiments 1 and 2 indi
cate that the observer can reorganize his or her refer
ence frame to fit in with the perspective view used,
and that, under such circumstances, judgments of the
perspective distance parameters (r,f) and intrinsic ob
ject lengths are consistent with (or complementary
to) the objective states, even if they do not match
his or her own physical location. Consequently, it
must be the (internal) object relational information
(angles, relative lengths, etc.) which presents the
major problem to the reconstruction process. The
proximity and filter characteristics for the extraction
of this latter information is the subject of a recent
paper by Caelli (198Ib).
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NOTES

1. Any two rotation axes are sufficient to define a three
dimensional rotation.

2. The phase angle between two rotating elements refers to the
angular difference on the plane of rotation with respect to the ro
tation axis.

3. That is, the ratios of the back/front side (square) or surface
(cube) extents.

4. The object properties including lengths, angles, etc.
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